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This paper reports a multiple-state micro-mechanical memory. The tip displacements of a 350 lm long
VO2-coated micro-mechanical silicon cantilever were programmed to absolute displacements ranging
from �19 to �7 m. Ten non-uniform mechanical states were programmed using controlled linearly
increasing laser pulses. The uniformity of the mechanical states was improved by using non-linearly
increasing laser pulses. The programmed states are reset by driving the VO2 outside the hysteretic region.
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1. Introduction

The first analytical machine was designed in 1846 by Charles
Babbage [1]. This fully mechanical system involved a ‘‘difference
engine’’ capable of calculating functions represented by polynomi-
als and that was later improved to an ‘‘analytical engine’’. However,
the details of this idea remained hidden for over a century. During
that time electrical systems, led by the invention of the transistor
in 1947, evolved very rapidly and became the platform over which
most technological advances were built. Other significant discover-
ies and inventions followed – i.e. piezoresistive effect in (1954),
integrated circuit (1958), resonant gate transistor (1968), micro-
processor (1971) –, but current technological revolutions are based
on the optimization of device performance by integrating different
physical phenomena. Following this technological impact trend,
microelectromechanical systems (MEMS) are becoming more hy-
brid every day, trying to find the combination of materials, device
design, sensing, actuating techniques, etc. that results in the opti-
mal performance for different applications.

The multiple-state programmable micro-mechanical memory
device presented in this work combines silicon (Si) – the most used
material in micro-technologies – with vanadium dioxide (VO2) – a
‘‘smart’’ material with memory capability. The device uses photo-
thermal actuation and optical sensing, but potential embodiments
could include the integration of Joule heating actuation and capaci-
tive sensing. The work builds on results obtained for optoelectronic
and all-optical multiple states in vanadium dioxide [2], and expands
ll rights reserved.
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further the multifunctional memory aspect of this material by add-
ing mechanical memory capability. In the following, the memory
states are simply mechanical displacements of a VO2-coated Si can-
tilever. The memory of the device can be reset by driving the VO2 to
regions outside the insulator-to-metal-transition (IMT) region,
which is achieved by varying the sample’s temperature.

Previous work has demonstrated the electromechanical motion
of a cantilever to charge/discharge a floating gate electrode [3]. How-
ever, the parameter being stored in [3] was electric charge, whereas
in the present work, the parameter being stored is cantilever dis-
placement. A micro-mechanical device with multiple programma-
ble memory displacement states was not found in the literature.

Other techniques can be used to program mechanical states. For
example, the magnitude of a programmed voltage difference be-
tween a cantilever beam and an electrode can be controlled to cause
different beam displacements. However, the magnitude of these
electrostatically-induced structure displacements is limited by the
device’s pull-in voltage, which for a cantilever structure is around
two-thirds of the initial distance between the cantilever and the
electrode. Since the electrostatic force between the cantilever and
the electrode is inversely proportional to the initial separation be-
tween them, this distance is usually in the sub-micron range. The to-
tal number of mechanical states will be ultimately determined by
the resolution of the cantilever displacement detector, and by the to-
tal cantilever deflection. The device reported here shows deflections
up to 20 lm – although we have seen deflections�6 times larger [4].

2. Experimental procedures

VO2 thin films were grown by pulsed laser deposition (PLD) on
commercially available silicon micro cantilever chips (MikroMasch)
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and on companion test substrates. As specified by the manufacturer,
the cantilever used for the detailed measurements had length,
width, and thickness of, respectively, 350, 35, and 1 lm, and a spring
constant of�0.6 N/m. A krypton fluoride excimer (k = 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 metal target. The PLD pro-
cess was performed in vacuum chamber in an oxygen/argon atmo-
sphere with a background pressure of 20 ltorr. Total gas pressure
was 50 mtorr during depositions and substrate temperature was
kept constant at T = 550 �C. Film thickness was 300 nm, as measured
with a stylus profilometer on reference steps created on the cantile-
ver chip. X-ray diffraction (XRD) scans where performed on the test
substrates. They showed 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 structure
changes reversibly to the tetragonal R phase, and the (110)R planes
are then parallel to the surface.

The Mott–Peierls transition that the VO2 experiences causes the
structural change responsible for the deformation of the cantile-
vers, as it has been reported previously [5]. This structural change
has caused resonant frequency shift of �23% in VO2-coated SiO2

buckled microbridges [6].
Fig. 1 shows a schematic of the experimental set-up. The entire

setup is constructed on an optics air-suspended table in order to re-
duce vibrations. In this setup, a red laser (L1; k = 672 nm, inten-
sity = 500 lW, spot size �35 lm), was focused and aimed at the
tip of the VO2-coated Si cantilever. This laser was used to measure
the deflection of the cantilever beams, and remained on for all the
experiments. The reflected beam is then aimed at a position sensi-
tive detector (PSD) (Hamamatsu S3270). As the cantilever moves
the PSD will produce a voltage proportional to the displacement,
using the initial position of the cantilever as a reference. The second
laser (L2; k = 672 nm, spot size�100 lm) was centered at�100 lm
from the cantilever’s anchor. This laser was used to heat the canti-
lever by computer controlled optical pulses of varying intensity, but
of an equal duration of 1 ms. These pulses programmed the differ-
ent mechanical states. The intensity of the lasers was measured
Fig. 1. Measurement set up. The entire system was in ambient pressure. As shown in th
heating or programming laser (L2) was focused close to the center of the cantilever bea
with an optical power meter (Thorlabs model: PM100D). L1 and
L2 are arranged orthogonal to each other so that the light from L2
does not affect the PSD reading, which relates only to the beam re-
flected from L1. The voltage output from the PSD was amplified by a
DC coupled amplifier and filtered for high-frequency interference.
All the experiments were done at ambient pressure.

Prior to the programming actuation, the sample needed to be
pre-heated to a temperature where the mechanical properties begin
to change drastically [2,7]. In order to determine the pre-heating
temperature for this particular sample, the cantilever deflection
was monitored while a PID-controlled Peltier heater (Custom Ther-
moelectric 03111-9L31-04CG) was used as the heat source – L2 was
not used. The temperature was increased in intervals of 0.5 �C, and
the measurements were taken after the set temperature was
reached and stabilized. Fig. 2 shows the results of this preliminary
experiment. The VO2-coated cantilever was bent downwards at
room temperature as shown in the inset. As the sample was heated,
the area of the VO2 plane parallel to the Si surface was reduced,
causing the cantilever to bend upwards. The heating/cooling curves
showed a rather broad hysteresis for VO2. However, this was found
beneficial for this particular application, since broad hysteresis al-
low for larger number of memory states. The PSD voltage at 30
and 100 �C correspond to the minimum and maximum deflection
of the tip of the cantilever, respectively, taking a perfectly flat can-
tilever as a reference (0 lm). With this information the relationship
between PSD voltage output (left y-axis in Fig. 2) and the cantilever
tip deflection (right y-axis in Fig. 2) was obtained.

During the laser pulse (from L2) the temperature of the illumi-
nated VO2 thin film increases, and consequently driven further into
the IMT region. The cantilever movement is ultimately caused by the
stress changes that develop across the VO2 IMT when induced by
photo-thermally induced heat, as generated by laser pulses from
L2. After the laser pulse the temperature returned to the pre-heating
temperature. A train of laser pulses from L2 caused consecutive tem-
perature increase–decrease cycles that followed different heating–
cooling curves inside the hysteretic region of the VO2’s IMT. Thus,
when the temperature returned to the pre-heating temperature
e insets, the measuring laser (L1) was focused at the tip of the cantilever, while the
m.



Fig. 2. Pre-heating. A relatively wide hysteresis width for VO2 thin films of �30 �C
can be noticed. The left y-axis represents the voltage reading form the PSD, and the
right y-axis is the cantilever deflection.

Fig. 3. Non-uniform mechanical states found from linearly increasing energy pulses
(black trace) and for five consecutive energy pulses of 4 lJ.
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after each pulse, a different cantilever displacement (i.e. different
mechanical state) was obtained.

3. Results and discussion

In order to obtain more mechanical states, laser pulses with the
minimum power that caused a detectable deflection were used in
this experiment. Since the minimum intensity from L2 (3 mW)
was already beyond this minimum intensity value, optical attenua-
tors had to be placed between L2 and the sample. The minimum
power of a 1 ms pulse that caused a detectable deflection on the
cantilevers was found to be 1 mW, which corresponds to an optical
pulse with energy of 1 lJ, measured between L2 and the sample.
Due to the larger area covered by the beam from L2 and its angle
of incidence on the cantilever (see Fig. 1), only a fraction of this en-
ergy was actually delivered. The cantilever was exposed to a se-
quence of pulses with intensities ranging from 1 to 10 lJ (the full
range of L2 after the optical attenuators) with increments of 1 lJ
in order to measure the different mechanical states. The resulting
deflection is shown as the black trace in Fig. 3. As can be seen, the
deflection changed with every pulse, and the new value (i.e. new
mechanical state) was sustained until the next pulse started. Of
course, this occurred because the pre-heating temperature was sus-
tained. It can be noticed in Fig. 3 that the initial deflection
(�18.5 lm) is very close to the deflection of the major heating curve
value at the pre-heating temperature (see Fig. 2). However, the
deflection of the final mechanical state (��4 lm) is far from the
major cooling curve value at the pre-heating temperature. Further-
more, the change in displacement saturates as a displacement of
�7 lm is approached. As it is explained below, this should not be
interpreted as the maximum programmable mechanical memory
state being �7 lm.

The bending profile of the two actuation mechanisms (Peltier
heating and laser pulse heating) cannot be compared. In the Peltier
heating method, the entire sample was in contact with a uniform
heat source. The cantilever bending profile in this case had the
form of an arc with a radius of curvature that should be similar
for VO2 coated cantilevers with different lengths but otherwise
identical. On the other hand, in the laser pulse heating method,
the illuminated area of the cantilever was heated much more than
the rest. Consequently, the area of the VO2 film that transitions
from the monoclinic phase to the rutile phase is much smaller
for the laser heating method. In this case, the shape of the bent
cantilever cannot be best described by an arc. Instead, the bending
profile of the laser actuated cantilever had the form of two straight
lines joined by an arc. It was also found in a separate experiment
that the location of the L2 spot along the cantilever’s length defined
the cantilever’s inflection point. The difference in bending profile
between the two heating methods, and the dependence of the total
cantilever deflection with the location of the heating laser spot are
reasons why the largest deflection obtained with the Peltier heat-
ing method (��1 lm) should not be expected when the laser pulse
heating method is used. For the programming experiment, the
location of L2 (�100 lm form the cantilever’s anchor), was found
empirically to be the location that resulted in the largest deflection.

After these measurements, the cantilever was ‘‘reset’’ for the next
experiment, which consisted on exposure to five pulses of the same
amount of energy of�4 lJ (Fig. 3). As can be noticed, this resulted in
a displacement (or mechanical state) close to the value obtained
from the previous experiment after a sequence of 1, 2, 3, and 4 lJ la-
ser pulses. This observation suggests that the final value of deflec-
tion will be mainly determined by the energy of the pulse. In other
words, a specific amount of energy delivered to the cantilever repre-
sents a specific mechanical state, which can be stored by traversing a
single set or different sets of minor heating–cooling loops.

From Fig. 3 it can be noticed that the displacement between
states is not uniform. This was also noticed for all-optical states
in VO2 [2], and it is caused by the different separations between
the heating–cooling curves of consecutively traversed minor
heating–cooling loops.

In an effort to demonstrate that the device’s mechanical states
could potentially be controlled and that the final mechanical state
can be arbitrarily chosen, a separate experiment was done, where
the optical energy pulses were not increased by a constant amount
(as in the previous experiment with results shown in Fig. 3).
Instead, a new sequence of pulse energies was calculated. The goal
was to approximate every step to 0.85 lm in order to increase uni-
formity. First, an arbitrary mechanical state step size was chosen.
Using the results shown in Fig. 3, the difference between each step
and the goal step size was calculated. The energy increase was ad-
justed proportionally to this error, and a new sequence of energy
pulses was obtained. Fig. 4 shows the result of this procedure,
where more uniform mechanical states can be noticed. To confirm
that there was indeed an increase in the uniformity of these steps
the standard deviation of the step sizes was measured before and



Fig. 4. More uniformly distributed mechanical states found from non-linear
increasing energy pulses. The inserted table shows the energy magnitude of the
individual pulses for each state.
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after the pulse sequence adjustment, and was found to be 0.1958
and 0.0301, respectively. This demonstrates an increase in unifor-
mity. In this case, only seven mechanical states were observed.
This was because the eighth mechanical state required a laser
pulse of energy larger than the 10 lJ limit of L2.

The device reported here was actuated millions of times with no
evident difference in performance. Devices fabricated from the
same batch (i.e. devices that were relatively close during the fabri-
cation process) are expected to show the same performance.
Although the memory effect of the VO2 film should remain as long
as it is near stoichiometric, the reproducibility of the hysteretic
behavior (e.g. transition temperature, hysteresis width, abruptness
and magnitude of the transition) between devices from different
fabrication runs will be mainly determined by the reproducibility
of the VO2 thin films.
Further experiments demonstrated that the response time of
the device presented here is around 1 kHz. Smaller versions of this
device are expected to show faster responses, but still very slow
when compared with electronic or photonic devices.

4. Conclusions

A VO2-based multiple-state micro-mechanical memory device
has been demonstrated. The device consists of a VO2-coated
micro-cantilever, which tip can be programmed to have different
displacement values. The mechanical states can be distributed more
uniformly by using laser pulses with non-linear increases in energy.
The memory can be considered a volatile memory, since any pro-
grammed state is erased once the heater attached to the device’s
substrate is removed. The storage density of the presented device
will be dictated by the fabrication capabilities of the cantilever
structure, and by the actuation mechanism to be used, which should
allow for individual cantilever programming and addressing. Future
work will focus on using VO2 thin film coatings with transition tem-
peratures close to room temperature, which will lead to non-volatile
mechanical memories.
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