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Abstract:

Self-actuated and self-read-out piezoelectric cantilevers made of Au/PZT/Au (8x2x0.095mm?) beam
layers on an alumina substrate are fabricated thanks to the association of screen-printing and
sacrificial layer techniques. Then, PZT cantilevers used as piezoelectric resonant type sensors are
functionalized with an organic PEUT layer (*30um) for toluene detection at room temperature. The
first and second unusual in-plane 31-longitudinal modes presenting high resonant frequencies
(respectively 70kHz and 214kHz) and good quality factors (~200) are used for toluene detection.
Sensitivities and LOD are compared for both modes. Due to their higher resonant frequency, PZT
cantilevers using these longitudinal vibration modes have higher sensitivities (15.0mHz.ppm™ at
70kHz) than those actuated with the classical flexural mode of silicon cantilever (0.9mHz.ppm™ at
3kHz). These interesting results demonstrate the potentialities of printed piezoelectric cantilevers for
gas detection. Their performances are compared with those of silicon cantilevers actuated with
transverse classical flexural modes.

Key words: PZT-cantilever, thick-layer, longitudinal vibration mode, toluene, PEUT, in-plane
vibrations

1. Introduction

For a few decades, microcantilever-based chemical sensors have been widely investigated because
of their high sensitivity at room temperature [1-4]. To perform detection of chemical species, in gas or
liquid media, the microcantilever is usually coated with a chemically sensitive layer that aims to
selectively sorb the target analyte. The sorbed species modifies the mechanical properties of the
sensitive coating and therefore the mass, the rigidity and the surface stress of the microstructure. The
sorbed species can consequently be detected either by measuring the microcantilever's resonant
frequency shift (dynamic mode) or the microcantilever’s quasi-static deflection (static mode). Polymers
are often used as sensitive layers for gas detection (e.g. VOCs) because they allow reversible
sorption. A wide range of polymers are employed for this purpose: PEUT, PDMS, PIB, PECH, PVA,
PEI, PVP, PA, PMMA... [5,6]. More recently, silicon cantilevers have been functionalized with
inorganic coatings like zeolite [7,8]. The major drawback of both polymer and zeolite layers is the
partial selectivity to different species, and consequently the lack of sensor selectivity if only one
cantilever with one sensitive layer is used. Usually, to address this issue, a multisensor approach
using different sensitive layers with different partition coefficients for various species is used [9,10]. In
this paper, we will not focus on the sensitive layer performance but on the advantage of an unusual
mode of vibration for cantilever-based sensor in dynamic mode. Usually, the resonating cantilevers
used for chemical sensing are vibrating in their first transverse flexural mode (out-of-plane vibrations,
also called transverse bending mode), which is the resonant mode having the smallest resonant
frequency. Due to the fact that the sensor sensitivity increases with the resonant frequency, alternative
operational modes have already been used: higher transverse flexural modes [11,12], lateral flexural
modes [13-16] or torsional modes [17,18]. We propose here to use the axial mode, which is an in-
plane mode also called longitudinal or extensional mode [19,20]. To actuate and have an integrated
read-out of this particular vibration mode, symmetric screen-printed piezoelectric cantilevers are
designed, fabricated and tested. With the screen-printing thick film process, the thicknesses of the
cantilevers are in the range of few tens of micrometers. The cantilever's width and length are in the
millimeter range. Comparison to classical silicon cantilever having comparable dimensions used in
transverse bending mode is done. For this purpose, toluene detection is performed with the same
PEUT (PolyEtherUreThane) polymer sensitive coating in both cases.

In this paper, the fabrication of the screen-printed PZT cantilevers and their functionalization is first
detailed. Electromechanical characterizations of the piezoelectric transducers, with and without
sensitive coating, are then presented as well as correlations with analytical models. Finally, toluene
detections are performed with the first and the second longitudinal modes. In this last part, a



comparison between PZT and silicon microcantilevers allows focusing on advantages and drawbacks
of the proposed microsensors.

2. Fabrication and functionalization of screen-printed PZT cantilevers

2.1. PZT cantilever

The self-actuated 8x2x0.095 mm® piezoelectric cantilever is realized through screen-printing
deposition associated to a sacrificial layer [21]. It is composed of a PZT (Pb(Zros:Tio4s)O3) layer
between two gold electrodes (Fig.1).The gold ink is commercially available (ESL8836 from
ElectroScience Laboratories), whereas PZT and sacrificial layer inks are prepared at the IMS
laboratory. The sacrificial layer ink is made of an epoxy- strontium carbonate (SrCOs) mixture. The
piezoelectric paste is prepared from a commercial piezoelectric PZT powder (PZ26 from Ferroperm)
and 3wt% LBCu (25wt% Li,COj, 40wt% Bi,O3;, 35%wt CuO) sintering aid blended with ESL400
organic vehicle (ElectroScience Laboratories) [22]. The different fabrication steps are given in figure 2.
The anchor pad, based on PZT is first screen-printed on the alumina substrate and dried 20min at
120°C. Then, sacrificial layer is deposited on the substrate and polymerized 20min at 120°C. Finally,
bottom electrode, PZT layer and top electrode are printed successively after drying at 120°C during
20min between each deposition. To improve green sample’s densification before firing, the dried
layers are isostatically pressed 1min at lkbar. The samples are then fired 2 hours at 900°C in air
atmosphere. Finally, dissolution of sacrificial layer is performed in the 0.9mole.I" HsPO, aqueous
solution. Au/PZT/Au cantilevers shown on Fig.3 are then poled with an electric field of 50kvcm™, at a
temperature of 280°C, just below the PZT’s Curie temperature.

2.2. Functionalization

For the deposition of a sensitive layer (polymer or inorganic) on a microcantilever, spray coating [23],
drop coating [24] or spin coating [24] are classically used. The polymer PEUT (PolyEtherUreThane) is
chosen because of its good partition coefficient to toluene (K=1610) [26]. However, selectivity towards
other BTEX compounds (benzene, ethylbenzene or xylene) and alcohols vapors is not achieved. Prior
to its deposition by drop-coating on the top surface of the cantilevers, PEUT is dissolved in the
dichloromethane solvent . A manual dispenser is used for this purpose. A thickness of approximately
30um is measured with an optical profilometer (VeecoNT9080).

3. Electro-mechanical characterization of screen-printed PZT cantilevers

3.1. Measurements

Electrical measurements of poled samples are carried out with an impedancemeter (HP 4194A). An
example of the conductance curve obtained on the 8x2x0.095mm?® uncoated cantilever confirms the
piezoelectric behavior of the PZT cantilevers (Fig. 4). The resonance peaks are attributed to the in-
plane 31-longitudinal vibration modes (31 refers to the piezoelectric effect: the electrical polarization is
perpendicular to the mechanical displacement).

Without coating, the three first resonant frequencies values are respectively 70, 214 and 362kHz. The
quality factor Q~200 of the first peak, slightly decreases for the second and third modes. Mechanical
analysis performed with an optical vibrometer allowing both out-of-plane (Doppler interferometry) and
in-plane (stroboscopy) vibration measurements (Polytec MSA 500) confirm that the resonant modes
seen on the impedance measurements are in-plane longitudinal resonant modes. Moreover, the
optical measurement enables to estimate the deflection of the out-of-plane transverse bending modes
(first and second modes) which are not visible on the impedance measurement. Few hundreds of
picometers are measured with the optical vibrometer (Fig.5). The small bending deflection value is due
to the fact that the microcantilever is designed with a symmetrical geometry in order to minimize the
bending-modes deflection. Thanks to the design, the minimization of the unwanted bending modes’
amplitude is confirmed by the electrical signature where these modes are not detected, while detecting
the desired in-plane 31-longitudinal modes (Fig.4). Thus, in future work this symmetrical
microcantilever design will facilitate operation of the microresonator in closed-loop operation, where
the microcantilever is the frequency-determining element in an amplifying feedback loop. Besides,



high resonant frequencies and good quality factors justify their choice for gas sensing. These modes,
easily recordable by impedance analysis, show the PZT cantilever’s ability for actuation/sensing with
low power consumption.

After deposition of the PEUT sensitive layer, electrical measurement shows a decrease of both
resonant frequency and quality factor (Fig.6) (Tab.1).

3.2. Correlations with analytical models

For the multilayer piezoelectric cantilever structure, the analytical expression of the 31-longitudinal
modes’ resonant frequency can be expressed by [27]:

fm — (2) \/hPZT EPZT +2hAuEAu 1)
31
271\ Dozt Pzt + 200y P
where
m _ (2n-1)z
1 = 2 (2

with n, L, h, E and p the mode’s order, the length, the thickness, the Young’s modulus and the mass
density respectively. The indexes PZT and Au refer to the piezoelectric layer and the gold electrodes,
respectively.

To take into account of the sensitive layer the equation (1) of the resonant frequency has to be
modified:

f(n) — ﬂég) JhPZT EPZT + 2hAu EAU + hPEUT E IPEUT (3)
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where the index PEUT is for the sensitive layer and the exponent ‘ on the Young’s modulus is for the
real part when it is a complex value due to viscoleasticity.

Due to its viscoelastic properties, the PEUT layer's Young’s modulus depends on the frequency. For
the considered resonant frequencies (less than 500kHz), polymers such as PIB, PEUT,.. have
Young’s modulus lower than 0.5GPa. According to estimated Young’s moduli (Epzr=36.5GPa and
Ea, = 55GPa) and thicknesses (hpztr = 80um and hp, = 7.5um) of screen-printed PZT and gold layers,
the modification of the rigidity (numerator in Eqg.3) due to the PEUT coating is negligible. The decrease
of the resonant frequency can then be fully attributed to the cantilever's mass increase (denominator
of Eq.3). Then, using the mass density of the different materials (paut = 18500kg/m* PpzT = 6000kg/m*
preut = 1040kg/m?), the sensitive layer’s thickness can be estimated at 21um using Eq.3. The fact that
the value differs from the measured PEUT thickness with the optical profilometer (30um) is attributed
to the incertitude on the estimated values for both the Young’s moduli and thicknesses of the gold and
PZT layers.

The quality factor is not very high in air even before the polymer deposition because of the internal
losses in the piezoelectric layer. The cantilever's mass increase with the PEUT layer deposition is
supposed to increase the quality factor if no additional losses are added. Then, the decrease of the
quality factor is due to losses in the layer which are viscoelastic losses as in the case of transverse
bending vibration [28]. Using the numerical values of Tab.1, the quality factor Qpgyr, due to the
viscoelastic losses in the layer, is estimated to 610. In this multilayer configuration and for the
longitudinal modes, the quality factor associated to viscoelastic losses in the PEUT layer can be
expressed as follow:

— hPZT EPZT + 2hAu EAu + hPEUT E lPEUT

QPEUT - n
hPEUTE PEUT

where the exponent ° is related the Young’'s modulus’s imaginary part.

(4)

As in the case of the resonant frequency, the term due to the elastic part of the PEUT Young’s
modulus is negligible compared to the other ones (humerator of Eq.4). Then, using numerical values
at f; 33=70kHz (Tab. 1), it is possible to estimate the imaginary part of PEUT’s Young’s modulus E’pgyt
~0.3GPa, whose value is close to that of PIB [29].



4, Toluene detection

4.1. Experiments

eScreen-printed PZT cantilevers coated with PEUT
The functionalized PZT cantilevers are placed in a gas chamber (500mm?®) under a controlled gas flow
(200ml/min) of nitrogen. Different concentrations of toluene are introduced into the chamber using a
vapor generator. During the experiments, the impedance of the functionalized cantilevers is monitored
using the HP4194A impedancemeter. The whole system is controlled under a LabVIEW environment.
During the tests, first and second 31-longitudinal modes are measured. Influence of oscillating voltage
and bias voltage is first studied to have the best sensitivity and lowest noise. For a 0.5V oscillating
voltage, a bias voltage of 40V doesn’t lead to better sensitivities than without bias. It indicates that the
polarization of the piezoelectric material is already maximized and stable. On the other hand, without
bias, oscillating voltage allowing actuation of the cantilever has an influence on the detection
performance of the cantilevers, more precisely on the measurement noise. By varying the oscillating
voltage from 0.3V to 1V, the sensitivity to toluene remains the same whereas the signal noise
changes. Indeed, the amplitude’s noise decreases with the oscillating voltage amplitude, of more than
a factor 10 for a change between 1V and 0.5V or 0.5V and 0.3V.This is of importance in order to
reduce the Limit Of Detection LOD = 34f,qise/Sca Which is proportional to the noise. Note that with a
lower tested oscillating voltage (amplitude 0.1V), no actuation of the PZT cantilever is observed with
the impedance measurement.
For the comparison of first and second longitudinal modes, a 0.3V oscillating voltage is thus chosen.
The resonant frequency evolution under different toluene concentrations (from 260ppm to 1050ppm) is
shown in Fig. 7. Using a single 260ppm concentration, a good reproducibility of the PZT cantilever’s
response is observed (Fig. 8). The relative resonant frequency shifts unTr the different toluene
concentrations (C,) are given in Fig. 9. The measured sensitivities S, =|—= j are respectively
0.015Hz.ppm™ and 0.048Hz.ppm™ for the first and second longitudinal modes E%h erning the relative
sensitivities values of 0.215 10°® ppm™ and 0.222 10° ppm™ are obtained, respectively for the first and
second modes.

eSilicon PEUT-coated cantilevers

Microfabricated silicon cantilevers of uniform rectangular section, coated with sprayed-PEUT, have
been also used in previous works for toluene detection (Fig. 10). The process developed by ESIEE
(http:/www.esiee.fr), calls upon 5 levels of masks [23]. The three first steps ensure the development of
the strain gauge and the electrical contact. The two last steps define the geometry of the millimeter
sized microcantilever. The actuation is electromagnetic and allows the out-of-plane transverse
bending resonance mode. The performances of the silicon cantilevers also tested at IMS laboratory
are compared to those of PZT cantilevers (Tab. 2). For this purpose, because of PEUT deposit of
different thicknesses, a normalized relative sensitivity is defined (Sca/fres/hpeut)-

4.2. Discussion

As expected, sensitivity to gas Sca is higher for the second longitudinal mode whereas the relative
sensitivities (Sca/fs1) are equivalent for both longitudinal modes in accordance to equation (5)

_ dfy’ _ ﬁ Khpeyr ®)
Ca
dC, ‘ 2 Pozrhezr +2Pp00au + Pecur eeur

where C, and K are respectively the gas concentration and partition coefficient of the PEUT with
respect to the analyte (Fig. 9).

A signal noise of 5.0Hz for the second longitudinal mode is nevertheless higher than those of the first
longitudinal mode of 0.4Hz. Consequently, the first longitudinal mode appears to be more interesting
for detection at low gas concentrations. For the first longitudinal mode, calculations of theoretical
sensitivities are made for L=8mm, hpzr=80um, ha,=7.5um, hpgyr=30um, ppzr= 6000kg/m3,



Pau= 18500kg/m3, PPEUT = 1O4Okg/m3. Discrepancy observed between theoretical and experimental
sensitivities (Scaexp/Scateor = 1.8) may be attributed to inhomogeneous PEUT layers. In this case, the
Limit of Detection (LOD = 34f,ise/Sca) is estimated to 80ppm.

Sensitivities of low cost screen-printed PZT cantilevers under toluene are close to those of silicon
functionalized cantilevers. Nevertheless, the quality factor of the silicon cantilever is still higher and the
LOD of silicon cantilever is lower assuming the lower noise value.

5. Conclusion

Low cost screen-printed PZT cantilevers allow generation of unusual in-plane 31-longitudinal modes
working at higher frequencies (~70kHz for the first 31 mode) than out-of-plane transverse bending
modes generally used in silicon cantilevers with electromagnetic actuation [23] or piezoelectric
actuation [30]. Coated with a 30um PEUT sensitive layer, self-excited piezoelectric PZT cantilevers
with integrated read-out present sensitivities to toluene of 0.015Hz.ppm™ for the first longitudinal
mode, and 0.048Hz.ppm™ for the second mode. Due to lower noise giving a LOD of 80ppm, the first
mode is preferred to the second one. Compared to silicon cantilevers coated with PEUT and having
also millimeter sizes, limitations of screen-printed piezoelectric cantilevers are nevertheless due to
lower quality factor in gas medium and higher noise. Physico-chemical properties are currently studied
to improve the PZT compacity which could be a way to increase the quality factor and decrease the
noise value. Moreover, a combination of self-excited piezoelectric cantilevers coated with a more
sensitive layer should also give a more sensitive gas sensors. Indeed, self-excited piezoelectric
cantilevers functionalized with zeolite for freon detection exhibit a sensitivity of 0.24Hz.ppm™ [30]. As
well, active carbon used as sensitive layer on screen-printed PZT cantilevers lead to a sensitivity of
13Hz.ppm'l under benzene [31]. Use of self-actuated PZT cantilevers for species detection in liquid
media could also be promising, even if the quality factor in air is smaller than those of the transverse
bending mode of silicon-based microcantilevers. With these self-actuated piezoelectric cantilevers
vibrating in longitudinal modes, very good quality factors are actually obtained in liquid even for high
viscosity fluids, because viscous losses are small with this in-plane mode [32].
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Tables

Before PEUT deposition After PEUT deposition
Resonant Quality factor Resonant Quality factor
frequency (kHz) frequency (kHz)
70.605 185 69.609 142

Tab.1: Resonant frequency and quality factor of the first in-plane longitudinal mode before and after PEUT

deposition
Normalized
- Sca Scalfres sensitivity Noise | LOD
[ f
Cantilever type efMode | Q1 hom®) | (10%ppmY) | Scdfedheesr | (MHZ) | (ppM)
(10°ppm™.mm™)
PZT, cantilevear 70kHz
8x2x0.095mm /in-plane | 142 150 0.22 7.3 400 80
30um PEUT longitudinal
3 3kHz
Si 5x0.4x0.059mm Jout-of-
940 8.9 0.30 16.7 14 47
18um PEUT plane
flexural

Tab. 2: Comparison of the performance between screen-printed PZT and silicon cantilever




Figure Captions

Fig.1. Scheme of the Au/PZT/Au screen-printed cantilever

Fig.2. Fabrication steps of the PZT cantilever (a) screen-printing of the PZT pad (b) screen-printing of
the sacrificial layer (c) screen-printing of the bottom gold electrode (d) screen-printing of the PZT
cantilever (e) screen-printing of the top gold electrode (f) sacrificial layer elimination with HsPO,
solution after co-firing (g) poling of the PZT cantilever (cross-view)

Fig.3. Photograph of the 8x2x0.095mm?® piezoelectric cantilever

Fig.4. Conductance measurements revealing the three in-plane 31 longitudinal modes for the
2x8x0.095mm?® PZT cantilever (oscillating voltage 0.5V)

Fig.5. Mechanical spectrum observed for the 2 bending mode of the 2x8x0.095mm? PZT cantilever
(oscillating voltage 0.25mV)

Fig.6. Spectrum of the conductance for the first longitudinal mode before and after deposition of a
PEUT layer (0.3V oscillating voltage)

Fig.7. Resonant frequency evolution under different toluene concentrations measured for the first and
second longitudinal 31 modes of the 8x2x0.095mm?® PZT cantilever (0.3V oscillating voltage)

Fig.8. Repeatability of the cantilever's response for a toluene concentration of 260ppm (0.3V
oscillating voltage)

Fig.9. Relative resonant frequency shifts as a function of toluene concentrations measured for the first
and second longitudinal 31 modes of the 8x2x0.095mm?® PZT cantilever (0.3V oscillating voltage)

Fig.10. Silicon cantilever (5x0.4x0.059mm® with electromagnetic actuation and piezoresistive
measurement (a) photograph (b) electrical connection diagram
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Fig.2. Fabrication steps of the PZT cantilever (a) screen-printing of the PZT pad (b) screen-printing of the sacrificial layer (c)
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Fig.3. Photograph of the 8x2x0.095mm? piezoelectric cantilever
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Fig.4: Conductance measurements revealing the three in-plane 31 longitudinal modes for the 2x8x0.095mm® PZT cantilever
(oscillating voltage 0.5V)
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Fig.5: Mechanical spectrum observed for the 2" bending mode of the 2x8x0.095mm® PZT cantilever (oscillating voltage
0.25mV)
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Fig.6. Spectrum of the conductance for the first longitudinal mode before and after deposition of a PEUT layer (0.3V oscillating
voltage).
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Fig.7. Resonant frequency evolution under different toluene concentrations measured for the first and second longitudinal 31
modes of the 8x2x0.095mm?® PZT cantilever (0.3V oscillating voltage)
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Fig.8. Repeatability of the cantilever’s response to a toluene concentration of 260ppm (0.3V oscillating voltage)
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Fig.9. Relative resonant frequency shifts as a function of toluene concentrations measured for the first and second
longitudinal 31 modes of the 8x2x0.095mm?® PZT cantilever (0.3V oscillating voltage)

Fig.10. Silicon cantilever (5x0.4x0.059mm?®) with electromagnetic actuation and piezoresistive measurement
(a) photograph (b) electrical connection diagram
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