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Single-crystalline VO, nanowires exhibit interesting growth
phenomena along three equivalent <1100> directions of the
C-planes of the sapphire substrates. Under certain growth
conditions, VO, nanowires form V-shaped twining structures
with uniform morphologies and interfaces. Due to the strong
elastic stress at the interfaces, the metal-to-insulator transi-
tion (MIT) of individual VO, nanowires grown directly on
sapphire substrates were observed to display distinct electri-
cal hysteresis loops relative to VO, nanowires dispersed on

sapphire substrates. The distinctive characteristics in the
hysteresis loops, exhibited in the process of MIT, are shown
to be correlated with the nucleation and growth of periodic/
random domain structures in the nanowires during the heat-
ing and cooling processes. The periodic domain structures
observed in the directly grown nanowires can be explained
under the framework of a modified stress-induced elastic en-
ergy model that was first developed for ferroelectric systems.

Introduction

Vanadium dioxide (VO,) is a material well known for
its metal-to-insulator transition (MIT) accompanied by a
reversible structural transition from a high-temperature te-
tragonal (T) phase to a low-temperature monoclinic (M)
phase at 340 K.['"% This transition makes VO, a potentially
useful material for applications in electrical and optical
switching devices. In recent years, a tremendous impetus to
materials applications has arisen from the ability to fabri-
cate nanowire arrays with controlled crystalline structures
and alignment. Various synthesis methods, including the
vapor transport technique using metal catalysts, chemical
solution syntheses, electric-field-assisted assembly tech-
niques, and electrochemical fabrication based on anodic
aluminum oxide templates, have been actively devel-
oped.”-!31 In this context, growth of nanowires directly on
substrates provides an ideal way to control the properties
and integration of the nanowire structures for technological
applications. For VO, thin films, enormous strains exist at
the interfaces, mainly due to the differences in the crystal
lattice parameters and thermal expansion coefficients be-
tween the thin film and the substrate.'®!7 The stress is par-
ticularly significant during the phase transformation and
may influence the properties of the thin films. It follows
that VO, nanowires grown along sapphire substrate sur-
faces may exhibit interesting growth features, although
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there has been a dearth of studies on the interface stress/
structures and their influence on the MIT transition of the
VO, nanowires.

In this work, we report on the structural characterization
of single-crystalline VO, nanowires grown on the C-planes
of sapphire substrates by thermal evaporation. The MIT
characteristics of individual VO, nanowires were studied in
comparison with the reference system — nanowires lying flat
on the substrate, prepared by a dispersion method. We ob-
served that all VO, nanowires grew along specific directions
with uniform morphology and interfacial structures. Due to
the strong elastic interfacial stress, VO, nanowires show a
significant shift in the electrical hysteresis loops and exhibit
a broader temperature range for the MIT process. By using
a modified stress-induced elastic energy model, we correlate
and explain the hysteresis behavior observed during the
MIT process with the formation and growth of periodic
domain structures.

Results and Discussion

Figure 1A is a SEM image showing the typical mor-
phology of as-grown VO, nanowires formed on a (0001)
sapphire substrate at 900 °C. Under our experimental con-
ditions, all VO, nanowires grew along the three equivalent
<1100> directions. The diameters of these nanowires were
about 100-300 nm, and their lengths were from several to
tens of micrometers. The inset in Figure 1A is the histogram
of VO, nanowire size distribution. The angles between the
nanowires were 60°, 120°, or they were parallel to each
other. Obviously, the <1100> direction on the (0001) sap-
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phire substrate is the preferential growth direction of VO,
nanowires. In addition, at the temperature range from 800
to 850 °C, almost all VO, nanowires formed V-shaped
structures with a fixed angle of 120° (see Figure 1B). All
these V-shaped nanowires had similar morphologies, that is,
their growth direction, cross-section, and crystalline struc-
ture were similar to those formed at 900 °C. As illustrated
in the enlarged picture in the inset of Figure 1B, most of
the V-shaped nanostructures had a clear boundary between
their two branches. We observed a number of VO,
nanowires by TEM. As shown in Figure 1C, all nanowires
have uniform diameters and flat side surfaces (see also Fig-
ure 1D). The growth front of the VO, nanowire shown in
Figure 1E is very clear. No catalyst is observed. Similar to
the growth of VO, nanowires we investigated previously, we
believe that the VO, nanowires formed under our experi-
mental conditions could be growing under the oxide-as-
sisted mechanism.!'®! So far, the growth mechanisms of VO,
nanowires are still poorly understood, and controversial
mechanisms of vapor—solid growth have been proposed.!!-!°1
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o

Figure 1. (A, B) SEM images of the VO, nanowires grown along
the three equivalent <1100> directions of the C-plane. The inset
in (A) is the histogram of VO, nanowire size distribution. In the
temperature range from 800 to 850 °C, almost all VO, nanowires
formed V-shaped structures. (C) A TEM image showing the typical
uniform morphology of VO, nanowires; (D and E) atomic struc-
tures of a nanowire side surface and growth front, respectively.

By sectioning the nanowire samples, we observed that
all VO, nanowires exhibited a triangular cross-section with
specific growth directions and crystal orientations with re-
spect to the substrate. Figure 2A presents a typical cross-
sectional TEM image of a VO, nanowire grown along the
substrate surface. Figure 2B illustrates the atomic structure
at the interface of the substrate. According to the high-reso-
lution TEM (HRTEM) image (Figure 2B) and the Fourier
transform (FFT) patterns, we concluded that the nanowires
grew along the [100] direction of the monoclinic VO,, while
the (011) and (011) planes were parallel to the side facets.
The orientation relationship between the VO, nanowires
and the sapphire substrate can be described as (020)yoo//
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(0002)sapphire and [IOO]Voz//[<1l_OO]Sapphire. Different from
the growth direction (along <1120>) of the VO, nanowires
observed by Sohn et al.,[!] the nanowires shown in this work
always grew along the three equivalent <1100> directions.
We have identified that compressive strain exists at the
interface between the VO, nanowires and the substrate. On
the C-plane of a sapphire substrate, the lattice plane spac-
ing, or d-spacing, of (110)a1p03 is about 0.238 nm. For the
low-temperature VO, phase, the d-spacing of (101)yqo, is
about 0.4554 nm. As shown in Figure 2B, at the interface,
19 (110) 203 planes (19 X 0.238 = 4.522 nm) match 10 (001)
voaomy Dlanes (10X0.48464 = 4.8464nm). The VO,
nanowire should be in compressive strain. This is very rea-
sonable, because VO, nanowires are formed at a high tem-
perature, at which the nanowires should be in the metallic
phase (tetragonal structure). Then, the interface is actually
along the (010) of the tetragonal phase. The d-spacing of
(010)yoa(t) is about 0.4554 nm, and 10 (010)yoact) equals
4.554 nm, which matches fairly well with the value for the
19 (110)apo3 planes. In the high-temperature phase of te-
tragonal VO,, each vanadium atom is surrounded by a dis-
torted octahedron of oxygen atoms, and the (100)t planes
have a similar arrangement and interatomic spacing as the
closely packed oxygen lattice in the (0001) plane of the sap-
phire substrate.”>-?? VO, nanowires tend to grow along the
[100]y; direction as observed on various substrates, for ex-
ample, sapphire, silica, and SizN,.l!-1923-24] Therefore, the
lattice match between the high-temperature VO, tetragonal
structure and the sapphire (0001) surface suggests that the
<1100> preferred growth direction of the nanowires is
along the direction of sapphire.

-

Epoxy - (011)

Figure 2. (A) A cross-sectional TEM image of a single VO,
nanowire grown on a sapphire substrate with its (011) and (011)
surfaces parallel to the nanowire axis. (B) An HRTEM image show-
ing the interface structure and its corresponding FFT patterns (in-
set) to confirm the orientation relationship between the nanowire
and the substrate.

The V-shaped VO, nanowires (Figures 3A, B) have a very
similar growth direction and shape relative to the single
nanowires. The junction of the two-branch wires is a flat
twin boundary, as illustrated by the electron diffraction
pattern in Figure 3C and the HRTEM image in Figure 3D.
However, a very thin space at the boundary often exists in
some V-shaped nanowires (see Figures 3B, E). On the basis
of our study, we believe that the formation of the V-shaped
nanowires is due to the formation of twining structures of
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VO, crystals (Figure 3D). This kind of twining is more
likely formed when the growth temperature is lowered dur-
ing the initial growth of the nanowires.

Twin plane
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Figure 3. (A) and (B) are plane-view images of the V-shaped bicrys-
talline VO, nanostructures grown on the C-plane of a sapphire sub-
strate. (B) A thin space along the twin boundary has been observed
in some V-shaped nanostructures. (C) A SAED pattern recorded
from the boundary area can be indexed as the twin structure of
monoclinic VO,. (D) and (E) are the HRTEM images of the twin
boundary with or without the space.

To investigate the electrical transport properties of VO,
nanowires during the structural transition, we fabricated
two different types of VO, nanowire devices: (i) “dispersed
devices” based on the nanowires simply dispersed on the C-
plane sapphire substrate; and (ii) “grown devices” based on
the nanowires grown directly on the C-plane sapphire sub-
strate. As shown in Figure 4A, the curve depicting the
change in resistance as a function of temperature (r.t.) of
the “dispersed devices” followed a typical four-terminal
configuration. This curve shows the electrical switching
from a monoclinic, high-resistance insulating state to a te-
tragonal, low-resistance metallic state, and the switching oc-
curs at a higher temperature on the upsweep than on the
downsweep. A dramatic change in the resistance [about 4
orders (10%) of magnitude] in the device has been observed,
and the electrical switching was completed at 92 °C. During
the heating and/or cooling cycles, some steps (labeled as I
to V in Figure 4A) appeared on the resistance curve over a
much wider temperature range, especially during the down-
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Figure 4. (A) Changes in the resistance as a function of tempera-
ture, measured by four-probe geometry, of a VO, nanowire dis-
persed on the substrate. (B) Similar measurements of the resistance
changes of a nanowire grown on the substrate. The red and blue
curves indicate heating and cooling, respectively. The insets are
SEM images of the nanowire devices. The scale bar in the SEM
images is 1 pm.
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sweep process. This phenomenon has not been observed in
bulk VO, materials. As shown in Figure 4B, the grown de-
vices show noticeably different r.t. behavior during the heat-
ing and cooling cycles. Some little steps were also observed
over a wider temperature range during the electrical switch-
ing loops. We found that the electrical switching was com-
pleted at about 122 °C, which was much higher than the
value for the “dispersed devices”. The electrical hysteresis
loop shifted to the high-temperature region when the
nanowire was grown on the substrate, and the transition
temperature range was also much broader than that for the
dispersed devices. We have measured more than ten
nanowire devices and the results were repeated. The de-
tailed shapes of the hysteresis loops depend on the individ-
ual nanowires; however, the final transition temperature
was always around 122(=£1) °C.

In this study, we have observed interesting evolutionary
processes in the formation and growth of domain structures
in different types of VO, nanowires during MIT. In dis-
persed VO, nanowires, Figure SA shows optical microscope
images of the formation and shape changes of the domains
during heating and cooling processes. Initially, the domains
of the high-temperature phase nucleated randomly along
the nanowires and grew continuously with increasing tem-
perature. At about 90 °C, the nanowires transformed almost
completely to the high-temperature phase. Because the re-
sistance of the nanowires was determined mainly by the
short monoclinic phase, the final phase transition caused a
dramatic drop in the resistance, as shown in Figure 4A.
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Figure 5. The optical images showing changes in the domain pat-
terns in VO, nanowires (A) dispersed on the substrate and (B)
grown on the substrate during heating and cooling processes. The
dark contrast indicates the domains of the high-temperature tetrag-
onal structure. (C) and (D) are the variation of the percentages of
the metallic phases as a function of temperature for the cases (A)
and (B) respectively. “Tin” and “Tde” represent temperature in-
creasing and decreasing processes, respectively.
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During the cooling process, totally different domains of the
low-temperature phase randomly appeared. Some large do-
mains appeared and segregated quickly as the temperature
decreased. This transition process therefore induced some
steps in the r.t. curve during cooling, as observed in Fig-
ure 4A. Because the transition process depends on the indi-
vidual nanowire structures, the electrical properties mea-
sured in different nanowires have slightly different features.

In the nanowires grown on the substrate, we observed
different nucleation and growth behaviors in the domain
structure. The domains formed more periodically, and their
number increased with increasing temperature (see Fig-
ure 5B). New domains appeared at certain positions so that
the domains were equally spaced along the nanowires. In
the mean time, the space between the newly formed do-
mains decreased. Eventually, the nanowire became a single
domain in the high-temperature phase. When the tempera-
ture decreased, however, the reverse MIT transition showed
distinct features. First, periodic domains appeared quickly
at about 95 to 100 °C. Then, the number of domains re-
mained constant, but the size of each domain shrank as
the temperature decreased until the transition was totally
completed. Figures 5C and D show the variation of the per-
centages of the metallic phases as a function of temperature
for the cases of Figures SA and B, respectively. For different
sizes of VO, nanowires, we have found that the domain size
is diameter-dependent, that is, at the same temperature, the
thicker the nanowires, the larger the domain period.

Periodic domain structures have been observed in VO,
nanobeams,¥ strained ferroelectrics,?> 27 bulk VO, single
crystals,?8-311 and magnetoresistive complex oxides.*? By
considering the effect of microstresses at the nanowire inter-
faces, Wu et al.l*3 demonstrated that the uniformly distrib-
uted interface strain on VO, nanowires may result in per-
iodic domain patterns during MIT. In our analysis, how-
ever, we consider both micro- and macrostress parts inside
the free energy expression. This is because if there is no
macrostress part inside the free energy expression (see our
analysis below), the system should not have an energy mini-
mum via the percentage of the metallic phase. The phase
transition in VO, has been determined to originate from the
tilting and shifting of the cation—cation pairs along the a-
or the c-axes (the growth direction of our VO, nanowires).
In order to realize the transition from monoclinic to tetrag-
onal structures,*¥ the uniaxial strain can easily appear
along the growth direction of the nanowires. Under the
framework of a modified stress-induced elastic energy
model that was first developed for ferroelectric sys-
tems,?”-*4 the formation of periodic domain structures ob-
served in VO, nanowires during temperature increase and
decrease may be explained. The formation of periodic do-
main structures during the phase transformation in hetero-
structures can be attributed to the minimization of the free
energy of the system, which consists of misfit elastic energy
and domain wall energy, etc. Applying these concepts to
our case, after some simple derivation we can estimate the
free energy of the two-phase VO, nanowires grown on the
substrate during MIT.
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F = h{(l - a)[ﬂnsulalor(n + elnsulamr] +
a[fOMetallic(T) + ewmetattic] — (1 — a)(1 — ’7)91} (1)
+ &a*(1 — a)’De’ + 2yh/D + Ty

In Equation (1), F is the free enery of the system per unit
nanowire/substrate interface area, £ is the nanowire thick-
ness, and a is the ratio of metallic phase in the domain
length. The variables fisuiator(7) and faewanic(7) denote the
free energy densities of the insulator and metallic phases of
the VO, bulk material, and they are functions of tempera-
ture; ernsulator ANd epeantic are elastic energy densities due to
the misfit between the insulator or metallic phase and the
substrate; e’ is the elastic energy density due to misfit be-
tween metallic and insulator phase; # and £ are constants
with magnitudes of 1.27-3% D is the spatial period of the
domain pattern, y is the domain-wall energy areal density,
and [ is the areal energy density of the interface between
VO, nanowire and substrate.

Analyzing the free energy expression, we can derive the
equilibrium domain period, D,, and the percentage of
metallic phase, ay, in the domain structure under a certain

. - 9F aF

temperature, by using the condition 3D =0, aia =0,
9*F

and — > 0.
da

P _1 + 7S insutatorT) = Futeratie) + Cunsutator — Eptetattic) )
2 21 -n)e’ ~22hee' ]

By /%; 3)

ée' ay(1-ap)
(I=nWWhe' >22y& (4)

With these equations, we can see that there should be
one free energy minimum for one temperature (since free
energy density of the bulk VO, metal or insulator phase
are both functions of temperature), and the corresponding
equilibrium domain period and metal phase percentage in
the nanowires are given by Equations (2) and (3). The free
energy densities frguaodT) and fiseaniT) are coarsely
linear with temperature, and obviously the quantity
f]nsulalor(n 7fMemllic(7) changes Sigl’l during the phase'tran'
sition process, when the temperature changes. Therefore,
these equations show that, as a phase-transition process
goes from one pure phase, A, at temperature 7(A), to the
other pure phase, B, at temperature 7(B), the period of
polydomain structure, D,, decreases from infinity (pure
phase A, a, = 0) to a minimum value of D, = 4\ 2yh/ée!
(corresponding to ag = 0.5) and then increases again to in-
finity (pure phase B, aq = 1). This fact can explain the for-
mation and variation of the periodic polydomain structure
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of grown nanowires in a phase-transition process. In Fig-
ure 5 we can clearly see the change in domain period and
metallic phase percentage both in the heating and cooling
processes. However, the present analysis is not able to fully
explain the interesting hysteresis behavior that was observed
in the heating and cooling processes, in which domain
period D, seems to change more significantly during the
heating process while metallic phase percentage a, changes
more significantly during cooling. This difference in behav-
ior exists even at the same temperature, thereby indicating
metastability and the existence of energy barriers.

To understand this hysteresis behavior, one should con-
sider the intermediate state that can exist between the insu-
lator and metallic phase domains and that should have a
higher energy.*> In particular, the higher energy can arise
from epitaxy dislocations. Below, we outline our qualitative
understanding of such metastability by using an order
parameter phase field model. Consider a vector order pa-
rameter field, w(x), in which the components of y are
all the relevant parameters such as a and D, and the phase
indicator parameter, whose value can denote the insulator
or the metallic phase. Here, x is the coordinate along the
nanowire axis. In this formulation, the different states of
the nanowire exhibited during the heating and cooling pro-
cesses can be specified by the vector phase field order pa-
rameter. The fact that the state can no longer be charac-
terized by a single scalar order parameter is clear: At each
temperature of the transition regime, the state of the
nanowire is not spatially homogeneous and requires a mul-
tivalued, spatially varying description. This can be precisely
provided by the vector field w(x). In addition, if we specify
a Ginzburg-Landau type of free energy as a functional of
Tu(x), that is, f|7/(x)|, then the states observed during the
heating and cooling processes must be located at the local
free energy minima in this multidimensional functional
landscape, separated by an energy barrier. In terms of a
“path” in this functional space connecting the two local mi-
nima, one can always identify one that has the lowest en-
ergy barrier, generally denoted the minimum energy path
(MEP), for example, by using the string method.[%371 De-
noting the generalized coordinate of such path by s, we il-
lustrate the phase-transition process of the nanowire in Fig-
ure 6. In Figure 6A, we show the free energy of the two
states at the point when both are at the same free energy,
which perhaps happens at around a temperature intermedi-
ate between the maximum and the minimum, that is,
around 80 °C. In Figure 6B, we give an overall picture of
the transition process as indicated by the solid line with
arrows (showing the direction of temperature variation).
Metastability and asymmetry of the heating and cooling
processes are clearly an outgrowth of the energy barrier that
separates the two states. That is, during heating, since the
initial state is the insulating state, it will be at the right-
hand-side minimum of the free energy in Figure 6B until
the barrier disappears at the upper limit of the transition
regime, at which point the state slides into the minimum on
the left-hand-side of the free energy in Figure 6B. When
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cooling, the state remains in this continuously evolving
minimum state until the lower limit of the transition regime,
at which point the state slides into the minimum on the
right-hand-side, and the cycle is thus complete.

A F B ¢F

Metallic Insulator,

phase

P \7" s(¥,a,0)

Figure 6. A schematic illustration of the free energy functional
plotted as a function of the minimum energy path parameter s. (A)
The free energy landscape along the MEP at a temperature where
the heating and cooling states have the same free energy, perhaps
at around 80 °C. Here the minimum on the left side is the state that
is initially metallic, whereas the minimum on the right is initially
insulating. (B) An illustration of the hysteresis loop with its corre-
sponding free energy landscape as depicted by the MEP. The ar-
rows indicate the direction of temperature variation.

Associated with the hysteresis behavior is the variation
of the average metallic fraction in the domains, which was
observed to be: 4, < q, in the heating process, and a,"?!
> a, in the cooling process. This behavior is reflected in the
resistance of our nanowire system shown in Figure 4B. The
metallic phase of VO, is a conductor, and in the periodic
polydomain structure, the total resistance can be regarded
as a series connection of the conducting (metallic phase)
and semiconducting (insulator phase) spatial regions. Sim-
ilar to the derivation by Wei et al.,8! if the metallic parts
have essentially zero electric resistance and the semicon-
ducting parts have electrical resistivity p, then the total re-
sistance can be given by Equation (5).

1
R:EzDa-a)p:%”(l—a) 5)

where L is the length of the nanowire and S is its cross-
sectional area. So the hysteresis behavior in a is reflected in
measured resistance. In our experiment, the resistance dur-
ing the heating process is larger than that during the cooling
process, which is totally consistent with the prediction of
Equation (5) together with the observed variation of a. At
high temperatures, there is a sudden transition whereby the
polydomain structure changes into a single-domain metallic
phase, concurrent with a sudden change in a.

The hysteresis behavior in polydomain structure param-
eters (a and D), shown in Figure 5B, can also be qualita-
tively understood under the above considerations. It is im-
portant to note that the starting points of heating and cool-
ing processes are different. In the heating process, the start-
ing point is at a = 0, D = ». New domains appear in the
nanowire one by one; and this “domain insertion” refers to
the increase of the metallic percentage concurrent with the
decrease of polydomain period D, until a exceeds approxi-
mately 0.5, when the entire nanowire turns into the metallic
phase. This evolutionary path is qualitatively consistent
with the prediction of Equation (3), because other paths
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have higher free energy. For example, it is difficult to in-
crease a alone without changing D. Around the starting
point of the heating process (D large), the term Ea*(1 — a)>-
De! from Equation (1) is very important when D is large.
Hence “domain insertion” behavior is the favored evolu-
tionary path to decrease the free energy. However, during
the cooling process, the starting point is initially set to the
starting point a = 1/2, D =~ 4\ 2yh/Ze”, with the sudden ap-
pearance of polydomain structure at around 95-100 °C.
Cooling causes the system to evolve along another path, in
which a characteristically decreases and D remains un-
changed. This might be understood by noting the fact that
around the starting point, over a wide range of a values,
the change in the equilibrium period, Dy, is quite small (see
Figure 7). When this is coupled with the existence of an
energy barrier, it is easy to see that the change in D is
blocked.

Starting point of
heating process

Heating process

Starting point of
cooling process

Cooling process

Figure 7. A two-dimensional plot of the free energy minimum, in
accordance with Equation (3), as a function of a and D. Together
with the increase in a, D is noted to decrease. In both heating and
cooling processes, the evolutionary paths of the system are dif-
ferent. They are labeled in the figure by arrows. Around a = 0.5,
the change in D, is quite small, and due to the existence of the
energy barrier, the evolution path in the cooling process tends to
preserve Dy.

The reason why there is a sudden appearance of poly-
domain structure in the cooling process, with an initial a
= 1/2, is still not very clear and needs further investigation.
The observed behavior hints that it may be a spinodal de-
composition process, or periodic nucleation caused by epi-
taxial growth. Although in a structural phase transition, the
spinodal decomposition mechanism will induce a k = 0 ex-
ponential growth mode as predicted by the Landau-Khal-
atnikov (LK) model,[*! the existence of VO,—substrate in-
teraction may introduce a fourth-order gradient term in the
free energy equation of the LK model, and this term can
induce a nonzero spatial wave vector for the fastest growth
mode in the spinodal decomposition process, thereby lead-
ing to a polydomain structure. Such a direction of investiga-
tion is presently being pursued.

Conclusions

VO, nanowires exhibited excellent in-plane epitaxial
growth along three equivalent <1100> directions of the C-
planes of the sapphire substrates. The crystallographic
growth direction of these nanowires was along the [100] di-
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rection of the VO, monoclinic structure. VO, nanowires
often formed V-shaped bicrystal nanostructures at a rela-
tively low growth temperature. For the MIT properties of
individual VO, nanowires, we observed that the sharp elec-
trical hysteresis loops of the single VO, nanowire were al-
tered dramatically by the interface elastic strain. Because
of the interface energy, distinct periodic domain structures
appeared in the “grown nanowires”. Such a domain struc-
ture can be partially explained under the framework of a
modified stress-induced elastic energy model that was ini-
tially developed for ferroelectric systems. The “grown
nanowire devices” had a much broader transition tempera-
ture range than did the “dispersed devices” due to the for-
mation of the periodic domain structures. VO, nanowire
structures grown along the substrate surface demonstrated
advantages in device fabrication. They have great potential
to be used in the fabrication of complex structures in nano-
devices.

Experimental Section

VO, nanowires were grown by a simple chemical vapor deposition
(CVD) method without using any metal catalysts.'®! VO,(B) pow-
ders (purity 99.9%, Aldrich) were used as the source material,
which were loaded into an alumina boat and placed at the center
zone of a tube furnace. Sapphire substrates were cleaned by using
a standard wafer cleaning procedure and were placed at a fixed
distance (about 1 cm) from the crucible. Before heating the source
material, the furnace tube was evacuated to about 10> Torr. Then,
the furnace temperature was increased at a rate of 10 °C/min and
finally maintained at about 900 °C for 2 h.

For the growth of free-standing VO, nanowires, an R-plane sap-
phire substrate was used. The VO, nanowires were grown on the
C-plane and R-plane sapphire substrates at the same time in the
tube furnace. The free-standing VO, nanowires grown on the R-
plane substrate were collected by two methods. (1) By scratching,
some VO, nanowires fell directly on the substrate surface (or on
carbon supporting films for characterization by electron micro-
scopy). (2) The VO, nanowires were ultrasonicated and dispersed
in an alcohol solution. The resulting nanowire suspension was then
dropped onto the sapphire substrate for electron-beam lithography.
The scratching method can effectively minimize surface contami-
nation of the nanowires; however, our high-resolution electron mi-
croscopy study showed that the surfaces of the VO, nanowires col-
lected by these two methods were not contaminated, and no defects
were introduced.

The morphology of the VO, nanowires was studied with a JEOL-
6700 field-emission scanning electron microscope (SEM). The
nanowire structure was investigated with a Philips CM 120 analyti-
cal transmission electron microscope (TEM) and a high-resolution
JEOL-2010F TEM. The electrical contacts attached onto the indi-
vidual nanowires were fabricated by the standard electron-beam
lithography (EBL) process. C-plane sapphire substrates were first
photolithographically patterned with Ti (20 nm)/Au (70 nm)
“micro patterns”. Free-standing VO, nanowires were collected and
dispersed onto the sapphire substrate surface. The VO, nanowires
directly grown on the C-plane sapphire and the VO, nanowires
simply dispersed on the sapphire substrate were both coated with
PMMA poly(methyl methacrylate), followed by EBL and the ther-
mal evaporation of the Cr (20 nm)/Au (100 nm) film as the electri-
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cal contacts on the nanowires. The electrical properties of the
nanowires were measured by using a semiconductor parameter an-
alyzer (HP 4156B) with a wafer probe station equipped with a
home-made hot stage.
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