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Abstract: Polymer Micro ElectroMechanical Systems (MEMS) have the potential to constitute
a powerful alternative to silicon-based MEMS devices for sensing applications. Although the use
of commercial photoresists as structural material in polymer MEMS has been widely reported,
the integration of functional polymer materials as electromechanical transducers has not yet received
the same amount of interest. In this context, we report on the design and fabrication of different
electromechanical schemes based on polymeric materials ensuring different transduction functions.
Piezoresistive transduction made of carbon nanotube-based nanocomposites with a gauge factor
of 200 was embedded within U-shaped polymeric cantilevers operating either in static or dynamic
modes. Flexible resonators with integrated piezoelectric transduction were also realized and used
as efficient viscosity sensors. Finally, piezoelectric-based organic field effect transistor (OFET)
electromechanical transduction exhibiting a record sensitivity of over 600 was integrated into polymer
cantilevers and used as highly sensitive strain and humidity sensors. Such advances in integrated
electromechanical transduction schemes should favor the development of novel all-polymer MEMS
devices for flexible and wearable applications in the future.

Keywords: electromechanical transduction; polymer MEMS; piezoresistivity; piezoelectricity;
Piezo-organic field effect transistor

1. Introduction

The last 30 years have seen the advent of MicroElectroMechanical Systems (MEMS) for a wide
range of applications, including digital projectors, inertial (automotive, joysticks, phones) and
chemical sensors. Most often, the substrate used as a base layer is silicon, characterized by intrinsic
mechanical and electrical properties that are not necessarily the most adequate for a given application.
For example, when resonant silicon cantilevers are used for sensing in liquid media, damping
makes motion measurements hard to achieve, while in the static mode, silicon-based (Si) cantilever
sensors are restrictively stiff, as opposed to polymer MEMS. Thanks to their tailor-made synthesis
or formulation enabling to finely tune their properties, polymer materials integrated into MEMS
have the potential to constitute a powerful alternative to Si based-MEMS devices, just like organic
light-emitting diodes (OLEDs) are taking a major share of the global market of the smartphone and
display industries [1]. To develop original polymer MEMS devices, their design and fabrication have
to be rethought with respect to Si MEMS and associated micro- and nanomachining methods [2].
In particular, the integration of the transduction is crucial to taking advantage of the high mechanical
deformability of polymer materials while maintaining the low volume of the devices offered by
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miniaturization [3]. Recent advances in materials science and mechanical engineering enable the use of
polymers as functional materials for efficient electromechanical transduction and for their integration
into polymeric MEMS [4]. For instance, the development of the next generation of M/NEMS sensors
requires cutting-edge strategies in their design and fabrication, both at the level of integration and
material development. The development of polymer M/NEMS with associated printing fabrication
methods meets the requirements for rapid prototyping, enabling mass production, at reduced cost.
Pioneering work was conducted by Boisen’s group and Ramgopal Rao’s group on the fabrication
by photolithography and application of microcantilevers made of SU-8, an epoxy photoresist widely
used in microfluidics [5]. Since then, different approaches have been specifically developed for
the fabrication of free-standing polymer MEMS. These include lamination [6], molding [7], ink-jet
printing [8], nano-imprint lithography [9] and shadow-masking [10]. However, the wafer-level
fabrication of free-standing organic cantilevers remains challenging. Approaches are based on UV
barriers [11], light absorption properties of photoresists [12] and wafer-bonding processes [13]. Recently,
two-photon stereolithography (TPS) enabled single-step fabrication of complex organic MEMS, such as
microfluidic resonators [14]. One example can be found in the literature where SU-8 was used as
structural material [15].

Integrated actuation and read-out schemes for MEMS devices are of particular importance for
maintaining the typically small size of such microsystems, enabling their portability. When MEMS
are used as resonators, actuation to the resonance and motion read-out using the same scheme is
the best configuration in terms of simplicity and size. The most popular schemes are electrostatic
actuation and capacitive read-out, piezoelectricity, and electromagnetism [16]. However, in the field of
organic MEMS, split actuation and read-out are still more common. For several years, piezoresistive
MEMS have generally been made of metal or semiconductor materials (i.e., doped Silicon) exploiting
respectively the change of resistance due to geometrical variations of the free-standing devices or
modification of the width of the band-gap and consequently the mobility of the charge carriers.
Nevertheless, the poor mechanical elasticity of inorganic materials limits their sensitivity. To counter
this drawback, a recent trend consists of exploring polymeric materials like conducting polymers such
as PEDOT/PSS [17] or carbon-related materials (e.g., carbon black, carbon nanotube, graphene) often
used as fillers in a nanocomposite formed with additional polymer (polystyrenes, SU-8, polyimide,
PDMS) [18-21]. The first example of concrete application of SU-8 micro-cantilevers in the framework of
gas sensing consisted of piezoresistive composite based (mixture of SU-8 and black carbon) cantilevers
used for detection of TNT in static mode [22]. These results showed promising polymeric gas
sensors, with an achieved limit of detection of 14ppb, a value close to traces. Later on, they reported
a polymer MEMS accelerometer based on the same piezoresistive composite. The fabricated devices
exhibited a resonant frequency of 10.8 kHz and a response sensitivity of 280 nm-g~! at resonance [23].
Transparent MEMS pressure sensors made of piezoresistive carbon nanotube film embedded into
PDMS membranes were also reported, with a gauge factor of 10-12 [24]. Among carbon-related
materials, carbon nanotubes (CNTs) are seen as the most prominent fillers in polymer composites.
Their high aspect ratio allows CNTs to create, at low loading, a more efficient conductive network
within the insulting polymer matrix compared to other common fillers. Although the conductive
network may be brittle for large deformations, this turns out to be an advantage for low strain sensing
application where the network configuration is therefore very sensitive to mechanical disturbances,
resulting in large changes of electrical resistance at CNT concentrations near the percolation region,
leading to a high gauge factor [25-29]. Nevertheless, piezoresistive materials are defined as passive
transduction, meaning that it led to a variation of an impedance without active electrical production
(charge, current of voltage). Moreover, passive transduction requires a Wheatstone bridge electronics
configuration for electrical signal read-out. On the contrary, one of the main advantages of using
piezoelectric material lies in the reversible piezoelectric effect which allows both integrated actuation
and read-out for dynamic mode measurement. In fact, piezoelectric MEMS are another common type
of microsystem mainly used in automotive and smart phones applications [30]. These microsystems
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are often made of inorganic piezoelectric materials, the most common being lead zirconate titanate
(PZT). However, PZT requires high-cost manufacturing capabilities for fabrication. Furthermore,
lead-containing materials such as PZT present a certain toxicity. Consequently, recent research
works have been oriented towards lead-free piezoelectric materials such as zinc oxide (ZnO) [31] or
BaTiOs3 [32], often used as nanowires or nanoparticles in a composite approach showing excellent
performances notably for energy harvesting applications [33]. Nevertheless, preparation and
polarization of these materials require high-temperature processing. Consequently, piezoelectric
polymeric materials such as poly(vinylidenedifluoride), P(VDEF), and more particularly its copolymer
poly(vinylidenedifluoride-co-trifluoroethylene), P(VDE-TrFE), have attracting growing interest. In fact,
the introduction of trifluoroethylene (TrFE) units to the P(VDF) leads to a direct crystallization into
a crystal structure similar to that of the 3-phase of PVDF, which consequently yields a material with
a high piezoelectric effect. Although their electromechanical couplings are significantly lower than
their inorganic counterpart, piezoelectric polymers are less expensive in terms of material cost and
processing facilities by means of printing technologies [34,35]. Piezoelectric polymer-based MEMS also
find applications in soft, flexible/stretchable formats, with unique opportunities for use in biological
applications as well as mechanical energy harvesting [36,37]. Note that despite their numerous
advantages, piezoelectric polymer transducers exhibit a limited sensitivity in contrast to polymer
piezoresistors. Other actuation schemes include electrostatic actuation, made possible if the cantilever
is (in part) made of conductive polymer, suspended above a metallic electrode [38]. Also, Schmid’s
group introduced a scheme based on a polarization force induced in a dielectric polymer [39]. This uses
the spontaneous polarization of dielectric polymers under high electric field to create an actuation force.
Electromagnetic actuation has also been investigated using a conducting path patterned on top of an
organic cantilever, allowing Lorentz force actuation when subjected to a constant magnetic field [40].
This scheme is clearly efficient, but read-out is a challenge, although it is possible by generation of
inductive current due to the motion of the MEMS.

Since sensitivity is a pressing concern for MEMS sensors, these prevailing integrated
electromechanical transduction mechanisms are today in competition with transistive transduction
schemes. Transistive electromechanical transduction based on field effect transistor (FET) offers
a number of advantages over traditional piezoresistive or capacitive MEMS, because of its high
sensitivity, uncomplicated current measurement and compatibility with integrated circuits [41-44].
Pioneer inorganic transistive transduction has also been adapted to an organic approach by the
integration of an organic field effect transistor (OFET) into a SU-8 polymeric cantilever [45].
Later on, with the aim to further enhancing the sensitivity of the MEMS sensors, piezotransistive
electromechanical transduction read-out was reported, where piezoelectric gated OFET were able to
directly utilize the charge density variation caused by the deflection-induced strain to induce amplified
modulation of the OFET drain current [46,47].

In this paper, we report our recent advances in electromechanical transduction mechanisms
for polymer MEMS sensors. All of them were made from organic materials, and their associated
fabrication processes were compatible with polymeric microsystems, which greatly facilitates their
integration as electromechanical transducers in multilayered structures. The presented polymeric
integrated electromechanical transduction schemes offer features (high sensitivity, deformability, and
biocompatibility) that significantly broaden the possibilities of these emerging MEMS.

2. Materials and Methods

Piezoresistive CNT/SU-8 nanocomposite cantilever: CNTs used in this work were supplied
by using Graphistrength Epoxy Master batch pellets from Arkema (Colombes, France). The pellets
consist in 25 wt % of MWNTs made via catalytic chemical vapor deposition (CCVD) dispersed in an
epoxy-type matrix. The nanocomposites were prepared by mixing the SU-8 epoxy photoresist with the
pellets using a high shear mixer, Silverson L4RT (Silverson SA, Evry, France) at 5000 rpm for 60 min
in an ice bath. Then, piezoresistive polymeric MEMS were fabricated via two distinct approaches.
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The first one consists of an optimized photolithography process according to the CNT concentration
integrated within the SU-8 epoxy resin, thus altering the UV crosslinking of the composite as described
in [28]. The other fabrication approach is based on a low-environmental-impact approach in which
microsystems were patterned by xurography [48]. Here, the piezoresistive solution was spin-coated
on a sheet of 100 um thick of Polyethylene terephthalate (PET) and soft-baked at 95 °C for 2 min. Then,
the thin film was cross-linked by exposure to UV light before a post-exposure bake step at 65 °C for
1 min and 95 °C for 3 min followed by final hard bake of 150 °C for 15 min. Afterwards, the resonators
were patterned using a vinyl cutting machine (Graphtec Craft ROBO Pro CE 5000-4, (PromatTex,
Neuilly-sur-Marne, France).

P(VDEF-TrFE) Piezoelectric polymer cantilever: 30 nm of aluminum was evaporated through
a PET shadow masks to pattern the bottom electrode on a 50 um thick Polyethylene naphthalate (PEN)
film, used as a substrate. Then, a 4 um thick PVDF-TrFE layer was deposited by solution process
using a solution of 20 wt % of PVDF-TrFE (75-25% in mole), from Piezotech, dissolved in 2-butanone.
Two annealing steps were then performed: first, at 50 °C for 10 min to evaporate the solvent, followed
by a 140 °C period of varying durations. The top aluminum electrode was then evaporated under the
same conditions as the bottom one through a PET shadow mask. To finish the process, the shape of
the cantilever was obtained simply by cutting the material by xurography before gluing the resulting
device onto a glass blade with double-sided adhesive tape, leaving the cantilever free-standing.

Piezoelectric gate dielectric-based OFET cantilever: The piezoelectric OFET integrated into
a micro-cantilever made of flexible PEN has a bottom-gate top-contact structure, which consists
of an Aluminum (Al) gate electrode, P(VDF-TrFE) and poly(1-vinyl-1,2 4-triazole) (PVT) gate dielectric
layers, an organic semiconductor (OSC) and a Gold (Au) source-drain (5/D) electrodes. The entire
stacking was encapsulated with a thin layer of tetratetracontane (TTC, C44Hgp). OFET-embedded
MEMS were fabricated by combining classical deposition techniques with xurography. First, Al was
evaporated through a shadow mask to pattern gate electrodes. P(VDF-TrFE) piezoelectric copolymer
employed as gate dielectric combined with PVT used as dielectric passivation layer was deposited by
spin coating. Afterwards, two well-known p-type organic semiconductors, pentacene and dinaphtho
[2,3-b:2,3-f] thieno [3,2-b] thiophene (DNTT), an air-stable organic semiconductor, were thermally
evaporated under secondary vacuum with a thickness of 30nm. 60nm thick Au source and drain
contacts were thermally evaporated through shadow masks. The last step consisted in the evaporation
of TTC, a long alkane chain molecule generally used as gate dielectric and employed in this work as
a thin encapsulation layer for air stability measurements.

Strain sensor characterization: The piezoresistive sensitivity of the fabricated devices was
electromechanically characterized. The protocol consisted of bending either the piezoresistive
or piezotranstive cantilever beam by applying a force at the cantilever’s tip from a MiBot probe
(Imina Technologies SA, Lausanne, Switzerland), meanwhile measuring the impedance evolution
of the piezoresistor or drain current variation respectively to evaluate the sensor’s sensitivity.
Optical profilometry images of the cantilever at rest and bent under an applied force corresponding to
a tip-end cantilever beam deflection were obtained using a Veeco NT 9080 (VEECO, Plainview, USA).

Humidity sensor characterization: Different levels of relative humidity between 20 and 80%
were generated from a Eurotherm 2604 controlled environmental chamber from Surface Measurement
Systems® while the temperature was kept constant at 20 °C during the experiment. The drain current
variation of the embedded OFET was measured using a semiconductor analyzer Keithley 2400.
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3. Results and Discussion
3.1. Piezoresistive Transduction
3.1.1. Static Mode
The sensitivity of a piezoresistive material is defined by its gauge factor (GF) and can be expressed as:

_ AR/R

GF Ae

where R is the initial resistance of the thin film at rest, AR the change of resistance under strain and Ae
the strain variation. In order to investigate the sensitivity of the conformable CNT/SU-8 strain sensor,
the relative change of resistance as a function of applied strain for thin films containing various CNT
concentrations was measured. The resistance of all the samples increases as the applied strain increases.
This arises from the alteration of the network of carbon nanotubes under mechanical deformation
resulting in an increase in the resistivity. This change of resistivity is particularly associated with the
modification of contact arrangements and the tunneling distance between carbon nanotubes. Figure 1a
shows the gauge factor defined as the sensitivity to strain of different composites. The highest
sensitivity (GF) was obtained for samples containing a CNT concentration just above the percolation
threshold. This is due to the fact that the piezoresistive behavior is essentially governed by changes of
the nanotube connectivity resulting in large variation of the tunneling resistance, R;. More specifically,
0.8 wt % CNT/SU-8 thin films have shown gauge factor of approximately 100 for a strain level of 3.0%.
As the CNT concentration moves away from the percolation threshold the gauge factors have been
found to decrease drastically.
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Figure 1. (a) Gauge factors of CNT/SU-8 composites as a function of CNT concentrations at 3.0% of
applied strain, highlighting the highest sensitivities obtained at the percolation region; (b) Relative

change of resistance of piezoresistive MEMS as a function of applied strain for a CNT concentration of
2 wt %.

Such a piezoresistive CNT/SU-8 material was subsequently integrated as transducer in bimorph
polymeric SU-8 cantilevers. The piezoresistive composite was patterned by photolithography at
the anchor of the beam while the ending part of the U-shaped beam was patterned with gold to
minimize the electrical noise level in the piezoresistor. Since gold has a low resistivity, the initial
resistance of the piezoresistor, R, is reduced, and the relative resistance change, AR/R, optimized.
Nevertheless, a divergence of the piezoresistivity between the macroscale thin films and the integrated
piezoresistive strain gauges of the MEMS sensors was observed. Although higher sensitivity was
obtained for thin films containing 0.8 wt % CNT, the most sensitive piezoresistive MEMS were achieved
using 2 wt % CNT. Additionally, the small dimensions of integrated piezoresistors in MEMS devices
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with higher intrinsic resistance made the measurements of 0.4 and 0.8 wt % CNT/SU-8 thin films
difficult (resistance in the range of few hundreds M(Q) to G(2). Concretely, the integrated piezoresistive
MEMS exhibited a non-linear electromechanical response, as shown in Figure 1b. At low strain
level (<1.5%), gauge factors of 10 were measured. At larger strain level, gauge factors increased
significantly. For instance, a gauge factor of 200 was calculated at ¢ = 4%. These results demonstrate
the promise of nanocomposite approaches in tailoring and enhancing the sensitivity of piezoresistive
electromechanical transduction read-out.

3.1.2. Dynamic Mode

Bimorph polymeric cantilevers were fabricated on PEN covered with a CNT/SU-8 piezoresitive
layer. These devices were successfully driven into resonance by an external piezoelectric actuation
while dynamic piezoresistive transduction was measured and compared to optical detection where the
vibration amplitudes at resonance were detected with a laser vibrometer Polytec MSA 500 (Polytec
SAS, Chatillon, France). The piezoresistive measurements were recorded with a network analyzer
Agilent E5061B, (Agilent Technologies, Santa Clara, CA, USA) where the MEMS were tested in a half
Wheatstone bridge configuration without using any amplification. All measurements were performed
in air at atmospheric pressure. The resonant frequencies of the first out-of-plane flexural mode was
measured at 3602 and 3597 Hz for piezoresistive and optical detection, respectively, thus showing
excellent dynamic electromechanical transduction of the piezoresistive nanocomposite (Figure 2a).
Quality factor (Q), defined as the ratio of the resonant frequency to the bandwidth associated with a 3 dB
magnitude drop, was calculated to be 23 with optical read-out. In the case of piezoresistive detection,
Q could not be determined classically due to the low amplitude of the resonant peak mainly due to
spurious contributions. For systems with low Q factor, the measurement precision suffers from various
unwanted spectral components induced by parasitic effects of the resonator and measurement errors.
In order to extract the quality factor, we used an analytical model developed by Niedermayer et al. [49]
to decompose the measured spectrum and determine the parameters of the second-order resonance and
the background spectrum. An extracted Q value of 21 was obtained. The homogeneity of the resonant
frequency and quality factor values obtained by optical and piezoresistive read-outs demonstrated the
good dynamic operation of the fabricated polymer piezoresistive MEMS resonators.
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Figure 2. Electrical measurements of (a) Amplitude and phase of the resonant frequency of the first
out-of-plane flexural mode measured by piezoresistive detection; and (b) Relative shift of resonant
frequency and quality factor as a function of temperature.

These piezoresitive MEMS resonators were used as temperature sensors with a sensitivity of
—0.33% per °C in the range of temperature 20-50 °C and a limit of detection of 0.112 °C (Figure 2b),
which is comparable to the best commercial Pt100 Class AA temperature sensors. The decrease of
resonant frequency with temperature is due to the softening of the materials, the resonant frequency
of a resonator being directly proportional to the square root of the Young’s modulus of its materials.
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As expected, as temperature increases, the resonant frequency of the device decreases. We showed
in a previous work [29] that monitoring the change of resonant frequency and quality factor of
such resonator over a large range of temperature could lead to an excellent thermomechanical
platform to characterize materials properties in a similar manner to dynamic mechanical analysis
(DMA) measurements. Considering the cost, simplicity of fabrication, versatility and performance,
the proposed MEMS offers exciting new possibilities across a wide spectrum of applications, including
microsensors and micro-actuators.

3.2. Piezoelectric Polymer Transducer

To enable the simultaneous actuation and read-out of polymer MEMS resonators, P(VDE-TrFE)
piezoelectric resonators were fabricated and their resonant frequency measured from admittance
spectra. A dedicated electronic interface that operated as a Vectorial Network Analyzer (VNA) was
developed and employed for both actuation and read-out of the resonant spectrum. Concretely,
two cantilevers (a free one and an unreleased one) constitute a capacitive half-bridge. The signal from
the common electrode is sent to a charge amplifier and then goes to an IQ demodulator that gives
the amplitude and phase spectra. Such conditioning electronic card enables good compensation of
the parasitic capacitance due to the dielectric layer (PVDF-TrFE) lying between the two conductors
(the electrodes). To evaluate the ability of the dynamic piezoelectric transduction of the polymeric
MEMS, we tested the fabricated devices as viscosity sensors in liquid media. Theoretically, it is possible
to determine both the viscosity and the mass density of a fluid by measuring both the resonance
frequency, f,, and the quality factor, Q, of the MEMS resonators. In this case, six parameters (m;, 1y,
ms, ¢1, ¢ and c3) must be calculated [50]:

%:ml-l-mzp-i-ms 1e
(27t fr) 27ty
1

1o} =2nf, (c1 +con + C3\/27Tfr17p)

with # the viscosity and p the mass density of the fluid. It means that a calibration with three liquids
whose mass densities and viscosities are known is necessary to determine these coefficients. Then,
the viscosity and the mass density can be analytically and independently determined for unknown
liquids [51]:
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The viscosity of water/glycerol mixtures containing different concentrations of glycerol was
determined from the measurement of both the resonant frequency and the quality factor of the
piezoelectric polymeric resonators. To do so, a roof-tile-shaped resonance mode was chosen to extract
viscosity values (Figure 3a). Nevertheless, a difference between viscosity values measured with
a viscometer and the piezoelectric MEMS was observed at low viscosity values (Figure 3b). In fact,
optical measurements were obtained for the first flexural mode of the piezoelectric cantilevers, which is
the one providing the best analytical comparison with the viscometer. Afterwards, measurements were
made with the electronic scheme, but for the roof-tile resonance mode, as it is the one that presents
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the best electrical response. However, due to electrical coupling that is not entirely compensated,
the measurements of the quality factor are misrepresented, which has a direct influence on the
extraction of the viscosity values. At low viscosity values, Q being higher, even small error in the
measurement of Q might result in large variation of viscosity measurement of the characterized fluid.
Except for small viscosity values (below 5 mPa.s), the values determined with the piezoelectric MEMS
using optical and piezoelectric detection showed maximum relative errors of 22% and 32%, respectively,
over a large viscosity range. It is noteworthy that despites viscometers requiring the mass density
of the fluid to be characterized, piezoelectric MEMS allow unknown fluid viscosity measurements
without their properties. These results demonstrated the ability of integrated actuation and read-out
of polymeric piezoelectric resonators in liquid media for biological and chemical sensing applications.
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Figure 3. (a) Amplitude and phase of the roof-tile-shaped mode resonant frequency; (b) Comparison
of viscosity values obtained with a commercial viscometer (mass density has to be known for such
measurements) and the piezoelectric MEMS using optical and piezoelectric detections (no information
on the fluid properties is necessary).

3.3. Piezotransistive Transducer from P(VDF-TrFE)-Gated OFET

While integrated polymer MEMS showed powerful behavior when used in dynamic mode,
operating such devices in static mode takes benefits from the large flexibility offered by polymer
materials. Integration of highly sensitive transduction schemes in static mode remains a challenge,
where simple piezoresistive gauges are currently used, as shown in Section 3.1. To further demonstrate
that more complex transduction schemes with enhanced performances can be designed and fabricated,
a piezoelectric transistive transduction scheme was developed by integration of a piezoelectric polymer
gated organic field effect transistor, OFET, embedded into a polymeric cantilever operating in static
mode. The performance of this innovative electromechanical transduction mechanism was evaluated
by testing the MEMS as strain sensors. Under applied mechanical loads, the OFET-embedded
cantilever bends, resulting in a polarization of the gate induced by the piezoelectric gate dielectric.
The piezoelectric effect causes a change of charge density in the semiconductor channel of the OFET,
leading to amplified modulation of the drain current, Ips. In other words, the sensing mechanism
of the electro-mechanical transducer originates from the piezoelectric material itself, which affects
the electrical behavior of the transistor as signature of a mechanical event. The impact of strain
on the characteristics of polarized OFET-embedded cantilevers was investigated and compared to
unpolarized OFET to highlight the influence of the piezoelectric gate dielectric layer. Tensile strain
cycle measurements were performed by applying and releasing crescent forces to the devices while
recording simultaneously drain current variations (Vps = —5V and Vg = —50 V). Steady-state relative
drain current variations (Alps/Ips) of devices that were not polarized were small compared to those
polarized, namely, 9% and 170%, respectively, for an identical applied strain value of 0.28% (Figure 4a).
Their corresponding electro-mechanical sensitivities, defined as ((Alps/Ips)/¢€), were calculated to be
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33 and over 600. The large enhancement of the strain sensitivity close to the threshold voltage, Vy,,
by a factor 18 after poling clearly demonstrated the benefit offered by the piezoelectric effect. It is the
change of polarization of P(VDE-TrFE) that affects the charge density in the pentacene layer.

To ensure that the enhancement of the electromechanical sensitivity originates from the
piezoelectric gate dielectric material, various OFET embedded MEMS structures were fabricated
(Figure 4a). First, control devices made with PMMA as control passive dielectric were fabricated.
Also, different organic semiconductors (OSC) small molecules were tested (pentacene and DNTT).
Prior polarization, P(VDF-TrFE) is not piezoelectric, and therefore behaves like a passive gate dielectric
such as PMMA. This behavior was confirmed by the determination of the homogeneity of the sensitivity
of devices made of PMMA /DNTT, unpoled P(VDF-TrFE)/DNTT and unpoled P(VDE-TrFE) /pentacene
as 25, 14 and 33, respectively. However, once the P(VDF-TrFE) layer was polarized, a drastic increase of
the strain sensitivity by a factor 18, regardless of the OSC materials, was seen. Among polarized devices,
pentacene-based OFETs presented the largest sensitivities. It is well-known that strain-sensitivity of
OSC is highly dependent on its morphological structure. Thus, the record sensitivities observed in
the piezoelectric OFET-embedded MEMS was due to a combination of piezoelectricity induced in the
active gate dielectric and a strain-dependent mobility of the OSC.
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Figure 4. (a) Relative changes of drain current (Alpg/Ips) as a function of applied strain for different
coupled gate dielectric/OSC layers in OFET-embedded cantilever; (b) (Alps/Ips) plotted versus
elapsed time for different levels of relative humidity by steps of 10%. Black arrows correspond to the

instruction of humidity level set by the environmental chamber.

To further demonstrate potential applications of the piezoelectric OFET transducer, the devices
were tested as humidity sensors. For this, the cantilevers were coated with a hydrogel thin film
employed as the sensitive layer. The hydrogel was synthesized by free radical polymerization of
hydroxyethyl-methacrylate (HEMA) and ethylene-glycol-dimethacrylate (EGDMA) monomers where
EGDMA acts as a cross-linker. The large volume change due to water molecule absorption leads
to surface strain experienced by the cantilever due to bi-layer effect that in turn, results in large Ipg
modulations proportional to the relative level of humidity (Figure 4b). The sensitivity of this sensor
was measured to be 7500 ppm/%RH, with an extracted limit of detection of 0.2%RH. These results
highlight the benefits offered by the MEMS configuration where the piezoelectric OFET amplifies the
sensor’s response. They confirmed the ability of the piezoelectric OFET-embedded MEMS to monitor
steady state sensing events, and thus show promise for future monitoring of complex sensing events,
such as biological analysis.

4. Conclusions

Polymers and their composites represent one of the most important functional engineering
materials, and are used in an increased number of applications, now, including microsystems.
This work highlights the recent advancements of our team in the field of polymer materials and
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technology for their integration as electromechanical transduction schemes in polymer MEMS and
compares their main characteristics. Table 1 depicts the main characteristics of the presented
electromechanical transduction methods. The electrical output characteristics can be passive,
such as piezoresistive, or active, i.e., piezoelectric and piezotransistive transducers. Passive resistive
measurements require a Wheatstone bridge electronics configuration, and thus are generally more
complex to integrate into polymer MEMS. On the other hand, the ease of measurement of voltage or
current variations offered by piezoelectric and piezotransistive transductions stand as an undeniable
advantage in terms of implementation. Nevertheless, the relatively low sensitivity of piezoelectric
polymers (d3; = 10 to 12 pm-V~!) and the influence of parasitic capacitive effects require conditioning
electronic such as charge amplifier and coupling effects attenuation to allow accurate dynamic
measurements. Definitely, one of the main pressing concern for polymer MEMS sensors is their
sensitivity. Piezoresistive polymeric MEMS with high gauge factor values (~200) were reported by
taking advantage of the composite approach. However, these piezoresistive nanocomposite-based
sensors might suffer from relatively low stability and reproducibility due to the large discrepancy of
their sensitivity in the percolation region, which is generally the concentration of interest in achieving
high gauge factor. In the case of piezoelectric polymers, the commercially available P(VDF-TrFE) stands
as the material of choice, and presents the advantage of exhibiting more reproducible characteristics.
One of the main advantages of using piezoelectric materials lies in the reversible piezoelectric effect,
which allows integrated actuation and read-out for dynamic mode measurement. To overcome
the limited sensitivity of piezoelectric polymers, we developed an original approach that consisted
of the integration of piezoelectric P(VDF-TrFE) as a gate dielectric layer in an organic field effect
transistor (OFET) to take advantage of the amplification of the transistor. The obtained piezotransistive
MEMS strain sensor exhibited a sensitivity of 600. The presented piezoresistive, piezoelectric and
piezotransistive electromechanical transduction mechanisms and their integration into multilayer
polymeric cantilevers demonstrate the potential of polymer integrated electromechanical transduction
schemes to fulfill the needs of a variety of physical and chemical sensors. This work should encourage
further research on the development of polymeric MEMS and their use in other fields of application,
e.g., biological sensors, actuators and energy harvesting.

Table 1. Main characteristics of piezoresistive, piezoelectric and piezotransistive transductions.

MEMS. Transduction Actuation Micromachining  Operating Mode Sensitivity Max Applications
P%ezoresmtlve Piezoresistive } Photo—patterﬁable Static ar}d 200 [25] Strain, temp?rature,
cantilever [5,17-29] Bulk stacking Dynamic gas sensing
Piezoelectric Piezoelectric Piezoelectric Bulk stacking Dynamic NA Liquid sensing,

resonator [31-37]

OFET-embedded
cantilever [45,46]

energy harvesting

Piezotransistive - Bulk stacking Static 600 [46] Strain, gas sensing

Acknowledgments: This work was also supported by the LabEx AMADEus (ANR-10-LABX-42) and Equipex
ELORPrintTec (ANR-10-EQPX-28-01) in the framework of IdEx Bordeaux (ANR-10-IDEX-03-02), that is,
the Investissements d’Avenir programme of the French government managed by the Agence Nationale de
la Recherche.

Author Contributions: C.A., LD. and P.P. conceived and designed the experiments. D.T., C.A. and P-H.D. carried
out the fabrication, optimization and characterization of the sensors. All authors contributed to the scientific
discussion and redaction of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Liu, C. Recent Developments in Polymer MEMS. Adv. Mater. 2007, 19, 3783-3790. [CrossRef]
2. Kim, B.J.; Meng, E. Review of polymer MEMS micromachining. . Micromech. Microeng. 2015, 26, 013001.
[CrossRef]


http://dx.doi.org/10.1002/adma.200701709
http://dx.doi.org/10.1088/0960-1317/26/1/013001

Micromachines 2018, 9, 197 11 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Villanueva, L.G.; Bausells, J.; Brugger, ]J. Grand Challenge in N/MEMS. Front. Mech. Eng. 2016, 1, 15.
[CrossRef]

Srinivasan, A.; Bandyopadhyay, S. Advances in Polymer Materials and Technology, 1st ed.; Taylor Francis CRC
Press: Boca Raton, FL, USA, 2016; 824p.

Nordstrom, M.; Keller, S.; Lillemose, M.; Johansson, A.; Dohn, S.; Haefliger, D.; Blagoi, G.;
Havsteen-Jakobsen, M.; Boisen, A. SU-8 cantilevers for bio/chemical sensing: Fabrication, characterization
and development of novel read-out methods. Sensors 2008, 8, 1595-1612. [CrossRef] [PubMed]

Abgrall, P; Conedera, V.; Camon, H.; Gue, A.-M.; Nguyen, N.-T. SU-8 as a structural material for labs-on-chip
and microelectromechanical systems. Electrophoresis 2007, 28, 4539-4551. [CrossRef] [PubMed]

Ferrell, N.; Woodard, J.; Hansford, D. Fabrication of polymer microstructures for MEMS: Sacrificial layer
micromolding and patterned substrate micromolding. Biomed. Microdevices 2007, 9, 815-821. [CrossRef]
[PubMed]

Van Oosten, C.L.; Bastiaansen, C.W.; Broer, D.]. Printed artificial cilia from liquid-crystal network actuators
modularly driven by light. Nat. Mater. 2009, 8, 677-682. [CrossRef]

Greve, A,; Keller, S.; Vig, A.L.; Kristensen, A.; Larsson, D.; Yvind, K.; Hvam, ].M.; Cerruti, M.; Majumdar, A.;
Boisen, A. Thermoplastic microcantilevers fabricated by nanoimprint lithography. J. Micromech. Microeng.
2010, 20, 015009. [CrossRef]

Ayela, C.; Dubourg, G.; Pellet, C.; Haupt, K. All-organic Microelectromechanical Systems Integrating Specific
Molecular Recognition—A New Generation of Chemical Sensors. Adv. Mater. 2014, 26, 5876. [CrossRef]
[PubMed]

Haefliger, D.; Boisen, A. Three-dimensional microfabrication in negative resist using printed masks.
J. Micromech. Microeng. 2006, 16, 951. [CrossRef]

Foulds, 1.G.; Parameswaran, M. A planar self-sacrificial multilayer SU-8-based MEMS process utilizing
a UV-blocking layer for the creation of freely moving parts. J. Micromech. Microeng. 2006, 16, 2109. [CrossRef]
Dubourg, G.; Fadel-Taris, L.; Dufour, I; Pellet, C.; Ayela, C. Collective microfabrication of all-organic
microcantilevers platform based on the hierarchical combination of shadow-masking and wafer bonding
processing methods. J. Micromech. Microeng. 2011, 21, 095021. [CrossRef]

Chia Gomez, L.P,; Spangenberg, A.; Ton, X.-A.; Fuchs, Y.; Bokeloh, F.,; Malval, J.-P,; Tse Sum Bui, B.; Thuau, D.;
Ayela, C.; Haupt, K,; et al. Rapid prototyping of chemical microsensors based on molecularly imprinted
polymers synthesized by 2-photon stereolithography. Adv. Mater. 2016, 28, 5931-5937. [CrossRef] [PubMed]
Accoto, C.; Qualtieri, A.; Pisanello, F; Ricciardi, C.; Pirri, C.F; De Vittorio, M. Two-photon
polymerization lithography and laser doppler vibrometry of a SU-8-based suspended microchannel resonator.
J. Microelectromech. Syst. 2015, 24, 1038. [CrossRef]

Brand, O.; Dufour, I.; Heinrich, S.; Josse, F. Resonant MEMS: Fundamentals, Implementation, and Application,
1st ed.; Wiley-VCH: Weinheim, Germany, 2015; 512p.

Lang, U.; Rust, P; Dual, J. Towards fully polymeric MEMS: Fabrication and testing of PEDOT /PSS strain
gauges. Microelectron. Eng. 2008, 85, 1050-1053. [CrossRef]

Gammelgaard, L.; Rasmussen, P.A.; Calleja, M.; Vettiger, P.; Boisen, A. Microfabricated photoplastic cantilever
with integrated photoplastic/carbon based piezoresistive strain sensor. Appl. Phys. Lett. 2006, 88, 113508.
[CrossRef]

Seena, V.; Rajorya, A.; Pant, P.; Mukherji, S.; Rao, V.R. Polymer microcantilever biochemical sensors with
integrated polymer composites for electrical detection. Solid State Sci. 2009, 11, 1606-1611. [CrossRef]
Siong, L.K.; Azid, I.A.; Sidek, O.; Ibrahim, K.; Devarajan, M. SU-8 piezoresistive microcantilever with high
gauge factor. IET Micro Nano Lett. 2013, 8, 123-126. [CrossRef]

Loyola, B.R.; La Saponara, V.; Loh, K.J. In situ strain monitoring of fiber-reinforced polymers using embedded
piezoresistive nanocomposites. J. Mater. Sci. 2010, 45, 6786-6798. [CrossRef]

Seena, V.; Fernandes, A.; Pant, P.; Mukherji, S.; Ramgopal Rao, V. Polymer nanocomposite nanomechanical
cantilever sensors: Material characterization, device development and application in explosive vapour
detection. Nanotechnology 2011, 22, 295501. [CrossRef] [PubMed]

Seena, V,; Hari, K.; Prajakta, S.; Rudra Pratap, R.; Ramgopal Rao, V. A novel piezoresistive polymer
nanocomposite MEMS accelerometer. |. Micromech. Microeng. 2017, 27, 015014. [CrossRef]

Lee, K.; Lee, S.S.; Lee, J.A.; Lee, K.C.; Ji, S. Carbon nanotube film piezoresistors embedded in polymer
membranes. App. Physics Lett. 2010, 96, 013511. [CrossRef]


http://dx.doi.org/10.3389/fmech.2015.00015
http://dx.doi.org/10.3390/s8031595
http://www.ncbi.nlm.nih.gov/pubmed/27879783
http://dx.doi.org/10.1002/elps.200700333
http://www.ncbi.nlm.nih.gov/pubmed/18072221
http://dx.doi.org/10.1007/s10544-007-9094-y
http://www.ncbi.nlm.nih.gov/pubmed/17564840
http://dx.doi.org/10.1038/nmat2487
http://dx.doi.org/10.1088/0960-1317/20/1/015009
http://dx.doi.org/10.1002/adma.201401088
http://www.ncbi.nlm.nih.gov/pubmed/25043140
http://dx.doi.org/10.1088/0960-1317/16/5/011
http://dx.doi.org/10.1088/0960-1317/16/10/026
http://dx.doi.org/10.1088/0960-1317/21/9/095021
http://dx.doi.org/10.1002/adma.201600218
http://www.ncbi.nlm.nih.gov/pubmed/27145145
http://dx.doi.org/10.1109/JMEMS.2014.2376986
http://dx.doi.org/10.1016/j.mee.2008.01.051
http://dx.doi.org/10.1063/1.2186396
http://dx.doi.org/10.1016/j.solidstatesciences.2009.06.009
http://dx.doi.org/10.1049/mnl.2012.0736
http://dx.doi.org/10.1007/s10853-010-4775-y
http://dx.doi.org/10.1088/0957-4484/22/29/295501
http://www.ncbi.nlm.nih.gov/pubmed/21673380
http://dx.doi.org/10.1088/0960-1317/27/1/015014
http://dx.doi.org/10.1063/1.3272686

Micromachines 2018, 9, 197 12 of 13

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Wang, Y.; Wang, A.X;; Wang, Y.; Chyu, M.K,; Wang, Q.M. Fabrication and characterization of carbon
nanotube—polyimide composite based high temperature flexible thin film piezoresistive strain sensor.
Sens. Actuators A Phys. 2013, 199, 265-271. [CrossRef]

Hu, B.; Hu, N.; Li, Y.; Akagi, K,; Yuan, W.; Watanabe, T.; Cai, Y. Multi-scale numerical simulations on
piezoresistivity of CNT/polymer nanocomposites. Nanoscale Res. Lett. 2012, 7, 402. [CrossRef] [PubMed]
Park, M.; Kim, H.; Yougblood, J.P. Strain-dependent electrical resistance of multi-walled carbon
nanotube/polymer composite films. Nanotechnology 2008, 19, 55705-55715. [CrossRef] [PubMed]

Thuau, D.; Ayela, C.; Poulin, P.; Dufour, I. Highly piezoresistive hybrid MEMS sensors. Sens. Actuators
A Phys. 2014, 209, 161-168. [CrossRef]

Thuau, D.; Ayela, C.; Lemaire, E.; Heinrich, S.; Poulin, P.; Dufour, I. Advanced thermo-mechanical
characterization of organic materials by piezoresistive organic resonators. Mater. Horiz. 2015, 2, 106-112.
[CrossRef]

Tadigadapa, S.; Mateti, K. Piezoelectric MEMS sensors: State-of-the-art and perspectives. Meas. Sci. Technol.
2009, 20, 092001. [CrossRef]

Wang, Z.L.; Song, ]. Piezoelectric Nanogenerators Based on Zinc Oxide Nanowire Arrays. Science 2006, 312,
242-246. [CrossRef] [PubMed]

Demartin Maeder, M.; Damjanovic, D.; Setter, N. Lead Free Piezoelectric Materials. . Electro. 2004, 13,
385-392. [CrossRef]

Jung, ].H.; Lee, M.; Hong, ].; Ding, J.; Chen, C.Y.; Chou, L.J.; Wang, Z.L. Lead-Free NaNbO3; Nanowires for
a High Output Piezoelectric Nanogenerator. ACS Nano. 2011, 5, 10041-10046. [CrossRef] [PubMed]
Thuau, D.; Kallitsis, K.; Domingues Dos Santos, F.; Hadziioannou, G. All inkjet-printed piezoelectric
electronic devices: Energy generators, sensors and actuators. . Mater. Chem. C 2017, 5, 9963-9966. [CrossRef]
Pabst, O.; Perelaer, J.; Beckert, E.; Schubert, U.S.; Eberhardt, R.; Tunnermann, A. All inkjet-printed
piezoelectric polymer actuators: Characterization and applications for micro-pumps in lab-on-a-chip systems.
Org. Electron. 2013, 14, 3423-3429. [CrossRef]

Ramadan, K.S.; Sameoto, D.; Evoy, S. A review of piezoelectric polymers as functional materials for
electromechanical transducers. Smart Mater. Struct. 2014, 23, 033001. [CrossRef]

Ducrot, PH.; Dufour, I.; Ayela, C. Optimization of PVDF-TrFE Processing Conditions for the Fabrication of
Organic MEMS Resonators. Sci. Rep. 2016, 6, 19426. [CrossRef] [PubMed]

Sousa, PM.; Gutiérrez, M.; Mendoza, E.; Llobera, A.; Chu, V.; Conde, ]J.P. Microelectromechanical resonators
based on all polymer/carbon nanotube composite structural material. Appl. Phys. Lett. 2011, 99, 044104.
[CrossRef]

Schmid, S.; Wendlandt, M.; Junker, D.; Hierold, C. Nonconductive polymer microresonators actuated by the
kelvin polarization force. Appl. Phys. Lett. 2006, 89, 163506. [CrossRef]

Dubourg, G.; Dufour, I; Pellet, C.; Ayela, C. Optimization of the performances of SU-8 organic microcantilever
resonators by tuning the viscoelastic properties of the polymer. Sens. Actuators B Chem. Elsevier 2012, 169,
320-326. [CrossRef]

Shekhawat, G.; Tark, S.H.; Dravid, V.P. MOSFET-Embedded microcantilevers for measuring deflection in
biomolecular sensors. Science 2006, 311, 1592. [CrossRef] [PubMed]

Tark, S.H,; Srivastava, A.; Chou, S.; Shekhawat, G.; Dravid, V.P. Microcantilever array with embedded metal
oxide semiconductor field effect transistor actuators for deflection control, deflection sensing, and high
frequency oscillation. Appl. Phys. Lett. 2009, 94, 104. [CrossRef]

Mostafa, S.; Lee, I; Islam, SK.; Eliza, S.A.; Shekhawat, G.; Dravid, V.P; Tulip, ES. Integrated
MOSFET-Embedded-Cantilever-Based Biosensor Characteristic for Detection of Anthrax Simulant.
IEEE Electron Devices Lett. 2011, 32, 408—-410. [CrossRef]

Talukdar, A.; Khan, EM,; Lee, D.; Kim, S.; Thundat, T.; Koley, G. Piezotransistive transduction of femtoscale
displacement for photoacoustic spectroscopy. Nat. Commun. 2015, 6, 7885. [CrossRef] [PubMed]

Seena, V.,; Nigam, A.; Pant, P.; Mukherji, S.; Rao, V.R. “Organic CantiFET”: A Nanomechanical polymer
cantilever sensor with integrated OFET. ]. Microelectromech. Syst. 2012, 21, 294. [CrossRef]

Thuau, D.; Abbas, M.; Wantz, G.; Hirsch, L.; Dufour, I.; Ayela, C. Piezoelectric polymer gated OFET:
Cutting-edge electro-mechanical transducer for organic MEMS-based sensors. Sci. Rep. 2016, 6, 38672.
[CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.sna.2013.05.023
http://dx.doi.org/10.1186/1556-276X-7-402
http://www.ncbi.nlm.nih.gov/pubmed/22804919
http://dx.doi.org/10.1088/0957-4484/19/05/055705
http://www.ncbi.nlm.nih.gov/pubmed/21817619
http://dx.doi.org/10.1016/j.sna.2014.01.037
http://dx.doi.org/10.1039/C4MH00165F
http://dx.doi.org/10.1088/0957-0233/20/9/092001
http://dx.doi.org/10.1126/science.1124005
http://www.ncbi.nlm.nih.gov/pubmed/16614215
http://dx.doi.org/10.1007/s10832-004-5130-y
http://dx.doi.org/10.1021/nn2039033
http://www.ncbi.nlm.nih.gov/pubmed/22098313
http://dx.doi.org/10.1039/C7TC02558K
http://dx.doi.org/10.1016/j.orgel.2013.09.009
http://dx.doi.org/10.1088/0964-1726/23/3/033001
http://dx.doi.org/10.1038/srep19426
http://www.ncbi.nlm.nih.gov/pubmed/26792224
http://dx.doi.org/10.1063/1.3621861
http://dx.doi.org/10.1063/1.2362590
http://dx.doi.org/10.1016/j.snb.2012.04.088
http://dx.doi.org/10.1126/science.1122588
http://www.ncbi.nlm.nih.gov/pubmed/16456038
http://dx.doi.org/10.1063/1.3093874
http://dx.doi.org/10.1109/LED.2010.2098015
http://dx.doi.org/10.1038/ncomms8885
http://www.ncbi.nlm.nih.gov/pubmed/26258983
http://dx.doi.org/10.1109/JMEMS.2011.2175703
http://dx.doi.org/10.1038/srep38672
http://www.ncbi.nlm.nih.gov/pubmed/27924853

Micromachines 2018, 9, 197 13 of 13

47. Ray, P; Rao, V.R. Al-Doped ZnO thin-film transistor embedded micro-cantilever as a piezoresistive sensor.
Appl. Phys. Lett. 2013, 102, 064101. [CrossRef]

48. Lemaire, E.; Thuau, D.; Caillard, B.; Dufour, I. Fast-fabrication process for low environmental impact
microsystems. J. Clean. Prod. 2015, 108, 207-216. [CrossRef]

49. Niedermayer, A.O.; Voglhuber-Brunnmaier, T.; Sell, J.; Jakoby, B. Methods for the robust measurement of the
resonant frequency and quality factor of significantly damped resonating devices. Meas. Sci. Technol. 2012,
23,085107. [CrossRef]

50. Heinisch, M.; Voglhuber-Brunnmaier, T.; Reichel, E.K.; Dufour, I.; Jakoby, B. Reduced order models for
resonant viscosity and mass density sensors. Sens. Actuators A Phys. 2014, 220, 76-84. [CrossRef]

51.  Heinisch, M. Mechanical Resonators for Liquid Viscosity and Mass Density Sensing. Ph.D. Thesis, Johanes
Kepler University, Linz, Austria, 2015.

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1063/1.4792062
http://dx.doi.org/10.1016/j.jclepro.2015.05.111
http://dx.doi.org/10.1088/0957-0233/23/8/085107
http://dx.doi.org/10.1016/j.sna.2014.09.006
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Piezoresistive Transduction 
	Static Mode 
	Dynamic Mode 

	Piezoelectric Polymer Transducer 
	Piezotransistive Transducer from P(VDF-TrFE)-Gated OFET 

	Conclusions 
	References

