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Young’s modulus of VO2 thin films has been measured for the first time through the material’s
insulator-to-metal transition. The resonant frequency of silicon VO2 coated cantilevers was
measured in the temperature range 30–90 °C. It has been found that during the semiconductor to
metallic transition of VO2 thin films, which occurs at a temperature of 68 °C, Young’s modulus
changes most dramatically with temperature, abruptly reversing its declining trend with increasing
temperature. The film is stiffened through the transition and, as the temperature is further raised, the
declining trend is reasserted at a similar rate. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2926681�

Materials, which undergo insulator-to-metal transitions
�IMTs�, are very interesting due in part to the relationship of
this phenomenon with many others such as high TC super-
conductivity and colossal magnetoresistance. The first order
IMT phase transition �PT� of vanadium dioxide �VO2� can
be induced by ordinary heating,1 pressure,2 electric field,3 or
ultrashort optical radiation.4–6 The unique properties of this
material make it very attractive for temperature, pressure,
and optical sensors, which can be used in microelectrome-
chanical system �MEMS� applications. However, there is
very little information about the mechanical properties of
VO2 thin films in the semiconductor state7 and, to our
knowledge, there are no reported experimental results for
these properties of VO2 films in its metallic state. This letter
reports the first measurements on Young’s modulus of VO2
thin films as a function of temperature. The findings show
that the most dramatic change occurs during the material’s
transition at 68 °C.

The previously reported results on the material’s semi-
conductor state use micro- and nanoindentation and the re-
sults show an elastic modulus of VO2 in the semiconductor
state in the range of 140 GPa for sputtered VO2 thin films on
fused-silica or polycrystalline silicon substrates, with de-
creasing values for regions close to the substrate.7,8

The studies reported in this letter show the first experi-
mental measurement of the elastic modulus of VO2 thin films
in temperatures ranging from 30 to 90 °C. A 350 Å thick
VO2 thin film was deposited on commercially available �Mi-
croMasch� single crystal silicon �SCS� micromechanical can-
tilevers by pulsed laser deposition technique. The surface of
the chip on which the cantilevers are fabricated corresponds
to a silicon �100� plane. The VO2 films were fabricated in an
oxygen and argon atmosphere under a total pressure of
50 mtorr, as measured with a diaphragm capacitance sensor,
and with Ar and O2 gas flows independently adjusted with
mass flow controllers. Background pressure before deposi-
tions was of order 10−6 torr. A metallic vanadium target was
ablated by a pulsed KrF excimer laser �Lambda Physik Com-
pex 110, wavelength �=248 nm, 20 ns pulse duration, and
4 J /cm2 fluence�. During deposition, the substrate was held

at a temperature of 550 °C by a feedback controler. Film
thickness was measured after deposition with a Tencor pro-
filometer and scanning at various places were VO2 steps
were intentionally created along the chip. Three cantilevers,
with lengths ranging from 100 to 235 �m were tested. All
cantilevers were 35 �m wide and 1 �m thick �before VO2
deposition�.

The growth conditions employed are essentially the
same as used in previous work,5,6 and have produced nearly
pure-phase monoclinic �M1� VO2. In order to verify the
phase and orientation of the deposited VO2 films, x-ray dif-
fraction �XRD� measurements were performed for a sample
simultaneously grown on a similar substrate. A Bruker D8
Discover diffractometer �BrukerAXS, Karlsruhe, Germany�
was used for these measurements. Figure 1 shows the XRD
scans for the VO2 /Si test sample in both of the VO2 phases:
monoclinic �taken at room temperature� and tetragonal
�taken at a temperature above the 68 °C transition tempera-
ture�. The peaks observed in this region of the scans corre-
spond to the monoclinic �011� and tetragonal �110� reflec-
tions, respectively, as expected. No other peaks are observed
for the film, which indicates that the crystallites are strongly
oriented with the �011� planes parallel to the sample surface.

a�Electronic mail: nelson@ece.uprm.edu.

FIG. 1. �Color online� XRD scans for VO2 /Si thin film, taken at room
temperature �monoclinic phase� and above transition temperature �tetragonal
phase�.
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Therefore, Young’s modulus values obtained from the ex-
periment described below correspond to a direction perpen-
dicular to these planes. The exact angular position of the
monoclinic �011� reflection is shifted up by 0.1° �2-theta�
with respect to the bulk value given in Powder Diffraction
File 82-0661. This shift may be indicative that the film is
under tensile stress after deposition. An XRD scan was also
directly obtained for the cantilever chip by using a 0.5 mm
tube collimator in the x-ray beam and long counting time.
This confirmed that the film deposited was VO2 �M1�.

Also, the electrical resistance of the VO2 films was mea-
sured as a function of temperature. A decrease of three orders
of magnitude and a transition temperature around 68 °C was
observed, as expected.

The experimental method used consists of a piezoelec-
tric actuation and light scattering detection technique similar
to those that have been described in the past.9,10 In this tech-
nique, a substrate containing micrometer sized cantilever
beams is attached to a piezoelectric actuator and a laser beam
is reflected over its surface. The reflected laser signal is di-
rected into a photodetector, which converts the oscillating
light signal into a voltage signal. That voltage signal is sent
to a low-noise preamplifier �Stanford Research Systems
Model SR560�, and then to a spectrum analyzer �Agilent
9320A�, and also to a rf filter that sends back the signal to
the piezoelectric actuator, completing a feedback configura-
tion. The filter is used to suppress signals from higher order
modes, which have higher frequency components. This feed-
back configuration would require an initial perturbation,
which can be achieved by simply tapping on the chamber or
playing with the filter gain values. Once the feedback system
settles, the spectrum analyzer will show a maximum in the
voltage signal at the mechanical resonant frequency of the
cantilever. In order to induce the PT in the VO2 film, a
Peltier heater and a temperature controller were used to set
the temperature at the sample. Figure 2 shows a schematic of
the testing system used. The pressure level inside the vacuum
chamber was about 10−4 torr.

The VO2 thin film had a thickness of 350 Å, which is
about 28 times smaller than the silicon cantilever thickness.
The resonant frequency of a coated cantilever beam, where
the coating is much thinner than the uncoated cantilever, is
given by

fc
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where l, t, w, �1, and E1 are the length, thickness, width,
density, and Young’s modulus of the uncoated cantilever, re-
spectively; E2, �, and �2 are the elastic modulus, thickness,
and density of the coating, respectively, and K�

12.36t2

�2��2l4 .11

Equation �1� has been used in the past for measuring the
elastic modulus of nanostructured gold and platinum thin
films12 by combining it with the commonly known equation
for calculating the resonant frequency of an uncoated canti-
lever beam:

fu =
1.02t

2�l2�E1

�1
, �2�

where l, t, E1, and �1 are the cantilever’s length, thickness,
Young’s modulus, and density, respectively. The combination
leads to the following ratio of resonant frequencies:

FIG. 3. �Color online� Resonant frequency shifts with increasing tempera-
ture for the 235 �m coated cantilever.

FIG. 4. �Color online� VO2 thin film Young’s modulus with varying
temperature.

FIG. 2. �Color online� Experimental testing setup.
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In the analysis, densities of 2330 and 4670 kg /m3 were
used for SCS and VO2. It has been previously reported that
the density of VO2 is essentially the same for both phases of
interest here.13 The values for fu and fc were experimentally
obtained by testing the uncoated and coated SCS cantilevers.
Since the major contribution of the work is to report the
change in the transition region ��68 °C�, the fu and fc val-
ues were measured in the 30–90 °C temperature range. The
elastic modulus for the uncoated SCS cantilevers �E1� in the
30–90 °C temperature range was obtained by using the mea-
sured fu values for that temperature range, and Eq. �2�. Once
this is done, the only variable left in Eq. �3� is Young’s
modulus of the VO2 thin film �E2�.

In order to verify the testing setup and method, a differ-
ent set of identical silicon cantilevers was coated with a
0.1 �m thick sputtered gold layer and the obtained elastic
modulus for gold was 79 GPa, which is the commonly
known value.

Figure 3 shows the resonant peaks �first resonant mode�
for different temperature values for the 235 �m long coated
cantilever beam. Starting at room temperature, it can be seen
how the resonant peak shifts to lower frequencies as the tem-
perature is increased. Once the temperature approaches the
IMT region, the peaks abruptly moves to higher frequencies.
Subsequently, after the transition region has passed, it gradu-
ally shifts again to lower frequencies. It was observed that
the resonant peak of the 235 �m long SCS uncoated canti-
lever gradually shifted to lower frequencies during the entire
range. This highlights the effect of the VO2 coating on the
cantilever resonant frequency.

The resonant frequencies of two other cantilevers were
measured �coated and uncoated� as the temperature was in-
creased. Again, the same behavior was observed through the
transition region. This change in resonant frequency is
caused by a change in Young’s modulus for the film, which
can be calculated by using Eq. �3� and the measured resonant
frequency of the coated and uncoated cantilevers �fc and fu�.

Figure 4 shows how the calculated value for Young’s
modulus changed from 30 to 90 °C for the three cantilevers.
From 30 to 62 °C and from 80 to 90 °C, the modulus for

the 100 �m long cantilever decreases with temperature with
slopes of approximately −28.85 and −21.79 MPa / °C, re-
spectively, while for the 62–80 °C temperature range, the
slope is about +127.75 MPa / °C. Table I has the details for
the other cantilevers, which showed a very similar behavior.
It should be stressed that the behavior observed was entirely
reversible and repeatable. The response observed for each
cantilever was repeated as they underwent numerous heating
and cooling cycles. Another identical set of SCS cantilevers
with a thicker coating of 70 nm was tested and the results
were very similar.

In conclusion, in this experiment, an abrupt change in
the value of Young’s modulus for VO2 thin films has been
observed as the material undergoes its IMT. The value of the
modulus was measured as a function of temperature in a
direction normal to the film’s surface, which was strongly
oriented with �011� planes of its monoclinic structure parallel
to the sample surface. The variation of the modulus through
the IMT dramatically contrasts with the linear relationship
between Young’s modulus and temperature of most materi-
als, such as that of silicon in the uncoated cantilevers.14 The
value of the modulus for VO2 increases on heating through
the transition, signifying that in the crystallographic direction
pertaining to the experiment the material stiffens as the tem-
perature is increased. At temperatures higher than those near
the transition, the material, now in its metallic state, resumes
the elastic behavior of the insulating phase before the IMT.
These results show that VO2 thin films can be of interest for
applications in MEM devices, due to their remarkable elastic
response at conditions near room temperature.
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TABLE I. Slopes for the three regions of interest in Fig. 4: below, during,
and above the transition temperature.

Cantilever
length
��m�

Slope �MPa/°C�

Below
transition

During
transition

Above
transition

100 −28.85 127.75 −21.79
120 −27.98 115.93 −19.93
235 −40.91 116.08 −35.66
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