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Abstract—This letter reports a resonant frequency shift of approxi-
mately −23% for a VO2-coated silicon dioxide (SiO2) buckled micro-
bridge when the coating’s insulator-to-metal transition (IMT) is thermally
induced by heat conduction using a Peltier heater or by light irradiation
from a laser diode. The frequency tuning is attributed to the large stress
levels developed during the IMT and the large sensitivity of buckled
microbridges to changes in stress. [2011-0047]

Index Terms—Buckled microbridges, phase transition materials, tun-
able microelectromechanical systems (MEMS), vanadium dioxide.

I. INTRODUCTION

Tunable microelectromechanical-systems (MEMS)-based resona-
tors provide an alternative for controlling the operating frequency
and bandwidth of the device during operation. The tuning has been
achieved by the use of a dc-bias voltage, which is limited by the struc-
ture’s pull-in voltage, and affects the linearity of the MEMS res-
onator. Therefore, the use of a dc-bias voltage has been recently
combined with other mechanisms, such as thermal tuning, which has
demonstrated frequency tuning ranges of 8.4% [1]. The currently used
thermal resonant frequency tuning approach uses the temperature de-
pendence of the resonator structural material properties, which, for
most materials, do not vary significantly with temperature. Other
techniques that have been combined with dc-bias voltages involve
the use of silicon-on-insulator technologies for fabricating 3-D silicon
structures [2] and cavity resonators [3], which have demonstrated
frequency tuning ranges of 17% and 44%, respectively.

This letter reveals a new MEMS resonator tuning approach, based
on the solid–solid phase transition of VO2. It is shown that the recently
observed abrupt changes in the stress of VO2 films across the insulator-
to-metal transition (IMT) [4]–[7] cause drastic changes in the resonant
frequencies of simple VO2-coated buckled micromechanical bridges.

II. EXPERIMENTAL PROCEDURES

In this work, a 120-nm-thick VO2 film was deposited on a 200-μm-
long, 35-μm-wide, and 4.15-μm-thick SiO2 micromechanical bridge
and its anchors. The SiO2 microresonators were fabricated by follow-
ing the same standard lithography fabrication techniques reported in
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Fig. 1. Schematic of the measurement setup.

[8]. During the isotropic etching of Si, part of the Si from underneath
the anchors was also removed, creating an underetching effect that
changed the effective length of the microbridges and cantilevers. The
VO2 deposition was performed by pulsed laser deposition, following
a similar procedure as that described in [7]. X-ray diffraction θ−2θ
scans showed only the peaks from the VO2 film that correspond to the
(011) monoclinic (M1) reflection, revealing that the (011) planes were
parallel to the substrate at room temperature.

Measurements were conducted with the sample under vacuum—
below 10 mtorr—in order to impede convective heat losses and reduce
damping (Fig. 1). The sample was attached with conductive silver
paste to a Peltier heater, which, in turn, was attached to a piezoelectric
element for mechanical actuation. A thermocouple was fixed on top of
the heater and next to the sample in order to monitor the temperature.
Gold wires attached to each of the anchor pieces were used for the
electrical measurements. A 5-mW He–Ne laser was used for measur-
ing the bridge’s resonant frequency using laser deflection techniques
described elsewhere [7]. White light was combined with the laser
beam using a beam splitter (BS1), and both were focused on the VO2-
coated SiO2 bridge by a microscope objective. Light reflected back
from the sample was directed, through a series of beam splitters (BS2
and BS3), to a photodetector—for determining the bridge’s resonant
frequency—and to a charge-coupled device (CCD) camera—for visual
monitoring purposes. The electrical resistance and resonant frequency
of the VO2-coated bridge were measured simultaneously, as it was
heated and cooled through the IMT. The Peltier heater was controlled
in closed loop to gradually increase the temperature in steps of
1 ◦C across the IMT. The measurements were done for complete
heating–cooling cycles (30 ◦C–100 ◦C). In a separate experiment,
the heater was controlled in open loop after the sample temperature
reached 53 ◦C, a few degrees before the abrupt IMT of the VO2 film.
Once the sample was at 53 ◦C, a current-controlled diode laser (CCDL
shown in Fig. 1) (λ = 635 nm, maximum power = 350 mW) was
used to illuminate the sample. As the laser intensity was gradually
increased, any further temperature increase was due to irradiation from
the laser beam. For this actuation method, the measurements were done
for heating–cooling cycles only across the IMT region (53 ◦C–74 ◦C).
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Fig. 2. Resonant frequency of the bare and VO2-coated SiO2 bridges.

III. RESULTS AND DISCUSSION

Fig. 2 shows the frequency response of two 200-μm-long bridges,
one bare and one coated with VO2 as described previously. Both SiO2

microbridges were fabricated in the same batch and were nominally
identical before VO2 deposition. The SiO2 film is under strong com-
pressive stress after fabrication, due to differential thermal contraction,
as the sample is cooled down to room temperature from the growth
temperature (∼ 350 ◦C). It was verified with an optical microscope
that this stress exceeded the buckling limit for the microbridge, which
was buckled after release and remained buckled after the VO2 depo-
sition. The resonant frequency of the bare bridge (top line) decreases
steadily as temperature increases. Since the substrate (silicon) expands
more rapidly than the microbridge (SiO2), the latter will experience
greater tension as the temperature is increased. For the case of an
unbuckled bridge, this increase in tension will cause an increase in res-
onant frequency (just like a guitar string increases its frequency when
tensioned). However, when the compressive load in a microbridge is
larger than its Euler limit (σE = −π2Eh2/3l2, where E, h, and l are
the modulus, thickness, and length, respectively, and the minus sign
denotes compressive stress), the microbridge buckles, and its resonant
frequency decreases with tension [9]. The mathematical problem of
the resonant frequencies of bridges under axial stress, including the
postbuckling problem, has been treated by several authors [9], [10].
It was not possible in the present case to use these treatments to
model the response of the bridges because of the following: 1) the
strong deviations from ideal conditions introduced by underetching
during the release operation—which alters the effective length and
also invalidates the boundary conditions assumed in the theoretical
models—and 2) the asymmetric residual stress introduced by the VO2

layer. Consequently, we focused on explaining the differences between
the two measured curves throughout the temperature range (fu(T )
and fc(T ) for the uncoated and coated microbridges, respectively)
in a qualitative manner, first at room temperature and then as the
temperature is increased. At room temperature, the Q factor for the
VO2-coated microbridge was ∼1000.

At room temperature, fc is substantially lower (19% less) than fu.
The resonant frequencies of multilayer stress-free bridges with uni-
form cross sections can be readily calculated if the moduli, densities,
and dimensions are known. Assuming the lowest value reported for
the VO2’s effective modulus and bulk values for the densities of both
VO2 and SiO2, the calculation of the resonant frequencies for stress-
free bare and VO2-coated bridges with the geometry of the ones used
in this work shows that it is higher in the latter case (by over 3%).

Hence, the substantial drop from the fu to fc measured values at room
temperatures is attributed to the residual stress (tensile for the film),
owing to the coating. This residual tensile stress reduces the effective
(compressive) axial stress on the buckled bridge and thus causes a
reduction of the resonant frequency.

As the temperature is increased, fu continues to drop almost lin-
early, while fc starts to increase as the IMT region is approached and
then drops over 20% through the IMT with a more gradual decrease
afterward. The final fc value at the end of the measured range has
dropped by nearly 23% with respect to the room-temperature value.
Among the several competing factors which affect the frequency, the
main ones, at least up to ∼ 50 ◦C, are related to thermal expansion. The
average expansion coefficient of VO2 is 5.7 × 10−6 K−1 [11], which
is almost an order of magnitude higher than the value for bulk SiO2.
The span between the anchors expands more rapidly than the SiO2

bridge, but the VO2 film is simultaneously expanding more rapidly
than the SiO2. The effect of the relative expansion of the span still
dominates, and as a result, the resonant frequency is reduced with
temperature, but the reduction is partially compensated by the stress
change caused by the expansion of the VO2 film. After ∼ 50 ◦C
(approaching the IMT), the measured resonance increases and peaks
near 60 ◦C. Then, it decreases through the rest of the IMT region.
While it seems reasonable that the observed peak is caused by changes
in the interplay of stresses caused by thermal expansions, the particular
mechanism causing the resonant frequency to increase substantially
in the range from 55 ◦C to 60 ◦C is not presently clear. As the IMT
progresses, however, the transformation of VO2 microcrystals from the
monoclinic to the tetragonal phase is accompanied by a reduction in
the area corresponding to the (011)monoclinic crystallographic planes
parallel to the substrate, as these transform into (110)tetragonal planes.
This effect has been discussed elsewhere for VO2 films deposited
on silicon microcantilevers [7], which had a similar response to
SiO2 cantilevers located next to the bridges reported here. This film
contraction causes a substantial change in tensile film stress through
the IMT. For VO2-coated silicon cantilevers, this stress was found to
be close to 1 GPa [5]. It is noted that this effect is caused by the phase
transformation itself and not by the thermal expansion of the VO2,
which, in fact, has the opposite sign. Hence, the increased stress on
the bridge has an effect which is now in the same sense as that caused
by thermal expansion of the bridge span but at a much higher rate per
degree change: As a result, the resonant frequency drops markedly.

For comparison purposes, if the stress induced by thermal expansion
differences between the buckled microbridge and its coating were the
dominant factor determining the resonant frequency, the total resonant
frequency shift can be approximated from [10]. Ignoring the changes
on the coating, , eq. 52[10] can be rearranged to express the first mode
resonant frequency for the buckled microbridge as a function of the
axial stress beyond σE

f1b =

√
2

ρl2
(|σ| − |σE |) (1)

where ρ is the density of the bridge (ρSiO2 = 2200 kg/m3) and σ
is the axial compressive stress of the bridge, which must be larger
in magnitude than σE for buckling. The absolute value operator
eliminates the negative sign conventionally assigned to compressive
stress. For a SiO2 microbridge (E = 75 GPa) with dimensions like
the ones presented here, σE

∼= −106 MPa. Assuming a difference in
thermal expansion coefficients of Δα = −1 × 10−5 K−1, the increase
in tensile stress on the bridge would be 15 MPa for a change in
temperature of 20 ◦C. The negative Δα indicates that the coating
contracts faster than the bridge, as it does in the VO2-coated SiO2

microbridge case presented here. If the buckled bridge had an initial
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Fig. 3. Measured resonant frequency and (inset) electrical resistance changes
as functions of temperature for the conduction and irradiation methods.

axial stress of σ1 = −156 MPa (50 MPa larger than σE), the resonant
frequency shift due to this change of 15 MPa (σ2 = −141 MPa) can be
calculated from (1) to be approximately −16%. However, this change
of 15 MPa would have caused larger frequency shifts for values of
σ1 closer to σE . It can be seen from (1) that, as the stress on the
buckled microbridge approaches σE , its resonant frequency becomes
more sensitive to changes in stress.

Resonant frequency shifts previously reported on VO2-coated sil-
icon microcantilevers [4], [7] were not higher than 5%. Unlike the
cantilever beam, which liberates the stress developed by bending, the
bridge structure reported in this letter stores this reversible extrinsic
stress developed across the IMT.

Fig. 3 shows the simultaneous measurements of the VO2-coated
SiO2 bridge’s resonant frequency and electrical resistance (inset) as
functions of temperature for two different heating methods: conduction
(using the Peltier heater) and optical irradiation (using a red laser).
The shift in the x-axis between both actuation methods is caused
by the different heat paths to the thermocouple between the two
methods. The resistance undergoes a change of nearly three orders of
magnitude throughout the IMT, and the shape of the curve is similar to
what has been reported in the past for VO2 films deposited on SiO2.
On the other hand, the resonant frequency curve during heating shows
a small increase of 15 kHz (∼3% of the room-temperature value) at the
“cold end” of the IMT, followed by a drop of 100 kHz (∼20% of the
room-temperature value). This represents a resonant frequency shift of
approximately −23%, which was achieved with a simple VO2-coated
SiO2 micrometer-sized bridge structure.

IV. CONCLUSION

The performance of VO2-coated SiO2 buckled microbridges as
a function of temperature across the VO2’s IMT has been studied.
The results show −23% frequency tuning capability caused by the
combination of large stresses developed across the IMT and the large
sensitivity of the resonance frequency of buckled microbridges to
stress changes. Since these structures were not optimized for maximal
stress change, which can be affected, for example, by film thickness or
growth temperature, it is likely that even higher tuning ranges can be
obtained with this type of device. The VO2-coated resonators in this
work were tuned by using heat conduction and/or light irradiation with
a conventional red laser.
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