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Abstract

We investigate the effect of martensitic phase transformations on the dynamic response of
commercial AFM silicon cantilevers coated with shape memory alloy (SMA) thin films. We
propose a simple thermo-mechanical model to predict the phase transformation. We show
experimentally that the SMA thin film dynamic response can be actively changed upon heating
and cooling. This can be used for vibration control in micro-systems.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Initially developed for scanning probe microscopy (AFM,
STM) [1] micro-cantilevers are now used in a large number of
applications, for instance mass sensing [2], gas and biological
sensors [3], and new concepts of memory (the Millipede® from
IBM) that features an array of cantilevers [4]. To improve
the performance of sensing micro-cantilever-based devices
and to further extend the potential applications of cantilevers,
control of the dynamical behaviour of the beam is of particular
interest, for instance, to reject unwanted vibrations in sensors
applications, to increase the positioning accuracy in actuators
applications, or to simply broaden the measurement range for
sensing applications.

In this paper, we focus on demonstrating the use of a shape
memory alloy (SMA) thin film to actively change the dynamic
response of AFM cantilevers. More specifically, we show
that an electrical current can effectively be used to modify the
frequency response of AFM cantilevers coated with SMA.

Shape memory alloys show temperature- and stress-
induced thermoelastic phase transformations between two
(or more) solid-state phases [8] that lead to the well-known
shape memory effect and the so-called superelastic effect. In
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addition, shape memory alloys also exhibit variable damping
properties during the transformation as well as a dramatic
change of Young’s modulus. The latter can be used to
actively control the dynamical response of a mechanical
structure.

The use of SMA for tuneable damping and frequency
response has been investigated for various applications such
as buildings with earthquake protection [5], skis [7], aircraft [6]
and flexures [9]. Further, SMA are attractive for microsystems
in particular due to their high-work density and the possibility
of using SMA thin films. A review of applications of SMA in
micro-systems is given in [10]. More specifically, the damping
properties of SMA thin films have been reviewed by Wuttig
et al [22].

In this study, we investigate the use of a SMA coating to
actively modify the dynamical response of AFM cantilevers.
As a first proof-of-concept, we report on the active control of
resonant frequencies. In section 2, the experimental procedure
and setup are described. There we investigate the quasi-static
thermo-mechanical behaviour. In the following section, we
report on the dynamical behaviour, and finally in section 4, we
conclude on the potential use of SMA thin films to tune the
dynamic response of microsystems.

© 2010 IOP Publishing Ltd  Printed in the UK
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Figure 1. SEM picture of NiTi coated silicon micro cantilevers.

2. Quasi-static thermo-mechanical behaviour

2.1. Test specimens

We use commercially available tip-less silicon cantilevers
(shown in figure 1) (Micro-Masch [18]). The cantilevers
are coated with an equi-atomic NiTi thin film by means of
magnetron sputtering. The lengths are 250 pm and 300 pm,
width is 35 um and the thickness is approximately 2 pm.

The NiTi thin film has a thickness /s of ~1 um. Sputter
deposition takes place at room temperature in a vacuum system
with a base pressure of better than 5x 1078 Torr and an Ar
working pressure of 1.5 mTorr. After deposition, the NiTi film
is amorphous. Crystallization of the film takes place during
an annealing step at 500 °C for 30 min [11].

The cantilevers are part of a silicon chip (I x w x h, 3.4 x
1.6 x 0.4 mm). This chip is mounted on a steel plate for easy
handling and positioning. After sputtering and annealing, the
cantilevers are bent up due to residual tensile stress present in
the film.

2.2. Thermo-mechanical experiments and modelling

The phase transformation temperatures and the influence of the
phase transitions on the mechanical behaviour of the system
are investigated by measuring temperature—stress curves. The
stress in the SMA film on a silicon cantilever is estimated using
Timoshenko’s equation for the maximum stress in bimetallic
thermostats [18]:
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with curvature 1/p (1/m), Young’s modulus E and second
moment of area /. For the silicon cantilever and SMA film,
we use the indices s and f, respectively. The cantilever has a
thickness A, and the film a thickness /. In this equation, the
stress is measured at the interface between the two materials.

Equation (2.1) shows that the stress inside the film can be
estimated from beam curvature measurements. Therefore, we

100| ‘ 1

'E'i p
5 | A»-.’)‘//’_
c
Ke]
8 0 -_—
%
o . s . .
0 100 200 300 400 500

Length [um]

Figure 2. Deflection profile and curve fit of a coated cantilever with
length L = 350 pm at room temperature. Using the polynomial of
this fitted curve, the curvature of the cantilever is computed using
equation (2.2).
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Figure 3. Temperature—curvature graph of a NiTi coated silicon
micro cantilever with length L = 250 um. Temperature is cycled
between —100 °C and 140 °C with steps of 5 °C.

use the temperature—curvature graph to determine the phase
transformation behaviour of the SMA and then, to compute
the stress in the material.

The deflection profile of the coated cantilever is measured
for various temperatures starting from —100 °C and up
to 150 °C. The profile is measured using a 3D optical
profiler (Sensofar PLu 2300) equipped with an accurate
heating/cooling stage with a resolution of 0.1 °C. The profiler
measures height information of the cantilever. The curvature
of the cantilever is determined using the beam curvature
equation (so-called Euler’s ‘Elastica’) for various positions
on the beam:

—= . (2.2)
P+ ()T
Once p is known (using equation (2.2)), we calculate the
stress in the film throughout the length of the beam (using
equation (2.1)).

An example of such a deflection measurement is shown
in figure 2. A polynomial curve fit is used to extract the beam
curvature from the measurements.

The temperature—curvature graph of a cantilever with
length 250 pm during a thermal cycle between —100 °C and
140 °C is shown in figure 3.

Going through a temperature cycle, some interesting
observations can be made. First, the sample is cooled
down from room temperature 7, = 23.5 °C to —100 °C.
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Below My = —56.6 °C, the film is fully in the martensite
phase (the low-temperature crystallographic phase of the
material). Upon increasing the temperature, the cantilever
bends down due to its bimorph structure. At A; = 1 °C,
the phase transformation from martensite to austenite (the
high-temperature crystallographic phase of the material) starts.
During the phase transformation, the cantilever bends up until
the temperature reaches 63.4 °C. Above this temperature,
noted as A ¢, the material is fully transformed in the austenite
phase. Further increasing the temperature again results in
downward bending due to the bimorph effect. The slope of
this part of the graph differs from the slope in the martensitic
state because both thermal expansion coefficient and Young’s
modulus have changed during the phase transformation.

If the temperature is decreased, a reverse phase
transformation takes place. During cooling, an intermediate
phase appears. We identify this intermediate phase as the R-
phase, an intermediate crystallographic phase observed during
the reverse transformation from austenite to martensite in Ni—
Ti binary alloys. Between R, = 58.6 °C and Ry = 49.0 °C
some small hysteresis effect is observed corresponding to the
austenite to R-phase transformation. Below R, the material
is in R-phase until the temperature reaches M; = —3.8 °C
where a second transformation, from R-phase to martensite
takes place. During the transformation the cantilever bends
downward.

Below the temperature M, the material is fully in
martensite phase and no more phase transformations are
observed.

2.3. Discussion

Although the R-phase can be suppressed if the material is
under tensile stress, the appearance of the R-phase in our case
is explained by the fact that the stress levels in the film are
relatively low [20]. The stress discontinuity and the different
slope after transformation (between Ry and M) in figure 2
indicate that indeed a two-step transformation takes place. We
also note that the width of the austenite—martensite hysteresis
is almost 60 °C, which is rather large for an equi-atomic NiTi
[21].

To compute the stress in the film, two important
assumptions are made. First, we assume that the material
properties remain constant for a given phase. Second, we
state that during phase transformation, the thermal expansion
coefficient and Young’s modulus of the SMA film change
linearly with temperature. We use selected material properties
and the coated cantilever to estimate the stress in the film (see
table 1 for details). Figure 4 shows the evolution of Young’s
modulus as a function of temperature.

The modulus for silicon is calculated taking into account
the crystal orientation with respect to the cantilever orientation
and the bending mode loading using the method described in
[19].

In our model, we only consider the stress at the interface
between the SMA film and the silicon cantilever for which
equation (2.1) (from Timoshenko’s paper) holds.
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Figure 4. The evolution of Young’s modulus of SMA during a
temperature cycle. The austenite modulus E,, martensite modulus
E,, and R-phase modulus E, are indicated, as well as the
transformation temperatures.

Table 1. Material properties, dimensions and transformation
temperatures of the SMA coated cantilever.

Mechanical properties (GPa)

Em Ea Er ES (o))
30 80 70 130 0.026

Dimensions (;«m)
L w hy hy

348 35 1.2 1.7

Thermal expansion
coefficients (um/m K—1)

Ay oy o3 Qs

6.6 11 7 2.6

Transformation temperatures (°C)

A, A, R, Ry M,

: . : My Ty
1.0 634 586 49 —3.8

-56.6 —70

Figure 5 shows the stress in the film deposited on a
250 pum long cantilever. From this figure we can clearly
distinguish the three phases that occur in the film.

2.4. Modelling of the bimorph effect

To predict the SMA film stress as a function of temperature,
a thermo-mechanical model is made. The film stress is
subdivided into three elements:

2.3)

where o is the initial stress, o is the bimorph stress and o,
is the transformation stress. The initial stress o is determined
at Ty = —70 °C when the stress in the film is purely due to
the thermal mismatch between the film and the cantilever. The
cantilever has a positive curvature at this temperature.

The beam curvature can be decomposed into two terms.
One represents the initial curvature due to the presence of
residual stress from the sputtering/annealing steps. The
second term indicates the bimorph effect observed while

o =009+ 0p+0;
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Figure 5. Temperature—stress graph of the NiTi coated silicon
cantilever with length L = 250 um. The regions corresponding to
fully transformed phases are indicated. Direction of the temperature
cycle is indicated with arrows.

changing the cantilever temperature. We use Timoshenko’s
equation [2.1] to describe these two terms:
(af —a)(T —To)

= 0o +
P =Pt 3 g AEIAE D)) ( 1 1 )
2 hx+hf Exhxw thfw

(2.4)

where ay and o, are respectively the thermal expansion
coefficient of the film and the cantilever, and w is the width of
the cantilever. An initial curvature pg at T = Ty models initial
stress o in the film.

Subtracting the bimorph stress from the stress in figure 5
and taking into account the change of material properties
as illustrated in figure 4, gives o, the stress change due to
phase transformations (see figure 6). In this temperature—
stress curve, we observe that, while fully transformed in a
given phase, the stress in the material does not change since
the stress contribution resulting from the bimorph effect is
suppressed.

2.5. Modelling of the phase transformation

The modelling of the phase transformations in SMA has been
addressed by many authors in particular from the viewpoint
of material science [12, 13], or from a purely mathematical
approach [14]. More generally, the phenomenological
modelling of hysteresis has been broadly addressed (see
[17] for a review). Among these models, we choose
the Krasnosel’skii—Pokrovskii [15] hysteron because of its
appealing simplicity while it is still capable of capturing most
of the geometrical properties of the hysteresis curve. The
general formulation of the model is

max{o; 0, ['+(T)} whenis T non-decreasing
o(T) =

minf{o; o, _(T)} when is T non-increasing.
(2.5)
In this model, one is free to choose the functions I'y and I"_ to

fit measured curves. Since the major loop shows a saturation
behaviour in both the austenite—R-phase transformation and
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Figure 6. Transformation stress with the fitted hysteresis model.

the R-phase—martensite transformation (the dead zones), it
is quite natural to use saturation functions fitting the data.
To model the major loop for increasing temperature, we use
one sigmoidal function as fit and two superposed sigmoidal
functions when the temperature decreases:

I, = S(T, p1)

- = S(T, p2) + S(T, p3)

S(T. pi) = pir+ pi(1+e" (T = pia)) ™.
The function S(7, p;) requires four parameters p;;, so the total
model has 12 parameters to be determined from curve fitting

with the measured data. We divide the major loop into three
intervals where the sigmoidal functions are fitted

(2.6)

S(T,p1) for T>0
S(T,p,) for T <0 and T < Ry
S(T, p3) for T <0 and T < M,.

2.7)

The results of the identification procedure are shown in
figure 6. The error stays within 5%, except for the R-phase
transitions, where the slope of the measured graph (model or
data) changes abruptly.

In figure 6, the transformation stress has been extracted
from the total measured stress in the cantilever. Comparing
figures 5 and 6 illustrates the contributions of the two
mechanisms, phase transformation and bimorph effect, and
fully explains the thermo mechanical behaviour of the
system.

3. Dynamic behaviour

To determine whether the phase transitions in the SMA
significantly influence the dynamics of the cantilever, we
perform a frequency domain analysis as a function of
temperature. The location and the shape of the resonant
peaks of the system are analysed to obtain information about
stiffness and damping properties. To measure the cantilever
dynamic’s response, we designed a dedicated experimental
setup described in the next subsection.
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Figure 7. Schematic representation of the measurement setup (top)
and a picture of the excitation and heating stage for dynamic

measurements (bottom). Schematic representation of the optical
measurement head, a laser detector grating unit (LDGU).

3.1. Experimental setup and procedure

The cantilevers are randomly excited by a piezoelectric
element while the cantilever beams are heated by passing an
electrical current through the SMA film. The tip vibrations are
recorded by an optical measurement system (further described
below) and compared to the input excitation. A schematic
drawing of the measurement setup and a picture of the realized
excitation and heating stage are shown in figure 7.

The steel plate on which the silicon chip with cantilevers
is mounted is placed on a kinematic mount similar to those
used in an AFM, and is coupled to the excitation stage by two
neodymium magnets.

The optical measurement system is based on a laser
detector grating unit (LDGU), schematically shown in
figure 7. It consists of a laser, a diffraction grating, lenses
and photodiodes. The system estimates how much the
laser beam is out of focus from the measured surface, by
subtracting and normalizing the diode signals. This technique
has been extensively used for decades in compact-disc players.
Although the measurement system is compact and simple, it
provides an accurate way for measuring small displacement at
high frequency.

We analyse the dynamic response of the cantilever as
a function of the current passing through the SMA film.
Ideally, it would be better to have a direct measurement

Y
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Figure 8. Calculated stress in the film as a function of temperature
and current. The left graph is a detailed measurement of the
stress—temperature behaviour, as explained in section 2.2 and shown
in figure 5. The right graph shows the same experimental data but
with resistive heating.

of the cantilever temperature; however, in practice this is
very difficult to implement due to the size of the micro-
devices. Rather, we choose to calibrate the current response
with respect to temperature using a heating/cooling stage to
modify the cantilever temperature in a controlled environment
(figure 8). We observed a lack of repeatability in the current
transformation curves (as can be seen in figure 8). This
is due to some fluctuation in the contact resistance of the
wire-bonds. (In our case, a four-point measurement (which
would bypass this issue) could not be implemented due to
technical difficulties and spatial constraints.) Nevertheless, the
calibration curves illustrate quantitatively the direct relation
between electrical current and temperature (as one may
expect).

Starting at room temperature, the cantilever chip is excited
with a random white noise signal. Two measurements of
the dynamic response are recorded: the vibration amplitudes
as a function of amplitude Hjyeq(jw) at the fixed end of
the cantilever and Hp..(jw) at the free end. The frequency
response function of the excitation signal to the dynamics of the
cantilever is determined by dividing these two measurements:

H free
H fixed

This measurement is performed as a function of increasing
current through the film, i.e. indirectly, as a function of
increasing temperature.

Heany = (31)

3.2. Experimental results

The vibration amplitude is measured as a function of frequency
and increasing current applied to the SMA film for several
cantilever lengths. We show the results for a250 pm cantilever
in figure 10 and for a 350 wm cantilever in figure 11. For the
250 pum cantilever, the flexural resonance frequency is found
around 37 kHz, as specified by the cantilever supplier. We
use this value to estimate the frequency range of interest to
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Figure 9. Frequency response functions of the NiTi coated
cantilever with length L = 250 pum. The amplitude is recorded for
increasing current, as indicated on the right-hand side axis. (The
graphs related to a sharp transition are found for supplied current
between 190 and 225 mA.)

analyse the flexural dynamics of the coated cantilever. (For the
350 pm cantilever, the frequency range of interest is estimated
around 18 kHz.) Our setup only allows us to investigate the
dynamics of the cantilever above room temperature. We start
our experiments by heating up the cantilever so that the full
austenite transformation occurs.

At low current levels, we see the first resonance peak
in the figure decreasing for increasing currents (figure 9).
The second peak around 41 kHz also decreases slightly.
When the current is higher than 200 mA, a dramatic increase
of the first resonance peak occurs while the second peak
further decreases. Above a certain current threshold (about
200-210 mA in figure 9), the two resonance peaks merge at
39 kHz resulting in a peak of higher amplitude.

In figure 10 we observe a similar behaviour but in a
lower frequency range. In this particular case, the two peaks
gradually merge until the current reaches a certain threshold
(about 200 mA). Around this threshold, we observed that the
two peaks split and have lower amplitude.

3.3. Discussion/analysis

To explain the measured responses, we model the first
resonance frequency of the coated cantilever as a function of
temperature with a modified expression of the first resonance
flexural frequency of a cantilever beam [23]. The basic
equation is

A JE(MIT)
T 2nL? pA

with L the length, E the temperature-dependent average
Young’s modulus of the bimorph cantilever, / the temperature-
dependent second moment of area, p the density and A the
cross-section of the beam. The dimensionless constant A is the
wave number, depending on the boundary conditions for which

o (3.2)
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Figure 10. Frequency response functions of the NiTi coated
cantilever with length L = 350 pm. The amplitude is recorded for
increasing current, as indicated on the right-hand side axis. (The
graphs related to a sharp transition are found for supplied current
between 180 and 200 mA.)

the resonance frequency is calculated [23]. For a cantilevered
beam A = 1.87510407 for the first flexural resonance
frequency. As shown in the measurements in section 2.3,
as one could expect from the model assumption, the Young’s
modulus changes during phase transformation (according to
figure 4). The bimorph effect resulting from the CTE
(coefficient of thermal expansion) mismatch between the SMA
film and the silicon causes the curvature of the beam to change
not only along its length, but also in the transverse direction
(i.e. the anticlastic curvature). Consequently, the second
moment of inertia I of the beam changes during the phase
transformation. Including this dependence and using the
parameters in table 1, we compute the first flexural resonance
frequencies as a function of temperature starting from room
temperature. The results are shown in figure 11.

From the above figure, we note that the model predicts a
frequency shift around 200 mA for the flexural mode calculated
around 35.7 kHz (below 200 mA). In the experiments, we
indeed found a resonance peak at a frequency of 37 kHz that
shifted to a higher level at 200 mA. The calculations show
that this mode decreases slightly at low temperatures when
the bimorph effect changes the cross-section and thus the
second moment of inertia of the beam. We note that the same
behaviour is observed experimentally for both cantilevers.
After the phase transition from the R-phase to the austenite
phase around 60°, Young’s modulus of the SMA film increases,
resulting in a larger flexural resonance frequency.

For the two cantilevers, there seems to be a good
agreement between the model and the experimental
observations. We attribute this sharp change of resonant
frequency to the R-phase transformation. Indeed, we started
our experiments by heating up the cantilever so that the full
austenite transformation occurs. The cantilever was then kept
at room temperature preventing it from transforming to the
martensite phase. We note that experimentally, the measured
changes are more dramatic than the model predicts. A possible
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Figure 11. Computed first flexural resonance frequency of the 250 um (left) and 350 ;m cantilever as a function of temperature.

explanation can be in the inaccuracy of the choice of material
parameters (for instance with respect to the choice for the
Young modulus).

The origin of the second peak and the phenomenon of
merging and splitting are not captured by this simple model.
Calculations of higher order flexural or torsional resonance
frequencies (similar to (3.2)) do not predict the second peak
at these locations. As this mode changes slightly as a function
of the applied current (and thus temperature), we rule out the
possibility of a measurement artefact. Another hypothesis is
that this mode is a combined torsional and flexural mode. Note
that the low-temperature dependence of this mode indicates
that it is less sensitive to the change in flexural stiffness of the
beam than the flexural mode. So far, we do not have strong
evidence for the combined mode and therefore further work is
needed to confirm our hypothesis.

4. Conclusion

In this paper, we have shown that shape memory alloy thin
films can effectively be used to modify the dynamic response
of atomic force microscope cantilevers. We have measured
and interpreted the relation between the applied electrical
current in the SMA thin film and the frequency response
of the cantilever. This is a first important step towards
the goal of implementing close-loop control of cantilevers
frequency response that can effectively improve the accuracy
(by rejecting unwanted vibrations) and increase the dynamic
measurement ranges of such devices.

With our experimental setup, we observed two resonant
peaks. While the first peak can be attributed to the flexural
mode, the second peak is not predicted by a calculation
of higher order flexural or torsional resonance frequencies.
We suspect the second resonant peak to originate from a
combination of slight bending in the cantilever transverse
direction and the natural torsion mode. Interestingly, we
observe a separation of the two resonance peaks during the
phase transformation.

The applications of this work are multiple. As an
illustration and in addition to the possibility to increase
the performances of existing micro-cantilever applications
(like AFM or mass-spectrometers), the dynamic response
tuning can be implemented in tactile applications to modulate

individual cantilever vibration amplitudes subjected to a global
excitation signal.

From a material sciences investigation point of view,
the proposed methodology used in this study provides an
interesting platform to investigate shape memory materials
properties at the micro-/nano-scale. Specimens with different
thin films deposited on it can be rapidly examined and
specific material properties like transition temperatures, phase
transformation and deposition stresses as well as Young’s
modulus can be rapidly extracted using a rather simple
apparatus. Along these lines, it will be interesting to further
explore the effects of certain material parameters such as thin-
film texture, film chemistry (that will in particular affect the
hysteresis curve and eventually suppress the R-phase) and
grain sizes that can be tuned using various heat treatments.
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