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a b s t r a c t

Piezoelectric materials are usually characterized using resonant methods. However,
piezoelectric polymers are used in broadband devices, thus requiring characterization over
a wide range of frequencies. In this work, we present a non-resonant method for the
broadband electromechanical characterization of piezoelectric polymer thin films. The
procedure is based on measuring the complex capacitance of a sample of known geometry
under three conditions: free, blocked and immersed in a fluid of known acoustic proper-
ties. The behaviour of the sample under study is modelled as a one-dimensional trans-
ducer and treated as a two-port network that relates the measurable electrical and
mechanical variables. Also, the sample is considered as a free-space radiator when
immersed in a fluid. The method determines the intensive and the equivalent circuit
parameters of piezoelectric polymer films, allowing the characterization of elastic and
electrical properties in a broad frequency range.
In order to test the method, we performed isothermal capacitance measurements on a
sample of poly(vinylidene fluoride) at a temperature of 298 K. The sample was measured
along the direction of the poling field and in the frequency range from 10 Hz to 10 MHz.
The results given by the method agree with those reported by other authors.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The electromechanical characterization of piezoelectric
materials is usually carried out by measuring the electrical
impedance of the sample at a mechanical resonance [1e9].
This gives good results when applied to low-loss materials
used in narrowband transducers. However, characteriza-
tionmethods based on resonance have limited applicability
for measurements over a wide range of frequencies, and
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also for material with higher losses. This paper presents a
non-resonant method to characterize piezoelectric poly-
mer films in a broad frequency range. The procedure is
tested by determining the intensive parameters of poly(-
vinylidene fluoride) (PVDF) piezoelectric film in the fre-
quency range from 10 Hz to 10 MHz.
2. Method

The thin film polymer sample is modelled as a one-
dimensional (1D) transducer. Therefore, it can be treated
as a two-port network that relates electrical quantities at
one port to mechanical quantities at the other, as shown in
Fig. 1 [10]. The measured electrical quantities are the
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Fig. 1. Two-port network where force is the analog of voltage and speed is
the analog of current.
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voltage across the sample (V) and the current through the
sample (I). The mechanical quantities are the force (F) and
the velocity (u) integrated over the surface of the sample. In
this work, the force is considered as the analog of voltage,
and the speed the analog of current. The four measurable
admittances associated with the extensive electrical and
mechanical variables of the system are: 1) the electrical
admittance at zero strain condition (blocked) YEB ¼ I=V ju¼0,
2) the electrical admittance at zero stress condition (free)
YEF ¼ I=V jF¼0, 3) the mechanical admittance at open-circuit
condition Ymo ¼ u=FjI¼0, and 4) the short-circuit mechani-
cal admittance Yms ¼ u=FjV¼0. Uppercase subscripts desig-
nate electrical parameters, lowercase subscripts
mechanical ones, and the second subscript refers to the
measurement condition.

In the 1D approximation, the electromechanical
behaviour of the sample is described by two equations:

I ¼ YEF$V þ T$F (1)

u ¼ T$V þ Yms$F (2)
where T is a transduction coefficient.
In this method, the sample is considered as a free-space

radiator. It follows that, when the sample is immersed in a
fluid and acts as a source, the integrated force and velocity
are related by u¼�Yr$F where Yr is the radiation admit-
tance, which depends on the fluid properties and the ge-
ometry of the sample. The two limiting cases correspond to
the free sample, when jYrj/∞, and the blocked condition,
when jYrj / 0.

During manufacture, the piezoelectric polymer film,
such as PVDF, is stretched and then poled by applying an
electric field in the direction perpendicular to the film. As
usual, the stretching direction (in the plane of the film) is
indicated as the reference axis 1 and the poling direction is
indicated as the reference axis 3. In this work, all the prop-
erties were measured in the direction of the poling field.

From the constitutive equations applied to a 1D thin
piezoelectric film, it is possible to relate the extensive pa-
rameters of (1) and (2) and the intensive parameters which
characterize the sample. Under harmonic excitation of
frequency f it results in:

T ¼ j$2$p$f $d33ðf Þ (3)

Yms ¼ j$2$p$f $d=A$s33ðf Þ (4)
YEF ¼ j$2$p$f $A=d$ 3
F
33ðf Þ (5)
where d33 is the piezoelectric coefficient, s33 the elastic
compliance at constant electric field, 3F33 the complex
permittivity at zero stress condition and d y A the thickness
and the area of the film, respectively.

The method is based on measuring the complex
capacitance of a sample of known geometry under three
conditions: a) free, b) blocked, c) immersed in a fluid whose
density and speed of sound are known. As an alternative,
the blocked-condition test can be replaced with the sample
immersed in a fluid with an acoustic impedance much
larger than the short circuit mechanical impedance of the
sample (and therefore jYrj << jYmsj). The complex capaci-
tances are related to the measured electric admittances as
follows:

YEF ¼ j$2$p$f $CEFðf Þ (6)

YEI ¼ j$2$p$f $CEIðf Þ (7)

YEB ¼ j$2$p$f $CEBðf Þ (8)

The free and blocked intensive parameters are related
by [11]:

3
F
33 ¼ 3

B
33 þ d2

33

.
s33 (9)

In addition, when the sample acts as a free-space radi-
ator, (9) must be extended to include the radiation
impedance. From (1) and (2), for the immersed condition
results in:

YEI ¼ YEF � T2

Yms þ Yr
(10)

This, in terms of the intensive parameters, can be given
as:

3
I
33 ¼ 3

F
33 � d2

33

.
½s33 þ sr� (11)

where sr is the equivalent compliance, related to the
radiation admittance by:

sr ¼ �j$
A
d
$

Yr

2$p$f
(12)

Using (9) and (11), the intensive parameters d33 and s33
could be computed. However, this is not a convenient
choice because that pair of equations is numerically “ill-
conditioned”.

In this work, we assume that the polarization instan-
taneously follows the mechanical deformation. This can be
justified by noting that the total piezoelectric effect due to
deformation can be written as a sum of two terms of
different origins: i) volume change and ii) reorientation of
the elementary dipoles of the crystalline phase. Although
we cannot exclude a priori the existence of a delay between
deformation and dipole reorientation in the crystalline
phase, according to the work of Broadhurst et al. [12] the
effect of volume change is clearly predominant in PVDF, as
is the case in most piezoelectric polymers. Hence, there is
no serious error if the reorientation delay is neglected.
Therefore, from (9) it follows that the difference between
the free and blocked permitivities is proportional to the
elastic compliance, i.e. d33 is proportional to s33:
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d33 ¼ s33$s33 (13)

where s33 is the equivalent surface charge density of
remnant polarization and under this assumption is a real
number, within the relevant frequency range.

Given an initial value of s33, the s33 spectrum is obtained
using (9). Then, s33 and s33 are used to evaluate the com-
plex permittivity at the immersed condition using (11). This
spectrum is compared with the measured one and itera-
tions are repeated until the calculated spectrum converges
to within a given tolerance.
3. Measuring setup and materials

A PVDF sample (PIEZOTECH CORP) with a thickness of
25 mm, metalized on both sides, was cut as a disk 6 mm in
diameter.

The sample in the clamped condition was placed be-
tween two thick metallic disk electrodes tightly held
together. In the othermeasurements, electrical connections
to the sample were made with two short (5 mm) copper
wires of small diameter (100 mm), bonded to the periphery
of the metalized surfaces of the sample with speckles of
conductive silver paint. Regarding the accuracy of the
measurements, it is important to ensure good electrical
connections while minimizing the mechanical loading of
the sample.

For measurements in the immersed condition, sun-
flower oil was used because its acoustic properties are
similar to water (its density and speed of sound values at
25 �C are 919 kg/m3 and 1454 m/s respectively), it is
chemically compatible with PVDF and does not alter the
electrical connections to the sample. Moreover, sunflower
Fig. 2. Loss factor in the three conditions: free (solid line and squares), immersed
experimental data. Solid line: HN function with the fitting parameters from Table
oil is readily available, has negligible electrical conductivity
and low permittivity [13] compared to water. Silicone oil
(Dow Corning 704) was also considered for immersed
measurements. It is chemically compatible with PVDF and
its electrical and acoustic properties are adequate. How-
ever, it could not be used in this work since extensive tests
showed that the bonds of the connection wires to the
sample degraded quickly when immersed in silicone oil,
resulting in unreliable experimental results.

The sample was placed in a glass enclosure, in a Lauda
thermostatic bath stabilized at 298 K ± 0.02 K. The tem-
perature was measured within ±0.1 K with a calibrated
thermocouple placed next to the sample. The temperature
in the laboratorywas stabilized at 299 K ± 1 K. In the case of
free and blocked conditions, the glass enclosure was also
flushed with dry nitrogen. The size of the glass container
must be large enough to ensure the immersed sample be-
haves as a free-space radiator (the reflections in the walls
may be neglected). It must be noted that, for piezoelectric
polymers such as PVDF, measurements with the sample in
air may be considered as free (jYrj << jYmsj).

The samples in the thermostat were connected to the
dielectric measuring interface with a very short length
(10 cm) of low-loss coaxial cable (with a nominal imped-
ance of 50 U). The impedance and propagation delay of the
cable were accurately determined with an automated
reflection bridge at frequencies up to 30 MHz. We
emphasize that the accurate characterization of the cable is
essential to correct the systematic errors in measurements
at high frequencies, where the cable length is not negligible
in comparison to the signal wavelength.

The dielectric measuring interface, together with the
measurement method and the calibration procedures were
described in detail in a previous work [14]. Two different
(dashed line and circles) and blocked (dashdot line and triangles). Symbol:
1.



Fig. 3. Real part of the complex permittivity for the sample in conditions: free (solid line), immersed (dashed line) and blocked (dashdot line).
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setups were employed for magnitude and phase mea-
surements of the signals from the measuring interface. At
low frequencies, between 10 Hz and 100 kHz, a Stanford
Research SR-810 Lock-in Amplifier was used, and its inter-
nal source provided the excitation signal. In the frequency
range from 20 kHz to 10 MHz, the excitation was provided
by an Instek GW-830 synthesized signal generator,
Fig. 4. Imaginary part of the complex permittivity for the sample in condition
captured with a Tektronix TDS 210 real-time, digital-sam-
pling oscilloscope, and processed with an FFT routine. We
checked the overlap of experimental results from both sets
of instruments in the frequency range between 20 kHz and
100 kHz. As an additional verification, we made measure-
ments at 1 kHz, 10 kHz and 100 kHz using a stand-alone
RCL Meter (Tonghui 2822C).
s: free (solid line), immersed (dashed line) and blocked (dashdot line).



Table 1
Fitted parameters of Havriliak-Negami function for the sample in the three conditions.

C∞ (pF) DCH (pF) aH bH tH (ns) DCL (pF) aL bL tL (s)

Free 31.5 78 0.5 0.68 140 17 0.46 0.68 0.2
Immersed 30 78.5 0.5 0.68 140 17 0.4 0.68 0.2
Blocked 32 75 0.5 0.68 140 17 0.5 0.68 0.2
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3. Results

In thin film, the free and blocked capacitances result in

CEB;F ¼ 3B;F$A
�
d (14)

In Ciocci Brazzano et al. [15] we show that the permit-
tivity of the PVDF can be described by a Havriliak-Negami
(HN) function [16]. Therefore, the measured capacitance
can be described by,

CE ¼ C∞ þ DCH=½1þ ðj$u$tHÞaH �bH þ DCL=½1þ ðj$u$tLÞaL �bL
(15)

where C∞ is the limiting value of the capacitance at high
frequencies, DC the relaxation strength, t the character-
istic relaxation time, and a and b are shape parameters
that describe the broadening of the relaxation peak; the
subscripts H and L denote relaxation peak at high and
low frequencies, respectively. The parameters of (15)
depend on the measurement conditions. In the
immersed condition, the measured capacitance includes
the effects of the radiation admittance, as can be seen
from (10).

Fig. 2 shows themeasurements of the loss factor and the
corresponding fittings using (15). Figs. 3 and 4 depict the
Fig. 5. Radiation Impedance for air (free condition
dielectric spectra (real and imaginary, respectively) at the
three conditions given by the parameters of Table 1. In all
cases, the root-mean-square error (RMSE) in the fitting is
less than 0.3 pF. Comparing these results with those re-
ported in a previous work [15], it is interesting to note that
the peak in the imaginary part between 1 kHz and 10 kHz,
which is shown in Fig. 2 of [15], is absent in the spectra
presented in this work. After a thorough check of our data,
we conclude that poor connections between the metalized
surface of the sample and the connection wires were
responsible for this artifact. This emphasizes the need to
carefully select the fluid used for the measurements in the
immersed condition in order to ensure good electrical
connections to the sample.

From these measurements, it is possible to compute the
electromechanical coupling coefficient, a parameter widely
used to describe resonant transducers [11]. According to
our data, the PVDF sample has an electromechanical
coupling of 0.15 (almost constant and with a negligible
imaginary part within the studied frequency range), a
result within the range of previous reports carried out by
resonant methods (0.07-0.2) [5].

To calculate the radiation admittance, Yr, the immersed
sample is considered as a resilient disk in free space. Ac-
cording to the result of Mellow [17]:
) and sunflower oil (immersed condition).



Fig. 6. Complex piezoelectric coefficient of the sample.
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Yr ¼ 1
2$rL$cL$p$a2

,½Grnðk$aÞ � j$Brnðk$aÞ� (16)

The normalized radiation conductance, Grn, and sus-
ceptance, Brn, are given by:

Grn ¼ 1þ J1ð2$k$aÞ
k$a

� 2,J0ð2$k$aÞ
� p$½J1ð2$k$aÞ$H0ð2$k$aÞ � J0ð2$k$aÞ$H1ð2$k$aÞ�

(17)
Fig. 7. Complex elastic compliance of the
Brn ¼ 4
p$k$a

� H1ð2$k$aÞ
k$a

þ 4$k$a
p

$2F3

�
1;1;

3
2
;
3
2
;2;�k2$a2

�

(18)

where a is the radius of the disk, rL and cL the density and
sound velocity of the medium, k the wave number, Jn the
Bessel function of the first kind, Hn the Struve function and
pFq the hypergeometric function. Fig. 5 shows the real and
imaginary part of the radiation impedance, 1/Yr, in air (free)
and immersedconditions. It canbe seen that PVDF inoil is an
efficient radiator above 2 MHz, with a consequent increase
sample at constant electric field.
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of the loss factor compared to the sample at free condition
(see Fig. 2). Moreover, the large magnitude difference be-
tween the two conditions is evident from the figure.

To accelerate the convergence of the iterative proce-
dure, the initial estimation of s33 was the low-frequency
value given by Thompson [18] (since in the low frequency
limit, jYrj / ∞). The low-frequency value of d33 was taken
as 18 pC/N from the manufacturer's data.

The value of s33 that best fits the immersed measure-
ments is 7.7 mC/cm2, which is consistent with the sample
used in this work [1,12,19]. For this value, RMSE between
the measured spectra and the final iteration was less than
0.3 pF for both the real and imaginary parts.

The plots in Figs. 6 and 7 show the frequency depen-
dence of d33 and s33. (Fig. 7) clearly reveals a process of
elastic relaxation in theMHz range, typical of a polymer. On
the other hand, the behaviour of d33 can be explained by
the model given byMocellini et al. [20]. At high frequencies
the sample is stiffer since the elastic compliance decreases.
This implies a reduction of the strain at constant force and,
as a consequence, a decrease of the piezoelectric effect.
Similar behaviour of d33 has been found in PVDF co-
polymers [21].

The values of d33 and s33 at frequencies near the first
mechanical resonance lie within the range found in other
works based on resonance methods [1,5e9].
4. Conclusions

In this work we present a method for broadband
electromechanical characterization of piezoelectric poly-
mer thin films. The method is based on measuring the
complex capacitance of a sample of known geometry
under three conditions: free, blocked, and immersed in a
fluid of known acoustic properties. The sample under
study is modelled as a one-dimensional transducer and
treated as a two-port network that relates electrical and
mechanical variables, considering the immersed sample
as a free-space radiator.

In order to validate the method, we performed broad-
band isothermal capacitance measurements on a sample of
PVDF at a temperature of 298 K. The sample was measured
along the direction of the poling field and in the frequency
range from 10 Hz to 10 MHz. The results given by the
method are consistent with those reported by other au-
thors at different frequencies.

It is interesting to note that, if the elastic compliance s33
at low frequency (where jYrj / ∞) is known, capacitance
measurements in the free and blocked conditions suffice to
calculate all the intensive parameters, in the full measured
frequency range.

In summary, the method presented in this work gives
the permittivity and elastic compliance spectra at fre-
quencies far below the first mechanical resonance. This is
quite relevant for the characterization of piezoelectric
polymer thin films and for the design and characterization
of broadband ultrasonic transducers, such as hydrophones
and medical imaging systems.
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