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In this paper, we propose a flexible piezoelectric MEMS transducer based on aluminum nitride thin
film grown on polyimide soft substrate and developed for tactile sensing purposes. The proposed
device consists of circular micro-cells, with a radius of 350 um, made of polycrystalline c-axis
textured AIN. The release of compressive stress by crystalline layers over polymer substrate allows
an enhanced transduction response when the cell is patterned in circular dome-shaped geometries.
The fabricated cells show an electromechanical response within the full scale range of 80 mN
(~200kPa) both for dynamic and static load. The device is able to detect dynamic forces
by exploiting both piezoelectric and flexoelectric capabilities of the aluminum nitride cells in a
combined and synergistic sensing that occurs as voltage generation. No additional power supply is
required to provide the electrical readout signals, making this technology suitable candidate when
low power consumption is demanding. Moreover a capacitance variation under constant stress is
observed, allowing the detection of static forces. The sensing ability of the AlN-based cells has
been tested using an ad hoc setup, measuring both the applied load and the generated voltage and
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capacitance variation. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4918749]

Artificial tactile systems for pressure and force measure-
ments are important in many applications as automated
assembling, machining, sorting, and stacking production; in
minimal invasive medical procedures (MIS) for the evalua-
tion of tissues stiffness and damages; in prosthetic and
orthotic devices where artificial skin restores loss of tactile
sensations. Similarly, humanoid robots need tactile interface
devices for a safe interaction with humans in assisting activ-
ities. Equipping a robot with specific sensors and transducers
is a way to confer him sufficient autonomy to perform tasks
in unstructured environments. Unlike other senses, tactile
sensory system provides information on physical properties
of different nature such as shape, texture, and stiffness (to
control the manipulation with optimal forces), which is not
easily achieved by vision alone. Also during grasping and
manipulation of objects, the right tactile perception prevents
slippage and damage (ensuring the manual dexterity in a
robotic system). An artificial tactile system that emulates
these abilities and performs advanced in-hand manipulation
tasks should detect dynamic forces, such as normal and
tangential contact for gathering spatial and geometrical
information from surfaces exploration, as well as static
forces. To this aim, arrays of pressure-sensitive sensors
should be integrated on the robot fingertips as an electronic
skin and flexibility and stretchability are desirable properties
to increase the anthropomorphism.

In the last decades, several technological approaches
have been used to realize a low-cost, large-area-compatible
artificial skin, suitable for object manipulation, and with
sufficient sensitivity in a wide pressure range (10—100 kPa).
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One promising approach is based on MEMS exploiting
the high sensitivity to inertial forces and a consolidated elec-
tronics of readout. In general, tactile MEMS are based on sil-
icon and they detect inertial forces by capacitance variation
or resistance variation'” of strain gauges. MEMS sensors
show high spatial resolution, reliable response and linearity,
but they are brittle and not suitable for large deformations
and coverage of curved three-dimensional surfaces. To over-
come this limit, tactile sensors have been integrated on vari-
ous polymer-based materials as flexible substrates to make
them able to bend, expand, and adapt on irregular surfaces.’

These polymer-based sensors exploit several sensing
mechanisms like resistive,® capacitive,*® and piezoresis-
tive.”” They are usually fabricated using standard MEMS
technologies such as thin film deposition, plasma etching, and
photolithography. These sensors have good resolution, reliable
response, and high accuracy,'®'? but often due to the viscoe-
lasticity of the polymers they suffer from hysteresis and cross-
talk. Among them, piezoelectric sensors appear to be very
attractive because of their low power consumption and in
same case low thermal budgets for materials deposition as for
Aluminum Nitride (AIN) and Zinc Oxide (ZnO). In particular,
AIN is a promising piezoelectric material for flexible technol-
ogy,"*!7 since it does not need to be electrically poled, differ-
ently from the widely used ferroelectric materials like Lead
Zirconium Titanate (PZT) or polyvinylidene fluoride (PVDF).
The c-axis oriented polycrystalline columnar structure of AIN
exhibits moderate piezoelectric coefficient, high thermal con-
ductivity (200 W/mK), low dielectric constant (~9), high elec-
trical resistivity, and high temperature stability (up to
1500°C). 131

In this study, we present AIN tactile transducers realized
on Kapton® by standard micromachining process, where the

© 2015 AIP Publishing LLC
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stress release of the active layers (Mo, AIN) generates an
uplifted dome with a structural stiffness well below the stiff-
ness of composing materials. The electrical and mechanical
characterization with ad hoc setup shows they are sensitive
to periodic impulsive mechanical stimuli by virtue of a syn-
ergistic interaction between flexoelectric and piezoelectric
effects.’>* The dielectric properties of the Mo/AIN/Mo
stack, which behaves as a capacitor, allows to measure long
static mechanical stimuli by a steady deformation of the con-
vex structure.

The process flow of AIN transducers fabrication is shown
in Fig. 1(a). The Mo(150nm)/AIN(~900nm) structure has
been deposited by sputtering on 25 um thick polyimide sub-
strate, then the AIN film has been patterned in circular shape
with a diameter of 700 um. The Mo bottom electrode has
been patterned by wet etching with hydrogen peroxide solu-
tion (30%). Subsequently, molybdenum top electrodes
(250nm) have been structured by lift-off technique (details
on microfabrication are reported elsewhere'>'*?*). A pary-
lene C coating of 1 um has been deposited via CVD deposi-
tion as protective layer to prevent external damages and to
electrically isolate the transducers. The map of Fig. 1(b)
shows that the release of the compressive residual stress of
the thin layers generates a dome structure on the polymer
after dry etching.”® The domes are lifted up with an average
height of 4, =38 = 5 um over the substrate base (blue region
in Fig. 1(b)). The estimated average radius of the uplifted
region is 7, =1.37 = 0.16 mm, whereas the radius of AIN
cells is ¥ =350 um.

In the parylene C coating, vias have been opened and
the electrodes have been bonded to a printed circuit board
(PCB) testing platform. Fig. 1(c) shows the prototype, ready
for electromechanical testing.

SiCl, Lift—off of top
15t maskin plasma ” ) electrodes
9 N etching of 3 masking 8 and parylene
AIN coating
2nd masking

H,O, wet
etching of bottom
electrode

(a)
“i 40 pv
I . | X
(®)
FIG. 1. (a) Fabrication process of the force transducers. (b) 3D profile map-
ping. (c) Optical image of a single dome.
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The sensing mechanism mainly relies on the dome
shape; when a normal force is applied on the top of the
dome, a mechanical stress occurs in the AIN thin layer that
becomes electrically polarized due to both piezoelectric and
flexoelectric effects. The total electric polarization P;
induced by the two effects is described by the following
equation:

Pi = dipoj + Wi ?9—3;(7 (D
where d;j. is the appropriate piezoelectric coefficient along
the axis of the applied stress ¢j in the relevant direction
specified by k and j indexes, p;j; is the flexoelectric constant,
&, 1s the strain, and x; is the position coordinate.

The study on the impulsive dynamic stress detection has
been performed by using the XYZTEC Condor EZ push and
pull system (the schematic is shown in Fig. 2) and connect-
ing the transducer terminals to an oscilloscope (Tektronix
MDO4000). Load has been applied with a stainless steel
cylindrical straight rod, whose diameter was 1 mm. Before
testing, the frame stiffness has been measured as 55.6 N/mm,
much higher than the devices. For this reason, it can be
assumed that the reported deformation occurs in the dome-
shaped structures and not in the set-up. The pushing probe
was equipped with a load cell, able to detect reaction forces
from 0.49 mN to 490 mN.

Two representative dome-shaped devices, characterized
by different releasing height as displayed in the 2D profile of
Fig. 3(a), have been electrically characterized. The 2D profil-
ometry points out that the compressive stress is released in a
perfectly curved dome and an up-lifted annular region.
These measurements suggest a different detachment of the
dome from the silicon substrate and, as a consequence, a dif-
ferent empty space for both domes between polyimide and
silicon substrate, a larger annular region for the higher dome
and a smaller annular region for the lower dome (see meas-
ured geometrical parameters in Table I). Hereafter, larger
dome is called Dome-A and smaller dome is called Dome-B
(Fig. 3(a)). It will be shown below the relationship between
the electromechanical response and the individual stiffness
of each dome due to the different shape. In Fig. 3(b), the

PC Station Controller

Oscilloscope /
LCR Meter

Z-axis stage |

~ steel
probe

DUT
_/ Transducer

FIG. 2. Schematic of the apparatus to evaluate the output response of the
transducers. The peak voltage is measured with an oscilloscope, whereas the
capacitance variation is measured with a precision LCR-meter.
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FIG. 3. (a) 2D profile of Dome-A and Dome-B; r,,, r, and dome height are
listed in Table 1. (b) Measured voltage output for Dome-A and Dome-B.
Data points refer to measured values and dot lines are the FEM simulation
results.

electrical characterization results are plotted; the output volt-
age at the peak is reported vs the applied force, both for
Dome-A and Dome-B.

Each data point is the average of three measurements
with the same force and penetration depth, collected at a fre-
quency of 0.3Hz (with approach velocity of the pushing
probe of 600 um/s and hold time of 200 ms). The electrome-
chanical behavior of domes is similar and it is due to the
combination of both piezoelectric and flexoelectric effects.
For Dome-A, an offset of 18 mV in the measured voltage has
been observed. The Dome-A shows an increase of generated
voltage in a dynamic range of [0-60 mN], while Dome-B
dynamic range is characterized by a linear increase up to
40 mN, starting from the minimum detected force of 20 mN;
a lower offset has been observed. For higher applied forces,
both devices start to saturate when the force reaches the
threshold value of ~60mN for Dome-A and ~40mN for
Dome-B, respectively. The voltage range generated from
Dome-A shows a maximum value of ~50mV and from
Dome-B ~25mV; a sensitivity of approximately 480 mV/N

TABLE I. Measured geometrical parameters 7, 7,

Appl. Phys. Lett. 106, 162901 (2015)

and 445 mV/N in the linear dynamic range before saturation
is observed, respectively. The minimum force detected is
~1.2mN.

The detection of long static stimuli has been experimen-
tally observed as capacitance decrease AC at increasing
forces that have been applied by using the setup showed in
Fig. 2. AC has been then collected by a precision LCR-meter
(Agilent E4980A). The results are reported in Fig. 4 as the
modulus of AC, with an initial measured capacitance of
43.9 pF for Dome-A and 41.6 pF for Dome-B, when no load
is applied. For each point, the displacement of the z-axis
stage has been slowly increased with a step resolution of
1 um up to a total depth of 25 um. Each data point is the
average of three measurements with the same force and
penetration depth. The approach velocity of the probe, held
on the sensing element for 1s, is 10 um/s. The capacitance
variation has been observed for the whole interval of applica-
tion of the stress and it does not decay with time; therefore,
static forces detection is possible in the same system, making
the AIN thin film in dome structure a multifunctional mate-
rial. Fig. 4 shows a significant response to long static stimuli
in the force range up to 80 mN, in which the achieved sensi-
tivity in static sensing mode has been evaluated as 950 fF/N
for Dome-A and 620 fF/N for Dome-B.

The shape and the mechanical stiffness of the structure
are the reference parameters useful for explaining the
electromechanical response of the transducers. The dome
structural stiffness, considered as resistance to bending of
the tetra-layered domes, has been measured through the
XYZTEC push tester. In this test, the z-axis stage has been
moved down with a velocity of 10 um/s. Stiffness &, as a
structure property has been, therefore, assessed as the slope
of the load-deformation curve and it has been extracted as
the slope of the linearly fitted load-depth curve of loading,
up to 80 mN. In this deformation region, results show a stiff-
ness of kg4 ~ 3.5N/mm for Domes-A and k,z ~ 9.7 N/mm
for Domes-B. Despite extreme flexibility, the Mo/AIN/Mo
multilayered structure results to be robust even after several
cycles of bending by virtue of peculiar mechanical properties
derived from the combination of materials with different
elasticity. Table I summarizes the geometrical parameters,
the measured stiffness and the normal stress sensitivity. The
low value of &, compared to the stiffness of bulk materials
included in the structure, is not only due to the fabricated
tetra-layered structure but also due to the part of the sur-
rounding polymer that is uplifted by the differential shrink-
age. The structure compliance can, therefore, be split in the
sum of two contributions with the central area treated as a
fixed membrane and the outer area as an annular membrane,
fixed in the outer edge and guided in the inner edge. The
overall displacement can be expressed considering the com-
pliance as the series of both contributions®*

and i, measured stiffness k;, and dynamic (S7,) and static (S/;) normal stress sensitivity.

Radius Uplifted radius Height Stiffness Dynamic stress Static stress sensitivity
Dome 7 (um) I'yp (Mm) h (um) ks (N/mm) sensitivity SI; (mV/N) SI, (fF/N)
Dome-A 350 1.53 43 3.50 480 950
Dome-B 350 1.21 33 9.70 445 620
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FIG. 4. Relationship between applied force and capacitance decrease AC for
the long static stimuli detection.
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where k is the bending stiffness, according to the simple
membrane model

Ef
==y ®)

with the subscripts 7 for the inner part and up for the uplifted
region; F is the applied load, ¢ is a correction parameter
adjusted to the ratio r,,/r, E is the Young’s modulus, and v is
the Poisson ratio. Despite the simplicity of the model, the
values of modeled stiffness, namely, k4000 = 3.1 N/mm
and kypnoqer = 8.2 N/mm, are in reasonable agreement with
the measurements of both A and B systems (Aky ~ 13% and
Akg ~ 18%), as summarized in Table I. The effect of the
uplifted area size is clear from Eq. (2): the larger the radius
of the outer area, the lower the stiffness of the dome as a
whole allowing an electromechanical response of the
piezo-cells Dome-A at low forces (6—20mN), as shown in
Fig. 3(a). In the same range, due to the higher stiffness of
Dome-B, no electromechanical response (both piezo and
flexo polarization) is measured while load is applied.
Analogously, the stiffer Dome-B shows a lower capacitance
variation with respect to Dome-A (Fig. 4).

Finite element method (FEM) simulations have been
implemented in order to understand the different electrome-
chanical behavior and dynamic range shown in Fig. 3(b)
between the domes. The implemented multiphysics was the
combination of structural mechanics and piezoelectricity,
while the flexoelectricity has been kept in account as the
measured offset. The exploited physics for the simulations of
the structure has been the structural mechanics and the elec-
trostatics to simulate the piezoelectric multi-physics and to
estimate the electromechanical response of the device. The
geometry has been built by a 2D axial symmetry, in which
the axis corresponds to the center of the dome. A standard
free triangular mesh has been set up as finite element geome-
try discretization and a stationary study has been performed
to solve the electromechanical analysis for each applied
load. The normalized calculated voltage has been superim-
posed to the measured signal for comparison. For the higher
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Dome-A and load in the range up to 60 mN, simulations
show the dome is pushed downwards, with slight compres-
sion in polyimide substrate tape, until the released structure
is flattened on the silicon substrate. In this region, the stress
is transferred to the piezoelectric film, generating the voltage
signal. For forces higher than 60 mN, the constant flattening
causes the signal saturation. For the lower Dome-B, simula-
tions confirm the same mechanism. Its flattening region has
been identified in the range up to 40 mN. Once flattened,
Dome-B behaves as Dome-A, showing saturation.

In summary, we proposed and developed dome shaped
piezoelectric transducers realized by integration of high
Young modulus material as Aluminum Nitride on a low
modulus material as polyimide. The integration results in a
natural three-dimensional bowed structure due to the com-
pressive residual stress of AIN on the polymeric substrate.
The stress release provides a perfectly curved dome and an
uplifted area of polyimide substrate. As confirmed by the
analytical model and by FEM simulations, the uplifted area
is determinant for low stiffness and dynamic range of the
transducer that easily deforms under loading. Further investi-
gation of the robustness of the multilayered structure is
needed to prove the cyclic electromechanical response of the
transducers. Preliminary measurements demonstrate that the
transducer detects dynamic contact forces, by exploiting the
combination of both piezoelectric and flexoelectric effect in
the same material, in the range up to 60 mN before saturation
and static contact forces (up to 1s of applied mechanical
load) by capacitance decrease in a range up to 80mN.
Furthermore, the estimated sensitivity to normal stress in
dynamic sensing mode is up to 480 mN/V and in static sens-
ing mode is up to 950 fF/N. The results are encouraging and
the technology is well suited to realize large area tactile
sensors for robotics applications.

This research is funded by ITEM Program Infrastructure
for BioMEMS technologies of advanced sensing for
environmental and food monitoring and diagnostic
(PONa3_00077).
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