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’ INTRODUCTION

Complex transition metal oxides that are able to switch
intrinsic electronic and magnetic properties in response to an
extrinsic stimulus are of significant interest to condensed matter
physics.1,2 The atomic and/or electronic reconstruction at grain
boundaries or doping centers in these oxides enriches the
electronic phases.3 In particular, vanadium dioxide (VO2) under-
goes a metal�insulator transition (MIT) at about 68 �C
accompanied by a structural phase transition (SPT) from
high-temperature tetragonal rutile (R) phase to low-temperature
monoclinic (M) phase, where pairing and tilting of V4+ cations
result in chains with alternating long and short V�V distance
along the c axis. At the MIT temperature, the opening of a band
gap in the mid-infrared optical conductance and a jump of several
orders of magnitude in the resistivity are observed.4�6 These
features make VO2 a promising material for applications in high-
gain switching, thermal relay device, and optical storage ele-
ments. Involving various electronic degrees of freedom (charge,
orbital, and spin) and their coupling to the lattice degrees of
freedom (phonons),7 the MIT of VO2 has been shown to be
affected by doping,8 stress,9,10 and electric field.11,12 Among
them, the external electric field is expected to be an acceptable

and advanced method because of its evident advantages such
as low cost, simplicity, and precise control. Using the phase
transition-induced resistance change and/or nonlinear current�
voltage characteristics, electric field triggeringMIT in VO2 is pro-
mising for potential applications as ultrafast switches, Mott field
effect transistor, and two-terminal memristive devices.13,14 Further-
more, it can provide a critical carrier density and lead to the phase
transition. Therefore, it is of fundamental scientific interest to
investigate the physical properties behind the electrically induced
phase transition.

A recent report reveals that the MIT with a change in on-site
Coulomb interaction could occur without the accompany-
ing SPT and an intermediate phase between the MIT and SPT
was observed.15,16 It first undergoes a large resistance change
(regarded as theMIT) near critical temperature (TMIT) and then
a SPT between the M and R structure, which indicates that the
TMIT is lower than the temperature of SPT (TSPT). Many
research works have been focused on the physical mechanisms
of MIT and the modifications of TMIT by adding an external
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ABSTRACT: Despite the intensive study on the famous
metal�insulator transition, many questions regarding the evo-
lution of the structural phase transition (SPT) in vanadium
dioxide (VO2) remain unresolved. Here, the lattice vibrations
and SPT of VO2 nanoparticles on a SiO2/Si(100) substrate with
different applied voltage from 0 to 8 V have been investigated by
Raman scattering spectra. It can be found that both the
intensities of the Ag and Bg phonon modes decrease with
increasing temperature. Moreover, the vibration modes disap-
pear when heating up to the temperature of SPT (TSPT). With
the voltage increasing from 0 to 8 V, the TSPT decreases from 68.3 to 64.3 �C for the heating process and from 66.3 to 58.8 �C for the
cooling process, respectively. The fitting results reveal that the TSPT was decreased by �0.48 and �0.87 �C/V in the heating and
cooling processes, respectively. This is because the larger electric field could assist the shortening of the V�V distance and the
change of carriers between electrons and themixing of electrons and holes.Moreover, theTSPT delay was increased by 0.4 �C/Vwith
increasing the positive voltage because the electric field can pull the electrons and push the holes. The present results of the VO2

three-terminal device show a potential realization of the VO2-based field effect transistor.
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electric field at the fixed temperature. For example, voltage-
triggered MIT has been observed at room temperature (RT)
with the threshold voltage of 2.1 V for VO2 films.13 In the heating
process, the TMIT discerned from the current�temperature
curves of VO2 films strongly depends on the external electric
field.17 However, there are some limited data on the SPT of VO2

especially exploring electric field effects. Considering the hyster-
esis effects of conductance in VO2, the TSPT under an electric
field should be remarkably discrepant with heating and cooling
across the SPT.

TheMott phase transition of VO2materials is related to grains
and grain boundaries. Nanoscale samples have the smaller
characteristic domain size. In particular, the nanoscale VO2

materials in a single crystal contain an extremely low level of
defects and impurities for heterogeneous nucleations and can
remain single-domain across the phase transition.18,19 So the
intrinsic property of individual phases can be obtained. In
addition, the size at such length scales could have significantly
altered the electronic and structural components of the transition
due to modification of the surface energies.20 Low-dimensional
VO2 nanostructures not only provide a new perspective to
explore, understand, and ultimately engineer SPT for optoelec-
tronic devices such as a field effect transistor but also improve the
uniformity, reproducibility, and the controlling level of the SPT.
It is desirable to carry out a delicate study on the relationship
between the SPT and external electric field. Raman scattering has
been known to be an excellent nondestructive tool to study the
physical transition, chemical composition, and lattice dynamics
of various nanomaterials.21,22

In this article, VO2 nanoparticles were fabricated by direct-
current magnetron sputtering on a SiO2/Si substrate. The lattice
vibrations and SPT of VO2 nanoparticles have been investigated
under different electric fields using Raman spectra. Temperature
and electric field dependences of the resistance have been
simultaneously measured to confirm the spectroscopic results.
The effects from the applied electric field on the TSPT and the
physical mechanism have been discussed in detail.

’EXPERIMENTAL DETAILS

Fabrication of the VO2 Nanoparticles. The SiO2 film as a
buffer layer were first prepared on the Si(100) substrate by
plasma-assisted chemical vapor deposition. Then, the VO2 nano-
particles were deposited using direct-current magnetron sputter-
ing in an argon�oxygen atmosphere at RT on the SiO2 film. Two
vanadium metal disks with a high purity of 99.94% were placed
face to face vertically as sputtered targets. The total gas pressure
and sputtering power during the deposition was maintained at
6� 10�2 Pa and 88W, respectively. The target was presputtered
for several minutes to clean their surfaces. Finally, the sample was
annealed at 400 �C in nitrogen ambience by a thermal annealing
process for 2 h. A more detailed growth process of the VO2

nanoparticles can be seen elsewhere.23,24

Characterization of the VO2 Nanoparticles. The surface
morphology and cross-sectional microstructures of the VO2

nanoparticles were characterized by atomic force microscopy
(AFM) and scanning electron microscopy (SEM). A schematic
representation of the three-terminal device (or transistor) is
shown in Figure 1a. SiO2 as the gate insulator was thermally
treated and the SiO2 insulator is strong with respect to a high field
for electronic application. Silver (Ag) electrodes were prepared
for Ohmic contact. The device was mounted into a Linkam
THMSE 600 heating stage for variable temperature experi-
ments from 10 to 100 �C. The temperature of the sample can
be controlled within the accuracy of 0.1 �C, and the possible
oxidation of the device during the heating and cooling process
can be avoided under nitrogen atmosphere. A Keithley 2400
source meter was used to apply an external direct-current voltage
to the VO2 nanoparticles via Ag electrodes, and the resistance
value can be recorded. The applied voltage was varied from 0 to
8 V with an interval of 2 V. Raman scattering experiments were
carried out by a micro-Raman spectrometer (Jobin-Yvon Lab-
RAMHR 800 UV) with a spectral resolution less than 1 cm�1. A
488 nm Ar+ laser beam with the power of 3 mW, which was used
to minimize local heating of the sample, was incident on the VO2

nanoparticles between the Ag electrodes, as plotted in Figure 1a.

’RESULTS AND DISCUSSION

Surface Morphology and Cross-Section Characterization.
The crystalline structure of the VO2 sample has been analyzed by
X-ray diffraction (XRD) previously.24 There are the diffraction
peaks (011), (211), and (220), and no impurity phases were
observed, which indicates that the sample is of the monoclinic
phase (not shown). The VO2 nanoparticles were fabricated on a
SiO2/Si substrate using direct-current magnetron sputtering.
The nanostructured VO2 materials can strongly affect the optical
and electrical properties of the transistor device. Figure 1b and d
show the surface morphology of the VO2 nanoparticles. The
average grain size is estimated to about 100 nm. Owing to the
diffusing effect, the distributions of the nanoparticles and their
distances are not so uniform. To determine the detailed inter-
facial characteristics of the VO2/SiO2 layers, the cross-sectional
SEM image was measured as shown in Figure 1c. The thicknesses
of the SiO2 and VO2 layers are estimated to about 80 and 120 nm,
respectively. The VO2 nanoparticles are believed to gradually
disperse after sputtering so the bottom side walls connect each
other and can not be clearly identified.
Electric Properties with the External Voltage. The tem-

perature dependence of the resistance at the voltage from 0 to 8 V

Figure 1. (a) Schematic representation of the device (or transistor) to
probe the structural phase transition. Surface (b) and cross-sectional (c)
SEM images of the VO2 nanoparticles. (d) AFM three-dimensional
image. The scale height is 50 nm and the measured area is 2 � 2 μm2.
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is displayed in Figure 2, and the 3 orders of magnitude change in
the resistance can be observed. Moreover, the hysteresis loop of
the resistance in VO2 nanoparticles occur within a more narrow
temperature window compared to that observed in films. The
decrease in the resistance up to the transition temperature
indicates an increase in the hole carriers, and two kinds of
electron and hole carriers coexist near the transition temperature.
In the high temperature metal regime, the free-carriers are
electrons.25 As the applied voltage increases from 0 to 4 V, the
transition temperatures slightly shift toward lower temperature
for both the heating and cooling processes. Then, the transition
temperature remarkably decreases with further increasing of the
voltage. This is because the external electric field and tempera-
ture can control the free-carrier densities. A low concentration of
generated holes with the voltage drive the transition occurring.17

It should be noted that the gating voltage actually sharpens the
transition edge. At the structural transitions, the lattice shrinks
along cR and expands along aR and bR.

26 Hence, the increasing of
applied electric voltage can accelerate the change of the lattice
parameters, resulting in the sharp trends with the voltage in
transition edge. As shown in the inset of Figure 2, the device first
undergoes an abrupt conductance (σ) jump corresponding to
the MIT. Further, the large drop region in the resistance com-
pared with the insulating phase reveals a metallic-like behavior,
corresponding to the intermediate phase. Finally, the electric
conductivity gradually increases to the maximum, which can be
assigned as the SPT. Therefore, the σ�T curves can be divided
into three regions: the insulating M phase, the intermediate
phase, and the tetragonal R phase. Furthermore, both the TMIT

and TSPT linearly decrease to different magnitudes with increas-
ing electric voltage in the heating and cooling processes, thus
widening the hysteresis of the transition.
There are many researches on discussing the origins of the

insulator and intermediate phases. With increasing the tempera-
ture, the VO2 nanobeams transform from the insulating mono-
clinic M1 (P21/c) phase to a mixture of the Mott-insulating M2

(C2/m) and metallic rutile phases.27 However, Mun et al.
determined that the low-temperature insulating state of VO2

single crystals is the monoclinic M2 structure. The intermediate
phase is a mixture of the monoclinic M2 and monoclinic M1

structures, before the transition to the rutile state. The authors
propose that the presence of internal strain in the VO2 single
crystals may contribute to the different transition process.28

In addition, the observation that the MIT does not coincide
with the SPT can be explained as the M1 structure forming the
M2 structure, Therefore, the delocalized vanadium d-electrons of
one sublattice are available to conduct, despite the lack of any
apparent rutile structure. Obviously, the phase transition process
explanation of the VO2 materials, which is far away from
satisfaction, depends on many factors, such as microstructure,
crystalline orientation, stress/strain, and grain size, etc. In order
to clarify the phenomena, it is necessary to further investigate the
actual phase appearing in different VO2 structures.
Electric Field Effects on the Activation Energy.The electric

voltage dependence of the activation energy (Ea) can provide
important information about the electronic band structure and
free-carrier current. For insulators such as VO2 at low tempera-
ture, Ea is the difference between the conduction band edge and
the Fermi level, which is located in the middle of the gap.29

Further, the activated behavior can reflect an energetic cost of
carrier delocalization. The Ea value is estimated by the slope of
a linear fitting of ln(R) over (1/kBT), as ln(R) = b + Ea/kBT,
where R, T, kB, and b is the resistance, temperature (in unit K),
Boltzmann constant, and intercept, respectively. As an example,
the logarithmic resistance ln(R) versus 1/kBT at voltage of 0 V
and the linear fitting are plotted in Figure 3. On the basis of
the fitting results, the Ea values with the electric voltage are
presented in the inset of Figure 3. It can be found that the Ea
values (188�195 meV) at the low-temperature insulating state
are remarkably larger than that (37�56 meV) at the high-
temperature conducting state. This is because the high-tempera-
ture state is a mixture of metallic regions and some insulating
phases due to the mixed valence states of the VO2 nanoparticles.
The values for both the high-temperature metallic state and the
low-temperature insulating state are less than that found from
VO2 films (149 and 250 meV, respectively),13,29 suggesting that
nanoparticle formation could be helpful to activate the transition.
Owing to the smaller characteristic domain size, the alternating
SPT domain patterns spontaneously form along the nanoparti-
cles axis, which can affect the changes in resistance with the
temperature around the SPT. In addition, the fact that the
imperfections such as oxygen vacancies and/or vanadium inter-
stitials exist in the present nanoparticles could be another
possible cause. Note that the Ea at both the insulating state and
themetallic state decrease with increasing the voltage. It indicates
that the transition can be easily activated under an external
electric field, which could further affect the SPT of the VO2

Figure 2. Temperature dependence of the resistance in the VO2 nano-
particles at the electric voltage of 0, 2, 4, 6, and 8 V, respectively. Arrows
on the curves denote the temperature sweep directions. The resistance is
measured when the voltage is applied between two Ag electrodes
straddling the VO2 nanoparticles. The inset shows the electric con-
ductance variations when heating across the MIT and SPT at the
voltages of 0 and 8 V, respectively.

Figure 3. Plot of logarithmic resistance ln(R) vs 1/kBT of the VO2

nanoparticles at a voltage of 0 V. The inset shows the electric voltage
dependence of the activation energy Ea at the high-temperature con-
ducting states (red upside down triangle) and the low-temperature
insulating states (blue triangle).
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nanoparticles. Furthermore, the larger change of Ea at the
high-temperature state can be ascribed to the fact that the
volume-generated current dominates the free-carrier current
injected from the electrode at the electric field.11

Raman Spectra and SPT for the Heating and Cooling
Processes. Since the vibration modes of VO2 nanoparticles are
drastically different in the R and M phases, the Raman scattering
technique allows us to independently monitor the electronic and
structural transitions under an external electric field. The struc-
tures of VO2 are based on an oxygen (O) bcc lattice with
vanadium(V) in the octahedral sites, and the O octahedra are
more or less regular. In the M phase, the unit cell doubles in size
and the V4+ ions pair such that they twist to lower the symmetry.
The M phase has a space group of P21/c and 18 Raman-
active phonons (9Ag x 9Bg), exhibiting strong polarization
dependence.30 As an example, Figure 4a and b show the lattice
vibrations of the VO2 nanoparticles at the voltage of 8 V for the
heating and cooling processes, respectively. The intense mono-
clinic Ag peaks can be observed at about 192, 222, 309, 388, and
615 cm�1. The phonon frequencies appear in accordance with
the previous Raman experimental reports.30�33 Compared to the
results observed by Kang et al. and Zhang et al.,32,33 the absence
of several phonon bands could be attributed to the different
crystallinity and microstructure. Because of the large difference
between V andOmasses, the low-frequency Ag phononmodes at
192 and 222 cm�1 can be attributed to the motion of V-ions in
the dimerized chains.34 In addition, the weaker peaks located at
near 260, 441, and 495 cm�1 could be assigned to the Bg phonon
modes. It can be found that both the intensities of the Ag and Bg
phononmodes decrease with increasing the temperature, and the
Bg modes vanish with further increasing of the temperature. The
variations of the relative intensities for the phonon peaks with
the temperature before the SPT could be partly ascribed to the
lattice temperature effects, which suggests a strong temperature
dependence of the electronic behavior in the VO2 nanoparticles.
When the temperature is heating up to 64.3 �C, all of the

vibration modes related to the local structure of lower symmetry
are softened and suddenly disappear due to a metallic R phase
formed by the SPT. In particular, the complete disappearance of
the 192 cm�1 peak at TSPT indicates that the present VO2

nanoparticles do not contain measurable amounts of the other
oxide phase. For the cooling half-cycle, the temperature was
ramped down from 100 �C to ensure the completion of that
object’s forward transition. Conversely, the vibration modes arise
owing to the SPT when the temperature is cooling down to

58.8 �C. It indicates that the temperature for the onset of
the reverse transition is clearly delayed by about 5.5 �C. Thus,
one can conclude that the TSPT of the VO2 nanoparticles at
the voltage of 8 V is 64.3 and 58.8 �C for the heating and
cooling processes, respectively. Furthermore, there are no evi-
dent changes in the Raman peaks when the resistance undergoes
a large jump, which confirms that the MIT occurs prior to the
SPT. As we know, the changes of electronic and atomic struc-
tures play an important role in the SPT. At the low temperature,
the d-orbit electrons are localized within the short V�V pairs.
When the SPT occurs, the VO2 structure shows an increased
symmetry both in the V atomic chains and in the [VO6] octa-
hedron. The V�V pairs in the chains undergo the elongation of
V�V1a and the shortening of V�V1b. As a result, the V ions are
linearly aligned and the d electrons of V ions would be shared by
all of the atoms in the chain. The delocalization of the d electrons
among all V atoms and the change of the V�V distance induce
the SPT.16,35

In order to characterize the variation of the phononmodes, the
relative intensity of the Raman line at 192 cm�1 after background
signal subtraction is displayed in Figure 5a. The phonon mode is
chosen because it is relatively more identifiable in the quantita-
tive way during the heating�cooling cycle. It can be found that
the intensity of the vibration mode strongly depends on the
temperature and shows a hysteresis behavior. The hysteresis loop
of the relative intensity for the Ag phonon modes at 192 cm�1 is
smaller than the hysteresis of the resistance measured simulta-
neously. In addition, the Raman phonon frequencies do not show
an obvious variation trend with the temperature within the
spectral resolution.
Electric Voltage Dependence of TSPT and Its Applications.

On the basis of the observation from Raman spectra, one can
obtain the TSPT of the VO2 nanoparticles. The applied voltage
dependence of the TSPT is plotted in Figure 5b. At the heating
process, the TSPT decreases from 68.3 to 64.3 �Cwith the voltage
increasing from 0 to 8 V. However, the TSPT decreases from 66.3
to 58.8 �C for the cooling process with the same voltage. More-
over, the linearly fitting results reveal that the TSPT decreases by
�0.48 and �0.87 �C/V when heating and cooling across the
SPT. It indicates that the TSPT can be reasonably controlled by
the applied electric voltage. A typical field effect transistor is
composed of a gate layer, a dielectric layer, a semiconductor layer,
and drain-source electrodes. The present three-terminal device

Figure 4. Raman spectra at different temperatures under an electric
voltage of 8 V while (a) heating and (b) cooling across the structural
phase transition.

Figure 5. (a) Temperature vs relative Raman intensity of the Ag

phonon mode at 192 cm�1 after background signal subtraction. Arrows
on the curve denotes the temperature sweep directions. (b) Applied
voltage dependence of the TSPT is determined from Raman spectra. (c)
TheTSPT delay corresponds to different applied voltages. The solid lines
are the linearly fitting results to guide the eyes.
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provides the basis for the proposed field effect transistor with the
structure of bottom-gate/top-contact, as seen in Figure 1a.When
the SPT occurs in the heating process, the band gap could rapidly
be shorted from about 670 to 0 meV, resulting in weak optical
absorption and high infrared reflectivity.36 Thus, the device can
be used as a programmable voltage switch by controlling the
device under strong absorption (defined as 1) or high reflectivity
(defined as 0) states with different applied voltages, which is
tunable if required. Moreover, the device shows an excellent
control over the electric resistance and the phase transition by the
applied voltage with high sensitivity, quick response time, and
good reproducibility, making it ideal for measuring the voltage in
nanometer-scaled devices. It should be noted that the device was
fabricated based on VO2 nanoparticles rather than film forma-
tion. This is because nanoparticle structure can provide large
areas of grain boundary and therefore wide current paths. The
nanoscale interfacial boundary and strain further affect the
hysteretic behavior of the transition. In addition, electric field
lines converge around the nanoparticle site, and the intensity of
the electric field at the tip of nanoparticle can greatly exceed that
of the planar region. Hence, the carrier mobilities can be
accelerated by strengthening the electrical field, and most of
the carriers eventually reach the location of the nanoparticle due
to the nanoscale-enhanced electrical field.37 Nevertheless, the
uniformity of the resistance values and stability of the SPT pro-
cesses are improved using VO2 nanoparticles, which is beneficial
for the carrier density change and the SPT control by an external
electric field.
As we know, an exponential decrease in the resistance with the

temperature indicates a remarkable increase for free-carriers.25,38

In the insulating M phase, the carriers are holes, and the V 3d
band is strongly broadened as the temperature is increased. Two
kinds of electron and hole carriers coexist in the intermediate
phase, which still partially belongs to the M phase. However, the
carriers are electrons in the tetragonal R structure, and the full
metallic phase is formed. A change of carriers from the mixing of
electrons and holes to electrons corresponds to the SPT. From
the resistance measured, the resistance reduces with increasing
the applied voltage, which indicates that the carrier densities
increase with the voltage. Note that the carrier densities at critical
point are given by nc(T,laser,V) = n(T) + n(laser) + n(V), where
nc(T,laser,V) is the carrier densities excited by the temperature,
laser, and electric field; n(T), n(laser), and n(V) are the carrier
densities excited by the temperature, laser, and electric field,
respectively.15 Therefore, the larger electric field will drive the
electron densities exceeding a critical value and finally drive the
change of carriers from the mixing of electrons and holes to
electrons. Then, the intermediate phase is no longer thermo-
dynamically stable. The VO2 nanoparticles will undergo the SPT
and transfer to the R phase, which contains the contributions
from both the electron�phonon interaction between the lattice
and the carriers as well as the Coulomb interaction between
carriers at a given lattice site.27

However, the knowledge of semiconductor physics could be
useful to interpret the phenomenon of the electric field assisted
SPT. When a small positive voltage is applied, the positive
charges appear in the surface of VO2 nanoparticles. The gener-
ated electric field through the device will pull the electrons
(minority carriers) to the VO2 layer and push the holes (majority
carriers) away from the VO2 layer. Undoubtedly, the number of
electrons accumulated at the surface of VO2 is remarkably larger
than that of the holes when a larger positive voltage is applied.

Therefore, the increase of electron densities with increasing
positive voltage promotes the transition from the M to R
structure, resulting in the decrease of the TSPT with the applied
voltage.
One can also understand the electric field effects on the SPT

from the perspective of the electronic band structure. In M phase
VO2 nanoparticles, the crystal field splits the degenerate d
orbitals into t2g bands and eg

σ bands. The t2g bands are further
split into a lower a1g band and upper eg

π bands. The V4+�V4+

pairing along the c axis splits the a1g band into lower and upper
a1g bands. Moreover, the twisting of the V4+�V4+ pairs increases
Vd�Op hybridization and lifts the eg

π band above the Fermi
energy (EF) so that only the lower a1g band is filled. The band gap
energy of the M phase corresponds to an indirect transition from
the top of the filled a1g band (Ev) to the bottom of the empty eg

π

band (Ec). In the R phase, the tetragonal crystal field splits the t2g
bands into an a1g band, formed by σ bonding between two
adjacent V4+ ions along the c axis, and eg

π bands formed by the
Vd�Op antibonding doublet. The a1g band overlaps the eg

π band
with a zero band gap.39�41When a positive voltage is applied, the
Ec band will bend toward the EF band and the intrinsic level Ei is
close to the EF. Hence, the increasing of the electric voltage could
offer a driving force for moving the Ec band across the Ev band
and changing the lattice constant by shortening the V�V
distance. Nevertheless, the density of states increases exponen-
tially with increasing the electric field, and the Ea decreases with
increasing the voltage, which could be another possible cause for
the applied voltage dependence of the SPT.
Influences of Applied Voltage on the TSPT Delay. The

TSPT delay (ΔTSPT) between the heating and cooling processes
without an external electric field has been reported by many
groups.42,43 As shown in Figure 5b, the same delayed phenom-
enon can be also observed from the present results. However, our
further study reveals that the ΔTSPT is strongly affected by the
applied voltage and increases with increasing the electric voltage,
as presented in Figure 5c. Furthermore, the linearly fitting result
suggests that the ΔTSPT increases by 0.4 �C/V with increasing
the applied voltage. When the temperature is decreased back
down, the hole carriers do not immediately generate, resulting in
the transition delay. As discussed previously, the external electric
field can pull the electrons and push the holes. Thus, the
increasing of the applied voltage will make the generation of
holes more difficult, which finally results in the observed voltage
dependence of ΔTSPT. Finally, it is clearly shown in Figure 1b
that the VO2 nanoparticles contains multiple grains in the gating
device and a percolative behavior would be expected during
the phase transition. This behavior can explain why both the
electronic transition (Figure 2) and the structural transition
(Figure 5) are broadened. Although the TSPT can be reduced
for wider applications by increasing the electric voltage, the
power consumption will increase at the same time and the reset
of the device and/or switch could be more difficult due to the
TSPT delay with the voltage. For the practical applications, one
should sufficiently consider the relationship among the above
impact factors.

’CONCLUSIONS

In summary, the VO2 nanoparticles have been fabricated on
the SiO2/Si(100) substrate using direct-current magnetron
sputtering. Electric measurements of the VO2 three-terminal
device reveal that the MIT occurs prior to the SPT, and the
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transition temperatures are strongly affected by the external
electric field. The estimated values of the activation energy at
the low-temperature state are remarkably larger than that at the
high-temperature state and decrease with increasing the voltage.
The temperature dependence of the vibration modes with the
voltage varied from 0 to 8 V has been measured and uniquely
assigned. The relative intensity of the Ag phonon modes at
192 cm�1 shows a hysteresis behavior. Moreover, the TSPT

decreases about 4 and 7.5 �C for the heating and cooling
processes, respectively, with increasing the voltage from 0 to
8 V. The TSPT delay is increased by 0.4 �C/V with increasing the
applied voltage. The present study shows an instructive method
to reduce the TSPT and could lead to a deeper understanding of
the structural phase transition in VO2 nanoparticles.
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