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V
O2 single-crystalline quasi-1D nano-
structures recently received signifi-
cant attention due to their uniquely

sharp onset of the temperature driven me-
tal�insulator transition (MIT) and the inti-
mate coupling of the MIT with mechanical,
optical, thermal, and electronic properties
of these nanostructures.1�5 This coupling
can be used in ultrafast optical switchers,
electronic and gas-sensing devices,6 and
electromechanical actuators.7 Similar to
other semiconductor nanowires,8 the use
of VO2 nanowires (NWs) in these and other
applications requires precise control over
their structure, spatial position, orientation,
and surface density. A variety of protocols
for VO2 NW high-temperature synthesis has
been published in recent years.1,3,4,9,10 In
most of these reports, physical vapor trans-
port and condensation of VO2 precursors on
the preferable facets of the VO2 nuclei at
∼1000 �C were presumed to be the major
steps of VO2 nanowire growth.

1,2 It was soon
realized that pure vanadium dioxide is too
refractory (Tm= 1542 �C11) to be responsible
for appreciable vapor mass transfer to the
substrate,10,12 especially since VO2 nano-
structures have been obtained at much
lower temperatures (e.g., at 550�650 �C10).
To explain this phenomenon and the pre-
sence of liquid phases of vanadium oxides
at the intermediate stages of NW growth,
the involvement of low-melting V2O5 (Tm ≈
690 �C) was invoked. Following ex situ SEM
studies, evidence of participation of V2O5

liquid microdroplets in VO2 NW growth has
been recently reported.10,12

Traditional after-growth analysis of the
resultant VO2 nanostructures by means of
SEM, HRTEM, SPM, and associated spectro-
scopies has led to significant understanding

of VO2 nanostructure formation. However,
recent grazing incidence small-angle X-ray
scattering (GISAXS) experiments10 on real-
time monitoring of VO2 nanostructure
growth demonstrated the great potential
of in situ analysis techniques of growth
processes at the meso- and nanoscale.
In spite of the demonstrated usefulness

of such in situ SEM, TEM, SPM, and X-ray
diffraction techniques,13�17 their applica-
tion at elevated temperatures and in a con-
trolled gas environment remains an
experimental challenge. On the other hand,
the development of optics and imaging
protocols in traditional optical microscopy
now make it possible to routinely image
isolated objects as small as 40 nm across
(i.e., Ag nanoparticles) and as thin as single
graphene sheets, well below the diffraction
limit of visible light.18 Hot stages for optical
microscopes have been used to study
crystal growth for more than a century,19,20

but their application in studying nanowire
and whisker growth has been largely
overlooked.
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ABSTRACT Direct in situ optical and photoelectron emission microscopy observations of the

nucleation and growth of VO2 meso- and nanostructures using thermal transport of V2O5 precursor in

a vacuum or in an inert-gas environment were conducted. During nanostructure reductive growth,

the formation, coexistence, and transformation of the intermediate oxide phases and morphologies

were observed and characterized structurally and compositionally. The composition, structure, and

morphology of the resultant nanostructures appeared to be a product of the interplay between

kinetic and thermodynamic factors during multiple phase transformations. By rationally “navigat-

ing” the growth parameters using knowledge of the vanadium�oxygen temperature�composition

phase diagram, wetting behavior, and epitaxial relationships of the intermediate phases with the

substrate, control over growth direction, faceting, shape, and elastic strain of the nanostructures can

be achieved. Such versatile control over the properties of single-crystal VO2 nano- and mesos-

tructures will facilitate their application in MEMS, sensors, and optoelectronics.
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As presented in this paper, using a custom-made
planar hot stage coupled with a high-quality optical
microscope we were able to monitor the nucleation
and growth of vanadium dioxide nano- and meso-
structures in situ, in real time, and in a wide tempera-
ture range. The direct real-time visualization of these
processes allowed us to revisit and refine previous VO2

growth models and propose protocols for the rational
fabrication of nanostructures.

RESULTS AND DISCUSSION

Typical Morphologies of As-Grown VO2 Nano- and Mesostruc-
tures. The SEM images in Figure 1awere collected from
different areas of the same sample and represent
typically obtained morphologies of VO2 nano- and
mesostructures grown on a Si substrate with a native
oxide layer as a function of the deposition rate. As can
be seen (left panel, Figure 1a), a low flux of the
precursor results in thin, short VO2 nanowires with a
typical diameter of 100�200 nm, while substrate areas
exposed to higher precursor flux demonstrate gradual
increase in the diameter and the length of the nano-
wires (Figure 1 a, left to right). With increase of the
precursor deposition rate, the thickness of the nano-
structures stabilizes in the 102 to 103 nm range, and the
deposit adopts the morphology of separate, irregular
platelets of a few micrometers wide. At even higher
fluxes, the preferential uniaxial growth halts and in-
dividual single-crystal quasi-2D platelets merge to
form a complete polycrystalline film. The irregular

and smooth (on a large scale) shape of the borders of
the individual platelets as opposed to the well-faceted
shape of NWs suggests stabilization of the higher
energy facets at the intermediate stages of growth.
The morphology of these platelets depends on the
substrate and on the thickness of the SiO2 layer in
particular (see Discussion section below). Figure 1b
shows a typical microbelt formed on Si wafers with a
thick (>100 nm) thermally grown SiO2 layer. The ex-
istence of characteristic ferroelastic domains seen in
polarized reflected light (Figure 1b,c) is amanifestation
of the elastic strain induced in the platelets due to the
difference in thermal expansion coefficients of the
strongly adhered VO2 and the substrate.21,22 As a
result, the size and orientation of domains are related
to the substrate induced strain, which rises with in-
creasing SiO2 thickness (compare Figure 1panels b andc).
The thermally driven MIT in films made of such perco-
lating platelets is significantly broader than that in
individual nanostructures or platelets and is due to
incoherency of the metal phase nucleation in different
platelets (grains).

To elucidate in depth the particularities of the VO2

NW growth mechanism, we conducted detailed stud-
ies inside a hot stage (see Methods section) custom
designed for in situ optical microscopy monitoring of
surface morphology as a function of temperature and
gaseous environment. The precursor was delivered to
the substrate in two different ways. In direct deposition
(DD) mode, the precursor (a fine powder of V2O5) was

Figure 1. (a) SEM images of the VO2 nanostructures grown inside a tube furnace on a Si wafer (with native SiO2 layer). The
images were collected from the different areas of the same sample and reflect the gradual increase of the deposition rate of
the precursor, The scale bars in panel a images correspond to 8 μm. (b) Optical image at 1000� magnification in polarized
light of typical quasi-2D microbelt grown on Si wafer with 300 nm of SiO2. The characteristic labyrinth pattern of the
ferroelastic domains manifests the existence of the elastic strain induced on the microbelt by the substrate upon cooling. (c)
Optical image (1000�) in polarized light of the nearly complete VO2 film formed on Si wafer with native oxide. Compared to
that in panel b, the increased size of the ferroelastic domains reflects the reductionof the elastic strain. The scale bars in panels
b and c correspond to 20 μm.
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drop-casted directly onto the sample. The stage was
then sealed and evacuated, and the evolution of
growth was directly observed through the sapphire
window. This is the mode that was also used for
templating experiments below. In external deposition
(ED) mode, the precursor was delivered to the sub-
strate by thermal evaporation from an external Pt
microheater. In ED mode, the substrate temperature
and deposition rate can be controlled independently.

Reductive Growth. Because of multiple oxidation
states of vanadium, its oxides can have a variety of
stable stoichiometries that are mutually transformable
at specific temperatures and oxygen partial pressures,
as reflected in the V�O temperature�composition
phase diagram23,24 in Figure 2. Therefore, the reductive
growth of the VO2 nanostructures from the vanadia
precursor appears to be a multistep process driven by
the interplay between the kinetics of vanadia reduc-
tion and the thermodynamic stability of different
phases. In the phase diagram shown, the vertical
position of the system's figurative point is defined by
temperature, whereas current oxygen content and
ambient oxygen partial pressure control the figurative
point in the horizontal direction. The V�O tempera-
ture�composition diagram in Figure 2 implies that the
growth of VO2 nanowires does not necessarily require
VO2 as a precursor. Moreover, vanadia impurities,
which exist in generic VO2 material and/or the pre-
sence of an oxidizer can explain the growth of VO2

from a vanadium dioxide precursor at relatively low
temperatures (T < Tm). As per our microscopic optical
observations, when the black powder of VO2 is heated

in a vacuum, the vast majority of the vanadium dioxide
microparticles remain unchanged and only those orange
microscopic impurity inclusions melt at ca. 700 �C and
produce nanowires. The characteristic color and melting
temperature imply that these are microparticles of vana-
dium pentoxide. Thus, vanadia microparticles serve as
precursor for low-temperature synthesis of nanowires
not only of the same stoichiometry but also of V6O13

and VO2 through the process of thermal reduction.
The morphological and chemical evolution of the

V2O5 microparticles in the same area upon heating in
low vacuum (residual oxygen pressure of about 0.5
Torr) is depicted in the right and top side optical
images in Figure 2.

Stage I: Fine powder of vanadia is orange at room
temperature (Figure 2, picture 1) but grows darker in
color as the temperature rises, which indicates gradual
chemical reduction25 (powder retains dark color upon
cooling and does not undergo significant change in
grain size (see also Supporting Information S1).

Stage II: Being heated slowly, the precursor melts
down at 670�682 �C (Figure 2, picture 4) forming small
droplets that moderately wet SiO2 surfaces. Small
microparticle aggregates melt congruently into micro-
scopic droplets whose growth and decay obey the
classical Ostwald ripening.26 However, larger droplets
always contain crystals of the guest phase(s). Under
vacuum conditions (temperature being constant), crys-
tallization of a new phase occurs in small droplets, too
(Figure 2, picture 5�9). These newly formed crystalline
nanowires of intermediate phase, identified as V6O13

(see below), grow in size at the expense of the
surrounding host liquid (Figure 2, picture 8�9), con-
suming it completely.

Stage III: Upon reaching 702 to 717 �C, the V6O13

solid phase melts, as well (incongruently, Figure 2,
picture 10) and VO2 nanowires finally crystallize from
the secondary melt (Figure 2, picture 10�12). This final
product of the described transformations can tolerate
temperatures up to 1000 �C without changing its
composition, as confirmed by XRD data (see Support-
ing Information S2).

The aforementioned growth scenario depends on
heating rate and oxygen partial pressure. When high
(ca. 500 �C/min) heating rate and low oxygen pressure
(or vacuum) are employed (light green trajectory line in
the Figure 2), congruent melting of the V2O5 occurs at
about 700 �C and no intermediate phase is observed.
VO2 nanowires crystallize directly from the primary
melt. Thus, depending on the interplay between the
heating rate and oxygen pressure (and, to some extent,
on the size of the precursor particles, which influences
the rate of oxygen diffusion and loss), the figurative
point takes different paths along the phase diagram. At
low andmoderate heating rates, the figurative point of
the system first moves upward without shifting much
horizontally (Figure 2, dark green line). Once in the

Figure 2. V�O temperature�composition phase diagram
(based on data from ref 23 and 24). The evolution of the
system described as motion of the figurative point along
two distinct trajectories is shown as dark green and light
green lines. The rate of the system evolution along the
vertical direction is determined by the heating rate, while
the horizontal one depends on the oxygen loss rate. The
inset shows an enlarged area around the eutectic point at
670 �C. The optical microimages 1�12 demonstrate the
morphology of a VxOy feature on the sample at few specific
points of the V�Odiagramalong the slowest (dark green) of
the synthesis routes.
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region of high temperatures, the system undergoes an
increase in reduction rate and the point starts shifting
to the left. Liquid phase appears when the point
crosses the (V2O5þ V6O13) solidus line and moves into
the two-phase (V6O13þmelt) field (Figure 2, picture 4).
Crystals of V6O13 grow at the expense of the liquid until
all liquid is consumed and the system enters the single
phase (solid) V6O13 field (Figure 2, picture 9).

Characterization of the Intermediate Phases. Structural
Characterization. The intermediate states that corre-
spond to pictures 6�9 in Figure 2 were further ana-
lyzed ex situ using X-ray diffraction (XRD) and electron
backscattered diffraction (EBSD). The heating process
was interrupted at the stage where newly formed
nanostructures coexisted with the residual liquid
phase (see Figure 2, pictures 8 and 9) and the sample
was cooled down with a heating rate ca. 60 �C/s. We
assume that the intermediate phase becomes pre-
served upon cooling. The corresponding SEM image
in Figure 3a shows formation of partially agglomerated
micro/nanorods. Local EBSD analysis identified them
as V6O13 single crystals (PDF file 89-0100) elongated in
the [010] direction with (001) in-plane surface orienta-
tion (see Figure 3a,b). XRD in Figure 3c confirms that
V6O13 is the primary phase in this sample, with a small
addition of VO2. The presence of minute amounts of
VO2 can be explained by possible temperature and
compositional fluctuations in the sample, which en-
abled local equilibria to shift toward figurative points of
pictures 10�12, Figure 2.

Further temperature rise brings the figurative point
of picture 9, Figure 2, above the peritectic temperature

of 708 �C at which V6O13 decomposes into solid VO2

and coexisting liquid (pictures 10�11, Figure 2). Upon
further heating and oxygen loss, the system migrates
toward the solid VO2 region (dark green line, Figure 2),
which serves as the final destination of the system
(picture 12, Figure 2). In the case of a high heating rate
(light green line, Figure 2) the figurative point “travels”
fast far above both solidus and liquidus and directly
enters the liquid phase region. Owing to the fast
temperature ramp and kinetic limitations, the super-
saturation conditions favoring the formation of the
V6O13 phase do not hold for a sufficient enough time
period and no intermediate phases are observed. As
oxygen is rapidly lost at these high temperatures, the
figurative point shifts to the left and crosses the
liquidus, at which point VO2 crystals start to nucleate
inside the liquid until the system's figurative point
finally terminates in the solid VO2 region on the phase
diagram.

Similar to phase and structural analyses of samples
containing the V6O13 phase, sample 12 from Figure 2
was analyzed by XRD and EBSD. Both methods con-
firmed that nanorods, such as those in Figure 4a, were
single crystals of the monoclinic VO2 phase. According
to Figure 4a�c, the nanorods grow on SiO2/Si in the
[100] direction with their (011) top facet parallel to the
substrate surface. This observation agrees with prior
reports1,27 andwith our previous findings,21,22,28 where
VO2 nanorods had [100] growth axis and (011) top,
(011) side, and (201) growth facets, respectively.20 It
should also be noted that for both intermediate
(Figure 3) and final (Figure 4) stages of heat treatment,

Figure 3. (a) SEM of micro/nanorods identified as the V6O13 phase by EBSD and XRD, (b) EBSD pattern collected from the
encircled microrod. The simulated crystallographic orientation of the V6O13 unit cell (see inset in panel b) indicates that the
microrod is elongated along the b-axis ([010] direction) and has (001) in-plane surface orientation. (c) XRD scan from this
sample indexed to V6O13 phase [PDF 89-0100] with minor inclusion of VO2 [PDF 72-0514]. The presence of only selected
reflections for both oxides indicates that the nanostructures are single-crystalline with their corresponding crystal planes,
{001} for V6O13 and {011} for VO2, being parallel to the substrate surface.
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the precipitated V6O13 and VO2 micro- and nanorods
were randomly oriented on the amorphous SiO2/Si
surface, which indicates their lack of epitaxial relation-
ship to the substrate.

Electronic Structure. These structural analyses of
the intermediate phases are supported by near edge
X-ray absorption fine structure (NEXAFS) photoemis-
sion electron microscopy (PEEM) studies of the indivi-
dual VxOy nano- andmesostructures conducted during
the thermal excursion from room temperature up to ca.
1100 �C inUHV. Figure 5a�c shows PEEM images of the
same area at three different temperatures of the Si
sample with the native oxide layer covered with V2O5

powder at room temperature. The field of view for all
images was 75 μm, and they were recorded at the
maximum absorption of V L-edge (518.7 eV). NEXAFS
spectra at L-edge for V and K-edge for O, extracted
from the PEEM image stack, are shown in Figure 5b and
correspond to transitions from V spin�orbit split 2p3/2,
2p1/2, and corresponding O 1s states to unoccupied
levels formed by hybridized O 2p and V 3d orbitals. In
accordance with prior results (see most recent
publications29�32 and references therein), V L-edge
spectra of VxOy samples in general exhibit two broad
bands around 518 and 525 eV, and O K absorption has
at least twomain π* and σ* signatures originating from
π and σ interactions of O 2p orbitals with correspond-
ing V 3d orbitals.32 Upon relatively fast annealing in
UHV, corresponding to the light green figurative point
path in Figure 2, melting of the vanadia microparticles

at around 680( 10 �C were observed, followed by the
formation of VO2 nanowires immersed in the liquid
phase. Concomitant to the morphological changes,
significant spectral evolution of the V 2p leading edge
can be observed with temperature increase. As-depos-
ited V2O5 powder (A curve) has a distinctly resolved
fine structure characteristic of multiple unoccupied V
3d-O 2p derived states in V2O5.

33 Upon annealing to ca.
750 �C, these features can be seen on the spectra from
the nanowire NW2 (Figure 5a and B curve in Figure 5b).
The latter implies that this VO2 NW is still covered (or
surrounded) by a thin layer of liquid phase. The degree
of wetting depends on the stage of growth: for an
example, the fine features at the V 2p3/2 shoulder are
absent in spectrum C collected from nanowire NW1,
which exhibits characteristic VO2 spectrum. At higher
temperatures all nanostructures (i.e., Figure 5b, NW1
curve D) show spectra typical of VO2 single crystals.30

This evolution of fine structure of the V 2p3/2 shoulder
with increased temperature manifests the decrease of
the oxidation number of V and supports the aforemen-
tioned structural data. With regard to theO K-edge part
of the NEXAFS spectra recorded on the same nano-
structures during thermal annealing, under the con-
stant incident angle and light polarization the ratio
between π* and σ* bands changes with temperature,
from σ* prevailing for RT V2O5 (curve A) and declining
for VO2 nanostructures at higher temperatures (curve
C). The observed ratio trend is in qualitative agreement
with the prior reports,30�32 indicating the reduction of

Figure 4. (a) SEM of the VO2 nanorod, (b) corresponding EBSD pattern. The simulated crystallographic orientation of the VO2

unit cell (inset above panel b) indicates that the nanorod is elongated along the a-axis ([100] direction) and has (011) in-plane
surface orientation. (c) XRD scan from this sample indexed to VO2 phase [PDF 72-0514]. Presence of only two reflections
confirms that the nanorod (011) plane is parallel to the sample surface. Note: a low-intensity broad peak (/) at 2Θ = 55.5�
could not be assigned unambiguously: while it matches (222) or (220) reflections from VO2, no corresponding (111) or (110)
peaks were detected at low 2Θ angles.
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vanadia upon sample heating, which also corroborates
the changes in V 2p edge. The oxygen 1s bandbecomes
low in intensity at higher temperatures (curve D), ma-
king it unsuitable for analysis. In summary, the observed
spectroscopic changes indicate the reduction of the
V2O5 sample to VO2 and corroborate the above results
on structural changes. From the chemical point of view,
the discussed phase transformations can be described
as thermal decomposition of specific vanadium oxides
along the following routes: 3 V2O5(l) f V6O13(s) þ
O2v(g); 2 V6O13(l) f 12VO2(s) þ O2v(g); or overall 2
V2O5(l) f 4VO2(s) þ O2v(g) (where s, l, and g indexes
stand for solid, liquid, and gas phase, correspondingly).

Dynamics of the Growth and Crystal Morphologies. Herewe
discuss a few important particularities of the growth
mechanism of VO2 nanowires, nanobelts, and nano-
platelets made from V2O5 precursor, which became
apparent from in situ observations. Independent of the
heating rate, the aforementioned reductive growth of
VO2 nanostructures proceeds through a liquid phase.
The oxygen partial pressure in the gas environment

and the heating rate define few possible growth
scenarios with involvement of the intermediate phase
(Figure 2). In addition, the ED or DD delivery modes of
the precursor (via vapor phase or drop casted on the
surface) at a given temperature determine the abun-
dance of the material at the surface, the dimensions of
the liquid droplets, and eventually the resultant nano-
structure morphology.

In general, the equilibrium morphology of both the
intermediate phase and final nano- and microstruc-
tures is described by the Wulff�Kaischew theorem34

and depends on the surface energies of the free facets
of the forming crystal and the interfacial energy at the
support. During reductive growth, all of these para-
meters are dependent on the temperature and the
oxygen content in the precursor droplets. Owing to
strong interfacial interaction of the growing nano-
structures, these thermodynamic considerations can
account for the small thickness of our quasi-2D plate-
lets: however, nucleation at preferred facets and/or
kinetic considerations have to be invoked to describe
one-dimensional growth.

During the thermal ramping in vacuum, large dro-
plets of V2O5 (formed from the precursor powder -DD
mode) continuously lose oxygen and, as soon as suffi-
cient supersaturation occurs, nucleation of V6O13 solid
phase takes place at the interface with silica. Crystalline
nuclei grow inside the droplet along the direction
perpendicular to the facet of minimal surface energy.
Strong interfacial interaction with the substrate ensures
in-plane growth of the V6O13 nanowire. The diameter of
the structure depends on the droplet size as well as on
size of the initial nuclei, which in turn is controlled by the
degree of supersaturation inside the host droplet. The
growth rate depends on several (temperature
dependent) processes:35 (i) oxygen evaporation from
the surface of the droplet: (ii) diffusion of oxygen and/or
reduced species inside the droplet toward/from the
surface and to the growing nuclei; (iii) interfacial inter-
action accompanied by solvation heat release, and (iv)
dissipation of generated heat to the ambient.

When vanadia is delivered to a preheated (up to the
V2O5 melting point temperature) surface through the
vapor phase (ED mode), V2O5 nucleates in the form of
immobile microdroplets that grow via the Ostwald
ripening. Some of the vanadia droplets contain hetero-
geneous nucleation sites (i.e., surface defects) and, if
there be a slight supercooling, develop crystal nuclei of
V2O5. These grow one-dimensionally, first inside the
droplet at the interface with the substrate and even-
tually beyond the host droplet (Figure 6). At higher
temperatures, at which vanadia NWmelts, the growing
depletion of themicrodroplet with initial stoichiometry
of V2O5 of oxygen leads to supersaturation of the V6O13

phase. Similar to the aforementioned scenario, the
V6O13 guest phase nucleates and grows as a single-
crystal nanostructure inside the droplet, except that in

Figure 5. (a) XPEEM images of the evolution ofmorphology
of V2O5 powder recorded during thermal annealing in UHV.
The middle and right panels show the nanowires in the
intermediate (VxOy) and final (VO2) phases. The selected
regions denote the areas where NEXAFS spectra were
collected. The photon energy for imaging was selected to
be 518.7 eV; the field of view was 75 μm, The temperature
readings are approximate and might deviate from the
actual temperature by up to 50 �C. (b) Spectra A�D repre-
sent raw NEXAFS data acquired from the selected regions
and individual nanowires in the vicinity of V 2p and O 1s
edges at room temperature, 750, and 1100 �C. The spectra
were collected from the areas denoted in panel a and
normalized to their maxima. The spectrum E was recorded
from the reacted area (triangle in the middle panel) where
liquid V2O5 interactedwith the SiO2 support. The shadowed
bands highlight the change of the spectral weight of σ*
versus π* bands with decrease of the V oxidation state.
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this case the crystal is formed from the solution, rather
than from the melt.

Wetting Layer Assisted Growth. It is the presence of
the liquid phase that promotes in-plane growth of the
quasi-1D nanostructures on a variety of tested sub-
strates (SiO2/Si, Si with native oxide layer, Si3N4, quartz,
GaN, TiO2, etc.) and is responsible for the material
delivery mechanism to the growing front. There are
two driving forces favoring this growth regime
(Figure 6): (i) significant interfacial interaction of the
single-crystal VxOy (or nuclei) with the substrate at
elevated temperatures, which in many cases results
in epitaxial growth (see below) and (ii) capillary forces
induced by the liquid phase and acting along the
interface between the growing nanostructure and
the substrate. During nanostructure growth from the
host droplet, a thin liquid film wets the nanostructure
along its entire length, creating a material delivery
channel for the NW growing front (Figure6, top panel).
Owing to strong interfacial interaction with the afore-
mentioned supports, droplets are immobile on the
surface and do not act as growth fronts, which is
different from the standard VLS growth mode. Instead,
the growth takes place in the developing apex of the
nanowire, and feeding material is delivered to the
growing tip of the nanowires via the peripheral (i.e.,
nanowire sidewall) liquid wetting layer (see Figure 6,
bottompanel). It is necessary to note that the precursor
droplet partly dissolves the oxide substrate at high
temperature, leaving noticeable traces after it is

completely consumed by evaporation and nanowire
feeding (see bottom right panel, Figure 6 and discus-
sion below).

The Importance of the Interfacial Layer. These inter-
facial effects have been reported in prior works and
were found to be responsible for the “sinking” of the
VO2 nanorods in thick SiO2 layer and some other
substrates.2�4,12,36 In our case, for comparative studies
of the influence of support materials on the growth of
VO2 nanowires the different substrates (silicon with
native oxide layer, silicon with thermal oxide layer of
100 and 1000 nm, and quartz) with sizes ca. 20 to 60
mm2 have been placed side-by-side in the tube fur-
nace and used to grow VO2 NWs. The optical images of
representative areas of these substrates were com-
pared and analysis of the morphology of the grown
nanowires was performed using particle analysis soft-
ware (ImageJ). It was found that quartz promotes the
growth of nanowires more than any other silicon
dioxide-based substrate, leading to millimeter-long
structures. This growth-promoting influence was ob-
served by usmany times and is summarized in Figure 7.
As can be seen, the aspect ratio of the nanowires
changes significantly as the oxide thickness increases:
from very densely packed, few-micrometer-long rods
on Si with a native oxide layer (Figure 7a), to nanowires
of 100�400 μm in length on Si/SiO2 (Figure 7b,c) to
near millimeter long (but low surface density) meso-
wires on quartz (Figure 7d). More quantitatively, this
can be seen from the particle-size distribution analysis
where the shift of the average nanostructure area to
larger values ismainly due to nanowire length increase.
It implies that the nucleation rate is highest but growth
rate lowest on silicon, whereas the opposite trend is
observed for quartz. Most of the V2O5 droplets that
initially appear on quartz do not form crystal nuclei
during heating and simply evaporate (without thermal

Figure 7. Histograms of the size and density distribution of
nanostructures grownon substrateswith four different SiO2

layer thicknesses. Pictures are optical images of corre-
sponding substrates (grayscale, background removed).
Scale bars are 100 μm, except for the zoomed-in area of the
silicon substrate, where it is 30 μm.Figure 6. Wetting assisted growth of VxOy nanostructures.

Top panel: the nucleation and evolution of a nanostructure
inside the precursor droplet. The growth front is located on
top of the nanostructure, where material is delivered from
the host droplet via side wetting channels. The precursor
droplet partly dissolves the oxide substrate at high tem-
perature, leaving noticeable traces. Bottom panel: set of ca.
10 � 25 μm2 consequent optical micrographs of the in-
dividual droplet and the VO2 NW evolving from it during
slow heating.
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decomposition) from the surface later on when the
temperature rises. This phenomenon can be under-
stood in the light of the V2O5�SiO2 phase diagram,37

which indicates that within the temperature region of
interest (i) the two substances do not form any chemi-
cal compounds with each other; (ii) silica has limited
solubility in molten vanadia; and (iii) the eutectic of the
two compounds (ca. 1 wt%of SiO2) has amelting point
about 20� lower than V2O5. The formation of these
eutectic (reactive) areas can be seen in the optical
images in Figure 6 (bottom right panel) and as the
brighter area around the nanowires in PEEM images in
Figure 5. The early microscopy studies of such reactive
traces at the droplet�substrate molten interface can
be found in refs 38 and 39. The NEXAFS spectrum of
such eutectic areas (curve E, Figure 5) corroborates
with the chemical composition being close to V2O5.
Thus, one-dimensional growth, in addition to the
aforementioned factors, is also promoted by the
“dissolving action” of molten vanadia as it (i) dissolves
the silica layer ca. 100 nm underneath and around
the growing nanowire and (ii) creates the channel for
NW to grow and activates the delivery of the material
to the growing front at the apex of the nanowire.
Since no chemical compound is formed in this pro-
cess, the liquid vanadia transforms into VO2 at later
stages of the annealing, while dissolved silica preci-
pitates from the saturated solution, leaving visible
traces on the surface and firmly “glueing” the nano-
structures to the substrate (VO2�SiO2 eutectic melts
at ca. 1350 �C).

When the thickness of the silica layer is less than ca.
100 nm, the eutectic may interact with the core sub-
strate, according to (Si-assisted reduction): 2 V2O5(l) þ
Si(s)f 4VO2(s) þ SiO2 (solution), and a high density of
stable, immobile, small-aspect-ratio VO2 nuclei are
preferentially formed (as reaction products) that
evolve into short rods, small platelets, or film upon
further precursor deposition (Figures 7a and 1a,c).

“Fuel Station” Mechanism of Growth of the Ultralong

NWs and Formation of Quasi-2D Platelets. When the
average distance between adjacent microdroplets is
large (lateral density is low) the nanostructure, growing
via thiswetting layer-assisted growthmechanism, even-
tually uses up all the host droplet's material and halts its
growth. At high lateral density of the microdroplets, the
growing nanowire eventually hits the neighboring mi-
crodroplet before the host droplet becomes depleted.
Once the NW tip touches the next droplet, capillary
forces spread some of the new liquid along the NW
sidewalls and newmaterial is used in further NW length-
ening (Figure 8a�d). This “fuel station” (FS) growth
mechanism explains the growth of extremely long nano-
wires whose length can reach a few millimeters.

As mentioned earlier, the large aspect ratio of the
NWs stems from the constrained character of the
growth, different from the shape at thermodynamic
equilibrium. If growth conditions are changed so that
they approach equilibrium, the growth morphology
must change too and the length/width ratio will go
closer to unity. Should a growing NW encounter a
droplet of size much larger than its width, the growth
mode changes, and retaining almost the same length,
theNWsignificantlywidens, forming awide platelet (as
seen in Figure 1b [see also Supporting Information
section S3, video 1]). Thus, the abundance of available
liquid material somewhat resembling that of the case
of unconstrained growth brings about a change in
apparent morphology: from quasi-1D NW to 2D nano-
belt (platelet). In cases where there is no significant
lateral spreading of the droplet (poor wetting), one-
dimensional growth prevails. All the described peculiar
behavior was observed for both V2O5 and V6O13 phases
(see Supporting Information videos 1 and 2). Our
observations confirm the propensity of vanadium
pentoxide droplets to remain liquid at temperatures
lower than its melting point for sufficient time due to
the supercooling effect,10 until a NW network grows by

Figure 8. Optical images of growing nanowire that uses the liquid droplets as a new source of material (“fuel stations”). The
dashed area exemplifies the depletion of the droplets. For details, see text. The scale bar is 10 μm.

A
RTIC

LE



STRELCOV ET AL . VOL. 5 ’ NO. 4 ’ 3373–3384 ’ 2011

www.acsnano.org

3381

the “fuel station” mechanism and consumes them all.
The melting point of this network's material suggests
that it comprises V2O5 NWs. Thus, during the first stage
of ED mode growth, the FS mechanism combines with
simple recrystallization due to the low temperature,
producing structures of roughly the same stoichiome-
try as the liquid from which they evolved.

Epitaxial Growth and Templating. The observed parti-
cularities of VO2 NW growth can be used to control the
VxOy nanostructure morphology, surface location, or-
ientation, composition, and other properties (e.g.,
strain) for bottom-up device fabrication.

Directed growth of the VO2 nanowires via epitaxial
relations with substrates was reported earlier36,40�42

and in our case was realized on (0001) GaN and TiO2

(110) surfaces. As can be seen (Figure 9), the direction
of NW growth complies with the crystallographic
symmetry of the surfaces: (i) hexagonal symmetry in
VO2 nanowire surface growth orientation can be ob-
served on wurtzite-type GaN, which is expected for
GaN c-plane (Figure 9a) and, on the other hand, (ii)
perfect alignment of NWs along (001) direction can be
seen in Figure 9b.

Figure 9. Epitaxy: VO2 nanowires grown on c-cut of GaN
and (110) TiO2. (a) Mismatch of GaN and VO2 lattices gives
rise to triangular and hexagonal patterns, as well as to the
presence of ferroelastic domains in individual NWs (left
panel inset). (b) The small difference between the lattice
constants and atomic radii of V and Ti leads to perfect
alignment of VO2 NWs along one axis and absence of stress-
induced domains.

Figure 10. Templating: pattern created by deposited precursor powder remains after synthesis as the grown nanowires line
up along the axes of maximum precursor content. Large-scale morphology of the initial deposit I (powder) and final II
nanowires are shown in the left column. The detailed evolution of the deposit during annealing in low vacuum is depicted in
the panels a�f.

Figure 11. (a�c) Sequential optical microscope images of
the perforated SiN membrane with V2O5 droplet (black
area). Owing to thewettingof the substrate, the droplet and
growing nanostructures adopt discrete shapes and growth
directions; (d) large-magnification optical image (1000�) of
the resultant VO2 nanostructures grown on a perforated
membrane. The hole diameter is 2 μm.
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Since the formation of ferroelastic domains is
indicative of the presence of elastic strain in the VO2

nanostructure, this can be used as a marker of the
lattice misfit or significant difference between ther-
mal expansion coefficients. Imaging of the nanostruc-
tures in polarized light revealed no ferroelastic
domains in VO2 structures grown on titania, while
NWs grown on GaN indicated the presence of stress,
which corroborates with significant lattice misfit in
the latter case. It should be noted that in the case of
titania the crystal miscut can create preferable nuclea-
tion sites along the step edges as well. One can notice
that liquid droplets formed during DD synthesis com-
pletely wetted the surfaces of TiO2 and GaN (not
forming individual droplets), which indicates strong
interfacial interaction between liquid and GaN (TiO2)
surfaces.

To go beyond widely studied vanadia epitaxial and
oriented growth (see recent reviews43,44 and references
therein), we tested several alternative templating tech-
niques to control the positions and orientations of VO2

nanostructures. These were: (a) surface patterningwith
precursor powder and (b) templating against a micro-
structured substrate. The first approach is shown in
Figure 10. A suspension of fine powdered vanadia in
acetone was drop-casted onto the Si/SiO2 wafer sur-
face through a shadowmask (DD mode). Owing to the
meniscus formation between the mesh and the sub-
strate and following drying of suspension, the material
was concentrated by the bars of the mesh, thus creat-
ing a square pattern on the substrate (Figure 10a).
During annealing (up to 1000 �C, high heating rate) the
morphology of the deposit followed the aforemen-
tioned reductive growth, and molten droplets per-
fectly followed the predeposited pattern (Figure 10b-
f). The templating can be interrupted at any stage to
obtain V6O13 or VO2 nanowires. A significant fraction of
the NWs grow from droplets along the predesigned
pattern following the preferable material's supply
direction.

The existence of the intermediate liquid phase dur-
ing VxOy nanostructure growth opens an alternative

route to control the growth direction employing capil-
lary effect. Manipulating the capillary forces via micro-
patterning, one can guide the growth of the nano-
structures in the desired direction. This approach was
implemented using commercial silicon nitride perfo-
rated membranes as substrates. Confinement of the
wetting layer and precursor liquid between the perfora-
tions guides the growth of the NWs along the two
perpendicular axes (Figure 11).

CONCLUSIONS AND OUTLOOK

We found that use of V2O5 as a precursor for VO2

nanostructure reductive growth is a simple and rela-
tively low temperature route to obtaining quasi-1 or -
2D nanostructures or thin films on variety of sub-
strates. This method can be applyed to a number of
reducible metal oxides which suboxides have lower
melting temperature. However, this synthesis is a
complex process that, in general, proceeds via multi-
ple phase transformations and compositionally dif-
ferent phases (i.e., the growth of the intermediate
V6O13 nanowires) .
The key factors governing the growth process are

the abundance of the precursor on the surface, its
temperature, the affinity of liquid droplets to the
substrate, and the competition between oxygen loss
(if in vacuum or a reductive atmosphere) and heating
rates. Employing the balance between the aforemen-
tioned parameters, the chemical composition, mor-
phology, and size of the final structures can be
tuned, providing a strategy that can be used to control
the growth of the desired nanostructures or films.
Along these lines we find the following:
Using a heating rate that is lower than the rate of

vanadia reduction allows the growth process to be
interrupted at a desired intermediate stage and to
obtain nanostructures of V2O5, V6O13, or VO2.
Favoring the conditions for the “fuel station” growth

mechanism, one can obtain ultralong nanowires of
vanadium oxides. Alternatively, increasing the amount
of precursor on the surface (with other parameters in
tune) favors the formation of 2D platelets.

Figure 12. Left panel: Schematic design of the hot stage. The heating element andgrowth substrate is a Si/SiO2wafer that can
be heated up to 1000 �C. Right panel: hot stage attached to rotatable table of Nikon L150 upright microscope. Long working
distance of the CFI60 optics allows in situ observations with magnification up to 1000�.

A
RTIC

LE



STRELCOV ET AL . VOL. 5 ’ NO. 4 ’ 3373–3384 ’ 2011

www.acsnano.org

3383

Through the manipulation of the liquid phase, its
eutectic formation with the substrate material (i.e., in
case of V2O5�SiO2 system) and by utilizing the wetting
assisted growth mechanism in particular, one can
obtain a variety of final morphologies of nanowires
and films by harnessing capillary forces and fine-tuning

the affinity of the substrate or its shape or lateral
patterning.
Finally, one can envision that epitaxial growth can be

used to influence the structural/mechanical, optical,
and electrical properties of the final nanostructures,
which can be exploited in nanodevice fabrication.

METHODS
For in situ microscopy studies, we designed a compact

microscope hot stage (temperature up to ca. 1000 �C) (Figure
12) coupled with a long working distance and high magnifica-
tion (up to 1000�) upright Nikon L150 microscope. The hot
stage's cavity is isolated from the environment with a 1 mm
thick sapphire optical window and houses a rectangular (5 mm
� 15mm) heater/substrate cut froma commercial Si/SiO2wafer.
DC current was passed through this heavily doped Si substrate,
and Joule heat was used to control the temperature of the
growth zone. The substrate requires ca. 30 to 40W for its central
region to reach 1000 �C. The stage is equipped with a miniature
thermocouple, which could be attached to the region of inter-
est, thus allowing local temperature measurements. Heat dis-
sipation into the environment was minimized by using an
internal thermal shielding and a water-cooled body of the cell.
Both ED and DD growth experiments have been realized inside
the hot stage. Complementary growth experiments have been
conducted in a tube furnace for comparison (see ref 6 for
growth conditions details). Off-the-shelf VO2 fine powder
(99.6% Alfa Aesar) or its mixtures with V2O5 powder (the same
vendor) (up to 12wt% in VO2)were used as sourcematerial, and
the deposition rate inside the tube furnace was regulated by
changing the distance between the substrate and the source in
the 0�5 mm range.
Different substrates, Si with native oxide layer, SiO2 with

thermal oxide layer of 100 and 1000 nm (University Wafer),
quartz (Ted Pella), rutile TiO2 (110)-cut (Princeton Scientific
Corp.), and GaN c- plane cut and perforated SiN membranes
(Aquamarijn Micro Filtration BV), with sizes of ca. 20�60 mm2

and thickness of 200�600 μm were used in this study. Before
the experiment the samples were sonicated (except SiN
membranes) for a ewminutes in isopropyl alcohol and air-dried.
No additional surface pretreatment was used.
For comparative ex situ studies of the samples' morphology

at different growth stages, a Hitachi S-4700 field emission
scanning electron microscope (FESEM) was used. The identi-
fication of phases and analysis of structural quality and crystal-
lographic orientations of micro- and nanostructures were
performed by XRD and EBSD. The XRD spectra were collected
using a Bruker-AXS D8 scanning X-ray microdiffractometer
equipped with a general area detector diffraction system
(GADDS) using Cu KR radiation. (The two-dimensional 2θ-Ω
GADDS patterns were angular-integrated to produce standard
“intensity-2θ” spectra.) The EBSD patternswere recorded using
an HKL Nordlys II EBSD detector attached to the Hitachi S-4700
microscope.
To complement the optical studies, the near surface change

of the chemical composition of the VxOy nanostructures as a
function of temperature PEEM-NEXAFS measurements were
carried out at the Canadian Light Source (CLS) on a soft X-ray
spectromicroscopy (SM) beamline.45 During this study an Elmi-
tec PEEM-III microscope capable of delivering spectroscopic as
well as microscopic information at submicrometer-resolution
scale46 was used. Photons were incident at a shallow16 degrees
angle to the sample surface making the PEEM measurements
more surface sensitive. PEEM images were collected as a func-
tion of temperature during photon energy scans around V 2p
andO 1s edges. Themonochromator resolution with 50 μmexit
slits is better than 0.1 eV in the region of interest. V2O5 powder
on the Si wafer was heated from room temperature up to 1100
�C in a UHV chamber with a base pressure lower than 2 �
10�9Torr.
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