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Abstract. In this study, the design of an array of piezoelectric MEMS acous-
tic emission sensors are introduced. A piezoelectric multi-user MEMS process
(Piezo-MUMPs) is used to microfabricate a 4 × 4 array diaphragms ranging from
100 kHz to 700 kHz on a 5mm× 5mmchip. The numericalmodels of sensor array
are built to understand the responses of both individual elements and array. The
sensitivities of these sensors are compared to demonstrate an improvement in the
sensitivity of array configuration. These sensors can operate in air-coupled, solid-
coupled and fluid-coupled applications for damage detection in solids. They can
be used for detecting damage modes in materials by differentiating the frequency
components at the sensor level. Low cost and mass fabrication of the developed
sensor enables a dense distributed sensor network for cyber physical systems.
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1 Introduction

Acoustic Emission (AE) is a passive structural health monitoring method where prop-
agating elastic waves released by active defects trigger AE sensor to convert displace-
ment response into electrical signal. The AE method has been applied to a wide range
of infrastructure systems such as bridges [1–3], railways [4, 5] and pipelines [6–8]. The
selection of AE sensor for a specific application plays significant role as it is the inter-
face between input and output signals. The main characteristics of AE sensors include
frequency bandwidth, sensitivity, and size. AE source (e.g., fatigue crack, wire break),
structure type (e.g., concrete, steel), target resolution (controlled by attenuation) and
space limitation are factors to select the most suitable AE sensors. Conventional AE
sensors are bulky piezoelectric sensors manufactured manually and their size controls
their frequency bandwidth. In recent years, MEMSAE sensors have been developed and
tested in laboratory scale experiments [9]. They are based on capacitive and piezoelectric
transductionmechanisms.CapacitiveMEMSAEsensors requireDCpower,which limits
their use in the applications with low power needs. With new micromaching techniques,
piezoelectricMEMSgained significant potential. In this paper, the first-generation piezo-
electric MEMS AE sensors developed in our laboratory are presented. Their limitation
of low sensitivity and narrow frequency bandwidth are addressed in next generation by
connecting a range of individual sensors tuned to different frequencies in series.
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2 The First-Generation Piezoelectric MEMS AE Sensors

The first-generation piezoelectric MEMS AE sensors are manufactured using piezo
MUMPs provided by MEMSCAP. It is a multi-layer process to build microstructures
with aluminum nitride as piezoelectric element. The design can be divided into two
parts: the flexible mechanical mass-spring system that oscillates when an acoustic signal
is incident on it; the piezoelectric layer on the mechanical layer that converts the kinetic
energy of the acoustic signal to a change in electricity. The piezoelectric layer, AlN, is
sandwiched between the device Si layer and metal electrode. A cross-section and top
view of the PMUT is show in Fig. 1. These structure each contain four edge-clamped
beams whose mass and stiffness can be tuned to the required resonant frequency.

Fig. 1. (Left) Cross-sectional view of Piezo-MUMPs based pMUTs, (Right) Top view of a single
pMUT sensor design. The central mass is suspended using 4 equidistance beams making an edge
clamped beam-mass systems.

In the first-generation design, two sensors tuned to two frequencies were manufac-
tured on a 4 mm × 4 mm die. The fundamental frequency of PMUT in the z-direction is
proportional to

√
k/m, where k is the modal stiffness and m is the mass of the idealized

suspended structure [10] as shown in Fig. 2. The factors controlling the fundamental
frequency are cantilever lengths and width and diaphragm diameter. Thickness is con-
trolled by micromachining process. The MEMS resonator has very high-quality factor
leading to a narrow bandwidth frequency response. This is an advantage for dispersive
medium with frequency dependent wave velocity. However, this is a disadvantage if the
frequency of AE source is outside the AE sensor bandwidth.

Figure 3 shows the comparison of piezo MEMS and conventional AE sensors. As
piezo MEMS are currently packaged with off-the-shelf ceramic package, the signal to
noise ratio is low due to cabling. On the other hand, when amplitude/size ratios of two
sensors are compared, shown in Fig. 3c, piezo MEMS have superior behavior as 99.59
as compared to conventional AE sensor as 1.24.

The results of the first-generationMEMS sensor indicate the promising performance
as AE sensor that is a candidate to replace bulky sensors if bandwidth and signal to
noise ratio are increased. In the second-generation design, bandwidth and sensitivity are
tackled by connecting multiple frequency sensors in series as described below.
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Fig. 2. The first-generation MEMS AE sensor operating as MEMS resonator near 175 kHz
frequency.

Fig. 3. Comparison of piezoMEMSAE sensor with conventional AE sensors, (a) sensors coupled
to composite layer, (b) time history signals and (c) comparison in amplitude to size.

3 The Second-Generation Piezoelectric MEMS AE Sensors

The second-generation design is aimed to include sixteen resonators tuned in the range
of 100 kHz to 700 kHz with 40 kHz step. The design variables to tune the fundamental
frequency are length andwidth of cantilever arms andmass of suspended diaphragm. Fol-
lowing thematerial properties of the design layers provided by the design rule limitations
of PiezoMUMPs, each resonator is numerically modeled using COMSOLMultiphysics
software with two physics modules namely solid mechanics and electrostatics module.
Material properties used for Si and AlN layers for density (ρ (kg m−3)) are 2330 and
3300, Young’s Modulus (E (GPa)) are 156 and 320, while the Poisson’s ratio (ν) is 0.125
and 0.24 respectively, respectively [11–13]. In order to keep the area of piezoelectric
layer constant, the diameter of octagonal central mass is selected the same for all the
resonators as 300 μm. The width of beams is set the same as 125 μm for all the designs.
The length of beams is the main variable to tune each resonator’s frequency. It is varied
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from 340μm to 55μm for the lowest and the highest frequency designs. Figure 4 shows
the mode shapes of 100 kHz and 700 kHz designs. Entire diaphragm of 100 kHz design
is under the same strain which is expected to produce higher current. The higher fre-
quency design has varying strain distribution along piezoelectric layer, which requires
the integration of strain distribution along diaphragm to convert displacement response
into current.

Fig. 4. The fundamental mode shapes of 100 kHz (left) and 700 kHz (right) MEMS AE sensors.

Fig. 5. LEdit design of 16 MEMS resonators on a 5 mm × 5 mm die space.
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Each individual frequency sensor is simulated to ensure that their higher order modes
do not coincide with the other frequencies in the array leading to destructive interference
and the cancellation of signals in the summation. The array elements are then arranged
so that they can work individually as well as an array as shown in Fig. 5.

4 Fabrication Process

The MEMS AE sensors are microfabricated by using a piezo-MultiUser MEMS pro-
cesses (PiezoMUMPs) by MEMSCAP [11]. This is a 5-mask level Silicon on Insulator
(SOI) patterning and etching process derived from work performed at MEMSCAP. The
first layer is the piezoelectric layer, PZFILM, which is 0.5 microns of AluminumNitride
(AlN). The second layer is the Pad Metal which is the metal stack of 20 nm of chrome
and 1 μm if aluminum is patterned through a liftoff process. The fabrication process
starts by using silicon on SOI wafer as substrate with Silicon thickness 10 ± 1 μm,
Oxide thickness 1 ± 0.05 μm, and Handle wafer (Substrate) thickness of 400 ± 5 μm.
The silicon layer is then doped by depositing the phosphosilicate glass layer (PSG) and
annealed at 1050 °C for 1 h in Argon which removes the PSG via wet chemical etching.
Then the wafer is coated with a positive photoresist and lithographically patterned by
exposing the photoresist with light through the first level mask defined as PADOXIDE
which remains after etching a reactive ion etch (RIE). Then Deep reactive ion etching
(DRIE) is used to etch the silicon later down to the oxide layer. After this DRIE, the pho-
toresist is chemically stripped. Then to ensure that wafer hold together through trench
etching, we applied a polyimide coat onto the top surface of the patterned silicon layer.
The bottom side of the wafers is coated with photoresist and the fifth level (TRENCH)
is lithographically patterned. Then the Reactive ion (RIE) is used to remove the Bottom
Side Oxide Layer and DRIE is used to remove the photoresist. A wet oxide etch process
is then used to remove the Buried Oxide layer in the regions defined by the TRENCH
mask. Lastly, the front side protection material is then stripped in a dry etch process.
This releases anymechanical structures in the Silicon layer that are located over through-
holes defined in the Substrate layer (Fig. 1). Following this process, the dies will be post
processed using a process that involves bonding them to a wafer carrier and wire bonded
for external connections.

As the microfabrication processes are not perfect [14], once the sensors are fabri-
cated, they will be measured optically to measure the differences in lateral or vertical
dimensions. The change in dimensions can be simulated again to identify variations
in the design frequencies. We will the measure the impedance of the microfabricated
sensors in both single element and array configurations. These results will then be com-
pared to the updated simulation results to verify the designs. These sensors will then
be tested in conjunction with ultrasonic transmitters on steel and composite materials
under various experimental conditions.

5 Conclusions

This study is directed towards the design of MEMS Acoustic Emission sensor array
with the improved sensitivity and frequency bandwidth. An array of sixteen piezoelec-
tric resonators tuned in the range of 100 kHz to 700 kHz is designed to be operated as
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individual sensors or single sensor to detect elastic waves within this frequency range.
Each frequency is selected to ensure that their higher modes do not coincide with fre-
quencies of other sensors such that they operate as constructive interference when they
are connected in series. The sensors are currently being microfabricated byMEMSCAP.
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