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Abstract— A measurement setup for the detailed study of
the transverse piezoelectric coefficient e31 ¢ in the converse
(actuator) mode was developed. It allows the assessment of
the piezoelectric stress in thin films on silicon cantilevers and
provides for a correlation of this stress with large and small signal
responses to ferroelectric polarization and dielectric response,
both as a function of slowly sweeping electric field. This test
is important for the understanding of piezoelectric thin films
in microelectromechanical systems. The method is illustrated
at hand of sol-gel lead-zirconate-titanate (PZT) thin films, and
verified also with AIN and AIN-ScN alloy thin films. A 1-um
thick, sol-gel derived PZT(53/47) gradient-free sample showed a
response of —18.3 C/m? at 100-kV/cm electric field. Reliability
tests of PZT thin films were carried out with the same setup
in an accelerated manner. The piezoelectric activity did not
degrade significantly up to 10° unipolar pulses at 100 kHz with
an amplitude of —150 kV/cm. The increase in leakage toward
the end of the cycles was explained by a thermal runaway
effect. [2014-0140]

Index Terms—Piezoelectric, actuator, setup, e3qf, stress,
reliability, cantilever, displacement, lead-zirconate-titanate (PZT),
aluminum nitride.

I. INTRODUCTION

HE RECENT progress in synthesis and integration of

lead-zirconate-titanate (PZT) thin films onto silicon sub-
strates, combined with increasing interests and efforts of indus-
try, is paving the way for new, more efficient and faster devices
in micro electro-mechanical systems (MEMS) through the use
of the piezoelectric effect in these films. Very promising mar-
kets are predicted for the so-called piezo-MEMS technology.
The high piezoelectric activity of these materials is such that,
in many cases, piezoelectric actuation offers more freedom
of design, needs less voltage (as compared to electrostatic
devices) or less power (as compared to thermal actuators),
and exhibits larger strokes per electrical energy input. The
most promising high-volume products are faster and more
precise ink-jet print-heads [1], faster and less power consum-
ing autofocus lenses, and a plethora of other devices, such as
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micro-pumps [2], low-voltage micromotors [3], piezoelectric
microphones [4], photoacoustic detectors [5], micromachined
ultrasound transducers (pMUTs) [6], RF switches [7], [8],
robotic micro-legs [9], resonant scanners for high-definition
projectors [10], and many more. The technology is even stud-
ied for the realization of flying robots with wings [11], [12].
Most of these devices are actuators, into which parallel plate
capacitor structures with PZT thin films are integrated. Their
functionality relies on the effective transverse piezoelectric
effect, i.e. the development of an in-plane piezoelectric stress
upon application of an electric field. The latter is used to bend
a flexural structure in this actuator mode. A piezoelectric thin
film is clamped on the substrate and free to expand in the
out-of-plane direction. By applying these boundary conditions
to the constitutive equations of piezoelectricity, it is found that
the in-plane stress o is generated by the piezoelectric coeffi-
cient e3| f = —o1/E3 = d31/(s11 +512) = e31 —e33(c13/c33),
which is larger than the fully clamped e3; [13]. PZT is in
addition a ferroelectric material; therefore the polarization,
and, as a consequence, the piezoelectric properties, vary with
the voltage. As the film thicknesses are small, electric fields
are large enough to make the non-linearity of the piezoelectric
activity visible. In other terms, the piezoelectric coefficients
are not constant and therefore a single number cannot describe
in details the electromechanical behavior of the system.
Efforts have been put to measure the effective transverse
piezoelectric activity of thin films in a standardized way.
Shepard et al. [14] established a setup that bends the whole
wafer by applying a pressure difference between the front and
the backside. The resulting deformation is measured through
strain gauges placed on the surface of the sample, nearby
the test electrodes which are used to detect piezoelectric
charges [15]. Dubois et al. [16] proposed a setup with full-
wafer thickness cantilevers (1.5 mm by 15 mm in size) that
are clamped at one end and bent through a calibrated actuator
at the other end. With this geometry, the in-plane strain in the
area covered by the top electrode is not quite uniform, and thus
a short electrode is chosen to measure the effect. The varying
curvature is taken into account in the mathematical description,
which is based on the geometry of the sample, the tip position
and its displacement. The direct e3, ¢ is then determined from
the measured piezoelectric charges. As the unknown film is
much thinner than the (homogeneous) cantilever, this bending
method needs only one material constant: the Poisson’s ratio
of the substrate. This method has been improved in 2007 in
the aixACCT’s commercial setup with the introduction of the
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four-point bending technique [17]: a full-wafer thickness can-
tilever is placed between four cylindrical rods. The outer two
are both loaded with a mechanical force and are simulta-
neously used to contact the sample electrodes. If the inner
supports (which are placed on the opposite side of the sub-
strate) are spaced by half the distance respect to the outer ones,
the mechanical force induces a constant bending moment on
the cantilever, which translates into a homogeneous stress and
strain distribution between the inner supports. By measuring
the output charges and the displacement at the center of the top
electrode, e31, r can be calculated. The setups described above
reveal only the direct piezoelectric activity. Although essential
for sensors or energy harvesting applications, these measure-
ments can only provide information about the remanent values,
leaving unknowns on the film response at higher driving
voltages. For actuators indeed, relevant e3; s values need to be
known for higher electric fields, and in addition for specific
voltage cycles. A convenient way to evaluate the transverse
converse effective piezoelectric activity of a thin film is to
track the tip displacement of a full wafer thickness cantilever
structure as a function of the externally applied electric field.
This geometry is particularly useful for two main reasons.
First of all the sample preparation does not need advanced
micromachining steps, as just top electrode patterning with a
stencil and dicing are required. The same samples can be used
to evaluate the direct effect with the setups described above.
Second, as we will show, the in-plane stress in the film can
be derived analytically, if the sample geometry and the elastic
properties of the substrate are known, and independently on
the elastic properties of the film since it is much thinner
than the substrate. An evaluation of the active-mode ez, f,
based on a cantilever tip displacement measurements, has
been recently reported by Chun, Sato and Kanno [18].
In their case the cantilever has also the full-wafer thickness,
but the electrode covers completely the surface. Unfortunately
in their paper no in-plane stress/strain function is reported
as a function of the applied electric field: the analysis is
limited to an average e31, y determination from the ratio of the
large-signal amplitudes of displacement and electric field. The
so-obtained value is not exhaustive for the characterization of
the film as, for example, the amount of hysteresis (which is
always present in ferroelectrics, even in unipolar excitation)
remains unknown. A more suitable evaluation of the transverse
converse piezoelectric coefficient for actuator applications is
represented instead by the derivative of the in-plane stress
function:
doj

e31,r (E3) = dE; (D
With this derivative function we can describe the piezoelectric
response and its hysteresis under arbitrary excitation con-
ditions. In order to characterize in a satisfactory way the
piezoelectric activity of a film, at least the values obtained
upon increasing and decreasing electric fields at half excitation
amplitude should be reported, in order to give an idea about
the extent of the hysteresis. If desired, the average between
them might be used as a representative value for the film.
Moreover the polarization hysteresis loop and the small-signal
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clamping bar

Fig. 1. Pictures of the developed setup. On the left in the optical probe
version; while on the right we can appreciate a zoom of the sample in the
single-laser beam interferometer version.

C-V loop can in principle be recorded simultaneously with
the piezoelectric response, leading to an accurate evaluation
of the film electromechanical behavior under excitation con-
ditions mimicking as close as possible the ones desired for
piezo-MEMS devices. For instance, the P-V loop carries in
its integral the energy dissipated during one excitation cycle.
Such information might be as important as the knowledge
of the piezoelectric coefficients. The industrialization of a
piezo-MEMS product needs moreover preliminary information
on reliability of the film itself upon repeated voltage cycles.
Lifetime tests, although accelerated, need to be performed
at conditions as close as possible to the relevant ones of
the application. For these reasons we developed and tested
a cheap and easy-to-use setup to evaluate in details the
piezoelectric and dielectric properties of ferroelectric thin films
for piezo-MEMS actuators.

II. MEASUREMENT SETUP
A. Description of the Apparatus

Expected tip displacements for millimeter long cantilevers
are in a range between fractions of nanometers for small
signal excitations of AIN thin films, to several hundreds
of nanometers for large signal response of PZT thin films.
Such movements can be tracked either by a single-laser
beam Michelson interferometer, or with a proximity sensor.
A detailed analysis of the principles and a quantitative analysis
of the performance characteristics of this type of transducer
has been performed by Cook and Hamm [19]. Commercial
instruments are available for both single-beam interferometry
and proximity sensing. Results discussed here are obtained
either with a SIOS® SP-S laser interferometer or with an
MTI® 2000 fotonic sensor. For the latter we measured a
sensitivity of 5.90 £ 0.07x4m/V, a noise level equivalent to
displacements of 2 nm, and a measurement range 30 xm wide.

Pictures of the developed setup are shown in Fig. 1. In the
optical probe version, the displacement sensor is mounted
on an X-Y-Z stage controlled by micrometer screws drives,
allowing for precise positioning of the measurement head and
calibration of the sensor on the fly. For the laser beam based
setup, the sensor is instead fixed, and the sample is moved
during the alignment procedure. In both cases the top and
bottom electrodes are accessed via micro-manipulators.

The operating principle is depicted in Fig. 2. A full-
wafer thickness cantilever is clamped with a 2 mm wide and
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Fig. 2. Scheme of the cantilever-tip displacement measurement setup devel-
oped for the simultaneous measurement of the piezoelectric and ferroelectric
properties of the sample. In the sector between the clamp at x = 0 and the top
electrode end at x = x; the cantilever shows a constant curvature assuming a
homogeneous e3;, r.The deflection is exaggerated for clarification purposes.

3 mm thick bar onto a plate, both made of stainless steel.
The beam is excited either with an LCR meter (for small-signal
measurements) or with a function generator (for arbitrary
input waveform). In the sector between the clamp and the top
electrode end, the beam will be deformed by the piezoelectric
activity of the film. If it is uniform, the radius of curvature is
constant. In the sector uncovered by the top electrode, there
is no bending of the cantilever: the slope remains constant,
and the deflection just increases linearly with the distance from
the electrode end. The displacement at the tip is tracked with
the help of a lock-in amplifier for small-signal excitations,
or directly with an oscilloscope for large-signal ones. In this
case the bottom electrode can be contacted with a charge
amplifier (an operational amplifier with a capacitor in the
feedback integrating the current) to measure simultaneously
the polarization hysteresis loops. Results shown are acquired
either with the fotonic sensor coupled with an HP4284A LCR
meter and a Kistler® Type 5011 charge amplifier, or with the
single-laser beam interferometer coupled with an aixACCT®
TF2000 setup.

B. Analytical Expression for the In-Plane Stress

We now derive the analytical expression which links the
in-plane stress o1 to the tip displacement. Given that the sub-
strate is much thicker than the film, the radius of curvature R
in the area below the electrode will be large (small deflection).
We can then state

1 d*w(x) 5

R dx? &
where w(x) is the cantilever deflection function along the
longitudinal axis as a function of the distance from the clamp
(positioned at x = 0). The beam will not be bent in the sector
uncovered by the top electrode: from its end (x = x1) onwards
the derivative of the displacement function is constant. At the
probe position (x = x2) we have then an amplification of
the displacement given by the derivative w(x1)’ multiplied by
the distance x2 — xg:

w(x2) = wlxy) + (x2 — x)w(xy) 3)

At the same time from eq. (2) we obtain:

1
w(x1) = ﬁmz; w(xy) = % €Y
Combining together these equations we get:
1 2w (x2)
= 5)

R~ x1(2x2 — x1)

The stress corresponding to this radius of curvature can be
calculated by applying the equilibrium condition: the sum of
all bending moments has to be zero. The stress induced by the
piezoelectric effect o1 exerts the bending moment M,,:
an

(6)

My = —01 bl tp

where f, and fop are the thicknesses of the piezoelectric
layer and the substrate respectively. by represents the top
electrode width: the piezoelectrically induced stress is indeed
present only in the section of the film covered by the top
electrode. As the residual stress of a film, the piezoelectrically
induced stress is biaxial, meaning that the Stoney formula
applies below the top electrode. There, the effective elastic
modulus is then the biaxial modulus Yy /(1 —vgp) [20], where
Yo and vgy, are the substrate Young’s modulus and Poisson’s
ratio respectively. The applicability of the Stoney equation in
the cantilever structure cases has been extensively discussed by
Chekchaki et al. [21]. The error with the dimensions used in
our design are smaller than one percent. Especially helpful is
the fact that we deal with 7, /tsp, << 1, and a slender cantilever
(width/length < 1). According to the criteria given there,
we are far away from bifurcations even at very large stresses.
Theoretically, the threshold would be 3 GPa, which is far
above for piezoelectric stresses usually limited to about
500 MPa because of film cracking [22], [23]. For the bent
borders outside the top electrode, the substrate reaction is
instead described by the simple Young’s modulus of the
substrate Ygp. The substrate then reacts to the piezoelectric
actuation with a moment My, equal to:

‘Hsub/2 Yllb Z
Mgy, = / (;btel + Yoo (beant — btel)) —zdz
~tan/2 \1 = Vb R
@)

where bcant is the cantilever width, and z is the vertical
distance from the neutral plane; which we can approximate
to be in the middle of the substrate since we assumed a film
thickness much smaller than the substrate’s one. By applying
the equilibrium condition Mgy + M, = 0 combined with
eq. (5) the following expression for the in-plane stress is
obtained

1 Yo
= 1— 1—
ol 3 (1 . Vsub)cf [Cf + ( Cf) ( USUb)]
.410()(2) @ (8)
x1(2x2 —x1) tp
where with ¢y = bel/bcane We indicate the top electrode

coverage factor. There is therefore a linear relationship
between the in-plane stress ¢; and the measured cantilever
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tip displacement w (x2). From the definition of the effective
transverse piezoelectric coefficient (eq. (1)) we get:

1 Ysw
3(1 —vsw)er

w) 15 ©)
x12x2 —x1) V
Where V is the excitation voltage. For unpatterned top elec-
trodes (cy = 1 and x1 = x2) eq. (9) coincide with what
obtained by Kanno’s group [18].

We have seen that for the determination of the in-plane
stress, the knowledge of the substrate Young’s modulus
and Poisson’s ratio are required. The very large majority
of piezo-MEMS devices are obtained out of single-crystal
silicon wafers: the mechanical properties of the sample are
therefore anisotropic, i.e. they depend on the crystal cut
and on the direction of the longitudinal axis of the beam.
A didactic review of silicon elastic properties as a function of
the crystal orientation can be found in [24]. For the most com-
mon situation, standard {100} silicon wafers are employed,
and the test beams are cut or cleaved most conveniently
perpendicular or parallel to the primary flat, giving beams
with the main axis along a <110> direction. In this case the
substrate Young’s modulus and Poisson’s ratio are respectively
169 GPa and 0.064. All the samples studied in this paper are
prepared with this geometry. This is unlike to ref. [16], where
< 100 > directions were chosen in order to use the textbook
values for Y (130.5 GPa) and v (0.28).

e3l, f= [er + (1 —cp) (1 = vw)]

III. TEST MEASUREMENTS
A. Some Examples

We present now typical examples of measurements
performed on samples diced out of a 380 um thick {100}
silicon wafer, on top of which a 1.18 um thick PZT (53/47)
thin film has been deposited with an established sol-gel
method [25]-[27]. X-rays diffraction and scanning elec-
tron microscopy analysis (not shown) reveal a fiber textured
(100)-oriented perovskite phase with dense and smooth
microstructure. The platinum top electrode has been patterned
by a lift-off procedure with DC sputtering at room temperature.
The whole wafer has been then annealed in oxygen for ten
minutes at 550 °C. No poling procedure was applied. The
analyzed samples are full-wafer thickness beams, 1.5 mm wide
and 15 mm long. Four different samples with increasing top
electrode length (2 mm, 3 mm, 7 mm and 8 mm) have been
investigated with the displacement sensor placed at different
positions. The electrode width is 1 mm in all cases and the
unclamped part of the cantilever is 10 mm long.

In this case the optical probe version of the setup has
been employed: the output noise level (equivalent to 2 nm
excursion) corresponds to 0.03 MPa of in-plane stress for the
8 mm long top electrode case. In Fig. 3 we can appreciate a
typical large-signal response of the film subjected to sinusoidal
bipolar excitation (zero DC offset) at 110 Hz. In Fig. 4 small-
signal e3;  is depicted as a function of the DC bias, together
with the simultaneously measured relative permittivity. The
small signal excitation is at 0.66 kHz and has an amplitude of
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Fig. 3. Example of simultaneous measurement of mechanical and electrical
large signal response of a sol-gel deposited PZT 53/47 thin film. The electric
field was swept sinusoidally at a frequency of 110 Hz.
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Fig. 4. Typical small-signal response of a sol-gel deposited PZT 53/47

thin film. e3], s and relative permittivity are measured simultaneously. The
small signal excitation field has a frequency of 0.66 kHz and an amplitude
of 1kV/cm RMS. The complete loop was measured in 480 s.

1kV/cm. In this paper we define the sign of the electric field
positive when it is pointing towards the substrate (grounded
bottom electrode and positive voltage applied to the top
electrode).

B. Experimental Validation of the Stress Formula

Equation (8) was experimentally verified for various values
of x1 (by changing the cantilever sample) and x, (by sweeping
the position of the displacement sensor). Assuming identical
PZT thin film properties on all investigated beams, the same
stress is generated at a given electric field, and identical
curvatures 1/R are obtained. The beam deflection w(xy) is
then a linear function of x;(2xo — x1). Results are depicted
in Fig. 5. The linear fit is excellent in all cases, proving that
eq. (8) is compatible with the cantilever behavior, and that the
uniformity of piezoelectric properties across the wafer is good.

The direct and the converse piezoelectric coefficients are
identical in theory [28], but in practice, ferroelectric thin films
often show different values as measurement conditions and
prehistory (e.g. poling) are different [29]. For non-ferroelectric
thin films, like AIN, the polarization cannot be changed under
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Fig. 5. Cantilever tip displacement w(x,) as a function of the geometrical
parameter x1(2xp — x1) for different fields and frequencies. Four cantilevers
with different values of x; (2 mm, 3 mm, 7 mm and 8 mm) have been
investigated at different probe positions x; and under different excitation
conditions. Their sequence has been kept constant in order to ensure that the
comparison is done between samples with the same history. The linear fit is
excellent in all the cases: this means that the film properties are homogeneous
along the wafer and that eq. (8) is compatible with the cantilever behavior.

TABLE I
e31, f OF Alj_yScyN THIN FILMS: DIRECT AND CONVERSE
EFFECT MEASUREMENTS

direct e3y f (C/m2)
Matloub et al. [31]

converse ez, f (C/m?)
this work (at 110Hz)

AIN —1.14 +£0.06 —1.00 £ 0.05
Alg.88Sco.12N —1.56 +£0.08 —1.36 £ 0.07
Alp.835co.17N —1.60 £ 0.08 —1.47+£0.07

the application of an external stress or field, nor degrade with
time. Aluminum nitride is therefore an ideal candidate for
a comparison of this setup with the existing ones. In the
past the effective transverse piezoelectric coefficient for this
material has been measured as ez r = —1.05 C/m2 from a
transducer response [30], —1.02C/m? from a charge/strain
experiment [16], and —1.00C/m? as well from another
charge/strain measurement [31]. We performed small-signal
measurements of ez, s for c-axis textured AIN and Alj_,Sc,N
thin films (see [31] for details) as a function of the frequency,
by coupling the optical probe with a lock-in amplifier. Can-
tilevers with the same geometry as the ones used for PZT
characterization have been prepared. The top electrode length
amounted to 3 mm. The results are summarized in Table I.
The fixation of the cantilever to the clamping structure is
facilitated by the presence of a groove in the supporting plate,
which allows alignment of the top electrode with the bar with
less than a 0.1 mm error. A similar tolerance is achieved
for the displacement sensor positioning, resulting in a total
uncertainty of about 5% for this case. The groove also defines
the orthogonality of the beam with respect to the clamp: the
very small angular deviations have negligible effects on the
cantilever behavior, being ruled by a cosine law. The values
measured for the converse effective piezoelectric coefficient
are 8% to 13% higher than measured from the charge/strain
response. This discrepancy is within the estimated alignment

Electric Field (kV/cm)

Fig. 6. Large signal piezoelectric response to a sinusoidal unipolar (90 Hz)
excitation of a “gradient-free” PZT (53/47) thin film. The numerical differ-
entiation of the curve gives the e3¢ value, indicated for 100 kV/em.

errors. Nevertheless, it looks rather systematic, and probably
comes from not so well defined positioning of the actuator in
the set up for the direct effect. At least for the case of AIN, the
average value of —1.07 C/m? agrees well with the literature
value of —1.05 C/m? [30].

C. Device-Like Excitation of PZT Thin Films

The real advantage of this characterization method lies
in the capability of tracking the piezoelectric response of
a thin film under driving voltages of the application. The
majority of the devices of interest have membranes struc-
tures, actuated with large signal unipolar voltages, in order
to avoid ferroelectric fatigue and increase the linearity of the
operation. Fig. 6 shows the in-plane stress response as a func-
tion of the electric field for a unipolar, sinusoidal excitation
V() = A(l1+sin(2z ft)) at 90 Hz. The analyzed sample
is a “gradient-free” PZT (53/47) thin film deposited with an
optimized sol-gel route described in details elsewhere [32].
The film is highly (100)-textured and 1.17 gum thick. The
platinum top electrode has been patterned by lift-off through
room temperature sputtering. The whole wafer has been subse-
quently annealed in oxygen for ten minutes at 550 °C. Values
for the effective transverse piezoelectric coefficient are then
determined through a numerical differentiation of the in-plane
stress with respect to the electric field according to eq. (1).
At 100kV/cm, we obtain —19.3C/m? with increasing and
—17.4C/m? with decreasing electric field. The average value
of —18.3C/m? is then representative of the sample behavior.
The value in the direct mode at zero electric field is 30%
lower,' due to a smaller remanent polarization as compared
to the converse mode, in which the unipolar cycling refreshes
P constantly. For this film e3; ¢ (i.e. the slope of the graph
in Fig. 6) does not degrade under the application of large
electric fields, compatibly with what is expected from its
dielectric analysis (not shown) which reveals that the product
of P(E) - &(FE) is roughly constant for £ > 100 kV/cm, like
e31,r. Despite we deal with a polycrystalline multidomain

Ifor this film we recorded (—=12.6 £ 0.06) C/m2, after poling at 150 °C
with a DC field of 150kV /cm for 10 minutes.
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Fig. 7. Frequency dependence of the small-signal converse e3¢ coefficient
for the AIN film. An electro-mechanical resonance is observed at 4.4 kHz.
The y-axis of the graph is limited by the saturation of the lock-in amplifier.

system, this behavior corresponds to what is derived from
the free energy of the single domain state, for which the
piezoelectric coefficients are indeed proportional to P - & [33].

D. Limitations of the Measurement Technique

For any AC measurement technique, the presence of reso-
nances might lead to severe artifacts in the evaluation of the
piezoelectric coefficient. The excitation frequency should be
chosen far away from any eigenfrequencies of the analyzed
structure. The fundamental resonance of the cantilevers used
in this work was found at 4.4 kHz in the e3; ;s response
(Fig. 7). The resonance enhancement is larger than one order
of magnitude.

IV. RELIABILITY OF PZT THIN FILMS

This setup can be used to investigate the reliability of
cantilever samples, i.e. the endurance of the piezoelectric and
ferroelectric response for a given excitation amplitude and
waveform. Here we report the results of a test made on a
“gradient-free” PZT based cantilever respect to excitations
of —150kV/cm. The fatigue treatment signal is a unipolar
square waveform, with a duty cycle of 50% and a frequency
of 100 kHz; which corresponds to a period that is ten
times longer than the measured RC constant of the device,
thus ensuring that the full voltage is effectively applied to
the piezoelectric capacitor. The response was tested up to
10° actuations: every decade, three measurements of cantilever
tip displacement and polarization loop were recorded with
an aixACCT TF2000 analyzer coupled with the SIOS single-
laser beam interferometer. The test waveform was unipolar of
triangular shape with a cycle time of 0.5 s, having as well a
peak-to-peak amplitude of —150kV /cm. The sample response
before the endurance test is depicted in Fig. 8. Note that only
polarization variations A P can be measured from the electric
current response. In Fig. 9 we report the maximum cantilever
tip displacement and the maximum polarization variation A P
as a function of the number of excitation cycles. While there
is no relevant degradation of the piezoelectric activity of
the film, we observe changes in the polarization behavior.
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Fig. 8. Cantilever response before the endurance test. The analyzed sample
is a PZT 53/47 “gradient-free” film, with a 3 mm long top electrode. The
laser spot was at 8.85 mm away from the clamp.
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Fig. 10. Response obtained at the end of (left), and ten minutes after (right)
the endurance test for the PZT 53/47 “gradient-free” film.

The measurements shown in Fig. 10 clearly show that the
polarization change is due to leakage (charging is proportional
to the applied voltage above about —100 kV/cm), and no
noticeable changes in the displacement curve are observed.
The leakage was not large enough to reduce the applied voltage
significantly and turned out to be quite reversible: ten minutes
after the end of the endurance test, the polarization change
loop returned to almost the initial one.

Several mechanisms can be responsible for a leakage
increase during the fatigue test, most likely charge injection or
temperature increase. Thermal conduction and charge diffusion
are enough fast to explain the relaxation into the initial stage
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within minutes. Heat is indeed generated by the hysteresis of
the P-V loop. The area comprised between the up and the
down branch is the heat dissipated into the film with every
cycle. We calculated that this value is around 1.77 ¢J for the
first loop. As we cycle with 100 kHz, the power input amounts
to 0.177 W. The beam possesses a very small heat capacity
of only 14 mJ/K (taking into the account the heat capacity
of silicon only) and therefore the temperature might increase
by 12 K/s. This effect is reduced by thermal conduction
through the silicon beam, which is a very good thermal
conductor. If the clamped end is at constant room temperature,
the temperature increase would be limited to about 22 K.
We found a modest temperature increase of 3 K at the clamped
end to which we fixed a Pt-100 temperature resistor, proving
the heat production on the beam. The leaky P-V loop at the
end of the fatigue tests produces instead a heat dissipation
of roughly 1 W, and therefore the temperature increase might
reach 100 K. We deal then with a typical runaway effect: the
higher the temperature, the higher the losses, and the higher
the losses, the higher the dissipated power heating up the
cantilever. This shows that for accelerated tests one should
keep the temperature under control by cooling. We remind
the reader that the results obtained in the full wafer thickness
case represent one end of the parameter field, where stresses
are maximal but strains are minimal. The latter are indeed
equal to the quantity —fg1/2R, and in our case they are in the
107> range: 100 times less than what is normally achieved
by unclamped PZT systems. In the full-wafer thickness case
the mechanical stress will prevail, and thus cracking of the
film might be the highest risk; while films embedded in thin
micromachined structures might show different fatigue and/or
failure mechanisms. When dealing with thinner structures, the
effect of mechanical clamping is reduced [34] and ferroelastic
domains might change their dimensions and orientations more
easily. As a consequence, the hysteresis loop might look differ-
ently as well, eventually contributing to higher losses during
cycling. Also heat evacuation through a thin membrane will
be lower, thus concentrating more heat in the PZT structure.

V. CONCLUSIONS

We developed and tested a versatile setup to evaluate the
piezoelectrically induced in-plane stress of a thin film under
the application of an arbitrary waveform. Both small signal and
large signal tests can be performed correlating simultaneously
measured in-plane piezoelectric coefficient with the dielectric
response as a function of sweeping DC electric field, or the
in-plane stress with the change in polarization, always as
a function of the electric field. We applied the method to
evaluate the response of sol-gel deposited PZT thin films
for both bipolar and unipolar sinusoidal excitation. With this
technique, the extent of non-linearities in the piezoelectric
response and the dissipated energy are readily evaluated.
We proposed to define the e31 s for piezo-MEMS actuators
as the derivative of the stress curve at half of the maximum
excitation field. Up and down values should be given to
get an idea of the hysteresis. In addition we performed a
reliability test on a “gradient free” PZT thin film: its converse

piezoelectric activity is not degraded in a significant way
up to 10 actuations, a performance compatible with what
was reported for the direct effect by Polcawich and Trolier-
McKinstry [35] for a PZT 52/48 thin film. Nevertheless,
we observed an increase of the leakage losses towards the end
of the the endurance test. The relative fast self-recovery after
the testing hints to a thermal runaway mechanism, initiated by
the heat dissipated by the ferroelectric hysteresis, eventually
reinforced by charge injection, and finally leading to electrical
leakage.
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