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The curvature of VO2-coated silicon microcantilevers was measured as the temperature was cycled
through the coating’s insulator-to-metal transition �IMT�, which drives the curvature change mainly
through the strain generated during this reversible structural transformation. The films were grown
by pulsed laser deposition �PLD� on heated substrates. Cantilever tip displacement was measured for
a 130 �m long cantilever as the temperature was changed by recording the deflection of a laser
beam, and the curvature change and estimated film stress were calculated from this data. A change
in curvature of over 2000 m−1 was observed through the narrow temperature range of the IMT, with
a maximum rate of �485 m−1 per degree. Estimated recoverable stress was �1 GPa through the
transition region. These results suggest applications in actuator devices with reduced dimensions,
including submicron lengths, multifunctional capabilities, and possibly with higher operational
frequencies than other thermally actuated devices. © 2010 American Institute of Physics.
�doi:10.1063/1.3369282�

I. INTRODUCTION

Thermally activated transducers for miniaturized devices
use mechanisms like differential thermal expansion �DTE� of
two materials ���� or changes through the martensitic type
transformation occurring in shape memory alloys �SMAs�.
The first approach is adequate for sensitive thermal sensors.1

If one of the two materials has a very high expansion coef-
ficient, as certain polymers do, �� can be as large as
�10−4 K−1. Deflections corresponding to a curvature change
per degree �� /�T�56 m−1 K−1 have been demonstrated in
polymer-coated cantilevers.2 The second mechanism can ex-
ert much higher work per unit volume �106 to 107 J /m3�,3

and is more suitable for microactuators. As reported here, an
order of magnitude higher �� /�T values and high work/
volume figures can be obtained in microcantilevers coated
with VO2 through this material’s insulator-to-metal transition
�IMT�. The greatest potential for this response is in actuators
with micron or submicron dimensions, which could also
have additional functionality.

The IMT in VO2 has been much studied since first re-
ported by Morin.4 The transition occurs at a temperature
TC�68 °C �on heating� and exhibits temperature hysteresis,
with a width of �1 K or less in bulk crystals and at least
several degrees in thin films. It can be classified as a marten-
sitic transformation, as in SMAs, because it involves an or-
dered displacement of ions in the crystal structure. However,
in the latter the transformation occurs between two phases
with metallic bonding. In contrast, bonding in VO2 is ionic,
and the compound is a hard material, with Meyer hardness
�13 GPa,5 comparable to that of quartz. Its conductivity in
the “metallic” �high-temperature� phase ���103 �−1 cm−1�,

originating mainly from vanadium 3d-band electrons, is low
compared with simple metals, and becomes four to five or-
ders of magnitude lower still in its “insulating” �low-
temperature� phase.

Near-infrared transmittance is low in the metallic phase,
but increases sharply as the insulating phase is reached. The
crystal structure of VO2 is tetragonal in its metallic phase
�rutile type, designated R�. On cooling through the IMT, this
changes to a monoclinic phase �designated M1� by slight
reordering of the vanadium ions, which causes a doubling of
the unit cell.6 Characteristics through the transition can be
greatly affected by doping with other metallic elements,6–8 or
when the material is nanostructured.9 Interest in VO2 has
been increased several years ago by the demonstration that
its IMT can be induced by ultrashort laser pulses.10–12 Very
recently, it has been used also for novel frequency-agile
metamaterials.13

II. EXPERIMENTAL PROCEDURES

For this work, VO2 thin films were grown by pulsed
laser deposition �PLD� on commercially available silicon mi-
crocantilever chips �MikroMasch� and on companion test
substrates. The cantilever used for the detailed measurements
had length, width, and thickness of, respectively, 130, 35,
and 1.04 �m, and a spring constant of �0.6 N /m. Thick-
ness was determined from the first resonant frequency of the
bare cantilevers in the chip, prior to film deposition.14 This
was required because the tolerance specified by the micro-
cantilever manufacturer for the thickness value is too high
and would have introduced unacceptable uncertainty in the
calculations. A krypton fluoride excimer ��=248 nm� laser
with fluence 4 J /cm2, pulse duration �20 ns, and repetition
rate of 10 Hz was used for ablation of a vanadium metala�Electronic mail: felix.fernandez@upr.edu.
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target. The PLD process was performed in vacuum chamber
in an oxygen/argon atmosphere. Total gas pressure was 30
mTorr during depositions and substrate temperature was kept
constant at T=550 °C. Film thickness was 240 nm, as mea-
sured with a stylus profilometer on reference steps created on
the cantilever chip. X-ray diffraction scans on the test sub-
strates show that the films are polycrystalline and strongly
oriented with the monoclinic �011�M planes parallel to the
substrate surface. When heated through the IMT, film struc-
ture changes reversibly to the tetragonal R phase, and the
�110�R planes are then parallel to the surface.

In a preliminary observation the VO2 /Si cantilevers ex-
hibited very large reversible changes in curvature as the IMT
region was reached. The superimposed pictures in Fig.
1—for a 350 �m long cantilever—were taken through a
low-power microscope as the temperature, measured with a
thermocouple attached directly to the chip, was raised. Can-
tilever bending toward the side with the deposited film evi-
dences increasing film tension. As the temperature was then
reduced the reverse response was observed, with some no-
ticeable hysteresis.

Cantilever tip displacement as a function temperature
was measured for a shorter cantilever—130 �m long—
using the setup described in Fig. 2. This particular arrange-
ment was convenient for the large deflections observed.
Light from a He–Ne laser �L� passing a spatial filter �SF� and
from a white light source �W� are combined by a beamsplit-
ter �BS1� and focused by an infinity-corrected microscope
objective �F� onto the cantilever chip �C�, so that the laser
light is more tightly focused on the cantilever tip. Light re-
flected back through the lens is separated from the incoming
beams by the second beamsplitter �BS2� and directed to the
bare charge coupled device �CCD� element of the camera,
where a magnified image of the cantilever ensemble �in
white light� is produced. This image and scattered laser light
illuminating the area near the cantilever can be observed in a
video screen and adjustments of the chip made with the high-
precision positioner. Laser light incident on the cantilever tip
is reflected toward a mirror �M�, and beam displacement is
recorded by a position sensitive detector �PSD�. The folded
distance from the cantilever chip plane to the PSD plane was
measured with a traveling micrometer. From this data the

cantilever displacement �z as a function of temperature was
determined. For convenience, and since only the curvature
changes were relevant for the present purpose, the initial
radius of curvature was taken to be infinite �straight cantile-
ver� although in fact there was observable curvature at room
temperature.

III. RESULTS AND DISCUSSION

From each tip displacement �z measured, the corre-
sponding curvature �1/R� was calculated by solving the tran-
scendental equation relating these quantities and the cantile-
ver length L. The results for a full heating-cooling cycle are
presented in the graph in Fig. 3, where the left-hand vertical
axis is the curvature in m−1. Repeated heating-cooling cycles
produced the same reversible behavior. Film stress �� f� caus-
ing the bending was estimated from

FIG. 1. �Color online� Multiple exposure picture of VO2-coated silicon can-
tilever during heating. Temperature was measured with a thermocouple at-
tached to the chip. The vertical displacement of 115 �m was estimated
from the known cantilever length of 350 �m. A shorter cantilever was used
for the detailed curvature measurements.

FIG. 2. �Color online� Setup used to measure microcantilever tip displace-
ment as a function of chip temperature. White light and He–Ne laser beams
are combined by a beamsplitter and focused on the cantilever tip. The re-
flected laser beam is recorded by a PSD. Scattered light is separated from
the incoming light by the second beamsplitter and forms an image of the
cantilever on the bare CCD camera.

FIG. 3. �Color online� Microcantilever curvature �in m−1, left axis� as a
function of temperature through the IMT of VO2, determined from the mea-
sured tip displacement. The right axis gives the estimated film stress �in
GPa�.
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� f = � ts
3Es

6tf
2�1 − �s�R

� 1

1 + B
, �1�

where tf is the film thickness and ts, Es, and �s are the sub-
strate’s thickness, Young’s modulus, and Poisson’s ratio, re-
spectively, while B= tf / ts is the thickness ratio between film
and substrate. Equation �1� is a better approximation than
Stoney’s well known formula, particularly in a case in which
film thickness is not negligible in comparison with the
substrate’s.15 A value of 180.5 GPa was used for Es / �1−�s�,
the biaxial modulus for the substrate, because the Si cantile-
ver employed has surfaces parallel to 	100
 planes and this
value is constant for directions within these planes for cubic
crystals.16,17 Results for calculated stress change are given by
the right-hand vertical axis in Fig. 3. The change through the
transition represents a recoverable stress of �1 GPa, an ex-
tremely high value. The stress change rate through the IMT
was �0.1 GPa /K.

For cantilever detectors sensitivity becomes rapidly
smaller as dimensions are reduced. Sensitivity is often
quoted in terms of tip displacement per degree, but since �z
increases as L2, it is better to compare performance in terms
of curvature change per degree, at least when the acting
mechanism is the same. Results for the VO2 /Si cantilevers
demonstrate an extremely high rate of change in curvature of
up to �485 m−1 K−1 near TC, which is almost an order of
magnitude higher than for the best cases reported for
polymer-coated or SMA-coated cantilevers, even though the
quoted spring constant for the microcantilever used was an
order of magnitude higher than for the similar but longer
cantilevers used for the work reported in Ref. 2. This sug-
gests that cantilevers or similar structures coated with VO2

can be used as thermally driven transducers with very small
dimensions. Unfortunately, applications as sensor devices
would be comparatively limited because �1� devices would
need to be “primed” by bringing them near the transition
temperature, �2� hysteresis would complicate calibration, and
�3� the latent heat of transformation must be provided
through the transition. In relation to the last point, it should
be mentioned that temperature sensitivity, which would be
�1.6 nm /mK in the present case, can be a misleading way
of comparing sensors based on different actuation principles.
Ultimately, detectivity in a thermal detector depends on the
energy which must be absorbed to cause a measurable
change in the monitored parameter. For DTE-based cantile-
ver sensors the energy absorbed per degree change and per
unit mass, neglecting all losses, is just the weighted specific
heat capacity of the materials and is hence �1 kJ /kg or less.
In contrast, for the case of interest here the strain change
mechanism is essentially the structural change through the
IMT. The latent heat for the M1→R transition in VO2 is over
51 kJ/kg,18,19 which is higher than for typical SMAs, includ-
ing Ni-Ti, and the transition occurs over a few degrees, so it
is clear that this mechanism is energetically much more de-
manding. While this limits applicability in sensor devices, it
implies that large driving forces are associated with the tran-
sition in VO2. Actuators based on this material can exert

higher forces and perform more work per unit volume than
similar ones based on DTE and possibly also than those
based on SMAs.

The curvature � of a bilayered cantilever with rectangu-
lar cross section can be calculated from the expression20

� �
1

R
=

6�1 + B�2	

t�3�1 + B�2 + �1 + AB��B2 + 1/AB��
=


	

t
, �2�

where t= tf + ts is the total thickness of the bilayer, 	 is the
strain �unitless�, B= tf / ts as defined before, and A=Ef� /Es�,
where E� stands for the biaxial modulus of the material,
while the function 
=
�A ,B� is implicitly defined. For fixed
geometry, a change in curvature �� is proportional to the
change in strain �	, which can be caused by different
mechanisms. For DTE, �	=���T. Neglecting other consid-
erations such as vibration tolerance or work performance,
temperature sensitivity ��� /�T� can be increased by using a
pair of materials with higher ��, maximizing 
, or—within
practical limits—reducing the total cantilever thickness.
However, if the cantilever will be used as an actuator the
amount of work it can perform becomes an important issue
and a different design compromise is needed. The restoring
force at the cantilever tip �for rectangular section cantilevers�
is proportional to the third power of its thickness.21 Selection
of a pair of materials to maximize �� implies a simultaneous
selection of the A ratio. Since polymers have very low elastic
moduli �E�1 GPa� the restoring force and the work per-
formed in bending, both of which are proportional to the
composite cantilever elastic modulus, will be low. Use of
stiffer materials will allow exertion of larger forces, but then
��, and hence �	, will not be as high.

Because film strain developed during the IMT in
VO2-coated cantilevers originates from structural transfor-
mation of the coating and over a small temperature change, it
is mostly unrelated to �� between film and substrate. The
maximum strain developed during the transformation can be
estimated as follows. Noting that the unit cell crystal of M1

phase VO2 corresponds to two unit cells of the R phase along
the monoclinic c direction, and using the unstressed lattice
parameters of these two phases,22 it is readily calculated that
twice the volume of the tetrahedral unit cell is slightly larger
than that of the monoclinic unit cell �0.32% larger�. How-
ever, because the film crystal planes parallel to the substrate
surface are �011�M for T�TC but �110�R for T�TC, the ex-
tension of these planes as the IMT is traversed must be con-
sidered. From the lattice parameters, the calculated area for
the �011�M and �110�R planes bounded by, respectively, the
monoclinic and doubled tetragonal unit cells along these
nearly parallel planes is actually decreased by �1.7% for a
single crystal on heating through the transition. This shows
that a substantial strain of up to approximately 0.0083 on
heating through the IMT in VO2 is possible in principle.
Since the polycrystalline films, although well oriented, have
no “in plane” texture, this result cannot be expected to apply
directly. Also, in the bilayer the strain is partially restricted
by the substrate, which is precisely what generates the stress
causing it to bend. The actual strain developed can be esti-
mated from Eq. �2� and the measured ��. While the elastic
moduli for VO2 are not well known, and although these �and
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hence A� should change through the IMT, it seems reason-
able to assume A�1 for VO2 /Si in Eq. �2�.5,23,24 With B
=0.23, the strain change during the transition can be esti-
mated to have been nearly 0.003. While higher strain
changes can be produced in other physical situations, it
should be noted that in the present case this resulted from a
temperature change of �10 K. Comparing with DTE-driven
cantilevers, this is equivalent to ��=3�10−4 K−1, which is
higher than for the best bilayer pairs available.

The work per unit volume which can be performed by
the cantilever can be calculated from the strain energy den-
sity, which is the product �1 /2�E	2= �1 /2�	�, where � is the
stress generated. For bilayered cantilevers the relevant elastic
modulus is the weighted average of the biaxial moduli of the
two materials. For the present case, assuming again that A
�1 in order to calculate 
, and using the measured maxi-
mum curvature change, the strain energy density was esti-
mated to have been �8�105 J /m3. Comparable work/
volume characteristics can only be obtained with DTE-
driven cantilevers by driving them over hundreds of degrees.
Better work/volume figures have been achieved with SMA-
based cantilevers, but it should be noted that the VO2 /Si
cantilevers used for the present work were not optimized for
any particular application and higher figures of merit are pos-
sible. As can be expected, the work performed by the canti-
lever is just a small fraction of the heat required to produce
the phase transition. Neglecting all heat losses and the energy
required to heat the silicon substrate in the cantilever, the
work performed was equivalent to �1.8% of the heat ab-
sorbed to produce the phase transition in the VO2 film. But
while transition-driven thermal actuators are not thermody-
namically efficient, they can still be useful in low-grade en-
ergy harvesting devices because they can operate between
sources and sinks near ambient temperatures, and with a
small differential �of just �10 K or less for VO2�.

IV. CONCLUSIONS

Very large reversible curvature changes with large recov-
erable stress were demonstrated for VO2-coated silicon mi-
crocantilevers over the small temperature range of the film’s
IMT. These results suggest that thermally activated actuators
of this type and with micron or submicron lengths can offer
controllable motions with nanometer resolution and capable
of applying large forces. While these capabilities can be ob-
tained from piezoelectric microdevices, thermally activated
ones would be much simpler to fabricate and operate. An
interesting aspect which remains to be probed is the switch-
ing speeds for mechanical actuation by direct thermal or op-
tical excitation. These can be expected to be high in com-
parison with SMAs, considering the hardness and stiffness of

the material. In this context, the possibility of reduced di-
mensions is also relevant, since the input energy required to
cause a given temperature change scales inversely with the
mass of the device’s active region. Increased operational
frequency—which is very low in thermally activated devices
in comparison with piezoelectrics—would increase the appli-
cability of thermal actuators. Because IMT characteristics in
VO2 can be strongly affected by doping and by controlling
its microstructure, there is ample scope for engineering the
mechanical response of this material and designing actuators
for novel electromechanical or optomechanical microde-
vices.
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