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Experimental pressure sensing and
technology of piezoelectric microwave/RF

MEMS filters
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In this work, we analyze the pressure sensing of a thin film molybdenum/aluminumnitride/molybdenum (Mo/AIN/Mo)
microwave/RF MEMS filter fabricated by a simple technology. After an experimental characterization in a frequency
range between 1 and 36 GHz, we focused on the piezoelectric effect due to the stress properties of the piezoelectric AIN
layer by applying forces by means of weights. Variations in the bandpass region of the microwave/RF filter are observed
by proving high sensitivity also for low applied weights. We check by a properly designed three-dimensional (3D)
finite-element method (FEM) tool the pressure-sensing property of the proposed device. Finally, we analyze the bad gap prop-

erty of a chip with central defect around 40 GHz.
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. INTRODUCTION

Research in the field of MEMS resonator has generated differ-
ent techniques using periodical pattern especially for realizing
piezoelectric aluminum nitride (AIN) bandpass filters [1-6]
and band gap filters [7-9]. The technology and the approaches
proposed in the works concern: new class of single-chip AIN
multiple-frequency behaving as micromechanical bandpass
filter [1-3, 5, 6], bulk acoustic wave devices [4], microwave,
and millimeterwave (mm-wave) bandstop filters using artifi-
cial periodic substrate electromagnetic band gap (EBG) [7],
microstrip band gap structures [8], and surface modes
propagating in multiple metallic layers [9]. In particular, con-
cerning the tailored devices, periodic configurations are
studied for the analysis of bandstop and bandpass frequency
regions obtained by band gaps. The band gaps and the
cutoff frequencies, can be generated by changing the electro-
magnetic properties of period waveguides, for example, by
applying forces on the piezoelectric material: in this case the
stress properties of the piezoelectric material generates a
variation of the electromagnetic field, which characterizes
the guided modes of the periodic structure and the parameters
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of the equivalent transmission line circuit. The guided modes
are defined by the working frequency and by the geometry.
Several modes depending on the layout configuration can
propagate along the periodic waveguides by defining the
frequency response and the resonance conditions of the
SEensor.

The proposed layout consists of seven circular air holes
arranged in a transmission line as illustrated in Fig. 1(a).
The holes are etched until the Mo layer 2 (see Fig. 1(b)),
and are characterized by a diameter of 2 mm and by a
period of 3 mm. The width of the periodic transmission
line is 4 mm. The thickness of the upper Mo layer, of the
AIN layer and of the bottom Mo layer are 70, 500, and
100 nm, respectively. In this work: (i) we fabricate the pro-
posed microwave/RF filter; (ii) we characterize its trasnmit-
tivity response in a frequency range between 1 and 36 GHz
by means of a network analyzer that measures the scattering
S,. parameter of the chip; (iii) then we analyze the effect of
the pressure on the chip on the frequency response; (iv) we
check the pressure sensing of the proposed device by
means of a properly designed three-dimensional finite-
element method (3D-FEM) tool; and (v) finally, we analyze
the band gap properties at high frequencies useful for
REF-filtering applications.

II. TECHNOLOGICAL ASPECTS
The AIN thin film, sandwiched into two molybdenum (Mo)

electrodes, is grown on a substrate consisting of a thin SiO,
sacrificial layer on a thick (100) silicon substrate.
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(a)

Molybdenum has been chosen as electrode material because of
its capability to promote a preferential (002) orientation of the
AIN film and its low resistivity. The AIN and Mo films are
grown by DC magnetron sputtering using an LLSEVO
Unaxis sputtering system. The growth conditions have been
optimized to achieve a good compromise between adhesion
stability and crystallographic quality. Different steps of
optical lithography and well-controlled both dry and wet
etching are wused to define the pattern of the
proposed microwave/RF MEMS filter; in particular, we use a
step lithography (negative mask and positive resist) and wet
chemical etching H,O,, H,PO,-based solutions to
remove the upper Mo layer and the AIN layer, respectively,
in the region where is impressed the periodic structure of
Fig. 1(a).

1. EXPERIMENTAL SETUP

Concerning the experimental setup, the chip is coupled to
the coaxial cables of the Agilent 8510 ¢ network analyzer by
means of two identical tapered waveguides as illustrated in
Fig. 2(a). The tapered waveguides are properly designed to
match the input and the output ports with the 50
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Fig. 2. (a) Image of the used experimental setup. (b) Layout of the tapered
waveguides used in the experimental setup.
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Fig. 1. (a) Chip with central microwave/RF MEMS filter. (b) Cross-section of the filter with pressure applied in the middle of the periodic structure.

impedance of the cables: the materials used are Polyvinyl
Chloride (PVC) and copper (metal for the electric contacts).
The tapered profile is characterized by the following geometri-
cal parameters reported in Fig. 2(b): height W = 6.5 mm,
height T= 1 mm, and L = 30 mm.

The design of the tapered waveguides is based on the
calculus of the characteristic impedance of a microstrip line
given by [10]
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where W, s, and &, are the substrate thickness, the conductor
width, and the effective refractive index of the microstrip line,
respectively. We observe that the effective refractive index is
approximately [10]
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where &, is the relative permittivity of the material of the
tapered waveguides.

The calibration process [11] is performed by contacting the
two tapered waveguide connected to the two ports of the
network analyzer.

The final experimental setup is composed of the following
components:

e two tapered waveguides with copper as metal for electric
contacts (the tapered waveguides couple the coaxial
cables of the network analyzer with the sensor);

e two connectors for the electric contact between coaxial
cables of the network analyzer and the tapered waveguides;

e a set of weights;

¢ a network analyzer.

V. BASIC PRINCIPLE AND FEM
MODELING

The applied pressure changes the electromagnetic properties
of the guided modes through the stress relationships of the
AIN layer between the stress T, the strain S, the electric field
E, and the electric displacement field D

T=cS—e'D,

D =eS —¢,E, G)

where cg, e, and &, are the elasticity matrix, the coupling
matrix, and the relative permittivity matrix, respectively,
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The stress of the piezoelectric material, due to applied weights,
can generate gains or losses of the transmittivity response by
new cutoff frequencies.

Concerning the 3D-FEM modeling, Fig. 3 shows the
3D-FEM mesh of the proposed pressure sensor where the
structure is discretized by tetrahedrons. The value of a
vector field quantity (such as the H-field or E-field) at
points inside each tetrahedron is interpolated from the ver-
tices of the tetrahedron. At each vertex, an FEM-based
solver stores the components of the field that are tangential
to the three edges of the tetrahedron. In addition, FEM
stores the component of the vector field at the midpoint
of selected edges that is tangential to a face and normal
to the edge. The field inside each tetrahedron is interp-
olated from these nodal values. By representing field quan-
tities in this way, the system can transform Maxwell’s
equations into matrix equations that are solved using tra-
ditional numerical methods and implementing equations
(3)-(6).

For the simulation we use a modified FEM tool used for
photonic crystals design [12]: this tool allows us to define

Pressure

Port1

Fig. 3. 3D-FEM modeling and 3D-FEM mesh of the microwave/RF pressure
sensor.
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the input and the output of the sensor as two wave ports indi-
cated in Fig. 3 as ports 1 and 2. We note that the 3D-FEM
modeling considers the same surface touched by weights
used during the experimental process.

The frequency passing/stopping principle due to the
pressure is schematically illustrated in Fig. 4. The periodic
layout allows the electromagnetic field to resonate at a fre-
quency f,. Consecutively, working at f, (frequency of reson-
ance), the modes will propagate along the waveguide from
the input port to the output port as illustrated in Fig. 4(a).
When the pressure is applied, the waveguide becomes
deformed (see Fig. 4(b) where, due to the applied weights,
the thickness of the waveguide changes), and the waveguide
propagation condition changes being the periodic structure
different from the case of Fig. 4(a): in this case, the previous
modes propagating at f,, can be reflected at the input port.

V. MEASUREMENTS, RESULTS,
AND DISCUSSION

In order to neglect the electrical interaction between the upper
Mo layer and the weights, we use a material for electrical iso-
lation as illustrated in Fig. 1(b). By using the experimental
setup described in Section III, we first measure the frequency
response of the chip in a frequency range between 1 and
36 GHz, and then we apply a pressure directly on the periodic
structure by means of different weights: Fig. 5 shows the trans-
mittivity (S,, response) for the chip without pressure, and the
plots obtained by applying as weights P1 = 2.4 g and P2 =
19.09 g. From Fig. 5 we observe that the region with high-
pressure sensitivity is defined between 1 and 11.5 GHz: the
plots are convergent to the measurement without applied
pressures except for particular regions or frequencies.

The main variations between the values of the plots of
Fig. 5 and the values of the 3D-FEM simulations are reported
in Table 1. The transmittivity variations AS,, of Table 1 are
the differences in dB units between the transmittivity values
of the device without weights and with the applied weights.
The transmittivity values are chosen at the frequencies
where the variation effect is strong.

Moreover, we observe from Fig. 6 that the plot without
pressure is obtained before and after the experimentation
(before to apply the loads and after the measurements
without weights); this is due to the elasticity property of the

_
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Fig. 4. Pressure-sensing principle and propagating modes. (a) The
longitudinal section of the periodic waveguide. (b) The longitudinal section
and geometrical deformation of the periodic device by applying loads.
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Fig. 5. Scattering measured parameter S,,. The measurements are performed by considering the sample without weights (sample plot), the sample with an applied
weight of 2.4 g (P1 plot) and by a weight of 19.09 g (P2 plot). Inset: zoomed image around the new generated cutoff frequency.

whole chip. For this purpose, the presented chip is suitable for
pressure-sensing applications.

Figure 7 verifies the pressure sensing experimentally found
at f, = 11.19 GHz by applying P2 as weight: the 3D FEM
checks in this case the experimental results of Fig. 4 by
showing the trasnmittivity as the electric field resonance at
fo- The modes associated with f, resonate according to the
electric field distribution of Fig. 7(a) obtained without
the application of loads; when the pressure P2 is applied
the waveguide changes the core thickness as illustrated
in Fig. 4(b) and stops the wave propagation at f, (cutoff
frequency).

In order to analyze the frequency behavior of the intro-
duced sensor layout with respect to the frequency response
of the support, in Fig. 8 we compare the S,, response with
and without the sample. This comparison shows that the
stray effects of the used support are low.

In order to reduce the error of the measurement, we have
considered the average value of different S,, measurements.

We estimate the error probability of the measurements
of the proposed pressure sensor as error = (wrong
measurements/total number of measurements)% and the

Table 1. Experimental and 3D FEM results: major plot variations for
different frequencies.

f Measured Measured 3D FEM 3D FEM

(GHz) AS12 (dB) AS12(dB) AS12 (dB) AS12 (dB)
(P1 plot) (P2 plot) (P1) (P2)

1 13.8 12.8 18.3 20.21

2.58 18.74 12.91 22.23 16.6

6 19.14 26.85 28.56 36.5

11.19 5.93 35.37 7 35.6

11.49 23.37 6.21 22.54 9.7

23.9 9.08 6.35 17.3 9.76
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Fig. 6. Scattering measured parameter S,, before the applied weights (plot ref.
[1]), and after the experimentation (plot ref. [2]): both the plots are obtained
without the weights.

sensor sensitivity as the possibility to detect correctly a
weight: we observe from Fig. ¢ that, over s50g of
applied weight (limit of the working range of the sensor),
the experimental support described in Section III becomes
unstable, and, consecutively, the error of the measurements
increases, moreover, after 50 g, the thickness of the sensor
changes slowly and consecutively the detection sensitivity
decreases.

The estimation of the error probability and of the sensi-
tivity is performed by considering 50 total measurements for
each applied weight (step of 1 gof weight). Finally, we
observe that the sensitivity can change with the thicknesses
of the Mo and AIN layers.
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Fig. 7. 3D-FEM modeling: microwave MEMS sensor for a working frequency
fo = 11.19 GHz by using the P2 weight. (a) Electric field configuration without
applied pressure. (b) Electric field configuration by applying P2.
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Fig. 8. Scattering measured parameter S,, with and without the actual sensor
introduced between the tapered waveguides of Fig. 2(a).

VI. FILTERING BEHAVIOR AT HIGH
FREQUENCIES

In order to observe band gap properties, we design a chip with
a central defect obtained by missing the central hole of the
sensor of Fig. 1(a).

Using the experimental setup described above, we measure
the frequency response of the chip in a frequency range
between 20 and 50 GHz. Figure 10 shows the measured trans-
mittivity (S,, response) of the chip: we observe from Fig. ga
band gap region (stopband region) defined around 40 GHz;
the same bad gap behavior is proved by the FEM approach.

EXPERIMENTAL PRESSURE SENSING AND TECHNOLOGY
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Fig. 9. Error of the measurements and sensor sensitivity versus the applied
weights.
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Fig. 10. Transmittivity response of the chip of Fig. 1(a) with central defect
obtained by missing the central hole. Inset: measured chip.

As in the previous cases, to reduce the error of the measure-
ment, we consider the average value of five different
measurements.

VII. CONCLUSION

In this work, we fabricate and measure a thin-film MEMS per-
iodic filter for microwave/RF applications. The proposed device
behaves as a pressure sensor and presents a high sensitivity also
for low applied forces. The experimental results are validated by
a 3D-FEM tool. The presented technology generates a cheap
device and allows it to scale the layout easily to micro-
dimensions. Finally, we study the band gap properties around
40 GHz for a chip with central defect. The pressure sensor
characterization near the band gap region is under investigation.
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