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Large bias-induced piezoelectric response in the ferroelectric polymer
P(VDF-TrFE) for MEMS resonators

Jonas Hafner , Marco Teuschel, Davide Disnan, Michael Schneider and Ulrich Schmid

Institute of Sensor and Actuator Systems, TU Wien, Vienna, Austria

ABSTRACT
Piezoelectricity in ferroelectrics arises fromelectrostriction biased by their spontaneous polarisation,
which can be enhanced through a bias-induced polarisation. Doing so, the piezoelectric response
can be tuned and significantly enhanced. In this study, the ferroelectric polymer P(VDF-TrFE) was
used to electro-mechanically excite a silicon microcantilever. Using this device, we demonstrate
that a bias-induced polarisation improves the piezoelectric response of P(VDF-TrFE). To distinguish
between the linear piezoelectric and quadratic electrostrictive effect, lock-in measurements were
performed in order to separate the characteristic frequency response of both electro-mechanical
phenomena. This work shows the potential for MEMS devices having controllable actuating and
sensing properties.

IMPACT STATEMENT
Thenon-linearnatureof the strongelectrostrictive effect observed in ferroelectric polymerswasused
to enhance and control its piezoelectric activity by an electric field. A large and tunable piezoelectric
responsewas verified in polymer-basedMEMS resonators, proving the ability to tailor their actuating
and sensing properties.
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1. Introduction

Besides capacitive and piezoresistive elements for sens-
ing and actuating purposes, piezoelectricity is another
well-established transducer mechanism in silicon micro
electro-mechanical systems (MEMS), experiencing incr
easing interest in recent years. In piezoelectric materi-
als, either mechanical strain is induced by an electric
field (converse piezoelectric effect) or mechanical stress
is converted to electric polarisation (direct piezoelec-
tric effect). In that way, piezoelectric layers integrated
in MEMS devices are used as transducers converting
mechanical into electrical quantities and vice versa. Due
to the reversibility of the piezoelectric effect, a single layer
can serve for both actuating and sensing at the same time,
enabling self-actuated and self-sensing microsystems.

CONTACT Jonas Hafner jonas.hafner@tuwien.ac.at Institute of Sensor and Actuator Systems, TU Wien, Gusshausstrasse 27-29 Vienna 1040, Austria

Supplemental data for this article can be accessed here. https://doi.org/10.1080/21663831.2020.1868593

Several applications are reported in literature utilising
this unique material property [1–6]. For instance, scan-
ning probes based on the piezoelectric effect are used
for excitation and read-out of cantilevers in atomic force
microscopy (AFM) [5,6].

Inherent piezoelectricity is only observed in materi-
als having a non-centrosymmetric crystal structure, such
as found in the piezoceramic aluminium nitride (AlN)
[7,8]. A linear relation between the applied electric field
and the resulting mechanical strain is characteristic for
this material class. The proportionality constant is the
piezoelectric coefficient, e.g. d31 or d33, which in gen-
eral depends on the direction of the applied electric field
and the resulting mechanical strain. It describes quanti-
tively the conversion of the electric field to mechanical
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strain and vice versa. For instance, the piezoceramic AlN
exhibits a d31 of around −2 pm/V, representing only
a moderate piezoelectric coefficient [7,8]. In contrast,
the ferroelectric lead zirconate titanate PbZr1−xTixO3
(PZT) typically shows more than an order of magni-
tude larger piezoelectric response with a d31 of around
−100 pm/V [9].

Ferroelectrics are a subclass of piezoelectric materi-
als with the additional ability to switch between two
polarisation states by applying a sufficient electric field,
known as the coercive field. Piezoelectricity is observed
in all ferroelectricmaterials. However, the linear electros-
train characteristic of piezoelectrics is only valid for small
electric fields. For higher fields, especially beyond the
coercive field, a highly non-linear behaviour of the elec-
trostrain is observed. This non-linear strain-field char-
acteristic is often referred to as the butterfly curve due
to its distinctive shape. In the past, it was revealed that
the piezoelectric response of ferroelectrics arises from
a predominant non-linear electro-mechanical coupling
phenomenon, the so-called electrostrictive effect [10,11].

Electrostriction describes the quadratic change of a
polarisation-induced mechanical strain (S ∝ P2) inde-
pendent of the crystal class and is present even in amor-
phous dielectric materials [12–15]. In case of a linear
relation between the electric field and the electric polar-
isation (P ∝ E), it is often referred to as the electric-
field-related electrostrictive effect (S ∝ E2). However,
many dielectrics, such as ferro-, paraelectrics or relax-
ors, exhibit highly non-linear dielectric properties and
they do not show a quadratic change of an electric-field-
induced mechanical strain. For instance, the strain-field
characteristic of ferroelectrics, the butterfly curve, is not
a quadratic function of the electric field, but the elec-
tric polarisation. The electrostrictive strain originates
from an electric-field-induced polarisation [12–14]. If
dielectrics possess spontaneous polarisation, meaning
that a remnant polarisation is present even when no
electric field is applied, a linear piezoelectric strain can
be observed. Consequently, piezoelectricity observed in
ferroelectrics arises from electrostriction biased by spon-
taneous polarisation [15].

Since electrostriction is present in any dielectrics and
due to its non-linear nature, it is possible to gener-
ate a piezoelectric response even in non-piezoelectric
materials. The inherent spontaneous polarisation of fer-
roelectrics can be mimicked in any dielectrics via a
bias-induced polarisation by applying a DC field. This
so-called electric-field-induced piezoelectricity is con-
trolled by the applied DC field, enabling a wide range of
adjustable effective piezoelectric coefficients. The latter
effect strongly depends on the electrostrictive response
of the material. For instance, the piezoelectric AlN shows

a strong piezoelectric, but only a poor electrostrictive
response, hence, the impact of a bias-induced polarisa-
tion on its piezoelectric response is negligible. In relaxor
materials, that typically possess a strong electrostric-
tive response, such as lead magnesium niobite (PMN),
a large range of tunable piezoelectric coefficients of at
least one order of magnitude was observed [15–18]. As
a consequence, a field-induced-bias polarisation offers
the potential to significantly enhance or tune the piezo-
electric response of ‘normal’ ferroelectric materials, as
they typically show a large electrostrictive response, as
well. On device level, the ability to tune the piezoelec-
tric response of specific materials is of great interest, thus
opening up novel MEMS application scenarios in the
field of e.g. AFM.

In the past decades, tremendous effort was put into
the development of materials possessing an enhanced
intrinsic piezoelectric response, focusing on improved
dielectric properties of certain ferroelectrics by study-
ing morphotropic phase boundaries [19] or electron-
irradiation methods [20]. Exploiting the non-linear
nature of the electrostrictive effect, however, was over-
looked, demonstrated by only few studies reported in
literature [17,18]. Therefore, we utilise the non-linear
electro-mechanical response of a ferroelectric by apply-
ing a bias voltage in order to significantly enhance its
piezoelectric activity. This approach was verified within
a MEMS resonator, showing the ability to tailor its actu-
ating and sensing properties.

In this work, the ferroelectric copolymer of vinylidene
fluoride and trifluoroethylene (P(VDF-TrFE)) was inte-
grated on a silicon microcantilever, realising a MEMS
resonator driven by the electro-mechanical response of
the ferroelectric polymer. In a next step, we analysed the
electrostrictive and piezoelectric actuation behaviour of
the microcantilever. To distinguish between both effects,
lock-in measurements were used in order to separate
the characteristic frequency response of the linear piezo-
electric from the quadratic electrostrictive effect, respec-
tively. Giving this advanced measurement methodology,
it is possible to separate the piezoelectric from the elec-
trostrictive response of P(VDF-TrFE) in unprecedented
accuracy. Additionally, a bias-induced polarisation by
applying a DC field to the ferroelectric polymer was used
to tune the piezoelectric response of the microcantilever
by an order of magnitude.

Flexible and soft materials, such as the ferroelectric
or piezoelectric copolymer P(VDF-TrFE), have found
an increasing number of applications in MEMS devices
[21–26]. Due to the low stiffness of polymers compared
to inorganicmaterials, low frequency applications for e.g.
energy harvesters are accessible. P(VDF-TrFE) allows the
realisation of ferroelectric polymer thin films by spin-on,
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a well-established, large-scale production technique in
MEMS. However, the integration of ferroelectric poly-
mer thin films into a standard silicon MEMS fabrication
process is challenging, as typically strong chemicals or
etchants are used that may attack this organic material.
For this reason, there are only few reports on the fabrica-
tion of ferroelectric polymer MEMS devices in literature
[21–25]. In this work, we present a fabrication process
for ferroelectric polymer microcantilevers by applying
standard microfabrication techniques. Using this device,
we demonstrate the full potential of P(VDF-TrFE) thin
films for MEMS resonators. Besides the linear piezoelec-
tric excitation, the non-linear electrostrictive response
of P(VDF-TrFE) is exploited for actuating a ferroelectric
polymer microcantilever. Standard piezoelectric materi-
als, such as AlN, do not possess a significant electrostric-
tive effect. However, ferroelectric materials, such as the
ferroelectric polymer P(VDF-TrFE), show a strong elec-
trostrictive response. In that way, the impact of a bias-
induced polarisation on the ferroelectric properties of
P(VDF-TrFE) including its linear piezoelectric and non-
linear electrostrictive characteristics are demonstrated
for novel polymer MEMS applications.

2. Materials andmethods

The ferroelectric polymer P(VDF-TrFE) is well–known
for its piezoelectric properties, having a piezoelectric
coefficient d31 of around 10.8 pm/V [27]. It is predes-
tined for soft and flexible MEMS applications due to its
low elastic modulus of only 2GPa at room temperature
[28]. The polymer films were fabricated via spin-coating
at 2000 rpm for 45 s from polymer solutions under clean
room conditions. In this work, a ratio between VDF and
TrFE of 70:30mol% was used. A polymer powder, pur-
chased from Piezotech/Arkema Group, was dissolved at
a weight ratio of 4% in the solvent 2-butanone under
heating of 50°C. Residual solvent was carefully evapo-
rated at 80°C in air for 10min, since 80°C is slightly above
the evaporation temperature (79.6°C) of 2-butanone. To
guarantee satisfying ferroelectric properties, the polymer
films were subsequently annealed for 2 h in vacuum at
140°C. Under these conditions, P(VDF-TrFE) preferen-
tially crystallises into the polarβ-phase, as it was reported
in literature [28,29]. Since it is crucial for this work that
the synthesised polymer thin films exhibit ferroelectric
properties, the pure polymer thin films were investigated
before their integration into aMEMS device. To that end,
morphological studies were performed on thin films of
P(VDF-TrFE) spin-coated on a silicon substrate. Electri-
cal and electro-mechanical properties were measured by
using metal-ferroelectric-metal (MFM) capacitors. The
fabrication of these test devices is described elsewhere

[28]. In this work, the polymer thin films had a thickness
of 500 nm. In general, P(VDF-TrFE) is a semi-crystalline
polymer, meaning that it is an intermixture of crystalline
and amorphous regions [30]. The morphology of the
polymer shows rice-like crystalline domains varying in
size depending on the annealing temperature. Figure
1(a) shows the morphology of P(VDF-TrFE) measured
by AFM for a non-annealed and a sample annealed at
140°C. Non-annealed samples, i.e. thin films obtained
after the solvent evaporation without any further thermal
treatment, contain only very small crystalline domains.
However, annealing the polymer at 140°C leads to large
crystalline domains with a rice-like microstructure. It
should be highlighted that the spin-coated thin films are
smooth and homogeneous without any indication for the
presence of voids or porous regions. The film rough-
ness of the non-annealed and annealed sample exhibits
a root-mean-square roughness of less than 10 nm. For
synthesising such smooth polymer thin films by spin-
coating, it is crucial to ensure fast evaporation of the
solvent 2-butanone. Therefore, the thin films should be
immediately placed on ahot-plate for solvent evaporation
after the spin-coating process. The implementation of
impurities such as particles were avoided by filtering the
polymer solution using a filter with a pore size of 0.45 μm.
In order to exclude any voids in the film, e.g. caused by
the inclusion of air bubbles, the polymer solution was
de-gassed in a vacuum desiccator. Following this fabri-
cation process, high-quality thin films of P(VDF-TrFE)
are obtained.

P(VDF-TrFE) may crystallise in different polymorphs
[28,29]. Under the fabrication process described above,
however, the polar β-phase is the thermodynamically
most stable phase of P(VDF-TrFE) at room temperature.
Inside of the rice-like crystalline domains, regions are
foundwhere the polymer chains arrange into a crystalline
structure of the β-phase. The formation of the β-phase
was confirmedby specularXRDmeasurements, as shown
in Figure 1(b), in which the characteristic diffraction
peak at a 2θ value of 19.7° is evident for P(VDF-TrFE)
[28,29]. Both the annealed and non–annealed sample
exhibit β-phase conformation, but the crystallinity of the
annealed sample is significantly enhanced. An anneal-
ing temperature of 140°C is optimal for a high degree
of crystallinity, since annealing at even higher tempera-
tures close to the melting temperature of P(VDF-TrFE)
of 158°C results in a collapse of the crystalline domains.
However, the formation of β-phase within the polymer
thin film is not evident enough to ensure macroscopic
ferroelectric activity. The spontaneous polarisation of
each rice-like crystalline domain may be randomly dis-
tributed and needs to be aligned in the same direction
by applying a sufficient DC field of 100V/μm at room
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Figure 1. Thin film characteristics of P(VDF-TrFE). (a) AFM images showing the height profile of the ferroelectric polymer P(VDF-TrFE) for
a non-annealed and annealed sample at 140°C, respectively. (b) Specular XRDmeasurements of P(VDF-TrFE) confirming the presence of
the polar β-phase conformation that renders its ferroelectric properties. The crystallinity raises significantly after the annealing at 140°C.
(c) Bistable hysteresis loops of the polarisation as a function of the applied field, revealing the ferroelectric characteristic of the P(VDF-
TrFE) thin films synthesised within this work. Additionally, the non-linear longitudinal electrostrain behaviour of the polymer is shown.
All measurements have been performed in air at room temperature. The polymer film had a thickness of 500 nm.

temperature in order to activate ferroelectricity within
the P(VDF-TrFE) thin film. The ferroelectric characteris-
tic of P(VDF-TrFE) was proven bymeasuring the bistable
hysteretic response of the polarisation as a function of
the applied electric field. For that purpose, a Sawyer-
Tower circuit with a reference capacitor of 1 μF was used.
Applying a 10Hz continuous triangular wave signal to
the P(VDF-TrFE) thin film results in the typical switch-
ing behaviour of the macroscopic polarisation common
in ferroelectrics, as shown in Figure 1(c). The remnant
polarisation amounts to 5.6 μC/cm2 and the coercive field
to 55V/μm, which is in good agreement with values
reported in literature [28,30]. Figure 1(c) shows the non-
linear electrostrain characteristic, the butterfly curve, of
P(VDF-TrFE) obtained by measuring the z-deflection
of a polymer MFM capacitor during electrical stimu-
lation in z-direction. Details about the measurement
methodology are presented in ref. [28]. It is actually the
non-linearity of the electro-mechanical response of
P(VDF-TrFE) that is utilised to generate an enhanced
effective piezoelectric response by shifting the operat-
ing point of the butterfly curve away from the centre by
applying a bias voltage, as will be discussed later. Both,
the electrical as well as electro-mechanical response of
the P(VDF-TrFE) thin films fabricated within this work
prove their ferroelectric properties.

To exploit the functional properties, such as piezoelec-
tricity and electrostriction, of P(VDF-TrFE) for MEMS
applications, a thin film (∼500 nm) of P(VDF-TrFE)
was integrated on a silicon microcantilever. The result-
ing ferroelectric polymer microcantilever is shown in
Figure 2(a). Themicrocantilever in thiswork had a length
of 400 μm, a width of 200 μm and a total thickness of
3 μm. In general, the resonance frequency of a cantilever
depends on its dimensions. In this work, the dimensions
of the microcantilever were chosen such that the reso-
nance frequency of the first flexural mode is found at
low frequencies in the range of 10 kHz, allowing the exci-
tation and investigation of even higher flexural modes
of the microcantilever. Furthermore, it was intended to
realise a micromachined ferroelectric polymer cantilever
in order to demonstrate the potential of P(VDF-TrFE)
for MEMS resonators given only few studies in literature
[21–25]. However, since the integration of a ferroelectric
polymer into the batch process of a micromachined sil-
icon cantilever is not straightforward, we present details
of the fabrication process in the supplementary material.
The main challenge is to carry out a photolithography
without the ferroelectric polymer being attacked by sol-
vents contained in standard photoresists. To that end,
we used hard masks to pattern the ferroelectric poly-
mer thin films. A 4′′ silicon–on–insulator (SOI) wafer,
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Figure 2. Ferroelectric polymer microcantilever. (a) SEM image
showing a ferroelectric polymer microcantilever investigated in
thiswork. (b) Schematic illustrationof themultimorph structure of
themicrocantilever. The cantilever has a length of 400 μm, awidth
of 200 μm and a total thickness of around 3 μm. Details about the
fabrication steps are presented in the supplementary material. (c)
SEM image showing the multimorph structure of the microcan-
tilever, proving that the polymer film has a thickness of 500 nm.
(d) Bistable polarisation-field hysteresis loops of the P(VDF-TrFE)
thin film incorporated on the silicon microcantilever confirming
the ferroelectric state of the polymer. (e) Frequency spectrum of
the ferroelectric polymer microcantilever when applying an exci-
tation field of 1 V/μm. A large variety of flexural modes is excited
in the cantilever as shown in the inset.

having a device layer thickness of 2 μm, was used as sup-
port for the capacitor-type ferroelectric polymer stack.
The multimorph structure of the cantilever is schemat-
ically illustrated in Figure 2(b). A SEM image of the
multimorph structure is shown in Figure 2(c), confirm-
ing a film thickness of 500 nm of the P(VDF-TrFE) thin
film. It should be noted that the supporting silicon layer
ensures a significant distance between the neutral axis
of the cantilever and the centre of the ferroelectric poly-
mer, enabling a strong torque for an electro-mechanical
actuation of the microcantilever. Electrically stimulated
expansion of the functional layer translates into a finite
bending moment, which in turn causes deflection of the

microcantilever. In general, the deflection of the micro-
cantilever depends linearly on the distance between the
centre of the functional layer and the neutral axis of
the cantilever [31]. Consequently, if the centre of the
ferroelectric polymer layer coincides with the neutral
axis of the microcantilever, there would be no bending
moment and, thus no deflection. It should be noted that
in ref. [21], an asymmetric electrode design was used
to shift the neutral axis in order to enhance the deflec-
tion of a polymer microcantilever. In contrast, using a
SOI wafer ensures a significant shift of the neutral axis
through the silicon support layer of predefined thick-
ness. In order to demonstrate that the P(VDF-TrFE) thin
film integrated on the silicon microcantilever exhibits
ferroelectric properties, the polarisation as a function
of the applied field was measured using the Sawyer-
Tower circuit, as presented above. As expected for fer-
roelectrics, a bistable hysteretic response was observed,
confirming the ferroelectric state of the P(VDF-TrFE)
thin film (see Figure 2(d)). The hysteresis loops and the
remnant polarisation of 5.2 μC/cm2 are in good agree-
ment with the results shown in Figure 1(c), proving
ferroelectricity.

3. Results and discussion

The electro-mechanical response of the microcantilever
was measured over a wide range of frequencies up to
250 kHz (see Figure 2(e)). For that purpose, we used a
laserDoppler vibrometer (Micro SystemAnalyser (MSA-
500), Polytec). All measurements were performed in air.
A small AC field of 1V/μm was used to excite the can-
tilever. A variety of flexural modes could be excited, as
illustrated in Figure 2(e). For instance, the first flexu-
ral mode of the microcantilever was observed at around
13 kHz (f 0 = 13 kHz). The Q-factor (Q = 104) of the
first flexural mode of the ferroelectric polymer cantilever
measured in air was found to be significant lower com-
pared to standard MEMS cantilevers using stiff piezoce-
ramics like AlN (see Table 1) [32–34]. This is attributed
to enhanced internal mechanical losses within the soft
polymer. In literature, it has been demonstrated that the
Q-factor decreases with increasing thickness of the poly-
mer film [35]. The thicker the polymer film, the more
internal losses cause a decrease of the Q-factor. On the
other hand, when the polymer film becomes thinner,
functional properties, such as the piezoelectric response,
will get reduced. In that sense, a polymer thin film with
a thickness of 500 nm causes less internal losses, but pro-
vides the expected functional properties. The frequency
spectrum shown in Figure 2(e) represents the response of
themicrocantilever measured at the excitation frequency
using a periodic chirp signal.
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Table 1. Comparison of key parameters, such as resonance frequency f0 or Q-factor, of piezoelectric actuated microcantilevers using
P(VDF-TrFE) or AlN. The Q-factors of P(VDF-TrFE) cantilevers are significantly lower compared to AlN cantilevers. The resonance frequency
f0 and Q-factor were all measured in air.

Piezoelectric material
Geometry

Length×Width
Thickness of the
piezoelectric layer Supporting layer

Resonance
frequency (f0) Quality factor (Q)

P(VDF-TrFE)This work 400× 200 μm 0.5 μm 2 μm of silicon 13 kHz 104
P(VDF-TrFE) [21] 400× 200 μm 2.0 μm 2 μm of P(VDF-TrFE) 8.7 kHz 8
AlN [32] 2524× 1274 μm 0.62 μm 20 μm of silicon 4 kHz 328
AlN [33] 1602× 513 μm 0.62 μm 20 μm of silicon 10.6 kHz 660
AlN [34] 800× 50 μm 1.4 μm 15 μm of silicon 38.6 kHz 335

With this straightforward approach, however, the elec-
trostrictive response of the ferroelectric polymer can-
not be observed, since electrostriction is a quadratic
electro-mechanical coupling effect. Exciting the ferro-
electric polymer at frequency f generates an electrostric-
tive response at the doubled frequency 2f [36–38]. In
contrast, the linear piezoelectric effect yields a response
at the excitation frequency. To measure the response of
the electrostrictive effect, we performed lock-inmeasure-
ments (using the HF2LI Lock-in Amplifier of Zurich
Instruments) to get the demodulated signal of the second
harmonic (2f ) of the swept excitation frequency f. Addi-
tionally, we measured the first harmonic (f ) in order to
get the piezoelectric response. The maximum deflection
of the ferroelectric polymer microcantilever was mea-
sured at its free end. The electrostrictive and piezoelec-
tric response of the microcantilever as a function of the
applied excitation field EAC are shown in Figure 3.

As expected, the piezoelectric response (1st harmonic
signal) is measured at the eigenfrequency f 0 = 13 kHz of
the first flexural mode and the electrostrictive response
(2nd harmonic signal) shows a maximum at half the
eigenfrequency f 0/2 = 6.5 kHz (see Figure 3(a,b)). Both
signals increase with increasing excitation field EAC.
The maximum applied excitation field EAC < 30V/μm
was chosen to be significantly below the coercive field
(∼55V/μm) of P(VDF-TrFE) in order to avoid switch-
ing within the ferroelectric polymer [30]. At the maxi-
mumexciation field of 30V/μm, the electrostrictive effect
causes a deflection of the microcantilever of 1.25 μm.
In contrast, the piezoelectric effect yields a deflection of
200 nm, which is six times lower than the electrostric-
tive excitation. Consequently, the latter approach to drive
the microcantilever is much stronger than exploiting the
piezoelectric effect.

The maximum amplitude of the microcantilever as a
function of the excitation field EAC for the piezoelectric
and electrostrictive exciation is shown in Figure 3(c,d).
The maximum amplitude caused by the piezoelectric
effect increases linearly with increasing EAC, which is
characteristic for piezoelectricity. In contrast, the max-
imum amplitude of the 2nd harmonic signal shows a
quadratic change as a function of EAC, confirming the

Figure 3. Electrostrictive and piezoelectric response of the first
flexural mode. (a) Amplitude of the first and second harmonic sig-
nal as a function of increasing excitation field amplitude EAC mea-
sured around the mechanical resonance frequency f 0 = 13 kHz
and f 0/2. (b) Amplitude of the first and second harmonic sig-
nal measured over the frequency range from 3 kHz to 15 kHz,
which includes f 0 and f 0/2. The electrostrictive and piezoelectric
response are clearly separated. (c), (d) Maximum amplitude of the
first and second harmonic resonance peak as a function of the
excitation field amplitude EAC . The piezoelectric effect is linear,
while the electrostrictive effect shows a quadratic behaviour.

quadratic nature of the electrostrictive effect. Higher har-
monics of the swept excitation frequency were signifi-
cantly below the first and second harmonic signal level
and thus, can be neglected.

The measurements presented in Figure 3 shows the
piezoelectric and electrostrictive response of the ferro-
electric polymer microcantilever as a function of an
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applied AC field without applying any additional DC
field to the ferroelectric polymer. However, it is known
that a bias-induced polarisation by applying an additional
DC field can be used to tune the piezoelectric response
of the ferroelectric polymer. Analysing the non-linear
electro-mechanical response, given by the butterfly curve
of P(VDF-TrFE) shown in Figure 1(c), it is seen that by
applying a DC voltage to the polymer the operation point
can be shifted to a region where the slope of the butterfly
curve is different and, as a consequence, the piezoelec-
tric response. Therefore, we performed similar measure-
ments as presented above, but with an additional DC
field. A small AC field of 2.5 V/μm was used to excite the
electro-mechanical system. The resulting electrostrictive
and piezoelectric response as a function of increasing
DC field EDC, but constant AC field EAC = 2.5V/μm are
presented in Figure 4.

Of course, the ferroelectric polymer microcantilever
still shows a piezoelectric response at f 0 and an elec-
trostrictive response at f 0/2. However, the piezoelectric
response increases with increasing DC field EDC, while
the electrostrictive response remains constant (see Figure
4(a)). The impact of a bias-induced polarisation gen-
erated by EDC can be clearly seen in Figure 4(b). For
an applied DC field of just 10V/μm, the piezoelectric
response is already five times larger than the electrostric-
tive response. At the maximum applied DC field of
30V/μm, the amplitude of the microcantilever caused
by the piezoelectric effect is even one order of magni-
tude higher than the electrostrictive response. In Figure
4(c), we show the maximum amplitude of the microcan-
tilever generated by the piezoelectric effect as a function
of the applied DC field EDC. As expected, a linear relation
is found [18]. In contrast, the electrostrictive response
remains constant as a function of EDC, since EAC is not
changing.

Without any applied DC field, the ferroelectric
polymer exhibits a d31 of 10.8 pm/V. From the linear
relation in Figure 4(c), we can calculate the electric-
field-induced (effective) piezoelectric coefficient. For the
maximum applied DC field of 30V/μm, an effective d31
of 168.4 pm/V is present, which is more than one order
of magnitude larger than the inherent piezoelectric coef-
ficient of P(VDF-TrFE). Given this result, the electric-
field-induced piezoelectric response is even stronger than
the inherent piezoelectric activity of PZT with a d31 of
around −100 pm/V [9].

The results presented in Figure 4 shows that a bias
voltage applied to the ferroelectric polymer significantly
enhances the piezoelectric response of P(VDF-TrFE),
since the amplitude of the microcantilever increases
when enhancing the bias voltage, while the excitation sig-
nal (AC signal) is kept constant. However, applying a bias

Figure 4. Electrostrictive and piezoelectric response of the first
flexuralmode as a function of bias field applied to the ferroelectric
polymer. An AC field of 2.5 V/μm was used to excite the micro-
cantilever. (a) Amplitude of the first and second harmonic signal
as a function of increasing bias field EDC measured around the
mechanical resonance frequency f 0 = 13 kHzand f 0/2. (b) Ampli-
tude of the first and second harmonic signal measured over the
frequency range from 3 kHz to 15 kHz, which includes f 0 and f 0/2,
showing the significant contrast between the electrostrictive and
piezoelectric response as a function of the applied bias field EDC .
(c),(d) Maximum amplitude of the first and second harmonic res-
onance peak as a function of the bias field EDC . The piezoelectric
response increases linearly with increasing EDC . In contrast, an
increased EDC shows no impact on the electrostrictive response.

voltage generally increases the piezoelectric response of
P(VDF-TrFE) but reduces the operation range in which
the polymer can be stimulated with an AC voltage, as the
operation range of the ferroelectric polymer is limited by
the coercive field.

4. Conclusion

We have demonstrated that a bias-induced polarisa-
tion can be used to significantly enhance the piezoelec-
tric response of the ferroelectric polymer P(VDF-TrFE).
The non-linearity of the electrostrictive effect provides
a straightforward approach to generate an improved
electric-field-induced piezoelectric activity in ferro-
electrics.Micromachined silicon cantilevers with an inte-
grated ferroelectric polymer film for electro-mechanical
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actuation were realised, allowing to analyse their elec-
trostrictive and piezoelectric response characteristics.
Without any bias-induced polarisation, the electrostric-
tive response ismore pronounced compared to the piezo-
electric response. The linear/quadratic dependency of
the strain as a function of the applied AC field was
observed, corroborating the strain-field characteristic of
the piezoelectric/electrostrictive effect. We would like
to emphasise again that an electrostrictive actuation of
a resonant microsystem with a resonance frequency of
f 0 has to be excited at half the resonance frequency
at f 0/2, as demonstrated with our ferroelectric polymer
microcantilever. All in all, the results gained from the
MEMS resonators demonstrate the potential to develop
novel MEMS applications requesting controllable actuat-
ing and sensing properties. In future works, the converse
electrostrictive effect of P(VDF-TrFE) need to be studied
in more detail. It could be also interesting to investi-
gate if there is any electro-mechanical coupling between
the electrostrictive and piezoelectric effect. Moreover,
the electromechanical coupling coefficient of the bias-
induced electro-mechanical response of P(VDF-TrFE)
requires further investigations.
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