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The growth of micro electro-mechanical system (MEMS) based sensors on the electronic market is
forecast to be invigorated soon by the development of a new branch of MEMS-based sensors made

of organic materials. Organic MEMS have the potential to revolutionize sensor products due to their
light weight, low-cost and mechanical flexibility. However, their sensitivity and stability in comparison
to inorganic MEMS-based sensors have been the major concerns. In the present work, an organic
MEMS sensor with a cutting-edge electro-mechanical transducer based on an active organic field
effect transistor (OFET) has been demonstrated. Using poly(vinylidenefluoride/trifluoroethylene)
(P(VDF-TrFE)) piezoelectric polymer as active gate dielectric in the transistor mounted on a polymeric
micro-cantilever, unique electro-mechanical properties were observed. Such an advanced scheme
enables highly efficient integrated electro-mechanical transduction for physical and chemical sensing
applications. Record relative sensitivity over 600 in the low strain regime (<0.3%) was demonstrated,
which represents a key-step for the development of highly sensitive all organic MEMS-based sensors.

Silicon has been the standard material used in microelectronics. However, research in silicon-based micro and
nano electro-mechanical systems (MEMS and NEMS) has stalled in the last decade as the field came to mat-
uration'. Nevertheless, the broad field of applications of MEMS does not lie exclusively on inorganic materi-
als. Alternative technologies based on tailor made functional materials are currently being explored to satisfy
the demand imposed by new applications requiring mechanical flexibility, large area or a certain compatibility
with biological systems. Due to their particular properties, organic materials have the potential to replace Si
based-MEMS devices, just like organic light emitting diodes (OLEDs) are taking a major share on the world-wide
market of smartphone and display industry. MEMS based bio and chemical sensors operating in static mode
convert the bio or chemical recognition into a mechanical deflection. This displacement is caused by a mismatch
of surface stress between the top and bottom surfaces of the free-standing micro structure as binding of the tar-
get analyte occurs. Because of their soft mechanical properties, for a given surface stress, organic MEMS allow a
much larger mechanical deflection when compared to inorganic ones. As a result, they exhibit enhanced sensitiv-
ity when coupled to an efficient electro-mechanical transduction scheme?.

To take advantage of such high sensitivity along with downscaling offered by MEMS-based sensor, hence port-
ability, an integrated electro-mechanical transduction scheme is required. The major electro-mechanical trans-
duction mechanisms can be classified as piezoresistive, capacitive and piezoelectric types. Piezoresistive MEMS
offer great mechanical stability. However, they display some drawbacks such as significant power requirement,
large temperature dependence offset and nonlinear response’®. On the other hand, capacitive sensors are rela-
tively easy to fabricate and highly scalable for miniaturization. Both piezoresistive* and capacitive® sensors have
been associated with an organic field effect transistor (OFET), demonstrating that organic sensor elements with
organic signal processing electronics can be achieved. Similarly, piezoelectric polymers such as polyvinylidene
fluoride (PVDF) and its derivative, i.e. copolymer poly(vinylidene fluoride/trifluoroethylene) P(VDF-TrFE), have
also been coupled with OFETs for the conception of flexible ferroelectric memory devices®® or highly sensitive
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strain sensors’. In the latter case, the device combines the efficiency of piezoelectric effect and direct signal ampli-
fication. Recently, PVDF-TrFE gated OFET have also been reported as bimodal thin film sensors for simulta-
neous detection of pressure and temperature, using piezoelectric and pyroelectric effects'®. Despite the utility
of piezoelectric gated OFET devices, research on their use as efficient electro-mechanical transduction scheme
in MEMS-based sensors has not been extensively studied. In this respect, Dravid et al. reported pioneer work
on metal oxide semiconductor field effect transistor (MOSFET) embedded Si cantilever for biological sensing
applications''-13. Recently, piezotransistive transduction using AlGaN/GaN heterojunctions field effect transis-
tor integrated onto a GaN micro-cantilever has been reported with an ultra-high relative electro-mechanical
sensitivity of 8,700. This advanced electro-mechanical transduction allows the detection of nanogram-level
explosives with high specificity using a novel surface-based photoacoustic spectroscopy technique'*. To date, effi-
cient transistor embedded MEMS have been mainly reported for devices based on inorganic materials'!~' since
micromachining of advanced polymeric MEMS remains a challenge'>. However, the development of cutting edge
electro-mechanical transduction scheme combining the attractive features of polymers in terms of cost effective-
ness, sensitivity and biocompatibility could play an important role in driving new applications. In this regard,
Rao’s group was the first to adapt the transistor embedded cantilever configuration into an organic approach’®.
They reported on a standard OFET integrated onto an epoxy resin SU-8 based micro-cantilever. The nonlinear
modulation of drain current and mobility observed in their study led to maximum relative variations of drain
current and mobility over 250% for 0.1% of applied strain. An extracted strain sensitivity of 10* at low strain level
only based on the piezoresistivity of the pentacene organic semiconductor layer was reported!®. However these
results have not been reproduced by subsequent studies investigating the electrical characteristics of OFETs under
strain!’%0. In another work, Rao et al. developed a piezoelectric aluminum doped zinc oxide (Al-doped ZnO)
thin film transistor mounted on polymeric cantilever?!. In that case, a specific low temperature sputtering process
of ZnO has been developed, requiring high-cost manufacturing facilities. Although a combination of piezoresis-
tive and piezoelectric effects in enhancing displacement sensitivity was demonstrated, it was characterized by a
relatively low sensitivity (116 ppm/nm) and limited to strain sensing applications. Subsequent applications in real
time chemical monitoring has never been realized.

In the present work, we report on a novel generation of chemical organic MEMS-based sensors. The successful
electro-mechanical transduction was conceived using a piezoelectric polymer gated OFET embedded polyethyl-
ene naphthalene (PEN) micro-cantilever and used for steady-state strain and humidity monitoring applications.
The presented MEMS-based sensors exhibit a relative electro-mechanical sensitivity of 600. The advantage of the
piezoelectric gate dielectric material in improving the electro-mechanical sensitivity by a factor of 18 was clearly
verified through electrical characterizations before and after polarization. The devices have been realized from
cost effective fabrication processes, eliminating the need for complicated etching steps and lithographic masking
required in previously reported studies™!-141¢, Also, the high electro mechanical sensitivity obtained has allowed
the development of a humidity sensor characterized by a high sensitivity (7500 ppm/%RH) and low limit of detec-
tion (0.2%).

Architecture of the sensor

The piezoelectric OFET integrated into a micro-cantilever made of flexible Polyethylene naphthalate (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 (S/D) electrodes. The whole stacking was encapsulated with a thin layer of tetratetracontane (TTC,
C,4Hyo) as schematically illustrated in Fig. 1a. OFET-embedded MEMS were fabricated by combining classical
deposition techniques with xurography®>-*. First, Al was evaporated through shadow mask to pattern gate elec-
trodes. P(VDF-TrFE) piezoelectric copolymer employed as gate dielectric combined with PVT used as dielectric
passivation layer were deposited by spin coating?. FTIR spectrum of P(VDF-TrFE) thin films was performed in
order to ensure a good (3 phase crystallization of the material. This is illustrated in the Supplementary material
(Figure S1). Furthermore, to ensure the piezoelectricity of the gate dielectric material, dynamic characterizations
of the piezoelectric gated OFET embedded cantilever showed an efficient resonance behavior by measuring the
vibration amplitude of the cantilever using a laser Doppler vibrometer as shown in Figure S2. Afterwards, two
well-known p-type OSC (Fig. 1b), pentacene and dinaphtho [2,3-b:2,3-f] thieno [3,2-b] thiophene (DNTT), an
air-stable OSC?® were thermally evaporated under secondary vacuum with a thickness of 30 nm. 60 nm thick Au
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.

Figure 1c shows the schematic of a 1.5 x 1.5 cm? flexible chip containing six OFETS, and Fig. 1d is a SEM image
of the fabricated triangular shaped OFET-embedded micro-cantilevers showing that the device is suspended. One
particularly elegant feature is the simplicity of the proposed fabrication process, which eliminates the need for
complicated etching steps and lithographic masking required in silicon processing. In addition, a major advan-
tage of such processing approaches is the reduction in cost to fabricate MEMS. The presented fabrication process
provided a 95% yield of operating devices as shown by Figure S3.

Electro-mechanical transducer

As deposited, P(VDF-TrFE) gate dielectric layer does not possess a high remnant polarization (P,) and behaves like
anormal gate dielectric material. In order to induce piezoelectricity, a polarization process is required so that polar-
ization states can be generated inside the material. This can be accomplished by the application of an electric field.
As indicated in the electrical characterization responses shown in Figure S4, this leads to a hysteresis loop in the
polarization versus electric field, (P-E). In our case, a poling electric field of 100 MV.m ! has been applied between
the gate electrode and short-circuited S/D electrodes. Voltage bias has been applied for 5 minutes. It is noted that
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Figure 1. Illustrative schematics, chemical structure and SEM images of the OFET-embedded micro-cantilever
MEMS (a) Cross-section of the sensor material stacking layers, (b) chemical structures of dielectric and
semiconductor layers of the OFET, (c) schematic of 1.5cm X 1.5 cm chip containing six OFETs and (d) SEM
image of a fabricated OFET-embedded cantilever sensor patterned by xurography.

the electric field is not homogeneous in the dielectric layer due to the channel. As a result, polarization charac-
terizations on planar capacitors (metal/insulator/metal) have also been performed to determine the optimal P,
achievable with this dielectric. P, for capacitor and transistor type devices was measured to be 8.2 and 2.4pC.cm ™2,
respectively. The reduction of P, and the tilt of the P-E curve in transistor configuration were attributed to channel
geometry. In fact, the OSC layer which acts as the top electrode during polarization is not conductive enough
to ensure an equipotential. However, electrical polarization of our fabricated devices exhibits excellent time
stability?®.

Figure 2a and b compare respectively the transfer and corresponding output characteristics of a fabricated
OFET-embedded cantilever for different V5 sweeps. Note that, except where otherwise stated, measurements
were performed in air at room temperature and at 50% of relative humidity on OFETs made of P(VDF-TrFE)
as gate dielectric and pentacene as semiconducting layer. The fabricated devices exhibited excellent ambient air
stability, and all electrical measurements presented in this work were performed under ambient conditions. The
current on/off ratio exceeded 10* and the estimated linear-regime mobility was 0.1 cm2V~'.s7'at V4= —50V. A
large dielectric thickness (2 pm thick of P(VDE-TrFE) + 50 nm thick layer of PVT) and related low capacitance
(~2.5nF.cm™?) measured with an Agilent E5061B network analyzer led to high operating voltages. Obviously,
such relatively high operating voltage can be remarkably decreased by reducing the thickness of the gate dielectric
layer®*. The primary information obtained from Fig. 2a is the increase in I hysteresis by increasing the Vi
sweep window. The hysteresis window of the transfer characteristics (at V3= —5V) is due to P, induced in the
piezoelectric gate dielectric layer by the electric field generated during Vs sweep measurement. The arrange-
ment of the H-F dipoles in the piezoelectric material as a function of applied V4 is illustrated in Fig. 2c. A more
detailed explanation of the polarization mechanism which takes place in the PVDF-TrFE gate dielectric layer can
be found in supporting material S5. In addition, we assumed that this phenomenon was also the cause for the
linearization of the output curves. The I)s value of the polarized device (in the state 4 region) doubles from almost
2 A to over 4pA as shown in Fig. 2b.

In the first set of experiments, the performances of the electro-mechanical transduction scheme were evalu-
ated by testing the devices as strain sensors. To do so, mechanical loads were applied at the tip of the triangular
MEMS using micromanipulators miBot from Imina Technology SA. Under applied mechanical loads (Fig. 3a),
the OFET-embedded cantilever bends and consequently results in a polarization of the gate induced by the pie-
zoelectric layer (Fig. 3b). Then, the piezoelectric effect causes a change of charge density in the semiconductor
channel of the OFET, leading to amplified modulation of Ijs. In other words, the sensing mechanism of the
electro-mechanical transducer originates from the piezoelectric material itself, which affects the electrical behav-
ior of the transistor as signature of a mechanical event.

Concretely, the effects of strain on the transfer and output characteristics of polarized OFET-embedded canti-
levers were investigated. The strain generated on the surface of the OFET-embedded cantilevers was determined
by measuring the deflection of the cantilever using an optical profilometer (Veeco NT9080). Subsequently, the
respective Ig measurements were recorded simultaneously using a Keithley 4200 semiconductor analyzer to
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Figure 2. Electrical characterization and piezoelectricity (a) Transfer characteristics of piezoelectric OFET
based on pentacene under various Vg sweep windows (at V,g=—5V) showing that poling of the piezoelectric
gate dielectric is achievable under sweeps at high voltages. Black arrows represent the scanning directions.
Round circles 1, 2, 3 and 4 correspond to specific electrical states of the P(VDE-TrFE), (b) corresponding
output characteristics for different V55 from 0 to —50V by steps of —10V and (c) four specific electrical states
of the OFET at different Vg voltages corresponding to: state 1: positive polarization, the transistor is off; state
2: no polarization, transistor is still off due to remnant polarization preventing hole injection; state 3 negative
polarization, the transistor is on; and state 4 no polarization, transistor is still on due to remnant polarization
inducing channel hole accumulation.
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Figure 3. Schematics and electrical characteristics of the sensor under strain (a) Schematic of the cantilever
MEMS bent due to applied tensile strain with the red region highlighting the surface strain experienced by
the piezoelectric OFET mounted onto the cantilever device, (b) cross sectional view of the piezoelectric OFET
based transducer under tensile strain changing the distance between hydrogen and fluorine atoms in the
P(VDEF-TrFE) layer which leads to a depletion of positive charge in the p-type semiconductor and (c) transfer
characteristics (at Vpg=—5V) of a polarized OFET-embedded cantilever in a flat state and under 0.28% of
tensile strain and (d) corresponding output characteristics for different Vg from —2V to —20V by steps of
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Figure 4. Real-time monitoring of strain and electro-mechanical performances (a) Real time measurements of
relative changes of drain current (Al¢/Ips) in a device submitted to different applied tensile strain of 0, 0.045,
0.12,0.16, 0.18 and 0.28% (b) relative change of drain current as a function of applied strain € for different
coupled gate dielectric/OSC layers in polarized OFET-embedded cantilever, (c) optical images of the cantilever
profile under different tensile strain levels corresponding to the state I to VI and (d) comparison of strain
sensitivity [(Alpy/Ips)/Ae] for different stacking of gate dielectric and OSC materials.

determine electro mechanical sensitivities. Figure 3c is a plot of the transfer characteristics of positively polarized
piezoelectric OFET-embedded MEMS at rest and under a tensile strain of 0.28%. Figure 3d depicts the corre-
sponding output characteristics. From Fig. 3¢, one important observation is the significant shift of V;, towards
the negative values as a function of applied strain, estimated at —2.5V and —7.5V at 0 and 0.28% of tensile strain,
respectively. This can be explained by the direct piezoelectric effect that induces a change in surface charge den-
sity at the interface with the organic semiconductor in response to an external mechanical strain. We stress that,
at higher gate voltage, the charge density generated by the piezoelectric gate dielectric remains low compared to
charges induced by the gate voltage. Consequently, modulation of the OFET’s behavior by the piezoelectric effect
is clearly prominent at Vg close to V;,. One should note that both transfer and output characteristics completely
came back to the initial state after the tensile strain was set back to zero, thereby demonstrating the good reversi-
bility of the sensor as shown by Figure S6. Also, the slight subthreshold slope change between the two curves was
assigned to a change of capacitance and interface trap densities.

Effects of Electrical polarization

To further investigate the influence of electrical polarization on the electro-mechanical responses of the fabri-
cated OFET-embedded cantilevers, we ran tensile strain cycle measurements. Concretely, crescent forces were
applied and released to both pristine and polarized devices while recording simultaneously drain current varia-
tions (Vps=—5V and Vqs=—50V) (Fig. 4a). As shown in Fig. 4a, steady state relative drain current variations
(AIpg/Ips) of pristine devices were small compared to those of polarized ones namely, 9% and 170%, respectively
for an identical applied strain value of 0.28%. These values correspond to the average values of drain current
recorded over 60 seconds taking into account the small drift of current due to resistive losses in the dielectric
layer, combined to the viscoelastic response of the materials. Their corresponding electro-mechanical sensitivities
defined as ((AIpg/Ips)/e) were calculated to be 33 and over 600. The large enhancement of the strain sensitivity
close to the V,, by a factor 18 after poling clearly demonstrated the benefit offered by the piezoelectric effect.
Indeed, change of polarization of P(VDE-TrFE) affects the charge density in the pentacene layer. Figure 4b plots
the average AI,¢/I) responses and their corresponding standard deviations as a function of tensile strain for five
devices of each material stacking configurations listed in Fig. 4d. Two small molecules, pentacene and DNTT,
were tested as OSC, along with two dielectric materials, PMMA used as control passive dielectric and piezoelec-
tric copolymer P(VDF-TrFE). Transfer and output characteristics of OFETs made from each material stacking are
illustrated in Figure S7. All measurements presented quasi-linear I changes as a function of the applied surface
strain. As already mentioned, intrinsically, P(VDF-TrFE) is not piezoelectric and therefore behaves like a passive
gate dielectric such as PMMA. This behavior was confirmed by the homogeneity of the sensitivity of OFETs
made of PMMA/DNTT, unpoled P(VDF-TrFE)/DNTT and unpoled P(VDF-TrFE)/pentacene determined to be
25, 14 and 33, respectively, as summarized in Fig. 4d. Nevertheless, once the P(VDF-TrFE) layer was polarized,
one can observe a significant improvement of the strain sensitivity by a factor 18 regardless of the OSC materi-
als. 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
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Figure 5. Real-time monitoring of humidity (a) Optical profile of the OFET-embedded sensor that has
been functionalized with a hydrogel layer on top at 20% of relative humidity, (b) at 80% of relative humidity,
(c) relative humidity control as a function of time, (d) relative changes of drain current (AlI¢/Ijy) plotted
versus elapsed time for different levels of relative humidity and (e) (AIp¢/Ips) plotted versus elapsed time for
rectangular cycles of 20% and 80% of relative humidity.

observed in our 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. In parallel, we investigated the influence
of strain on the P(VDF-TrFE) dielectric capacitance. Sandwiched capacitor structures of similar active area have
been fabricated and characterized under identical tensile strain. All tested devices showed no more than 2% of
relative capacitance variations (AC/C) as shown by Figure S8 for similar strain (0.28%). Such small variations
were clearly negligible considering the large I, changes obtained for polarized devices (from 45% to 170%).

To put the benefits of the proposed piezoelectric gated OFET transduction in perspective, we compared the
obtained sensitivity with different piezoresitive/piezotransitive schemes. Electro-mechanical performances of our
sensors (600) are superior to those of classical Si piezoresistances®! or piezorestive CNT based nanocompos-
ites® reported to be around 200. They are also higher than those of graphene piezoresistive thin films (<300)*.
Although higher sensitivities have been reported for nanowire-based piezoresistive devices such as CNT nanow-
ires (>1,000)*, the ease of fabrication of our sensor which can also operate in the low frequency range of few kHz,
as shown in Figure S2, should have a significant impact on a novel generation of highly sensitive transduction in
a variety of sensing applications. Secondly, and perhaps more importantly is the contribution of the piezoelectric
gate dielectric layer on the sensors’ performances. While the intrinsic piezotransistive sensitivities of pentacene
and DNTT based OFETs presented here are in good agreement with recently reported values (10-50)'7-%, the
polarization of the piezoelectric gate dielectric offers a large enhancement of the sensor’s sensitivity. As a result,
the technological demand for highly sensitive, low cost sensing devices in some applications can be addressed.

Example of application: humidity sensing

As a simple model of sensing application, the fabricated MEMS devices were tested as humidity sensors. Herein,
the devices 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. It has the ability to swell in the presence of humidity. In addition to
hydrogels offering improvements in sensitivity, selectivity and response time, their compatibility with printable tech-
nology at extremely low cost makes them an attractive material for sensing applications®. Often used as sensing layer
in optical-based sensing devices***, within this work, we integrated them in electrically transduced sensors. The
large volume change due to water molecule absorption leads to surface strain experienced by the MEMS-based sen-
sor due to bi-layer effect (Fig. 5a and b) that, in turn results in large I,; modulations. As depicted in Fig. 5¢,d, increas-
ing RH significantly increases linearly the relative changes of drain current (Al /Ips). Herein, an elapsed time of
500 seconds has been chosen for each humidity level steps due to the observation of a plateau in the sensors’ response
afterwards (Figure S9). The sensitivity of our sensor has been measured to be 7500 ppm/%RH with an extracted
limit of detection of 0.2%RH. Such sensitivity is one of the largest value reported in the literature on MEMS-based
humidity sensors®**”. The good repeatability and reversibility of the sensing properties are illustrated by the homo-
geneous relative drain current variations in the order of 42% over ten cycles of RH variations (Fig. 5e). As expected,
the sensors’ response under increasing and decreasing RH level showed good overlapping of forward and backward
curves proving the absence of hysteresis in the sensor response (Figure S10). An increase of humidity from 20% to
80%, was found to correspond to 0.1% tensile strain experienced by the cantilever from optical image analysis of the
cantilever deflection. As an example, a video of the sensor measuring RH in real time can be seen in Supplementary
Video 11. The relative change of drain current shows excellent agreement with previous values obtained in the case
of strain sensing where an average value of (Al¢/Ips) of 47% was estimated for such material stacking and such
applied tensile strain level (see Fig. 4b). To verify the influence of humidity on the intrinsic performance of OFETs,
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an encapsulated pentacene based OFET without the hydrogel coating has shown relative drain current variations
of only 4% (Figure S12). These results highlight the benefits offered by the MEMS configuration where mechanical
deflection amplifies the sensor’s response. This result 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.

Conclusion

In the present work, the realization of a piezoelectric polymer P(VDF-TrFE) gated OFET as effective
electro-mechanical transduction scheme in organic micro-cantilever for physical and chemical sensing appli-
cations has been reported. The benefits of incorporating an active piezoelectric gate dielectric material in an
OFET have been demonstrated in enhancing MEMS sensors’ strain sensitivity by a factor of 18. The presented
sensors exhibit a linear relative strain sensitivity ((Alpg/Ips)/Ae) of 600 at low strain level (below 0.3%). In the
case of humidity monitoring, the sensor exhibited also excellent performance with a measured sensitivity of
7500 ppm/%RH and an extracted limit of detection of 0.2%RH. The developed electro-mechanical transduction
scheme herein presented should guide the design of a large number of low-cost MEMS-based sensors targeting
high sensitivity for chemical and biological sensing applications.

Experimental Section. PVDF-TrFE: The 70:30 mol% copolymer P(VDF-TrFE), purchased from Piezotech
ARKEMA in particles form, was dissolved under stirring at room temperature for at least 2 h in 2-butanone. The
solution was spin coated at a rotation speed of 5000 rpm and subsequently annealed at 140 °C for 2h in order to
evaporate the solvent and to increase crystallinity. The crystallinity of the PVDE-TrFE has been calculated to be
52.7%. It has been extracted from the area of the melting point and Curie temperature of the DSC measurement.
The thickness of the polymer films was controlled for the specific solvent by two parameters: the concentration of
the polymer dissolved in the solvent and the rotation speed during the deposition.

Fabrication of the piezoelectric based OFET-embedded MEMS. OFETs were fabricated on flexible 50 pm thick
Polyethylene naphthalate (PEN) substrates via a simple, low-cost and consistent fabrication process. To reduce
their surface roughness, PEN substrates were cleaned in acetone, isopropanol and deionised water bath succes-
sively for 5 minutes and then cured at a temperature of 180 °C for 2 h to allow the formation of oligomer at the
film surface. The surface roughness of the PEN substrates after thermal treatment was reduced to 2.72 nm rms.
Then, 80 nm thick Aluminium (Al) gate electrodes were deposited by electron beam evaporation at low pressure
(1 x 107" mbar) on the substrates through shadow mask. 15wt% of P(VDF-TrFE) piezoelectric copolymer dis-
persed in 2-butanone was spin coated and subsequently thermally cured at 140 °C for 2h to obtain a 2 pum thick
gate dielectric layer. Afterwards, a plassivation layer of 50 nm thick of poly(1-vinyl-1,2,4-triazole) (PVT) layer was
additionally deposited to smoothen the P(VDF-TrFE) surface roughness and to decrease interface trap densities.
Subsequently, pentacene or dinaphtho [2,3-b:2,3-f] thieno [3,2-b] thiophene (DNTT), two standard p-type OSC
materials were evaporated at a base pressure of 1.107¢ mbar; the film thickness and the deposition rate (0.6 nm.
min ') were monitored by a quartz crystal microbalance placed next to the sample. The materials were chosen
owing to their relatively high hole mobility. Gold (Au) (Source/Drain) contacts were patterned by thermal evap-
oration through shadow mask. An encapsulation layer of 150 nm thick tetratetracontane (TTC, C,,Hy,), a long
chain alkane molecule was evaporated through shadow mask. Finally, the micro-cantilevers were patterned by
xurography using a vinyl cutting machine (Graphtec Craft ROBO Pro CE 5000-40).

T-F analyser characterization. Polarization hysteresis loops were measured by applying a triangular voltage
waveform with a frequency of 100 Hz between the bottom and the grounded top electrodes. The data has been
plotted with P-E curve standard graph as shown in Figure S4.

Hydrogel formulation. '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. HEMA
and EGDMA were both purchased from Sigma Aldrich. The polymerization process was initiated by ultraviolet
light. Note that we use 2-Hydroxy-4-(2-hydroxyethoxy)-2-methylpropiophenone as photo initiator. The polymer-
ization process was performed in a glove box under inert atmosphere to avoid undesirable interaction of oxygen
during polymerization by reacting or forming complexes with the photo initiator.

References
1. Villanueva, L. G., Bausells, J. & Brugger, J. Grand Challenge in N/MEMS. Frontiers in Mechanical Engineering 1, 15 (2016).
2. Seena, V., Ray, P.,, Kovur, P, Kandpal, M. & Ramgopal Rao, V. Polymer MEMS sensors, Advanced Biomaterials and Biodevices.
Chapter: 9, Publisher: Scrivener Publishing LLC, John Wiley & Sons, Inc., Hoboken, NJ, USA. Editors: Tiwari A. & Nordin A. N.
305-342 July (2014).
. Thuau, D., Ayela, C., Poulin, P. & Dufour, I. Highly piezoresistive hybrid MEMS sensors. Sensors and Actuat. A Phys. 209, 161 (2014).
4. Thuau, D. et al. Sensitivity enhancement of a flexible MEMS strain sensor by a field effect transistor in an all organic approach.
Organic Electronics 15, 3096 (2014).
5. Trung, T. Q. Tien, N. T, Seol, Y. G. & Lee, N. E. Transparent and flexible organic field-effect transistor for multi-modal sensing.
Organic Electronics 13, 533 (2012).
6. Hwang, S. K. et al. Organic one-transistor-type nonvolatile memory gated with thin ionic liquid-polymer film for low voltage
operation. ACS Appl. Mater. Interfaces 6, 20179 (2014).
7. Van,N. H,, Lee, ]. H., Whang, D. & Kang, D. J. Low-programmable-voltage nonvolatile memory devices based on omega-shaped gate
organic ferroelectric P (VDF-TrFE) field effect transistors using p-type silicon nanowire channels. Nano-Micro Letters 7, 35 (2014).
8. Kim, R. H. et al. Non-volatile organic memory with sub-millimetre bending radius. Nat. Commun. 5, 3583 (2014).
9. Hsu, Y. ., Jia, Z. & Kymissis, I. A Locally Amplified Strain Sensor Based on a Piezoelectric Polymer and Organic Field-Effect
Transistors. IEEE Transactions on electron devices 58, 910 (2011).

w

SCIENTIFIC REPORTS | 6:38672 | DOI: 10.1038/srep38672 7



www.nature.com/scientificreports/

10. Trung, T. Q, Ramasundaram, S., Hong, S. W. & Lee, N. E. Flexible and transparent nanocomposite of reduced graphene oxide and
P(VDEF-TrFE) copolymer for high thermal responsivity in a field-effect transistor. Adv. Funct. Mater. 24, 3438 (2014).

11. Shekhawat, G., Tark, S. H. & Dravid, V. P MOSFET-Embedded microcantilevers for measuring deflection in biomolecular sensors.
Science 311, 1592 (2006).

12. 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. 94, 104 (2009).

13. Mostafa, S. et al. Integrated MOSFET-Embedded-Cantilever-Based Biosensor Characteristic for Detection of Anthrax Simulant.
IEEE electron devices letters 32, 408 (2011).

14. Talukdar, A. et al. Piezotransistive transduction of femtoscale displacement for photoacoustic spectroscopy. Nat. Commun. 6, 7885 (2015).

15. Kim, B.]. & Meng, E. Review of polymer MEMS micromachining. J. Micromech. Microeng. 26, 013001 (2016).

16. Seena, V., Nigam, A., Pant, P., Mukherji, S. & Ramgopal Rao, V. “Organic CantiFET”: A Nanomechanical Polymer Cantilever Sensor
With Integrated OFET. Journal of Microelectromechanical systems 21, 294 (2012).

17. Sekitani, T. et al. Bending experiment on pentacene field-effect transistors on plastic films. App. Phys. Lett. 86, 073511 (2005).

18. Sokolov, A. N., Cao, Y., Johnson, O. B. & Bao, Z. Mechanistic considerations of bending-strain effects within organic semiconductors
on polymer dielectrics. Adv. Funct. Mater. 22,175 (2012).

19. Cossedu, P, Milita, S. & Bonfiglio, A. Strain Sensitivity and Transport Properties in Organic Field-Effect Transistors. IEEE Electron
Device Letters 33, 113 (2012).

20. Scenev, V. et al. Origin of mechanical strain sensitivity of pentacene thin-film transistors. Organic Electronics 14, 1323 (2013).

21. Ray, P. & Ramgopal Rao, V. Al-Doped ZnO thin-film transistor embedded micro-cantilever as a piezoresistive sensor. Applied
Physics Letters 102, 064101 (2013).

22. Thuau, D. et al. Advanced thermo-mechanical characterization of organic materials by piezoresistive organic resonators. Materials
Horizons 2, 106 (2015).

23. Bartholomeusz, D., Boutté, R. & Andrade, J. Xurography: rapid prototyping of microstructures using a cutting plotter. Journal of
Microelectromechanical systems 14, 1364 (2005).

24. Bartholomeusz, D., Boutté, R. & Gale, B. Lab on a Chip Technology: Fabrication and microfluidics. Science Edited by Herold, K. E.
& Rasooly, A. chapter 6 (2009).

25. Abbas, M. et al. Water soluble poly(1-vinyl-1,2,4-triazole) as novel dielectric layer for organic field effect transistors. Organic
Electronics 12,497 (2011).

26. Shinamura, S., Osaka, I, Miyazaki, E. & Takimiya, K. Air-stable and high mobility organic semiconductors based on heteroarenes
for field effect transistors. Heterocycles 83, 1187 (2011).

27. Melville, O., Lessard, B. & Bender, T. Phthalocyanine-Based Organic Thin-Film Transistors: A Review of Recent Advances. ACS
Appl. Mater. Interfaces 7, 13105 (2015).

28. Ducrot, P. H., Dufour, I. & Ayela, C. Optimization of PVDF-TrFE processing conditions for the fabrication of organic MEMS
resonators Scientific Reports 6, 19426 (2016).

29. Martinez Hardigree, ]. F. & Katz, H. E. Through thick and thin: tuning the threshold voltage in organic field-effect transistors. Acc.
Chem. Res. 15,1369 (2014).

30. Yokota, T. et al. Control of threshold voltage in low-voltage organic complementary inverter circuits with floating gate structures.
App. Phys. Lett. 98, 193302 (2011).

31. Stampfer, C. et al. Nano-electromechanical displacement sensing based on single-walled carbon nanotubes. Nano Lett. 6, 1449 (2006).

32. Zhao, J. et al. Ultra-sensitive strain sensors based on piezoresistive nanographene films. Appl. Phys. Lett, 101, 063112 (2012).

33. Yetisen, A. K. et al. Photonic hydrogel sensors. Biotechnology Advances 34, 250 (2016).

34. Walker, J. P, Kimble, K. W. & Asher, S. A. Photonic crystal sensor for organophosphate nerve agents utilizing the organophosphorus
hydrolase enzyme. Analytical and Bioanalytical Chemistry 389, 2115 (2007).

35. Tian, E. T. et al. Color-Oscillating Photonic Crystal Hydrogel. Macromolecular Rapid Communications 30, 1719 (2009).

36. Ayela, C., Lalo, H. & Kuhn, A. Introducing a well-ordered volume porosity in 3-dimensional gold microcantilevers. App. Phys. Lett.
102, 053501 (2013).

37. Debeda, H. et al. Inorganic and Organic Screen-printed Cantilever-based Gas Sensors. Sensors and Transducers 173, 215 (2014).

Acknowledgements

This research was carried out in the framework of the PODCAST Projet (JCJC 2012 - ANR-12-JS03-0003) and
financially supported by the Agence Nationale de la Recherche (ANR). 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

D.T., C.A. and I.D. conceived and designed the experiments and wrote the manuscript with contributions from
M.A., G.W. and L.H., D.T., M.A. and C.A. carried out the fabrication, optimization and characterization of the
sensors. All authors contributed to the scientific discussion.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Thuau, D. et al. Piezoelectric polymer gated OFET: Cutting-edge electro-mechanical
transducer for organic MEMS-based sensors. Sci. Rep. 6, 38672; doi: 10.1038/srep38672 (2016).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:38672| DOI: 10.1038/srep38672 8


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Piezoelectric polymer gated OFET: Cutting-edge electro-mechanical transducer for organic MEMS-based sensors

	Architecture of the sensor

	Electro-mechanical transducer

	Effects of Electrical polarization

	Example of application: humidity sensing

	Conclusion

	Experimental Section. 
	Fabrication of the piezoelectric based OFET-embedded MEMS. 
	T-F analyser characterization. 
	Hydrogel formulation. 


	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Illustrative schematics, chemical structure and SEM images of the OFET-embedded micro-cantilever MEMS (a) Cross-section of the sensor material stacking layers, (b) chemical structures of dielectric and semiconductor layers of the OFET, (c
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Electrical characterization and piezoelectricity (a) Transfer characteristics of piezoelectric OFET based on pentacene under various VGS sweep windows (at VDS =​ −​5 V) showing that poling of the piezoelectric gate dielectric is achievabl
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Schematics and electrical characteristics of the sensor under strain (a) Schematic of the cantilever MEMS bent due to applied tensile strain with the red region highlighting the surface strain experienced by the piezoelectric OFET mounted
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Real-time monitoring of strain and electro-mechanical performances (a) Real time measurements of relative changes of drain current (Δ​IDS/IDS) in a device submitted to different applied tensile strain of 0, 0.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Real-time monitoring of humidity (a) Optical profile of the OFET-embedded sensor that has been functionalized with a hydrogel layer on top at 20% of relative humidity, (b) at 80% of relative humidity, (c) relative humidity control as a fu



 
    
       
          application/pdf
          
             
                Piezoelectric polymer gated OFET: Cutting-edge electro-mechanical transducer for organic MEMS-based sensors
            
         
          
             
                srep ,  (2016). doi:10.1038/srep38672
            
         
          
             
                Damien Thuau
                Mamatimin Abbas
                Guillaume Wantz
                Lionel Hirsch
                Isabelle Dufour
                Cédric Ayela
            
         
          doi:10.1038/srep38672
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep38672
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep38672
            
         
      
       
          
          
          
             
                doi:10.1038/srep38672
            
         
          
             
                srep ,  (2016). doi:10.1038/srep38672
            
         
          
          
      
       
       
          True
      
   




