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Abstract—This letter reports the resonant frequency shifts of sin-
gle crystal silicon cantilevers coated with vanadium dioxide (VO2 )
thin films with different average crystallite sizes during the coat-
ing’s insulator-to-metal transition (IMT) and the Young’s modulus
of such thin films as a function of temperature for their monoclinic
phase. The IMT was induced by sample heating, and resonant fre-
quency shifts, close to 4% of their room temperature value, were
observed for the coated cantilevers with crystallite sizes in the
order of ∼100 nm. The resonant frequency shifts and the hystere-
sis curve steepness were found to be decreased for samples with
smaller VO2 film crystallite sizes and similar compositions. The
crystallite sizes were controlled by the in situ annealing time to
which the samples were subjected after their deposition at room
temperature by pulsed laser deposition. The Young’s modulus for
VO2 samples along the monoclinic (0 1 1) plane was found to be
linearly dependent on the temperature. A sigmoid curve fit was
used to model the behavior of the resonant frequency of the coated
cantilevers during the IMT. The results presented show that the
VO2 thin films can be useful in novel microscale and nanoscale
electromechanical resonators in which the resonant frequency can
be tuned electrically, thermally, or optically.

Index Terms—Mechanical resonators, phase transition, reso-
nant frequency shift, vanadium dioxide (VO2 ).

I. INTRODUCTION

VANADIUM dioxide (VO2) undergoes a first-order
insulator-to-metal transition (IMT) from a monoclinic

phase (denoted M1) to a tetragonal phase (rutile type, denoted
R) at a temperature near 68 ◦C (on heating). This transition is
accompanied by substantial changes in the material’s electri-
cal and optical properties, which have been studied for several
decades [1]–[5]. An additional interest in this material has been
generated by the demonstration that the IMT can be induced by
ultrashort laser pulses [6]–[8], and that characteristics through
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the transition can be greatly affected by the film’s crystallite
size [9]–[11]. However, there has been little information avail-
able about the elastic properties of VO2 thin films, particularly,
during its IMT. Since the elastic properties of the structural ma-
terials in micro and nano electromechanical resonators deter-
mine their resonant frequency behavior, their characterization
is important before such devices are integrated into complete
systems.

In this letter, the resonant frequency of VO2-coated silicon
microcantilevers was measured as a function of temperature in
heating–cooling cycles from room temperature through the IMT
region and up to 90 ◦C. For common bimorph cantilevers, the
resonant frequency shift, caused by temperature differences, is
due to the weak temperature dependence of the mechanical prop-
erties of cantilever and coating materials, and for most cases,
it behaves linearly. Frequency thermal stability-–or a small fre-
quency shift with temperature—is desired for oscillators and
filters commonly used in electronic circuits, but not for sen-
sors, where a large frequency shift increases sensitivity. In the
case presented here, a drastic frequency shift is observed on
VO2-coated silicon cantilevers during the IMT, which is primar-
ily due to the abrupt changes in the structure and stress levels in
the VO2 film during its solid–solid phase transformation. The
results presented here could find use in the nonvolatile mem-
ory devices and dc voltage tunable micro and nano mechanical
resonators.

Another contribution of this letter is the modeling of the res-
onant frequency behavior of the VO2-coated cantilevers, where
sigmoidal (Boltzmann function) curve fits were used.

II. EXPERIMENTAL PROCEDURES

The VO2 thin films were deposited by pulsed laser deposi-
tion (PLD) following the procedures and parameters described
elsewhere [12]. These conditions are expected from previous
experience to produce stoichiometric or nearly stoichiometric
VO2 . Three sample sets (consisting each of a cantilever chip
plus a substrate test piece) were annealed for 35 min (Sample 1),
25 min (Sample 2), and 18 min (Sample 3). Samples 1, 2, and
3 had crystallite sizes of 88, 40, and 8 nm, respectively, as mea-
sured from the atomic force microscopy (AFM). Film thick-
nesses were measured after the growth and annealing procedure
with a Tencor Alphastep Profilometer. The film thicknesses were
93, 120, and 112 nm (±5 nm) for Sample 1, 2, and 3, respec-
tively. The VO2 film crystallite size was increased with longer
annealing times. The cantilevers studied here were 130 µm
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Fig. 1. AFM images for the three samples. The long thin furrows are AFM
artifacts and their repeated patterns are most likely due to the electronic noise
[20].

long, 35 µm wide, and 1.1 µm thick. Measurements of resonant
frequencies as a function of temperature were performed on
the cantilever chips using the light scattering system described
in [13], however, a network analyzer (instead of a spectrum an-
alyzer) was used for driving the piezoelectric actuator and to
monitor the output of the photodetector simultaneously.

Sample crystal structure was determined with X-ray diffrac-
tion (XRD) scans performed in a Bruker-AXS D8 Discover
diffractometer with Cu Kα radiation. Surface morphology was
studied by the AFM using a Park Scientific Autoprobe CP in-
strument with a 5-µm scanner. Fig. 1 shows AFM scans of the
surface for the three samples. In order to study the film com-
position, the samples were also analyzed by depth profiles with
X-ray photoelectron spectroscopy (XPS) in a Surface Science
Instruments SSX-100 electron spectrometer.

III. RESULTS AND DISCUSSION

The films in all samples were found to consist of VO2 in its
monoclinic phase. Preferential orientation with (0 1 1) planes
parallel to the sample surface was evident for the first two
samples, but not for the nanostructured sample. The XPS results
indicate that all the samples are substoichiometric, but with very

Fig. 2. Resonant frequency shifts for the three VO2 -coated silicon cantilever
samples.

similar composition among themselves and little compositional
variation as a function of depth. Sample 3 showed a more
uniform composition across the complete film thickness, while
oxygen deficiency is apparently very close to the substrate for
the other two samples, probably as a result of “blanketing” as the
crystallites become larger during the annealing process. More
information regarding the film composition for the three samples
reported in this article can be found in [12]. The results of the
measurements of the change in resonant frequency (frequency
shifts) as a function of temperature for the cantilever samples
for full heating-cooling cycles are shown in Fig. 2. The largest
frequency shift and transition temperature can be observed for
Sample 1, which is also the sample with the largest average crys-
tallite size. This response through the IMT in VO2 resembles that
of other properties, which are less marked as the film’s crystal-
lite size decreases. It can also be noticed that the hysteresis curve
for Sample 1 is nonsymmetric, which can be attributed to small
concentrations of more strongly suboxidized VO2 as evidenced
in the XPS results. Sample 2 also showed a large frequency shift
during IMT, but its hysteresis curve was more nearly symmetric
and the transition temperature was about 5 ◦C lower than for
Sample 1. Sample 3, which was nanostructured (crystallite
size 8 nm), had a symmetric hysteresis characteristic, with the
lowest frequency shift and the lowest transition temperature
of the three samples. Therefore, these results demonstrate that
VO2-coated silicon cantilevers can be engineered to provide
a wide range of frequency shifts (up to ∼4% and probably
higher) as well as transition temperatures from ∼65 to 50 ◦C
(and probably lower).

It is important to mention that although the width of the hys-
teresis curves appears to decrease with the VO2 film crystallite
size, this is not in fact the case. The smaller frequency shift and
more gradual hysteretic behavior of the more finely grained sam-
ples make their curves seem narrower. However, if the widths of
the three hysteresis curves are measured, it is found that these
are practically identical. A thin hysteresis curve is desirable for
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Fig. 3. Heating curve for Sample 1.

deterministic systems where the output should be predictable
and a function only of its input, whereas a wide hysteresis curve
is beneficial for multistable memories. While it is known from
previously reported work on the hysteretic characteristics of
other VO2 properties through the IMT that the width can be
controlled by appropriate engineering of microstructure at the
nanoscale [10], [11], the results obtained in this study do not
exhibit a dependence of the hysteresis width with the VO2 film
crystallite size. However, it has been observed how the transi-
tion temperature of the coated silicon cantilevers decreases with
the VO2 film crystallite size. These scenarios, together with the
behavior modeling, are now discussed separately.

A. Sample 1

The curve for Sample 1 was separated in three regions: before
IMT, during IMT, and after IMT. Fig. 3 shows the heating curve
for Sample 1 and the separation between the three regions that
were studied individually. It can be noticed how the resonant
frequency of the coated cantilevers decreases (approximately
linearly) with temperature for the regions other than the IMT.
The inset of Fig. 3 shows this region in more detail. In this
region, the shift in resonant frequency is caused merely by the
difference in the changes of the elastic properties between the
silicon and VO2 with the temperature. From the measured res-
onant frequency shifts for the bare and coated cantilever, the
Young’s modulus of the VO2 film can be obtained as a func-
tion of temperature by following the procedure described in the
following.

First, the resonant frequency measurements were used to de-
termine the cantilever thickness by using the Young’s mod-
ulus at room temperature for single crystal silicon in the
(1 1 0) direction, and the commonly known expression: fu (T ) =
(1.02t/2πl2)

√
E1(T )/ρ1 , where l, t, E1 , and ρ1 are the can-

tilever’s length (130 µm), thickness (to be determined), Young’s
modulus (168 GPa [14]), and density (2330 kg/m3 ), respectively.
The cantilever thickness was found to be 1.1 µm. The cantilever
thickness had to be calculated this way because the manufac-
turer specified a margin of error for the cantilever’s thickness

of 30%, which was too large to be considered insignificant. The
values of l, t, and ρ1 were assumed to be independent of the
temperature. Once the bare cantilever thickness was obtained,
its Young’s modulus was measured for each temperature value.
The Young’s modulus of the VO2 film was then obtained by
measuring the resonant frequency of the same cantilever after it
was coated and using the following expression [15]:

f 2
c

f 2
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where t2 and ρ2 are the thickness and density of the coating,
and A = E2(T)/E1(T) is the ratio of Young’s moduli of the two
materials (A = EVO2 (T )/ESi(T ) in this case). For this pur-
pose, the film density was assumed to be equal to that of bulk
M1-phase VO2 (4670 kg/m3). This would result in a set of
Young’s modulus values for the VO2 film for each tempera-
ture point: EVO2 (T ). In the past, this expression had also been
used to calculate the Young’s modulus of other film coatings
[16]–[18]. It should be mentioned that the cantilevers used in
this work are assumed to behave as beams. The Young’s mod-
ulus of the VO2 in the M1 region decreases, roughly linearly,
just as the resonant frequency of the coated cantilever did for
this same region. For temperatures close to the IMT, the VO2
film is composed of a mixture of VO2 phases (M1 and R, re-
spectively) with fractions that vary with temperature. It is quite
possible that, for what is being considered in this work as the
M1 region, there is still a small fraction of the VO2 film in the R
region, and that is why the decrease in the Young’s modulus with
temperature does not show a strictly linear behavior. In order to
verify this, the studies of the Young’s modulus of the VO2 film
for temperatures below room temperature are necessary.

For the IMT region, the model had to be different. It was ob-
served that during heating, the coated cantilevers experienced
a drastic bending during their IMT, which resulted from large
stress levels in the VO2 film. Since there is no mathematical
treatment of the resonant frequency of multilayered cantilevers
with large curvatures available, and because of the mixture of
VO2 phases for temperatures close to the IMT, it is not possi-
ble to calculate the Young’s modulus of the VO2 film during
its IMT. Furthermore, since the cantilever remains bent as long
as the temperature is above the transition, the Young’s mod-
ulus of the VO2’s tetragonal region could not be calculated
due to the large stress in the VO2 film. In the IMT region, the
data showed a behavior that was best fit with a sigmoid curve
(Boltzmann function). This Boltzmann function has been used
to fit phase transitions in the past [19]. Because of the hysteretic
behavior, the data during the IMT cannot be fit by a single
Boltzmann function. Instead, a Boltzmann function fit was done
for the heating curve and another (with different parameters)
was done for the cooling curve (see Fig. 4). The Boltzmann
function sigmoid curve fit used followed the equation shown in
Fig. 4. The values of fr1 and fr2 are the minimum and maximum
frequency values, respectively. The dT width is the change in
temperature that corresponds to the most significant change in
frequency. The curve’s center point is represented by the coordi-
nates (T, fr) = (T0 , (fr1 + fr2)/2). Therefore, the point T0 is the
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TABLE I
FITTING PARAMETERS AND RESONANT FREQUENCY SHIFT FOR THE THREE SAMPLES

Fig. 4. Sigmoid curve fit (Boltzmann function) for heating and cooling curves
in the IMT region for Sample 1.

temperature corresponding to the midpoint frequency value be-
tween fr1 and fr2 . For the Sample 1, the resonant frequency
change of ∼3.6 kHz (∼4% of the resonant frequency value
at room temperature) occurs in a window span of 30 ◦C. Fre-
quency changes and the fitting parameters for the other samples
are given in Table I. The transition temperatures were taken as
the T0 value from sigmoid curve fits to the resonant frequency
curves. The width of the hysteresis curve was calculated by find-
ing the hysteresis width at the T0 value of the heating curve. In a
sense, this could be considered as a full width at half maximum
(FWHM), since we are calculating the hysteresis width at half
maximum of the heating curve. These results are consistent for
repeated heating–cooling cycles and no significant changes in
the curves were observed after many cycles.

Sample 1 was the only one that showed no visually observ-
able bending at RT. Therefore, Young’s modulus of the VO2
film for the monoclinic region in Sample 1 was calculated in the
aforementioned manner. Fig. 5 shows the calculated Young’s
modulus as a function of temperature for the VO2 in the M1 re-
gion of Sample 1. Samples 2 and 3 showed noticeable cantilever
bending at room temperature, which indicated that the VO2 film
was under significant tensile stress, and therefore, the Young’s
modulus for the monoclinic region could not be calculated for
these samples.

B. Samples 2 and 3

Fig. 6 shows the Boltzmann function curve fits for the IMT
regions of the heating and cooling curves of Samples 2 and 3,

Fig. 5. Young’s modulus as a function of temperature for the M1 region of
Sample 1.

Fig. 6. Sigmoid curve fits (Boltzmann functions) for Samples 2 and 3. The
bottom x-axis and left y-axis correspond to Sample 2. The top x-axis and right
y-axis correspond to Sample 3. Dashed lines correspond to curve fits.

respectively. For these samples, the Boltzmann function fit was
done for the entire data, without the need of separating IMT
regions, as required for Sample 1. Therefore, the heating and
cooling behavior of Samples 2 and 3 can be predicted by the
Boltzmann models for the entire temperature range, of course,
with different curve fit parameters for the heating and cooling
curves. These parameters are given in Table I.



334 IEEE TRANSACTIONS ON NANOTECHNOLOGY, VOL. 9, NO. 3, MAY 2010

The frequency shift for sample 2 was close to that of Sample 1
(see Table I) and the frequency behavior of this sample could
still be entirely modeled by a Boltzmann function sigmoid curve
fit. This indicates that the silicon cantilevers coated with VO2
films with crystallite sizes in the order of 44 nm (or perhaps
even smaller) could be modeled and predicted by a single Boltz-
mann curve fit and have transition temperatures closer to room
temperature.

C. Resonant Frequency Shift and Crystallite Size

Smaller crystallites in the film imply a much larger surface
area for any given film volume. This means that the proportion
of the material, which can be defected, is larger. Defects such
as substoichiometry will lead to a reduced transition tempera-
ture for the material in question. Different microscopic portions
of the sample will then follow different hysteresis curves. The
measured property, which is obtained from a macroscopic sam-
ple, is actually an effective summation of the response of a
large number of microscopic regions. This is the case, for ex-
ample, for resistivity or IR transmittance. However, note that
the latter is measured directly for a sample on a transparent
substrate, while the former essentially only requires measure-
ments of sample resistance and thickness. The present case is
more complicated because the actual measurable quantity and
the resonant frequency of the VO2 /Si cantilever can be related
to the material property, which is actually changing as the tran-
sition is traversed—the elastic stiffness—only through a model
of the mechanical system as a bilayered cantilever, which is in
itself an approximation. Furthermore, changes of the interfacial
stress between the film and the substrate during the phase transi-
tion, which undoubtedly are very important in this case, cannot
be readily included in a simple cantilever model (and in fact
this is also an active research subject). In comparison, it is eas-
ier to model changes in resistivity in this type of system, since
this property is not strongly affected by the interfacial stress,
an effect that is almost invariably neglected in resistivity mea-
surements. The characteristics of the IMT in VO2 , including the
transition temperature, are also known to be affected strongly
by applied stresses. Since the microstructure of the film and the
residual film–substrate interaction affect the internal stresses in
the film, there can be wide variability in the response for this
reason as well. Hence, modeling the response of the VO2 /Si
cantilever as the film undergoes the phase transition is a very
complicated problem and we have not attempted here a model
based on the fundamental mechanisms behind it.

IV. CONCLUSION

It was found that for silicon cantilevers coated with VO2 thin
films with crystallite sizes smaller than ∼50 nm, the resonant
frequency behavior for the 30–85 ◦C temperature range followed
a sigmoid curve (Boltzmann function) fit. For VO2 films with
larger crystallite sizes, the sigmoid curve fit described the IMT
region only, while for regions other than this the behavior was
roughly linear. The VO2 films with larger crystallite sizes re-
sulted in larger frequency shifts and in a nonsymmetric hystere-
sis curve. From the measured cantilever-resonant frequencies,

the temperature dependence of the elastic modulus for mono-
clinic VO2 along (0 1 1) planes was obtained.

The results presented indicate that the VO2 thin films used as
coatings on cantilevers and similar structures can be very useful
for designs of novel microscale and nanoscale electromechan-
ical tunable resonators, in which the tuning can be controlled
electrically, thermally or optically.
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