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Abstract: - This study introduces a novel microfabrication approach for developing a directional hydrophone with
a distinctive design incorporating cross-shaped piezoelectric cantilevers. In the microfabrication process, a thin
layer of aluminum nitride (AIN), featuring Molybdenum (Mo) thin film electrodes, is utilized as the piezoelectric
functional layer for a cantilever-based underwater ultrasonic microelectromechanical system (MEMS)
hydrophone. Through parameterized simulation, the length of the cantilevers is systematically adjusted within the
range of 100 to 1000 um to achieve the first resonant mode within the 20 kHz to 200 kHz frequency spectrum,
aligning with the targeted underwater ultrasonic acoustic frequencies. The microsystem design incorporates
cantilevers arranged in a cross configuration, aiming to realize a unique MEMS hydrophone with omnidirectional
response capabilities. To investigate the first resonance frequency mode and displacement measurements, a Laser
Doppler Vibrometer is employed, demonstrating a robust correlation between simulation predictions and
experimental data. In-water responsivity and directionality assessments of the piezoelectric MEMS cantilevers
reveal a maximum sensitivity of up to -153 dB, accompanied by an omnidirectional directivity pattern achieved
by the fabricated MEMS sensor.
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1. Introduction

The hydrophone, a pivotal component in ocean exploration, military operations, underwater sound monitoring,
and sonar systems, functions as a crucial radio receiver [1]. Leveraging Microelectromechanical Systems (MEMS)
technology, an interdisciplinary integration of physics, mechanics, acoustics, and electronics [2], hydrophones are
designed and produced to capture underwater sounds effectively. MEMS-based hydrophones, operating as
electroacoustic transducers, employ piezoelectric technology to convert high sound pressure mechanical impulses
into electrical signals. Commonly utilizing piezoelectric or piezo-resistive materials [3-5], these MEMS sensors
have demonstrated precision in locating and discerning the direction of underwater noise, earning recognition as
pioneering directional hydro-acoustic sensors in 1996 [6]. Over time, they have gained widespread application in
various underwater scenarios, particularly in sonar systems.

An intriguing facet of MEMS-based hydrophone development involves biomimetic technology, drawing
inspiration from natural phenomena to create innovative hydrophones [7]. Notable examples include T-shaped
vector hydrophones inspired by fish lines, employing piezoresistive cantilevers [8]. Classified as the "8" dipole
type, these hydrophones exhibit remarkable sensitivity, measuring -180 dB and -192 dB at 1 kHz. Some
hydrophones incorporate liquid models to record the gap between piezoresistive cantilevers and the surrounding
wall, demonstrating effectiveness in capturing underwater sounds within the frequency range of 100 Hz to 8 kHz
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[9]. Additionally, a micro machined hydrophone utilizing a piezoelectric PZT film has been developed, employing
reverse wind techniques to enhance sensitivity [10].

Significant strides have been achieved in the realm of piezoelectric micro machined sensors in recent years.
Devices rooted in aluminum nitride (AIN) MEMS, such as microphones [11], piezoelectric micro machined
ultrasonic transducers (pMUTSs) [12], inertial sensors [13], and radio frequency resonance devices [14], are poised
to gain wider prominence. The appeal of AIN lies in its compatibility with CMOS manufacturing processes,
biocompatibility, and low energy consumption. Despite its relatively low piezoelectric coefficient [15], the small
dielectric constant of AIN [30] renders it highly attractive for piezoelectric MEMS transducers.

While piezoelectric-based hydrophones exhibit excellent performance within the necessary ultrasonic range [16],
their physical size imposes constraints on current sonar systems [17]. Consequently, recent attention has shifted
towards the miniaturization of hydrophones, with potential advantages including stable operation, high precision,
low cost, and increased efficiency. The reduction in size of MEMS hydrophones offers the benefit of enhanced
measurement accuracy, as they are less susceptible to acoustic diffraction [18].

In recent advancements, the integration of piezoelectric cantilevers into hydroacoustic sensing has been
instrumental in enhancing the directional sensitivity of hydrophones [19]. This improvement involves
incorporating additional layers onto the cantilever through the alignment of parallel films, creating a stress layer
that allows stress to "bend in plane” [20]. Notably, the sensitivity of the mechanical mechanism to underwater
sound is heightened by stress gradients during assembly and disassembly, facilitating the definition of structures.
Nitride materials, with a particular emphasis on aluminum nitride, are commonly employed in the cantilever
process, enabling the formation of curved cantilevers.

These micromechanical systems exhibit increased sensitivity to deformations induced by external mechanical
stimuli [21-25], thereby enhancing the ability to control direction and subsequently detect noise. Out-of-plane
curved cantilevers prove especially advantageous as a foundation for steering hydrophones. A well-configured
assembly, involving the installation of four curved consoles and appropriate signal processing, facilitates the
creation of a directional structure that augments underwater sound directivity. This innovative approach,
leveraging new and more efficient methods, enables the development of advanced data collection techniques for
acquiring long-term information about ocean acoustics [26-30].

Among marine inhabitants, dolphins and whales utilize short ultrasonic pulses for environmental perception,
communication, and habitat exploration [31-33]. The recording, analysis, and processing of acoustic data serve as
pivotal tools for enhancing the tracking capabilities of dolphins in their natural settings. In the context of this
study, an acoustic directional receiver was developed using a generator based on a transverse configuration of
four out-of-plane twisted piezoelectric cantilever beams. Finite Element Method (FEM) simulations were
conducted to explore the resonance behavior of the system. The resulting crossover configuration exhibited a
directional response, enabling the detection of sound direction in water.

This research unfolds in three distinct parts, each making significant contributions to the advancement of
hydroacoustic technology. Firstly, it presents the final design and analysis of the micro cantilever structure.
Secondly, it introduces the Micro-Electro-Mechanical Systems (MEMS) design process. Lastly, the study
characterizes the sensitivity and fidelity of the hydrophone, marking a notable milestone as the first directional
hydrophone based on piezoelectric cantilevers designed for underwater ultrasonic communication in the frequency
range of 20 kHz to 200 kHz. The incorporation of a novel algorithm challenges previously underexplored aspects
of input experiences in hydroacoustic studies.

2. Materials and Methods

In the pursuit of designing and fabricating devices, a pivotal aspect involves harnessing piezoelectricity—a
coupling mechanism that intricately links the mechanical and electrical characteristics of a material. This
phenomenon is characterized by the generation of an electrical charge in response to mechanical deformation and,
conversely, mechanical deformation occurring when an electrical charge is applied to the material. The
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foundational mathematical expressions governing this coupling, referred to as piezoelectric constitutive equations
or "coupled equations,"” are provided in the stress-charge form and can be found in the literature [32].

T=sES—eTE 1)

D=eS+¢E )

In this context, the variables are defined as follows: S represents the strain tensor, SE denotes the elasticity matrix,
T stands for the stress tensor, e is the piezoelectric coupling matrix, D signifies the tensor of electric displacement,
e represents the electrical permittivity, and E represents the electric field.

The investigation of MEMS directional hydrophones, with a focus on nitride materials and the optimization of
receiving sensitivity across a specific frequency range, involved a meticulous design and simulation process using
the finite element method implemented through COMSOL Multiphysics. The transducer design included
simulations of acoustics-structure interaction and piezoelectric effects in a water environment, as illustrated in
Figure 1. The approach of anchoring one end of the cantilever while leaving all other faces unconstrained allowed
for controlled device bending. The mesh employed consisted of 202,168 elements, utilizing free quad and free
tetrahedral finite elements for an accurate representation.

Two distinct structures were simulated, both incorporating a piezoelectric aluminum nitride (AIN) functional
layer. The thicknesses of these layers were set at 1 um and 2 um, resulting in flexural stiffness values of
approximately 3x107** Nm? and 9x107'* Nm?, respectively. It's noteworthy that a higher thickness of AIN
contributed to increased flexural stiffness, making the cantilever less responsive and more brittle. The chosen
piezoelectric coefficients for AIN were e13=—0.58C m™ and e33=1.55C m2, and 200 nm thick top and bottom
molybdenum (Mo) electrodes were implemented. To mitigate short circuits in water, a perylene conformal coating
with a thickness of 1 um was applied. The mechanical properties of the materials, along with their respective
thicknesses, crucial for designing and simulating the micro cantilever's response, are outlined in Table 1.

This comprehensive approach ensures the accuracy and reliability of the experimental setup, considering various
factors such as material properties, geometry, and environmental conditions. The detailed description provides a
clear understanding of the methodology employed in the design and simulation of the stress-driven device
structure for MEMS directional hydrophones.

3. Simulation in COMSOL
3.1 Model Development

The unit system is integrated using global system (SI) units in the model development. The geometry shape
function is automated, and the formation of inverted elements is prevented by curving interior domain elements.
The spatial and material frame coordinates are denoted as x-, y-, and z-axes, respectively. The geometry and mesh
frame coordinates are represented by Xg-, Yg-, and Zg-Axes; Xm-, Ym-, and Zm-Axes, respectively. The primary
coordinate names are t1, t2, and n. The geometric characteristics are detailed in Table 1.

Table 1. Geometry Statistics

Description Value

Space dimension 3

Number of domains 6

Number of boundaries | 36

Number of edges 72

Number of vertices 44
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Figure 1. Ultrasonic sensor for detection of speed bumps and potholes [18]

The block 1, at initial conditions of sensor positioning the {Xx, y, z} = {0, 0, 0} the axis type is valued by z-axis.
The size and shape are width = 3600 um, depth = 130 um and height = 20 pm, respectively. The block 2 is
positioned {x, y, z} = {0, 260, 0} valued by z-axis and is constructed similar to block 1. The block 3 is positioned
{x,y, z} = {3470, 130, 0} at z-axis the size and shape are width = 130 um, depth = 130 pm and height = 20 um,
respectively. Subsequently, the block 4 is positioned {x, y, z} = {120, 40, 19.6}, at z-axis the size and shape are
width = 100 pm, depth = 50 pm and height = 0.4 pm, respectively. The block 5 is positioned {x, y, z} = {120,
300, 19.6}, at z-axis with similar size and shape of width = 100 um, depth = 50 pm and height = 0.4 pm,
respectively is applied. The block 6 is positioned at {x, y, z} = {-750, 500, -180}, at z-axis with size of width =
750 pum, depth = 1390 um and height = 200 um, respectively.

Figure 2. Silicon based material project of the piezoelectric MEMS based underwater acoustic vector
sensor

From the Figure 2, the material density is valued 2329 kg/m3. The Table 2 describes applied parameters on the
sensor.

3042



Tuijin Jishu/Journal of Propulsion Technology
ISSN: 1001-4055
Vol. 45 No. 1 (2024)

Table 2. Basic Parameters

Description Value
Relative permeability {{1, 0,0}, {0, 1,0}, {0,0,1}}
Electrical conductivity {{1e*?S/m, 0, 0}, {0, 1e*2S/m, 0}, {0, 0, 1’2 S/m}}

Coefficient of thermal expansion | {{2.6e 1/K, 0, 0}, {0, 2.6e°1/K, 0}, {0, 0, 2.6e 1/K}}

Heat capacity at constant pressure | 700 J/(kg*K)

Relative permittivity {{11.7, 0, 0}, {0, 11.7, 0}, {0, 0, 11.7}}

Density 2329 kg/m3

Thermal conductivity {{130 W/(m*K), 0, 0}, {0, 130 W/(m*K), 0}, {0, 0, 130 W/(m*K)}}
Young's modulus 170e° Pa

Poisson's ratio 0.28

Refractive index, real part {{3.48, 0, 0}, {0, 3.48, 0}, {0, 0, 3.48}}

Refractive index, imaginary part | {{0, 0, 0}, {0, 0, 0}, {0, 0, 0}}

!

Figure 3. p-type Silicon (single-crystal, lightly doped)

\

The p-type silicon (single-crystal, lightly doped) geometry is illustrated in Figure 3. The material parameter is
described in Table 3.

Table 3. Material Parameters

Name Value Unit

Density 2330 kg/m® kg/m3

Relative permittivity {{45,0,0},{0,45,0},{0,0,45}} | 1

Electrical conductivity | 1x10 2 S/

3

Various anisotropic and Voigt notations consisting elasticity matrix and loss factor for elasticity is included. The
piezo-resistance and elasto-resistive coupling matrix, is considered in COMSOL Multiphysics software
environment. From Figure 2. The piezo-resistivity at domain currents is calculated using traditional equations as,
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V-] =0 @)
J=0E+]. 4)
E=-V-V ®)

By keeping the displacement and electric potential as quadratic value with manual terminal sweep off and
reference impedance at 50\0Omega various variables are selected with expression and selective boundaries.

As per Figure 2, the linear elastic material is quantified using the following traditional equations,

—-V:-o=F,0=s (6)
s =8y =C:(€ — € — €niet) (7)
€= ; [(V-w)T + Vu] 8)

From Figure 3, the electric insulation is calculated as —n -] = 0.

Figure 4. Calculation of load boundary

The calculations of load boundary are referred from the equations with pressure rate of 1 Pa as stated below
Fp,=—p-'n (10)

The piezoelectric material from Figure 3 can be calculated using the following equations as,

V-]=Q (11)
J = 0cerr E+Je (12)
Ocery = (0 +8p)7" (13)
Ap=m -] 0 (14)
E=-V-V (15)

The temperature is kept constant at 293.15k and the dopant density is 4.525e18 cm®.

The fixed geometric constraints are calculated as shown in Figure 5, based on the testing parameters like u, v and
w. The elemental analysis is incorporated to understand the statistical mesh patterns as illustrated in Figure 6. The
mesh statistics is described in Table 4.
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Figure 5. Fixed geometric constraints

Figure 6. Mesh analysis of the piezoelectric MEMS based underwater acoustic vector sensor

Table 4. Mesh Statistics

Description Value
Minimum element quality 1.273€E°
Average element quality 0.6611
Tetrahedron 31069
Triangle 10910
Edge element 1452
Vertex element 44
Maximum element size 239
Minimum element size 17.4
Curvature factor 0.4
Resolution of narrow regions 0.7
Maximum element growth rate | 1.4
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Predefined size

Finer

4, Results and Discussions

The computational study of the piezoelectric MEMS-based underwater acoustic vector sensor is conducted based
on the compiled equations described in Section 3 and dependent variables within the defined water-based
constraints. At a relative tolerance of 0.0010 and a pivoted threshold of 0.1, the factor in error estimation is 400.
Various variables such as the displacement field, electric potential, and conjugate gradients of the solver are
segregated to imply the results. The interactive dataset of the solution is evaluated and described in Figure 7 and

Table 5.

Y\L,x

Figure 7. Interactive 3D evaluation of the piezoelectric MEMS based underwater acoustic vector sensor

Table 5. Interactive 3D Values

X y z Value
3599.8 | 184.67 -177.93 | 0.25145
3523.0 | 86.654 -172.26 | 0.24425
3600.5 | 200.97 -177.98 | 0.25152
3600.5 | 167.98 -177.98 | 0.25152
3599.7 | 188.65 -177.93 | 0.25145
3598.8 | 185.25 -177.86 | 0.25136
3598.9 | 192.90 20.000 | 0.0000
3599.5 | 3.1686 20.000 | 0.0000
3599.6 | -2.2737E-13 | 19.968 | 0.0000
3599.9 | 0.15355 20.000 | 0.0000
3600.5 | 0.49795 -177.98 | 0.25151
3600.4 | 0.86377 -177.98 | 0.25151
3597.8 | 0.32392 -177.78 | 0.25126
3596.2 | 1.2890 -177.66 | 0.25111
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X y z Value
3597.2 | 1.0341 -177.74 | 0.25121
3597.9 | 0.25448 -177.79 | 0.25128

3598.4 | -8.2091E-7 | -177.84 | 0.25132

3599.7 | 0.61567 -177.92 | 0.25144

3599.1 | -1.0604E-6 | -177.93 | 0.25139

3599.4 | 0.45568 -177.90 | 0.25141

Surface: Total displacement (um)

Y\L,x vo

Figure 8. Total displacement of the piezoelectric MEMS based underwater acoustic vector sensor

Surface: Electric potential (V)

A0
Mm
0
10
2 L
Yol ox Yo
Figure 9. Surface electric potential (V) of the piezoelectric MEMS based underwater acoustic vector
sensor
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The total displacement of the piezoelectric MEMS-based underwater acoustic vector sensor is illustrated in Figure
8. Stress and strain analysis were performed to determine the relationship between voltage and sound pressure
waves. The surface electric potential (V) of the piezoelectric MEMS-based underwater acoustic vector sensor is
shown in Figure 9. From Figures 10 and 11, the von Mises stress with line response and volume change in
resistivity with the line response are evaluated concerning the change in arc length, respectively. It is observed
that the change in stress corresponds to the change in sensor resistivity.

5. Conclusion

In conclusion, the amalgamation of Micro-Electro-Mechanical Systems (MEMS) technology with piezoelectric
materials stands as a groundbreaking avenue propelling the evolution of underwater acoustic sensors. This
synergistic partnership has yielded a new generation of sensors characterized by compactness, energy efficiency,
and exceptional performance, surpassing the sensitivity and directionality of traditional hydrophones or
accelerometer-based counterparts. The in-depth exploration conducted in this study delves into the intricate design
and analysis of a piezoelectric MEMS-based underwater acoustic vector sensor, clearly demonstrating its viability
and effectiveness in detecting underwater acoustic signals.

The intersection of MEMS and piezoelectricity not only promises enhanced sensor capabilities but also paves the
way for innovative solutions in underwater acoustic sensing. The findings presented herein underscore the need
for continued research and development to bridge the gap between theoretical advancements and the practical
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implementation of hardware sensors. This ongoing exploration lays a solid foundation for the potential evolution
of piezoelectric MEMS-based underwater acoustic vector sensors, positioning them as a transformative alternative
in the landscape of underwater sensing technologies. As technology progresses, these sensors may play a pivotal
role in reshaping our understanding and utilization of underwater acoustic data, opening new horizons for
applications in marine research, environmental monitoring, and defense.
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