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Mo-doped VQ nanowire array film with good thermochromic properties was prepared by meljimgnching
followed by heat treatment in a vacuum. The formation of the new microstructure is related to the cleavage
of the oxide lamella along (001) and (100) plane with large interplanar spacing. Mo doping results in the loss
of V4 —V4* pairs and destabilizes the semiconductor phase and consequently lowers the semiconductor-to-
metal transition temperatuiie from 64 to 42°C. Because of enhancement of the electron concentration due

to the presence of Mo donors, the Fermi level shifts toward the conduction band, resulting in the decrease of
activation energ\e,, hence, temperature coefficient of resistance.

Introduction at 800°C in a ceramic crucible. When the molten liquid was

Vanadium dioxide (V@) has attracted much attention because 9uickly poured into distilled water, a brownish,®s sol was

its semiconductor-to-metal {SV) transition temperatureTf) formed. Gel-derived thin films were dip-coated on glass
is near room temperature (&), which makes it useful for substrates from above sol with a withdrawal speed of 10 cm/

application to electrical and optical switching devidedThe min. Mo-doped thin films were obtained after thermal treatment

properties of the phase transition of Y@ms strongly depend undeor low vacuum (1.0 Pa) at SOC for 6 h (heating rate is

on the nature of the crystal structure and their stoichiometry, 1- °C/min). For comparison, the undoped Y@Im was
including the film orientation and microstructure, oxygen prepared according to the same condltlc_)ns. The structure of the
content, and residual interface strain. To date, there have beerProducts was characterized by a Shimadzu XD-3A X-ray
various methods used for the successful deposition of D diffraction (XRD) with graphite monochromatized CuokK
films such as chemical vapor depositibreactive sputtering, ra_d|at|on h= 0.1514_8 nm) and nickel filter. Scanning el_ectron
laser ablatiorf, and pulsed laser depositidnThe sot-gel microscopy (SEM) images were collected by employing the
technigue is known to be one of the most practical methods for JSM-5610LV' scanning electron microscope. Transmission

coating large-area substraflt is attractive to prepare Vi  €léctron microscopy (TEM) images were taken in a JEOL JEM-
by the decomposition of 30s into 2VO, + ,0,, but a rigid 2010FEF microscope operated at 200 kV. The metal contents

condition is necessary, i.e., an oxygen partial pressure of aboutVeére determined by inductively coupled plasfagomic emis-

4 x 1078 Pa at 527°C or a temperature of about 132€ at ~ Sion spectroscopy (ICPAES) on a PLASMA 300 apparatus,
standard pressuf&Recently, one-dimensional (1D) nanostruc- and its accuracy is£0.1%. The electrical switching property
tures of vanadium oxides, such as nanowlesanorodg213 was measured by a I_—|P-4294A apparatus using a two-probe
nanobeltd4 and nanotubed!s are attracting much interest Method, and the heating and cooling rates iCZmin were
because of their high aspect ratio and easy diffusion path for Used-

carrier trasport® In this letter, we prepare Mo-doped YO ] )

nanowire array film under relatively mild conditions, i.e., a Results and Discussion

pressure of 1.0 Pa at 50C, by combining molten-quenching The XRD pattern of undoped and Mo-doped ¥fims is
sol—gel techniques and heat decomposition in a vacuum. The ghown in Figure 1. It can be seen that the relative peak intensity
|ntr0dgctlon of Mo is to reduce the semiconductor-to-metal ¢ the diffraction planes (200) is much higher when compared
transition temperature. with that of the undoped VgXilm, thus showing highly oriented
growth of Mo-doped V@ film. No other vanadium oxides are
detected, indicating the main chemical composition of the thin
film is homogeneous. The peaks are rather sharp, which
indicated relatively high crystallinity. However, the peaks of
* Corresponding authors. E-mail: Imai6@mail.gatech.edu and chenw@ M0Os are not also discovered in the XRD pattern of the sample,

mail.whut.edu.cn. which is due to the fact that the Me@orms a solid solution
T School of Materials Science and Engineering, Wuhan University of phase in the V@thin film.

Technology. L . .
#School of Materials Science and Engineering, Georgia Institute of ~ Examination by SEM and TEM (Figure 2) finds that the

Technology. attained film is composed of the well-aligned, Mo-doped,VO
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Experimental Section

The typical preparation process was as folldWw¥:,0s and
MoOs3; powder were mixed in the molar ratio of 97:3 and molten
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result in the formation of a solid solution ofpdMO0g.002. The
energy-dispersive X-ray spectra (EDS) from two different
locations (I, 1) along one V@nanowire, as labeled in Figure
2c, were collected and the V and O signals of the nanowires as
well as the Mo signal were observed along the entire length.
Both the EDS spectra at locations | and Il in ¥Y@m show

the atomic ratio of V and Mo are about 97:3. With consideration
(b) of the accuracy of the EDS microanalysis, we performed the

s
I | ICP—AES analysis, and its result isp\7iM00.0202, which is
in good agreement with the EDS results.

200

220

Intensity(a.u.)

For the formation of Mo-doped VOnanowire array, a
probable process of the evolution of morphologies and crystal
(a) structures is as follows: (1) in the early drying process, the
xerogel films (Figure 3, I) undergo a water evolution process
from room temperature to about 30Q, and a crystallization

20 30 40 50 60 70 process from 260 to 29%C. In this drying process, as most of
2Theta(Deg)
Figure 1. XRD pattern of undoped (a) and Mo-doped (b) ¥Om.

the water is removed, the basal spacing of the layered structure
is decreased to nearly a stable value and the Mo-doped vanadium
oxide lamella (Figure 3a and I1§.(2) In the final vacuum heat
treatment process in 500, the Mo-doped vanadium oxide
lamella can be cleaved along the planes of (100) and (001)
(Figure 3b and lIl) due to their large interplanar spacing,
respectively, so Mo-doped \@3ingle-crystalline nanowire array
(Figure 3c and IV) are formed. Notably, for the decomposition
of V,0s into 2VO; + 1/,0,, a rigid condition is needed, i.e., an
oxygen partial pressure of about>4 108 Pa at 527°C or a
temperature of about 132T at standard pressufeHowever,

in our work, under relatively mild conditions, i.e., a pressure
of 1.0 Pa at 500C, we prepared Mo-doped \\@anowire array
film. It is deduced that the formation of X0s gel films with
higher reaction activity and introduction of Mo alter the reaction
thermodynamics and the growth kinetics of ¥ @ the vacuum
heat treatment process at 50C, the film experiences a
reduction process with a release of. @t the same time, the
crystal structure will be adjusted to the final form as reduction
occurs, which corresponds to a complicated process combined
with oxygen release, crystal growth, and the formation of
nanowire array by the cleavage along (001) and (100). The
following is the schematic diagram of forming \{@om the
V,0s5 (001) surface:1°

O
Figure 2. Low (a) and high (b) magnification SEM of Mo-doped YO vV v IO v IV
nanowire array film. (c) TEM image of a Mo-doped Y@anowire. - =, »

The left and right insets are the corresponding SAED and lattice fringe, i —0O ¢ relax |
respectively.

O O o
nanowires that are near parallel to the surface of glass substrate | || |
and show uniform morphology in 90% of the film area. ¥O A% Vv v
nanowires with a diameter of 86600 nm and a length of 10 V Vv V

60 um were formed (Figure 2a and b), which exhibits an

interesting morphological feature: they are parallel to each other For comparison, the electrical resistivity)( curves of

and indeed form bundles of agglomerated smaller filaments with undoped and Mo-doped \VWdilms versus temperaturd ) are
diameters ranging from 40 to 60 nm (Figure 2c). The TEM shown in Figure 4. The-SM transition temperature of the films
image (Figure 2c) of a V@nanowire and selected area electron T is defined as that corresponding to the peak in the curve
diffraction (SAED) pattern (the left inset of Figure 2c) clearly obtained by plotting d(log)/d(1/T) versusT, as shown in the
demonstrate the single-crystalline nature of the grown nanowiresinset of Figure 4b. The transition temperatures of the films are
with a [010] growth direction. The right inset of Figure 2c shows 64 °C for undoped and 42C for the Mo-doped films. The

the clear lattice fringes with spacing of 0.58 nm between decrease of transition temperature has been witnessed previously
adjacent lattice planes corresponding to the distance betweerin doped VQ films® and can be attributed to the fact that the
two (200) crystal planes of V£ There are no visible defects incorporation of Mo atoms leads to the loss df*'V* V4" pairs

or second phase in the Mo-doped ¥@nowire array. It means  and destabilizes the semiconductor phase and consequently
that the crystal lattice structure of the nanowires is fully formed, lowers the S-M transition temperatur’. The presence of
and the dopants are well integrated into the lattice sites and molybdenum immediately narrows the hysteresis loop from 4
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Figure 3. Schematic illustration of the evolution of Mo-doped Yf@anowire array. (a), (b), and (c) are the SEM images at corresponding stages.
Scale bar 500 nm.
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Figure 4. Temperature-dependent electrical resistivity curves of undoped (a) and Mo-doped {lfi)iv® The inset of (b) is the definition of
transition temperaturé..

°C for the undoped film to approximately € for Mo-doped This relation links the activation enerdy = E; — E; to TCR.

film. The magnitude of the conductivity change across the From the measured dependence of resistivity on temperature,
transition decreased from 3.9 orders of magnitude for the we have determine&, according to eq 2 and attained TCR
undoped sample to 3.4 orders of magnitude for the Mo-doped from eq 3 (the TCR is nearly the same as the tested). The
film. This decrease can be explained by the higher conductivity undoped VQ films are found to present a TCR of about 1.71
of the semiconducting state of Mo-doped ¥@ms, which + 0.02%FC and ank, of about 0.143t 0.004 eV. However,
results from the enhancement of the carrier concentration duea lower TCR of 1.38+ 0.02%fC and an activation energy of

to the presence of Mo donors. 0.107+ 0.004 eV are obtained for the Mo-doped Y@ims.
The electrical resistivity of the films in the semiconducting As we know, Mo doping increases the electron density in the
state, can be expressed as follows: film, which causes the Fermi energy levet) shift toward the

conduction band. As a resul, hence TCR, decreases.

Ry= R, x exp[E. — E)/KT] 1)

whereE is the energy of the edge of the conduction bagd,
the Fermi levelk the Boltzmann constant, afi the resistance
at T — . The temperature coefficient of resistance (TCR) is
defined as a slope parameter using the following equation:

Conclusion

In conclusion, aligned nanowire film of Mo-doped Y®as
been prepared by simple meltinguenching followed by heat
treatment in a vacuum. The new microstructure is formed by
the cleavage along (001) and (100) plane of the oxide lamella

1 dR, inherited from the layered structure of the vanadium oxide

TCR== x — (2) xerogel film. Mo-doped V@ nanowire array film shows a low

Ry~ dT S—M transition temperature of 42C and a narrow hysteresis
. ) loop of 2°C. With the enhancement of the electron concentration
Combining egs 1 and 2 yields due to the presence of Mo donors, the Fermi level shifts toward

the conduction band, resulting in the decreas&pénd then
E,= —KkT x (TCR) ®) TR 9 oA
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