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ABSTRACT

Piezoelectric sensors based on acoustic waves propagating
into micro electro-mechanical systems (MEMS) are a lively
research area, with devices based on flexural plate waves
(FPW) finding applications across various fields, including
industrial and biological sectors. In this paper, a temperature
sensor based on a piezoelectric MEMS that exploits the first
antisymmetric mode, denoted as the Aq or FPW mode, of
Lamb waves generated in a diaphragm is presented. The
micromachined diaphragm is composed of a stack of doped
silicon and an aluminum nitride (AIN) piezoelectric layer
with aluminum interdigital transducers (IDTs) employed for
wave generation and detection. The proposed MEMS
sensor exploits the variation of the FPW propagation
velocity in the diaphragm due to temperature. The sensor
expected working temperature range is at least 20 to 80 °C
and in this preliminary phase has been tested from 25 to
45 °C by means of a tailored PID controlled temperature
chamber including a Peltier cell and a Pt100 sensor while
measuring the electrical admittance of a single IDT. The
working principle has been validated within the frequency
range from 11.185 to 12.88 MHz. Measurements have
confirmed the sensor working principle, demonstrating a
sensitivity of -426.5 Hz/°C and highlighting its potential for
extending the operating temperature range.
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1 INTRODUCTION

MEMS-based sensors are extensively employed in several
research fields [1], including environmental monitoring [2],
biomedical diagnostics [3], and industrial automation [4].
MEMS temperature sensors play a critical role in various
applications where precise temperature monitoring is
essential, such as tracking the internal temperature of
smartphones [5], measuring human body temperature [6],
or regulating indoor environments in heating, ventilation,
and air conditioning (HVAC) systems [7]. Given the
widespread adoption of MEMS temperature sensors,
significant efforts have been made to develop and optimize
different transduction principles, including resistive [8],
optical [9], and piezoelectric [10], the latter being
particularly notable for its high responsivity to temperature
variations and suitability for harsh environments [10].
Specifically, among piezoelectric sensors, acoustic wave-
based sensors have gained attention due to their high
sensitivity and reliability [11]. Typically, acoustic wave
MEMS temperature sensors are based on surface acoustic
wave (SAW) [12], bulk acoustic wave (BAW) [13], and
flexural plate wave (FPW) [14]. Among acoustic wave
sensors, FPW MEMS exploit the propagation of Lamb
waves in thin diaphragms and exhibit several advantages,
including the operating frequency range typically in the tens
of MHz and the ability to operate in contact with liquids
with low losses [15,16]. In this context, this work presents a
novel piezoelectric MEMS temperature sensor based on
flexural plate waves, specifically exploiting the first
antisymmetric mode (Ao) of Lamb waves. The sensor
exploits the variation in the propagation velocity of FPWs
in a micromachined piezoelectric diaphragm as a function
of temperature, enabling thermal measurements.
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Figure 1. Top (a) and cross-section (b) schematic views of
the proposed piezoelectric temperature sensor.

2. DESCRIPTION AND WORKING
PRINCIPLE OF THE PROPOSED MEMS
TEMPERATURE SENSOR

Fig. 1a shows a schematic representation of the top view
of the proposed MEMS. The device is composed of a
square diaphragm with an interdigital transducer (IDT),
positioned close to the edge of the diaphragm, which
comprises two interleaved comb-shaped electrodes. Each
electrode consists of equally spaced fingers with a pitch
p and aperture W, located on top of a piezoelectric layer.
By applying a sinusoidal voltage across the IDT fingers,
a perturbation in the thickness of the AIN layer, and
consequently in the diaphragm, is induced, as
schematically shown in the cross-section view A-A’ of
Fig. 1b. At specific frequencies, this perturbation induces
mechanical vibrations in the diaphragm in the form of
Lamb waves. Specifically, the first antisymmetric mode
(Ag) has been excited at the synchronous frequency
fao=vao/p Where vao represents the propagation velocity
of the Ao mode. The proposed MEMS has been
manufactured by means of the PiezoMUMPs process
[17]. The device features overall dimensions of
9 mm x 9 mm and incorporates a 6 mm x 6 mm squared
composite diaphragm. The top and bottom views of the
manufactured device are shown in Fig. 2a and 2b,
respectively. The diaphragm consists of a material stack
composed of a 10 um thick silicon (Si) layer and a
0.5 pm thick piezoelectric aluminum nitride layer. The
AIN layer on the composite diaphragm can be actuated
by eight IDTs, positioned on the inner and outer edges of
the diaphragm and arranged symmetrically with respect
to its center.
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Figure 2. Top (a) and bottom (b) views of the fabricated
piezoelectric MEMS sensor.

Each IDT comprises two interleaved comb-shaped
electrodes. Each electrode consists of N =10 equally
spaced fingers, with a pitch p =112 um and an aperture
W =35 mm. By considering the tolerances of the
fabrication process the frequency fao is expected to be
between 11 and 15 MHz [15]. The proposed MEMS
sensor exploits the variation of the FPW propagation
velocity vag in the diaphragm due to thermal expansion and
changes in the Young’s modulus of the materials as a
function of temperature [18,19]. The device was
configured as a one-port transducer and the electrical
admittance G(f) of a single IDT has been analyzed as a
function of temperature. This is expected to produce a
frequency shift in the IDT admittance pattern centered at
fao of the Ao mode [14, 20], with a downshift in
frequency as the temperature increases. The expected
working temperature range is at least 20 to 80 °C as
observed in similar AIN-based MEMS devices, [21]
while in this preliminary phase it has been tested within
25 and 45 °C.
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Figure 3. Schematic representation of the implemented
PID controller. The enlarged view shows a detail of the
controlled process, embedding the FPW MEMS
temperature sensor, the actuator (Peltier cell), and auxiliary
circuits.
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3. EXPERIMENTAL SETUP

The operating principle was experimentally investigated
using an HP4194A impedance analyzer and a custom
experimental setup, including a thermal chamber
regulated by a proportional-integral-derivative (PID)
controller. Fig. 3 shows the block diagram of the
implemented PID controller. The time-dependent
process variable PV(t) corresponds to the chamber
temperature T, which is measured using a dedicated
temperature sensing circuit and compared with the
setpoint variable SP, representing the desired operating
temperature. The error e(t) = SP — PV(t) is processed by
the PID control algorithm, which incorporates
proportional, integral, and derivative control actions with
gains K, K; and Kg, respectively. The resulting
manipulated variable MV(t) feeds a thermal management
circuit to control the chamber temperature T. The system
is specifically designed to establish and maintain
predefined temperature profiles, enabling a precise
characterization of the proposed MEMS temperature
sensor. Fig. 4a illustrates the developed thermal
chamber, which has been built using insulating foam
layers. A Marlow TG12-6 Peltier cell has been employed
as the heating element and is positioned at the bottom of
the chamber, with a heat sink attached to its outer
surface as shown in Fig. 4b. The Peltier cell is driven by
a Pulse-Width Modulation (PWM) controller, which
facilitates power regulation.

Peltier cell

MARLOW /
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Figure 4. Experimental setup. Thermal chamber made of
insulating foam (a). Peltier cell and the heat sink used to
control the chamber temperature (b). Top view of the PCB
adapter for the proposed MEMS sensor (c). Bottom view
of the PCB adapter and Pt100 reference sensor positioned
inside the chamber (d).

Figure 5. Simplified schematic representation of the
proposed MEMS sensor configured for electrical
admittance measurements.

The PWM driver is controlled via the PID algorithm,
implemented through a LabVIEW interface. The
chamber temperature T is measured using an HP34401A
multimeter connected to a Pt100 resistive temperature
detector (RTD) temperature sensor located inside the
chamber, with a sampling time of 1 s. The FPW MEMS
temperature sensor was fixed on a printed circuit board, as
shown in Fig. 4c and Fig. 4d.
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Figure 6. Setpoint (SP) and measured chamber
temperature (PV) as a function of time. The inset shows
the transient response to a heating step of 2.5 °C.
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Figure 7. Measured conductance G(f) of a single IDT as a
function of the excitation frequency f at different
temperature T. The inset shows an enlarged view of the
second peak Pk2 of G(f) at different temperatures.

4. EXPERIMENTAL RESULTS

To validate the proposed MEMS temperature sensor, the
electrical conductance G(f) of a single IDT, namely
IDT3, was measured according to the schematic diagram
shown in Fig. 5, while the remaining IDTs were left
floating, i.e., electrically unconnected. A sinusoidal
excitation with a rms amplitude Vac of 1 V was applied,
while the frequency f was swept between 11.185 and
12.88 MHz with a step size of 70 Hz at different
temperatures. The proposed sensor has been tested
within the temperature range of 25°C to 45°C, while
varying the setpoint SP with a 2.5°C step as shown in
Fig. 6. The time required to achieve steady state after
each 2.5°C step was set as 1 hour, as illustrated in the
inset of Fig. 6. An additional delay of 30 minutes after
the beginning of the steady state was introduced before
conducting admittance measurements. Thanks to the
continuous real-time temperature control implemented
via the PID, the PV accurately followed the SP ensuring
precise thermal regulation, as shown in the inset of
Fig. 6. Measurements were performed while maintaining
a stable temperature over time, with a variation of
approximately £0.02 °C. Fig. 7 shows the measured G(f)

of IDT3 as a function of the excitation frequency f. The
obtained conductance patterns show five distinctive main
peaks within the considered bandwidth caused by the IDT3
location on the diaphragm and by the diaphragm dimensions
[15, 22]. A conductance peak is obtained when the
wavelength is an integer submultiple of the propagation path,
defined as twice the distance between the center of the IDT
and the outermost constraint of the diaphragm [22]. The
obtained series of peaks (Pk1-5) exhibits a rigid
downshift in frequency as the temperature T increases, as
visible in the inset of Fig. 7, where the second peak of
G(f) is shown. Fig. 8 illustrates the frequency shifts Af as
a function of AT, where AT =T - To with To = 25 °C. The
frequency shift is defined as Af =fy- fmo, where fy
represents the frequency at which the conductance G(f)
reaches its maximum for the five measured conductance
peaks, and fmo the corresponding values at the reference
temperature To. The dashed line represents the linear
fitting of the average frequency shifts obtained by
averaging the individual shifts of the conductance peaks
as a function of AT. For AT = 25 °C, a frequency
variation of -8.628 kHz has been measured. The proposed
MEMS sensor exhibits a sensitivity of -426.5 Hz/°C, with a
maximum nonlinearity error, referred to the full scale, of
1.18%.
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Figure 8. Frequency shifts Af as a function of AT for the
five conductance peaks. The dashed line represents the
linear fit of the average frequency shifts obtained for the
five peaks.
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5. CONCLUSIONS

In this work, a piezoelectric FPW MEMS temperature
sensor was presented. The proposed sensor exploits the
first antisymmetric (Ao) vibration mode of Lamb waves
to measure the surrounding temperature. The operating
principle was experimentally validated using a custom
PID-controlled temperature chamber, ensuring precise
measurement conditions, accurate characterization, and
minimal external interferences. The sensor was validated
over the temperature range of 25 °C to 45 °C within the
11.185 to 12.88 MHz frequency range. For AT =25 °C, a
frequency shift of -8.628 kHz was measured. The
proposed MEMS sensor exhibits a sensitivity of
-426.5 Hz/°C with a maximum nonlinearity error of
1.18% referred to the full scale. The results obtained
demonstrate the feasibility of using FPW-based
piezoelectric  MEMS  for  temperature  sensing
applications, confirming the expected downshift in
frequency of the conductance pattern as the temperature
increases and highlighting its potential to operate over an
extended temperature range.
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