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Direct Measurement of Piezoelectric Properties of Sol-Gel PZT Films
J. G. E. GARDENJERS, A. G. 8. J. VERHOLEN, N. R. TAS and M. ELWENSPOEK
MESA Reuarch In,"iluJe, Unillenily of Twenle, NL-1500 AE E~chtde, The Netherlands
PbZro.~3Tio.n03 films wele deposited on 5i-5i02·Ta-P~ substrates via a conventional sol-gel
procedure. Electrical properties of the film.s were' resistivity ca. :I x 10 1L Oem, rela~ive dielectric
permi~tivity 900-1100, remnant polarization ca. 20 /JC/cm 2, breakdown elec~ric field larger than
50 MV 1m. The deflection amplitude of piezoelectrically excited Si cantilevers, covered witb 5i02Ta-Pt-PZT-Al, was determined with the aid of a heterodyne Mach-Zehnder interferOmeter. The
piezoelectric s~rain constan~ d31 of the PZT films was determined from the amplitude measured at
frequencies far below the first mechanical resonance (quasi-static method). The d31 constant was
also determined from the deflection amplitude a~ the first mechanical resonance and the quality
factor of the cantilever. Measured values ranged from -30 pC/N for unpoled films to -160 pC/N
fOr films poled at room temperature and 40 MV 1m,

I. INTRODUCTION

Thin films of PZT and related materials, with large
piezoelectric cons~ants and high energy densities, are of
great importance for future developments in the field of
Micro Electro Mechanical Systems (MEMS). An important issue for the progress in the development of these
devices is the availability of methods for the measurement of the relevant piezoelectric constants. The material property of main interest for MEMS is the piezoelectric strain constant d J1 . A number of methods to obtain
this parameter has been reported [I-51. The methods described in this paper are closely related to those reported
by Luginbuhl et al. (4].
We have used optical interferometry to determine the
deflection of a piezoelectrically driven silicon cantilever
beam. Two measurement routes will be described, viz.
one in which the deflection is measured in a so-called
quasi-static approach, which implies that the beam is
driven into vibration at a frequency far below the first
mechanical resonance, and one in which the deflection at
and near the first mechanical resonance is determined.
80th routes lead to values of the piezoelectric strain
constant dJL ; the first method requires less assumptions
about the mechanical behaviour of the cantilever, the
second method is preferred in situations where the piezoelectric activity and thus the deflection in the quasi-static
regime is low. Mathematical models describing the two
approaches will be presented, as well as results for a number of samples consisting of a silicon cantilever beam covered with a sol-gel PZT film.

piezoelectric layer on a silicon beam (Fig. I). If an elec·
tric field is applied in the 3-direction (i.e., perpendicular
to the film surface), the piezoelectric film layer will shrink
or expand in the 1- and 2-directions, depending on the
direction of the field with respect to that of the net polarization in the film. This mechanical strain is obstructed
by the silicon layer, and the cantilever will bend. The
beam is glued onto a brass holder that is mounted in
an interferometer set-up. The free part of the cantilever
has a length j~. The top-electrode has a length t. and a
width w.. The thickness of the beam is approximately
t.. The mechanical influence of the electrodes, the insulating Si0 2 layer underneath the bottom electrode, and
the piezoelectric layer (thickness tnT), will be neglected
since the sum of their thickness is only 0.3% of the total
beam thickness.
Standard mechanics give that, under above conditions,
the static deflection d of the cantilever tip due to the
piezoelectric effect is:
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where the asterisks indicate effective compliance and
piezoelectric strain constant, defined as:
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II. THEORETICAL MODELS FOR
PIEZOELECTRIC EXCITATION OF
CANTILEVER VIBRATION

In this section we shall derive relations between cantilever deflection, applied voltage and piezoelectric conFig. 1. Basic design of piezoelectrically driven cantilever
stant dJI for a bimorph structure, which consists of a
beam, with definition of parameters used in the text.
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-SI574Eq. (1), which is derived for a DC voltage across the
piezoelectric layer, can also be used to describe a cantilever driven by an AC voltage with a frequency far be.low the first mechanical resonance ofthe cantilever. The
latter will be called the «quasi-static~ situation.
The dynamic behaviour of a vibrating cantilever beam
at and around its (first) mechanical resonance frequency
can be described with relations, derived by Prak et al.
[61, who have treated this problem by using an approach
in which the system of interest is represented by discrete
elements. If only the first resonant mode of the cantilever
is taken into account, the modulus of the transfer function of the cantilever beam is given by;
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Fig. 2. Typical frequeocy response of a piezoele<:trically
driveo Cll.Iltilever beam. The dimensions of tbe sample are,
I.: 10.5 mm, w~; 4 mm, t.: 0,38 mm, I.; 5.0 mm, W.; '2.0
mm, tPZT; 200 om. The poling field was 40 MV 1m, the AC
driviog voltage t.O V (peak-to-peak).
with WI "" ...jK/m the first (angular) resonance frequency
and Q "" KlwlD the mechanical quality factor; D is a
factor describing damping due to acoustical loads and
viscosity of the medium in which the cantilever operates,
III "" pl~t~1I)~ (with p the mass density of the substrate,
2330 kg m- 3 for Silo Ul is the amplitude of the applied
AC voltage and Yl the amplitude of the displacement of
the cantilever, w is the angular frequency, K is the modal
spring constant, and W II is the so-called electrode efficiency for the first mode. The transfer function shown
above only holds for frequencies at and near resonance;
the deflection in the quasi-static approach can not be
extracted from Eq. (3) since at frequencies far from resonance the cantilever will assume a shape different from
the first resonance mode.
At resonance, W "" WI, the measured ratio between
the amplitude of the deflection and the amplitude of the
applied voltage across the piezoelectric layer, is given by;

IY'Ul I'-'''''-',

dilQW II

= -28ilpl~w~W?'

(4)

This equation will be used to determine the piezoelectric
strain constant. From the resulting curve (see Fig. 2), the
first resonance frequency h "" wJ!2tr, the deflection-tovoltage ratio at resonance, as well as the Q-factor will be
derived; the latter is derived from the curve with the aid
of the relation Q = /.c.IU"!:3d8 - J:'d8)' where it has to
be noted that -3dB in this case means 1/./2 times the
deflection-to-voltage ratio at resonance. The calculation
of the only remaining unknown parameter, the electrode
efficiency W ll , which is an indication of how well the
shape of the top electrode couples to the first resonance
mode of the beam, is not straightforward, because it requires knowledge of the first mode shape of the beam.
One way to determine this is by Finite Element Modeling, as has been done by Luginbuhl et al. [41. In our
study we have numerically determined the electrode efficiency for the different cantilever specimens used in our

experiments, with the aid of mathematical expressions
derived by Blom [7J. From their work it also follows that
for our samples the first resonance frequency !l (in Hz)
is given by:
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III. EXPERIMENTAL

With the aid of a conventional sol-gel procedure [8],
PZT films with composition Pb;Ti;Zr = 1.09:0.47:0.53
and a thickness of 200 or 300 nm were deposited on
Si (100) substrates with 0.5 /-1m Si0 2, 20 nm Ta and
200 nm Pt films. On top of the PZT film, electronbeam evaporated Al electrodes of different sizes were deposited with a photolithographic lift-off process. Electrical contact to the lower electrode was achieved by etching
photolithographically.defined holes through the PZT film
with a buffered aqueous HF solution (etching velocity ca.
100--150 nm/min).
Figure 1 shows the general layout of the samples used
for piezoelectric characterization of the PZT films. The
silicon beams were diced from a 3" high resistivity p-type
Si (001) wafer, containing the layer package described
before, and glued on a brass frame that was mounted in
an interferometer set-up.
In our experiments the excitation voltage \Ii was an
AC-signal, so that the cantilever beam is forced into vibration. Fig. 2 shows a typical frequency response for
such a piezoelectrically driven cantilever beam. The parameter HU) on the vertical axis of the figure is the ratio
of the deflection of the tip of the cantilever, 6, and the
excitation voltage Vi. As can be seen, H(f) is almost
independent of the frequency for excitation frequencies
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below the first (mechanical) resonance, at 4800 Hz. This
indicates a high dielectric relaxation time of the system,
which is the result of the high resistivity of the PZT film.
Note that Eq. (3), a second order transfer function, gives
an adequate description of the experimentally observed
frequency behaviour in Fig. 2.
The previously described cantilevers were used as modulators in a Mach-Zehnder interferometer set-up with
heterodyne deteCtion. The basic idea is that the piezoelectric effect. due to an AC voltage across the PZT film
on the cantilever, results in bending of the cantilever,
which modulates the path length of the light beam within
the interferometer circuit, which in tum results in a phase
modulation of the heterodyne frequency. The method allows the determination of the absolute amplitude of the
bending cantilever beam, down to less than 1 nm; in the
range below 1 nm the accuracy of deflection measurement decreases, because of background noise. Details
about the measurement set-up and the mathematics describing the method, as well as experimental results, were
reported earlier [10).
Dielectric breakdown of the PZT films was studied
through measurement of the piezoelectrically induced deflection of cantilevers as a function of the poling field
strength. At breakdown piezoelectric activity is no longer
present, and a sudden drop in deflection will be measured,
The dielectric permittivity of the PZT films was determined by measuring the electric impedance of capacitor structures, consisting of a Pt-PZT-Allayer sandwich,
with a HP4194A Impedance/Gain-Phase Analyser, over
a frequency range of 100 Hz to 100 kHz, with an AC
voltage of 0.5 V peak-to-peak, which is below the voltage
at which ferroelectric hysteresis is observed (2 V peakto-peak, see below). The resistivity of the films was
derived from the slope of I-V characteristics, measured
with a HP-41458 Semiconductor Parameter Analyser,
of the same capacitor structures as used for the pennittivity measurements. Ferroelectric hysteresis was determined with a conventional Sawyer-Tower circuit [9J and a
HP33120A 15 MHz Function/Arbitrary Waveform Generator as voltage source (maximum output 20 V peakto-peak); for display and storage of the measurements,
a HP54615B 500 MHz digital scope, connected to a personal computer via a HPIB bus, was used. Poling of the
films was performed at ca. 25 °C and for 1 minute for
each value of the electric field strength, with the aid of a
Keithley 237 High DC Voltage Source Measure Unit; the
voltage was ramped carefully before and after poling, in
order to avoid destructive current peaks.
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mm~) had a short-circuit through the PZT film. The
short-circuits are probably caused by hillocks on the Pt
bottom electrode. The average resistivity of samples with
a PZT film thickness of 300 nm, derived from the linear
part of the I-V characteristics of a number of capacitors,
was (4.6 ± 0.7) x lOll Oem. The measured relative dielectric permittivity of the PZT films was 9OO±100. The
influence of poling on this parameter was investigated,
but only a minor increase of Cll. 1% was found for poling
up to 40 MV /m.
Ferroelectric hysteresis curves were measured as a function of the amplitude of the applied electric field on the
films (frequency 500 Hz), in order to determine the maximum allowable field at which no significant poling occurs.
This is important for future applications or piezoelectric
PZT films, since it defines the maximum voltage at which
piezoelectric devices can be driven without loss of performance. Fig. 3 shows the results for a film of 300 nm thickness. The maximum allowable field for the pie20electric
actuation was determined more precisely by varying the
amplitude around an AC amplitude of 1 V and inspecting the ferroelectric hysteresis loop. Fig. 4 shows the poE
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Fig. 3. Ferroelectric hysteresis loops for different electric
field amplitudes, viz. 8, 17, 25 and 33 MV/m (PZT film thickness 300 nm, AC frequency 500 Hz).
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IV. RESULTS AND DISCUSSION
·u

A total number of 591 Pt-PZT-Al capacitor structures
of different sizes were tested, and it turned out that 40%
of the structures (in particular the ones larger than 1

Fig. 4. poE loop for an AC voltage with amplitude 1 Vand
frequency 100 Hz. Hysteresi$ i$ hardly noticeable here. PZT
film tbickness, 300 nm.
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loop for an amplitude of 1 V, which corresponds to an
ele<:tric field amplitude of 2.67 MV 1m. In this si~uation
hardly any hysteresis is observed. In order to cocre<:t for
the DC off-sets caused by the different electrode contact
potentials, we will take an extra safety margin, and set
the maximum allowable actuation voltage to 1 V peakto-peak for a 300 nm thick film.
A number of cantilevers was used for a destructive determination of the breakdown electric field of the PZT
film. The deflection of the cantilevers as a function of
~he poling field across the films was determined with
the quasi-static method, with an excit.a.tion frequency
and voltage of 500 Hz and 1 V (peak-to-peak), respectively. Fig. 5 shows the results, which have been converted with the aid of Eq. (1) in order to obtain the
piezoelectric strain constant, where the Poisson's ratio
of PZT in Eq. (2) is taken 0.06. It is thus found that
~he breakdown electric field is (55±5) MV 1m. Fig. 5 also
demonstrates ~hat the polariUltion in the PZT film starl.8
to saturate at abou~ 40 MV1m and that the piezoelectric
constant increases by about a factor of two after poling.
FUrthermore, the piezoelectric constant of sample C3-10
(PZT ~hickness 300 nm) is about a factor of two higher
than that of ~he samples of type C5 (PZT thickness 200
nm).
For a number of samples we have determined the piezoelectric strain constant with the aid of the quasi-static
method. The measurements were performed after poling
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Fig. fl. Piezoele<:tric strain constant! 8B a function of the
poling voltage, measured with the quasi-statk method (excitation: 1 V peak-ta-peak, 500 fu). Each poling voltage
was applied for 1 min. (excluding ramps) at room temperature. The values of lb (corrected for laser spot position) and
I.. resp., were: C3-10: 4 and 2.5 mm, C5-16: 9 and 3 mm,
C5-13: 9 and 2 mm_ Tbe C3-sample had a PZT thickness of
300 om, the C5-samples of 200 om.

Table 1. Measured values of d3'.
sample ID tpzdnm]
d3,(pC/N] via
dJl [pC/N] via
quasi-static method dynamic me~hod
C3-2
300
160±50
300
-150±30
-100±20
C~'
-90:1::20
-60±10
CH
300
-120±20
-100±20
C3-6
300
C3-12
300
-110:1::20
-120±20
-130:1::20
-130:1::20
C3-13
300
C3-28
-1l0:l::10
300
-110:1::10
C3-30
300
-100:1::20
-80:1::20
200
C~'
200
-80:1::20
-~±9
C5-7
C5-18
200
-70:1::8
-54±7
200
-60±7
-&1±6
C5·19
-37:1::6
C&-21
200
-70±10
-72:2:7
Cfl-2J
200
C5-27
200
62:2:6

the samples at 40 MV 1m for 1 minu~e at room temperature, and applying a frequency of 500 H1. with a peakto-peak voll,age of IV. Table 1 shows the results. The
average value of d 31 is (-120:1:: 40) pe/N for wafer C3,
and (~70±20) pC/N for wafer C5. In general these values
compare well with lit.erature reports (1-5]. A remarkable
result is that for wafer CS (the wafer with the thinner
PZT film) the value of d31 is constantly lower than for
C3. Theoretically, the thickness of the film should not
matter. We think that the observed difference is caused
by the presence of the hillocks on the bottom electrode:
these hillocks lead to an effectively lower thickness of the
PZT film, and therefore to an (unknown) error in the
calculation of the piezoelectric strain cons~ant, an effect
that is more pronounced for the thinner PZT films_ It
has to be mentioned here that X-ray diffraction measurement! did not give a clear indication of preferred crystallographic orientation (a phenomenon that may cause
differences in the piezoelectric strain constant) in any of
our PZT films.
For a number of cantileven used for the quasi-static
method, the value of d31 was a.lso determined by the dynamic method. The results are included in Table 1. The
measurements were again performed after poling at 40
MV1m for 1 minute at room temperature. The peak·
to-peak voltage was reduced to 100 mV in order to keep
the deDections within the measurement range. The average d3l is now (l30±30) pC/N for wafer C3 and (60±20)
pC/N for CS, which is consistent with the re5ult.!l of the
quasi-static measuremenl.8.

v. SUMMARY AND

CONCLUSIONS

Sol~gel PbZro.uTio.u03 films with resistivity (4.6 ±
0.7) x 1011 Oem, relative dielectric permittivity 9OO±lOO,
remnant polarization ca. 20 mC/cm', and breakdown
electric field larger than 50 MV 1m, were deposited in a
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SiOrTa-Pt-PZT-Allayer package on Si cantilevers. The
pie'lOelectric strain constant d S1 of the PZT films \\'as determined from the pie'toelectrically excited cantilever deflection amplitude, which led to values ranging from -30
pCjN for unpoled films to on the average -120 pCjN
for films poled at room temperature and 40 MV jm. The
strain constant was found to be approximately doubled
by the applied poling procedure.
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