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Abstract: Researches on microcantilever MEMS are numerous in different areas, physical or chemical sensing, 
actuation or energy harvesting. Because of their high sensitivity at room temperature, they have been shown to 
be interesting for gas detection. Though silicon technology allows the processing of such cantilevers, alternative 
technologies are also attractive and have been developed for a few years. Potential achievement of organic and 
inorganic thick-film cantilevers is studied, through the association of the sacrificial layer process to the well-
known screen-printing technology used for the fabrication of low cost components and microsystems. Epoxy-
type, gold and resonant piezoelectric Au/PZT/Au cantilevers with or without coating have been successfully 
tested under humidity, toluene and benzene. The potentiality of the screen-printing technology for the 
development of cantilever-based gas sensors is demonstrated. Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction  
 

The microsystems, generally designated by 
MEMS (Micro-Electro-Mechanical Systems), have 
been used for some years in the fields of micro-
electronics, microrobotics, microfluidics, etc. For 
their processing, silicon-based materials are the 
mainly used ones. Related manufacturing approaches 
are derivated from microfabrication processes 
developed for integrated circuits. Nowadays, 
development of new polymer based-MEMS is 
attractive considering their low cost, good 
processability and bio-compatibility [1]. Other 
alternative technologies such as LTCC [2, 3] or direct 

prototyping processes (inkjet, micropen, 
microstereolithography, etc.) can also be used 
because of the microstructuration potentiality of 
different materials (polymers, composites, metals, 
ceramics) on different substrates.  Moreover, 
association of these technologies with 
micromachined silicon is likely to be more and more 
considered for MEMS fabrication in the future [4]. 
The low cost screen-printing processing is also 
considered for the fabrication of hybrid MEMS. This 
technology, mainly used in microelectronics for 
interconnections and packaging purposes [5], has 
been extended to development of passive components 
such as sensors [6] and more recently to inorganic 
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material-based MEMS or polymer-based microfluidic 
or micromechanical devices by using a sacrificial 
layer [7-9]. The choice of such technology for 
MEMS fabrication is justified because of the large 
choice of substrates, starting materials, layers 
geometries, multi-layers deposition and the control of 
the layer’s porosity. Its simplicity, reliability, 
collective fabrication at low cost and the possibility 
of hybrid MEMS integration or coupling with others 
technologies (LTCC, ink jet, …), are also attractive.  

Among MEMS, microcantilevers are common 
structures, highly sensitive, employed for different 
applications such as mechanical and gas sensors, 
AFM, etc. Silicon cantilever based sensors are 
particularly attractive for gas sensing because of their 
high sensitivity at room temperature [10-13]. 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 
modify the mechanical properties of the sensitive 
coating, inducing a change in the mass, the rigidity 
and the surface stress of the cantilever. The sorbed 
species can consequently be detected by measuring 
either the microcantilever’s resonant frequency shift 
in the dynamic mode or its quasi-static deflection in 
the static mode [14]. 

In this work, screen-printing technology 
associated to a sacrificial layer is proposed for the 
fabrication of organic or inorganic based cantilevers 
on an alumina substrate, used for gas detection in 
static or dynamic mode. Because of its low Young’s 
modulus, the organic cantilever will be preferred for 
cantilever-based sensors used in the static mode. The 
inorganic layers, especially those having an 
integrated piezoelectric actuation, are dedicated to the 
dynamic mode. Metallic, piezoelectric and epoxy 
based-cantilevers are achieved using the original 
processes developed at IMS laboratory for the 
fabrication of free-standing components and 
microsystems. The influence of the thermal treatment 
on the mechanical and electrical properties of the 
cantilevers is studied. In order to demonstrate screen-
printing process potentialities for gas sensor 
applications, humidity, toluene and benzene detection 
are performed on uncoated and coated cantilevers.  
 
 
2. Cantilever-based Sensors Fabrication  
 
2.1. Screen-printing Associated  

to Sacrificial Layer Process  
 

The screen-printing process described in Fig. 1 
requires specific inks made of powder and organic 
binder mixed together. These inks are transferred 
onto the substrate with a squeegee, through open 
meshes areas of the patterned screen. Then, the 
deposited film is dried and cured at low temperatures 
(<250 °C) if it is a polymer paste or fired at high 
temperature (400 to 1100 °C) in the case of mineral 

paste for sintering and adherence of the thick film on 
the substrate. The curing of polymer-based pastes 
allows solvent evaporation and chains cross linking 
of the thermosetting resin giving the polymer its 
mechanical properties. The firing of mineral-based 
inks performed at temperatures between 400 °C and 
1100 °C favors the sintering of the mineral powder.  
 
 

 
 

Fig. 1. Screen-printing process.  
 
 

To generate movable microstructures in an 
integrated process, it is necessary to use a substrate 
with a pre-patterned sacrificial layer. The main 
sacrificial layer requirements are hardness and 
chemical compatibility for easy removal without 
substrate or other layers damage. The sacrificial layer 
technique has already been successfully used in 
silicon micromachining but also in alternative 
technologies such as LIGA, ink-jet and polymer 
MEMS processing [15, 16], with the adapted 
deposition techniques (evaporation, sputtering, spin-
coating, electroplating, printing). For screen-printed 
polymer structures, interesting results have been 
obtained with ethylcellulose and silicon resins for 
channels and cantilevers fabrication where the 
sacrificial layer sublimates at 150 °C without any 
degradation of the structural layer [8]. Concerning 
mineral screen-printed movable structures, carbon, 
metal or glass based sacrificial layers are used but are 
not always satisfactory [17-19]. These authors 
underline that glass, metal or carbon based sacrificial 
layers give rise to thick-film deformations. In order to 
overcome this problem, specific screen-printed 
sacrificial layer as well as the optimized  
thermal treatment is selected for our organic and 
inorganic processes. 
 
 
2.2. Inorganic Cantilevers Processing 
 
2.2.1. Gold Cantilevers 
 

The sacrificial layer is made of epoxy resin 
blended with strontium carbonate SrCO3 powder. 
Indeed, among numerous potential materials for 
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sacrificial layer, SrCO3 appears to be a good 
compromise with regard to thermal stability, melting 
point, solubility in weak acidic solutions, toxicity, 
etc.., to be used as basic material of the sacrificial 
layer in the fabrication process of screen-printed 
MEMS [7]. The epoxy matrix gives the hardness of 
the sacrificial deposition for further structural layer 
depositions. The first free-standing thick-films are 
achieved with gold cantilevers on an alumina 
substrate (Fig. 2).  

 
 

Free-standing part of 
the structural layer 

Structural layer

Sacrificial layer

substrate

 
 

(a) 
 

1mm
A A

Cross section AA

(a)

(b)
 

 
(b) 

 
Fig. 2. Sacrificial layer based screen-printing process for 
free-standing layer fabrication (a) and photograph of gold 

cantilever (b).  
 
 

The sacrificial layer (epoxy +SrCO3) is printed and 
polymerized 20 min at 120 °C prior to depositions of 
a gold pad and a gold cantilever, regarding a curing 
step of 25 min at 120 °C between each layer 
deposition. The SrCO3 paste is made at the laboratory 
whereas the gold paste (ESL8836) is commercialized 
by ESL (ElectroScience Laboratories). After printing, 
the sample is fired under air atmosphere according to 
the temperature profile of Fig. 3. The onset 
temperatures of epoxy pyrolysis and of SrCO3 
decomposition are around 300-450 °C and 850 °C 
respectively. During the firing process, the first 

plateau (8 min at 450 °C) allowing the whole epoxy 
degradation is followed by the gold sintering taking 
place with the second plateau (15 min at 850 °C). 
After the thermal treatment, the sample is finally 
immersed in a 0.9 mol.l-1 H3PO4 aqueous solution to 
dissolve the remaining SrCO3 sacrificial layer. 
Energy-dispersive X-ray analyses demonstrate the 
harmlessness and the efficiency of the process for the 
fabrication of a cantilever-type structure. Indeed, no 
diffusion of any chemical element from the sacrificial 
layer towards the Au structural layer is detected. The 
process has also been applied to the fabrication of 
microsystems such as force or catalytic gas sensors, 
thermal actuators or free-standing resonators based 
on screen-printed piezoelectric layers. Copper and 
silver as well as vitroceramic free-standing 
cantilevers have been for example successfully 
processed for thermal actuators [20] and force 
sensors [21] respectively, without bending. Hence, 
the compatibility between the SrCO3 sacrificial layer 
and different structural layers has been demonstrated. 
 
 

 
 

Fig. 3. Temperature profile optimized for gold  
cantilevers sintering. 

 

 
2.2.2. Piezoelectric PZT Cantilevers 
 

The piezoelectric cantilevers based on 
PbZr0.52Ti0.48O3 (PZT) material from Ferroperm is a 
multilayer structure composed of the PZT 
sandwiched between two gold electrodes 
(Au/PZT/Au) (Fig. 4(a)). For such multilayer 
cantilever structures, important deformations of the 
cantilevers or electrodes delaminations may appear at 
the end of the process mainly if the thermal 
expansion coefficients do not match well [9]. In our 
case, cantilever’s deformations observed in some 
samples does not come from thermal expansion 
mismatch but essentially from sacrificial layer 
swelling when the sample is dipped into the acidic 
solution. Gold (ESL8836) based electrode is selected 
because of its compatibility with the SrCO3 sacrificial 
layer and its good adhesion and minor diffusion 
inside the PZT layer, as demonstrated with a 
Au/PZT/Au bridge structure [22]. Concerning the 
piezoelectric paste, 3 %wt of the eutectic phase 
Li2CO3/Bi2O3/CuCO3 is added to decrease their 
sintering temperature [23]. The multilayer structure 
of the cantilevers implies a co-firing only at the end 
of the deposition of the different structural layers, due 
to the sacrificial layer’s brittleness after firing. 
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(a) 
 

 
 

(b) 
 

 
 

(c) 
Fig. 4. Cantilever structure (a), SEM photograph of the 

PZT layer (b) and cantilever photograph (c). 
 
 
The anchor pad made of PZT is first screen-

printed on the alumina substrate and dried 20 min at 
120 °C. Then, the sacrificial layer is deposited on the 
alumina substrate and polymerized 20 min at 120 °C. 
Finally, bottom gold electrode, PZT layer and top 
gold electrode are printed successively, with a drying 
step at 120 °C during 20 min between each 
deposition. To improve the densification and thus 
electrothermal properties [23], the samples are 
isostatically pressed 1 min at 1 kbar before firing. 
Afterwards, the samples are co-fired 2 hours in air 
atmosphere with a similar profile as for gold 
cantilevers except the sintering plateau, lasting  
2 hours at 900 °C to reduce the layer porosity 
(Fig. 4(b)). At the end, the removal of the sacrificial 
layer is performed in the phosphoric acid aqueous 
solution (Fig. 4(c)). Finally, the Au/PZT/Au 
cantilevers are poled under 50 kV/cm at 280 °C, just 
below the PZT’s Curie temperature. After poling, 
piezoelectric properties are extracted from impedance 
and capacitance measurements using an HP 4194A 
impedance analyzer. Three resonance peaks shown 
on Fig. 5 are related to the three first in-plane  
31-longitudinal vibration modes (31 refers to the 
piezoelectric effect: the electrical polarization is 
perpendicular to the mechanical displacement). 

 
 

Fig. 5. Conductance measurements for the 2×8×0.1 mm3 
PZT cantilever.  

 
 

2.3. Organic Cantilevers Processing 
 

Based on the inorganic process allowing the 
fabrication of Au or Au/PZT/Au cantilevers, epoxy 
based cantilevers are structured but in this case using 
a whole polymer sacrificial layer. Polyester material 
is selected as a sacrificial layer because it can be 
dissolved in acetone solution at room temperature 
without affecting the epoxy structural layer. The 
different fabrication steps of the initial screen-
printing fabrication process of epoxy-based 
cantilevers are summarized in Fig. 6. Note that a 
commercial composite ink from ESL (RS12113) 
made of epoxy resin and carbon powder is chosen for 
the structural layer. This resistive composition can be 
later used for strain gauges fabrication in a bilayer 
sensor working as static cantilever.  

 
 

Free-standing part 
of the cantilever 

Epoxy based
structural layer  

Polyester based
sacrificial layer  

Alumina substrate

1. Screen-printing,
and curing

20min at 120°C

2. Screen-printing,
drying 20min 

at 120°C and curing
1h30 at 150°C

3. Sacrificial layer 
dissolution in 
acetone

4. Post curing 
30min at 150°C  

 
Fig. 6. Initial processing of the screen-printed  

epoxy cantilever. 
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Because most of the first epoxy cantilevers 
exhibit up-curvature when cured in the oven at  
150 °C, improvement of the organic cantilevers’ 
curing process is undertaken in order to obtain flat 
cantilevers parallel to the substrate. For this purpose, 
a vapor-phase equipment dedicated to solder paste 
reflow at 230 °C is used. Compare to the oven 
process, the thermal exchanges between the 
cantilever and the vapor phase are more efficient 
leading to a more homogeneous temperature. The 
influence of the curing process on the final shape of 
the organic cantilever is reported in the Table 1. A 
possible source of the deformation observed for the 
samples directly introduced in the oven at 150 °C is 
the rapid elimination of the solvent contained in the 
epoxy-based ink. In the same way, curing in an oven 
from room temperature to 150 °C with a heating rate 
of 1.5 °C, min-1 do not lead to satisfactory results. In 
this case, the sacrificial layer removal is difficult 
because of possible chemical reaction between the 
polyester sacrificial layer and the epoxy layer. In the 
case of the vapor-phase process, it is shown that a 
curing ramp of 0.8 °C.s-1, followed by the sacrificial 
layer dissolution and post-curing of 30 min at 150 °C, 
allows a better control of the cantilevers’ shape 
whatever their thickness (20 to 80 μm). On Fig. 7 are 
shown the different sizes of non deformed 
cantilevers. (Fig. 7(b)) shows the effect of air stream 
on one of the vapor-phase cured cantilevers, 
recovering its initial position when air stream is 
turned off. This vapor phase curing gives satisfactory 
results in terms of cantilever geometry. Mechanical 
and electrical characterizations reveal that the 
polymerization process is completed. For this 
purpose, the resistance of epoxy layers directly 
printed on the alumina substrate is measured all along 
the curing phase. In the case of samples cured in the 
oven, resistance drifts are still observed at the end of 
the process whereas the resistance is stable for vapor 
phase curing. Concerning the mechanical properties, 
Dynamic Mechanical Analysis (DMA) is performed 
with a rheometer system analyzer (RSA3) which 
permits evaluation of the Young’s Modulus  
E ∼1.9GPa and of the glass transition temperature  
Tg ∼174°C corresponding to the dielectric losses’ 
peak. This later has been chosen as a criteria to 
determine the degree of polymerization. It is shown 

that the oven cured samples are not completely 
polymerized. Indeed, for 3 consecutive DMA tests 
performed, an evolution of the dielectric losses’ peak 
is observed conversely to the samples cured in vapor-
phase where no shift appears. 

 
 

3. Gas Detection with Uncoated 
Cantilevers 

 
In order to prevent from ageing phenomena 

linked to the sensitive layer, cantilevers operating in 
dynamic mode can be used without any coating. In 
this case, resonant frequency shifts Δfr can be 
justified by viscosity and density effects of the gas 
surrounding the resonant cantilevers [24], but also by 
sorption effect in the screen-printed layers modifying 
both the cantilever’s mass and the stiffness according 
to the relation: 

 







 Δ−Δ=Δ
m

m

k

kf
f r
r 2 , (1) 

 

where fr is the resonant frequency, m is the 
cantilever’s mass and k is the cantilever’s stiffness. 

Uncoated gold cantilevers and Au/PZT/Au 
cantilevers have been tested under gas. For gold 
cantilevers, a piezoelectric ceramic placed under the 
cantilevers allows an external actuation of the 
cantilever vibrating out of plane with the bending 
mode (Fig. 8(a)). The resonance frequency is 
measured optically using a laser vibrometer (Polytec 
MSA 500). For piezoelectric cantilevers, the structure 
is self-actuated thanks to the simple Au/PZT/Au 
structure also used at the same time to perform the 
mechanical signal transduction. Because of their 
symmetric structure, the PZT-based cantilevers are 
vibrating in the plane (Fig. 8(b)) contrarily to  
gold cantilevers. 

Both cantilevers have been tested under humidity 
produced by a vapor generator cell (VGI MEMS 
from Surface Measurement Systems) operating with 
a nitrogen gas flow. Results show a good reversibility 
of the sorption without any resonant frequency drifts 
(Fig. 9).  

 

 
 

Table 1. Influence of the curing profile on the epoxy cantilever deformation 
 

Equipment Temperature 
ramp 

Peak 
temperature 

Plateau 
duration 

Cantilevers’ photographs 
 (2×8× 0.08 mm3) 

Oven 

Direct 
introduction at 

150 °C 
150 °C 2 h 

 

1.5 °C.min-1 150 °C 30min 
 

Vapor phase 
0.6 °C.s-1 230 °C 1 min 

 

0.8 °C. s-1 230 °C 4 min 
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(a) 1 mm×220 µm, 2 mm×400 µm, 3 mm×600 µm, 
4 mm×800 µm cantilevers 

 
(b) 8×2 mm² cantilever under air stream 

 
Fig. 7. Photograph of 20 µm thick epoxy cantilevers of different sizes.  

 
 

Piezoelectric PZT ceramicPiezoelectric PZT ceramic

Gold cantilever

Gold electrodes

Alumina substrate

Piezoelectric PZT layer 3

1

  
(a) (b) 

 
Fig. 8. Actuation of the gold and Au/PZT/Au cantilevers. 

 
 

 
 

 
 

(a) Gold cantilever 2×8×0.05 mm3 in the out-of-plane  
bending mode. 

(b) Au/PZT/Au cantilever 2×8×0.1 mm3 in the in-plane  
31-longitudinal mode. 

 
Fig. 9. Resonance frequency shifts under humidity for uncoated Au cantilevers (a) and PZT cantilevers. 

 
 

Sensitivity of 1.7 Hz/%RH is calculated for the 
8×2×0.05 mm3 Au cantilever in bending mode. In the 
case of 8×2×0.08 mm3 Au/PZT/Au cantilevers, 
values of 1.9 Hz/%RH are observed. For 80 % RH, 
resonance frequency shifts of more than 100 Hz are 
obtained for Au and Au/PZT/Au cantilevers whereas 
inertial and viscous effect of humidity would 
theoretically induce frequency variations lower than 
0.1 Hz [25].  

Conversely to uncoated silicon-cantilevers where 
gas inertial and viscous effects are sufficient to 
explain the amplitude and sign of the frequency 
shifts, those effects do not explain the resonance 
frequency shifts observed in our case. The negative 

shifts obtained can be explained by a predominance 
of mass effect, attributed to the porosity of the 
screen-printed layers. 
 
 

4. Gas Detection with Coated Cantilevers 
 
4.1. PZT Cantilevers Coated with PEUT 
 

The Au/PZT/Au cantilevers are tested under 
toluene. For this purpose, the polymer PEUT 
PolyEtherUreThane is chosen because of its good 
partition coefficient to toluene (K=1610). It is 
deposited with a dispenser on the surface of the 
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cantilevers (thickness~30 μm) for toluene detection. 
Then, the PEUT-functionalized cantilevers are placed 
under a controlled nitrogen flow (100 mL/min) and 
tested under different toluene concentrations 
(Fig. 10). Good reproducibility and linearity of the 
response is observed. Table 2 summarizes the 
sensors’ performance towards toluene of screen-
printed Au/PZT/Au cantilevers and those of standard 
Si cantilevers having also millimeter sizes. Toluene 

detection performances are similar for both types of 
cantilevers. Our self-excited and integrated read-out 
PZT cantilevers coated with a 30 µm PEUT sensitive 
layer are very sensitive to toluene (48 mHz/ppmV). 
Compared to Si cantilevers coated with PEUT, the 
PZT-based cantilevers present higher sensitivities but 
the Limit Of Detection (LOD) is limited by the lower 
quality factor, inducing higher signal noise. 

 
 

  
(a) (b) 

 
Fig. 10. Tests under toluene with a 30μm PEUT-coated PZT cantilever (8×2×0.1 mm3), a) resonant frequency shift of the 1st 

31-longitudinal mode under different concentrations, and b) repeatability to 263 ppm. 
 
 

Table 2. Toluene detection with Si and PZT cantilevers functionalized with PEUT 
 

Cantilever type  
Resonant 
frequency 

fr/mode 

Quality 
factor Q

Sensitivity  

A

r
CA dC

df
S =  

(10-4Hz.ppmV-1) 

Normalized sensitivity 
SCA/fr/ hPEUT 

(10-6ppm.V-1. mm-1) 

Noise 
(mHz) 

Limit Of 
Detection LOD 
= 3Δfnoise/ SCA 

(ppmV) 

Si (5×0.4×0.06 mm3) 
hPEUT= 18 µm 

3 kHz /out-of-
plane flexural 

940 9 16 14 16 

PZT (8×2×0.10 mm3) 
hPEUT= 30 µm 

62 kHz/in-
plane 

longitudinal 
150 478 25.7 400 25 

 
 

4.2. PZT Cantilevers Coated with Active 
Carbon 

 
To increase the sensitivity to Volatile Organic 

Compounds (VOC’s), polymer sensitive coating can 
be replaced by inorganic nanoporous coatings like 
zeolite exhibiting higher sensitivity [26] or active 
carbon.  

Active carbon with high surface area  
(1779 m2 g-1) and small pore width (1 nm for a 
particle size of 5 µm) is selected for its high 
adsorption capacity of VOC’s. Active carbon coating 
process consists of drop coating with a micro-
dispenser of the active porous carbon suspension, 
followed by solvent evaporation at 125 °C and a 
thermal annealing at 250 °C (Fig. 11(a). A sensitivity 
of 13 Hz/ppmV under benzene is measured, for a 
∼20 µm coating (Fig. 11(b)). 

4.3. Epoxy Cantilevers Coated with Agarose 
 

Detection of humidity with epoxy cantilevers is 
performed. For this purpose, the agarose hydrogel, 
already used for humidity detection with optical 
fibers sensors, is selected [27]. It is deposited on the 
top cantilever with a syringe, prior to a plasma pre-
treatment of the epoxy in order to obtain a 
hydrophilic surface. The functionalized cantilevers 
are finally tested under humidity. During this stage, 
the swelling of agarose under humidity leads to a 
bending of the bilayer cantilever. Hence, the 
deflection of the cantilever’s tip is measured with an 
optical profilometer (Altisurf 500) at room 
temperature for different humidity rates. The 
deflection measurements show a good reproducibility 
and reversibility of the sensor response with 
sensitivity of 4.6 µm/%RH (Fig. 12). 
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(a) 
 

 
 

(b) 
 

Fig. 11. Tests Photograph of the screen-printed PZT 
cantilever coated with active carbon (a) and impedance 

measurements under air and 10 ppm benzene (b). 
 
 

 
 

Fig. 12. Deflection of the tip’s cantilever 
(2.5×10×0.08 mm3) measured under humidity. 

 
 
5. Conclusions  
 

The thick-film sacrificial layer process described 
in this paper may well open new routes of 
investigation for MEMS microfabrication, 
complementary to silicon, LTCC or PCB ones. The 
efficiency of this simple and low cost process is 
demonstrated through the fabrication of organic and 
inorganic-based cantilevers for gas sensors 

applications. Au/PZT/Au and gold cantilevers are 
sensitive to humidity. Concerning PEUT and active 
carbon coated piezoelectric cantilevers, a good 
sensitivity is measured at low concentrations of 
toluene and benzene respectively. Likewise, 
preliminary experiments with epoxy-based sensors 
coated with agarose show the capability of organic 
screen-printed cantilevers for humidity detection.  

Moreover, the self-actuated Au/PZT/Au 
cantilevers can also be promising for species 
detection in liquid media, even if the quality factor in 
air is smaller than those of the transverse bending 
mode of silicon-based microcantilevers. Indeed, 
when immersed in viscous fluids, the decrease of the 
quality factor is very low (from 400 to 20 from  
air to fluid of viscosity 500 cP) for these self-actuated 
piezoelectric cantilevers vibrating with the  
in-plane 31-longitudinal mode compared to silicon 
cantilevers [28]. 
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