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Abstract

The study aims to develop a piezoelectric micromachined ultrasonic transducer (PMUT) with high transmission
capability to achieve greater detection depth. The structural design of the sensing cell based on aluminum nitride
(AIN) thin film is provided, and a mathematical theoretical model is derived. Static pressure, static displacement,
vibration modes, resonant frequency, sensitivity, and acoustic impedance are analyzed using the finite element
analysis. The areas of the upper and lower electrodes and the thicknesses of the piezoelectric and vibrating films are
optimized. Simulation results indicate that when the ratio of the upper and lower electrodes of the sensing cells is 0.7,
the electromechanical coupling efficiency of the transducer is enhanced, and its transmission performance is further
improved. Mainly the first-order resonant frequency of PMUT is 7.62 MHz, with a sensitivity of =198 dB and an
effective electromechanical coupling coefficient of 10.2%, meeting the design requirements for breast cancer

detection.
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1. Introduction

According to statistics from the World Health Organization Cancer Research Center, the prevalence rate of female breast
cancer is 30.1%, the incidence rate is 24.2%, and the mortality rate is 15% [1]. Therefore, early and accurate diagnosis is
crucial to improving the survival rate of breast cancer patients. With the rapid development of ultrasonic computerized
tomography (CT) technology, it is expected to become the most promising imaging method for breast cancer diagnosis [2].
Currently, research teams, both domestically and internationally, are dedicated to developing ultrasonic CT systems for early
breast cancer screening. Despite significant progress, many technical challenges remain, with the traditional piezoelectric
ceramic ultrasonic transducer being one of the primary obstacles [3]. This component is often cited as the most significant
barrier to further innovation [4]. Even though there have been impressive advancements in electromechanical coupling,

producing sensors based on advanced materials still relies on challenging manufacturing processes [5].

These processes limit component miniaturization and adversely affect image resolution, probe size, and production costs.
The realization of the next generation of medical ultrasound systems requires manufacturing many inexpensive, efficient, and
sensitive sensors. As an alternative, microelectromechanical systems (MEMS)-based designs show promise in the
cost-effective manufacturing of large numbers of miniaturized components with improved performance using innovative

sensing mechanisms [6]. Capacitive micromachined ultrasonic transducers (CMUTSs) and piezoelectric micromachined
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ultrasonic transducers (PMUTs) are the main types of ultrasonic transducers [7]. These two ultrasonic transducers have similar
working principles, and both work in flexural vibration mode. It can achieve good impedance matching in the acoustic field.
Compared to PMUTs, CMUTSs have disadvantages in gap height, DC bias voltage, and output pressure capacity [8]. PMUTs,
with their piezoelectric driving mechanism, have fewer constraints on structural design. Additionally, PMUT does not require

a DC bias voltage and can achieve a high output sound pressure at a low voltage drive [6, 9].

In 1979, Shiosaki et al. [10] developed the first ultrasonic sensor based on zinc oxide (ZnO) films. In 1997, Bernstein et al.
[11] invented a PMUT array based on lead zirconate titanate (PZT) films for ultrasonic imaging in water. In 2004, Yamashita
et al. [12] first demonstrated three-dimensional (3D) imaging of target objects in air using thin film PZT PMUTs. In 2006,
Chao et al. [13] developed a deposition method for preparing thin film polyvinylidene fluoride (PVDF), which can be used to
fabricate flexible PMUT. In 2009, Shelton et al. [14] first proposed using aluminum nitride (AIN) films as the active layer of
PMUT, thereby creating complementary metal oxide semiconductor (CMOS) compatible PMUT arrays. In 2012, Sammoura

and Kim [15] attempted to construct an equivalent circuit model for PMUT with bimorph.

In 2015, Lu et al. [16] demonstrated a fingerprint sensor system chip, one of the most critical applications related to
consumer electronics. In 2021, Jeong et al. [17] developed a manufacturing process for the flexible film PMUT, which is
relevant for wearable medical applications. As a result, PMUTs have been widely used in gesture recognition, target detection,
fingerprint scanning, and medical treatment [18]. In particular, it has shown great potential in diagnosing minor soft tissue
lesions of the breast. Due to their high sound power and higher energy density than other MEMS conversion mechanisms,

PMUTSs are a promising alternative for high-resolution imaging at greater depths [19-20].

Despite promising prospects, previously studied PMUTs for medical ultrasound imaging applications are still in their

infancy, and many problems need to be solved, mainly including:

(i) Low emission sound pressure leads to insufficient detection depth and low signal contrast.

(i) Narrow bandwidth leads to poor imaging resolution and accuracy.

These limitations make the images produced by PMUT poor quality and cannot be used for accurate disease diagnosis, so
improving PMUT performance is critical [21]. The proposed design in this work is characterized by a bimorph circular
piezoelectric and vibrating layer with a vacuum cavity. AIN piezoelectric films are used due to their lead-free environmental
protection, low-temperature deposition, low dielectric constant, compatibility with the CMOS process, good acoustic matching,

and other advantages.

The upper and lower molybdenum (Mo) electrodes of the AIN piezoelectric layer give the device a higher quality factor
and lower material loss. These considerations can achieve high electromechanical coupling efficiency, which in turn produces
better emission performance so that there is sufficient sound pressure output to extract complex acoustic characteristic
parameters inside the soft tissue to obtain high-resolution breast imaging. Due to the limited number of existing analysis
models, the relationship between PMUT performance parameters and structural design parameters is still poorly understood,
and further in-depth research is needed [22]. A more structured design process can be implemented by developing better
predictive models that focus on a fundamental understanding of key performance indicators. This approach will enable

substantial performance improvements and bring PMUT technology closer to commercial implementation.

2. Structural Design of Circular Bimorph PMUT

Given the particularity of breast soft tissue, a breast ultrasound CT system based on the cylindrical motion of the PMUT
linear array was developed, as illustrated in Fig. 1. The most important feature of this system is its ability to obtain 3D tissue

signals using a two-dimensional (2D) structure. Four vertically crossed PMUT linear array configurations capture both
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reflected and transmitted ultrasound signals from breast tissue. The length of the array is parallel to the circular axis and
roughly parallel to the central axis of the breast. The size of the linear array transducer meets the different sizes requirements
for breast detection, and the maximum detection aperture is 18 cm x 13 cm. The transducer surrounds the breast tissue for

cylindrical and non-contact measurement.

The whole test is carried out in the water tank (32 °C), controlled by a computer workstation with a high-precision electric
rotating table, combined with a mechanical alignment device (acrylic fixture) to drive the PMUT array to perform column
scanning with a rotating accuracy of 0.05 °C. The multi-channel ultrasonic signal transmitting/collecting circuit system drives
the PMUT array to realize ultrasonic transmission and receiving control. Furthermore, characteristic parameters such as sound
velocity, sound attenuation, and acoustic impedance were extracted from the ultrasonic signals. High-resolution image
reconstruction was achieved using a multi-parameter fusion imaging algorithm. The performance of the PMUT, as a critical
detection part of the breast ultrasound CT system, directly impacts the high specificity required for early screening and

accurate diagnosis of small lesions [2].

Workstation
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Fig. 1 Schematic diagram of breast ultrasound CT system

The circular bimorph PMUT sensing cell structure discussed in this study is illustrated in Fig. 2. The device comprises
two central films: the vibrating sensing film and the supporting substrate film. The upper vibrating sensing layer primarily
facilitates acoustoelectric conversion, consisting of the upper electrode Mo, the piezoelectric film AIN, the lower electrode Mo,
and the vibrating film silicon (Si). The supporting substrate layer beneath serves a supportive and stabilizing role, composed
mainly of the insulating layer silicon dioxide (SiO») and the support layer Si. AIN piezoelectric films are chosen for their low
dielectric constant, excellent acoustic matching, and compatibility with CMOS technology, enhancing the PMUT design’s
potential for medical applications. Metal electrodes are positioned on both surfaces of the piezoelectric films. Mo, selected for
its lower resistivity and higher acoustic impedance than AIN, ensures the device achieves a higher quality factor and lower

material loss with consistent structural design [23].

Also, Al, chosen for its cost-effectiveness and superior electrical conductivity, is the extraction electrode for testing
purposes [24]. The selection of thin film materials is crucial in PMUT design, impacting device performance and
manufacturing. Material properties and dimensions significantly influence the acoustic characteristics of the film. PMUTs

detect ultrasound signals within soft breast tissue during reception mode operation. In this mode, incoming pressure causes the
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piezoelectric sensing film to deflect, generating transverse stress and an electrical charge across the piezoelectric layer via the
piezoelectric effect. When subjected to incoming sound waves, the sensing cell’s film bends up and down. This movement
induces tensile stress on the outer side and compressive stress on the inner side, and vice versa. The piezoelectric films generate
positive and negative charges on their surfaces due to the direct piezoelectric effect. To enhance the receiving sensitivity of the

sensor, the top electrode should ideally cover areas with no changes in stress or charge.

-Al

Fig. 2 PMUT sensing cell structure

The data in Table 1 is key structural parameters used in PMUT sensing cells. The transducer structure layer is composed
of a 1.0 um thick AIN piezoelectric layer, a 5.0 um thick Si vibrating layer, and a 0.2 um thick Mo layer as electrode from

upper to lower.

Table 1 Structural parameters used in the PMUT simulation model

Parameter Material | Radius (um) | Thickness (um)
Upper electrode Mo 42 0.2
Piezoelectric film AIN 60 1.0
Lower electrode Mo 60 0.2
Vibrating film Si 60 5.0

In the simulation, based on the materials of different structural layers, Table 2 shows the properties of the materials
adopted in PMUT [25]. The corresponding elastic constants, relative permittivity, density, and piezoelectric stress constants
are summarized from the literature as an overview. For medical imaging applications, choosing the right combination of
materials is critical, which not only affects the performance of the device but may also affect its manufacturing cost and

feasibility.

Table 2 Properties of the materials adopted in PMUT

AIN Si Si02 Mo
cin | 410.1 | 165.6 70 329
ci2 | 100.7 | 63.9

Elastic constants, ¢jj ci3 | 83.8
(GPa) cy3 | 386.2
cas | 100.6 79.5

ces | 154.7

. . &31 9 4.2

Relative permittivity, & - 11 15

Density, p
(kg/m?) p 3260 2329 2200 | 10200

Piezoelectric st tant ~0.48
iezoelectric stress constants, ej e | —0.58

C/m?
( ) 1.55
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3. PMUT Model Analysis

The boundary condition of the piezoelectric film is regarded as a simple boundary. That is, the boundary can be bent but
not moved. The deflection w at the boundary is zero, the bending moment M, is zero, and the mathematical expression is as

follows [26]:

W|r:a:O’
= (1)

For the simplified model, under uniform pressure p, the deflection on the circular film at r from the center of the circle is:

T G @

e

where a is the radius of the film, r is the distance from the point on the film to the center of the circle, and D, is the equivalent

bending stiffness of the film.

In normalized polar coordinates, the strain values in the radial and tangential direction can be respectively expressed as:

d*w(r)
&N =2,x—3 3)
2, _dw(r
() = 2 ) )
r dr
where z, denotes the distance to the neutral axis.
The corresponding radial and tangential stresses of the piezoelectric layer can be expressed as:
E@
0,(n=—5(£ N +v.£,(n) (5)
EE
a,,(r)=—v > _l(eg(r)+vee,(r)) (6)
Further, the following equations were given by substituting Egs. (3)-(4) into Egs. (5)-(6):
E.z, (0*w(r) 1 ow(r)
o,(r)= +0, X=X 7
" v,’ —1[ or’ r o or 7
E,z, *w(r) 1 ow(r)
o = v, X +—X
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where v, and E. are equivalent to Poisson’s ratio and Young’s modulus of the film, and z, is the distance between the center of

the piezoelectric film and the center deflection axis.

By substituting Eq. (2) into Egs. (7)-(8), the following relation is further obtained [26]:

E, pz

O'r(r):16De(1_pvez)|:(1+ve)a2_(3+ve)r2] (9)
E.pz, 2 2

o, (r) [(1+0,)a* =(1+30,) ] (10)

16D, (1-0,)
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In the assumed ideal state, the piezoelectric effect is entirely derived from the deflection caused by pressure p at a point.
Accordingly, all the charge is converted, then the stress value at the point is zero. In this case, the radial stress o(r) and the
tangential stress gg(r) should satisfy the sum value of zero. Through calculation, it can be found that when r is approximately
0.7a, the theoretical value of the total stress (sum of g.(r) and g4(r)) is zero, so it should be designed here for the edge of the

upper electrode [6].

The process of the piezoelectric effect and inverse piezoelectric effect is entirely reciprocal. Therefore, when the ratio of
upper electrode radius to lower electrode radius is 0.7, regardless of whether PMUT works in the transmitting state or the
receiving state, the electromechanical conversion efficiency is the highest, and the performance is the best. The receiving

sensitivity S of PMUT can be obtained by calculating the following formula:

d,t

s=-"L([(c,+0,)d
Aegpi'!'( r H) N (11)

where A, is the area of the upper electrode, d3; is the piezoelectric constant, #, is the piezoelectric layer thickness and ¢ is the

dielectric constant of the piezoelectric film. When r = 0.7a, the receiving sensitivity S can be modified to [27]:

ra’Ez, dt
= p e 12)
16eD(1-0)

when the working medium is air, the resonant frequency of PMUT can be obtained by calculating the following formula [23]:

Xt E,
fair = /‘i’Ol 2 1 2 (13)
2rxd 12><peq><(1—veq )

where the characteristic dimensions ¢ is the circular film and d is the circular film diameter, E., is the elastic modulus, p., is the
density, and ., is Poisson’s ratio. It is worth noting that these three variables are equivalent values for the multilayer film. Ao

= 40.8 is the correction factor of the circular film. However, When the working medium is water, the resonant frequency of

PMUT can be modified to:

fair
1, 067D, (14)
peq

fwater =

where pyarer 18 the density of water.

4. Results

For the problem of breast cancer diagnosis, the finite element simulation software COMSOL was adopted to analyze the
performance index of the designed PMUT [23]. The analysis began by recognizing that the lower fixed support layer
minimizes film movement [28]. Therefore, its support effect was simulated by applying fixed constraint conditions on the
boundary. Additionally, since the adhesive layer does not contribute to the electromechanical behavior of the film, COMSOL
assumes a perfect bond between layers by default, allowing us to ignore the thickness of the bonding layer. Furthermore, the
PMUT device features a symmetrical structure with the film thickness direction as the central axis. This symmetry allows the
entire model to be realized by rotating a half section when establishing the simulation model. This approach significantly
simplifies the calculation, ensures the accuracy of the device simulation, reduces simulation time, and improves the operation

efficiency of the simulation. The methodological steps of COMSOL simulation are shown in the Fig. 3.
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Select solid mechanics, electrostatics, and pressure
acoustics physics in COMSOL Multiphysics

I

Build the geometry using 2D axis-symmetry
(Table 1)

)

Define input parameters, variables, materials
properties (Table 2)

)

Computing the deflection on the circular
membrane through setting boundary condition

Solving stress distribution and displacement under
uniform 1 Pa, mode shape, frequency

)

Results showing resonance frequencies, sensitivity,
and electrical impedance analysis

}

Update input parameters and variable for the study

Fig. 3 The methodological steps of COMSOL simulation

Various tissues of the human body have very different absorption coefficients of ultrasound, and generally, the
attenuation coefficient of soft tissues ranges from 0.6 to 0.7 dB/cm/MHz [29]. Therefore, if a higher transmission frequency is
used, such as 5 MHz to 40 MHz, the wavelength of the ultrasonic wave is very small, and a higher detection resolution can be
obtained, but the detection depth will be limited because the signal attenuation is too fast. When the detection depth is greater
than 18 cm, the ultrasonic transmission frequency should not be less than 3.5 MHz, otherwise it is difficult to obtain the internal

characteristics of the tissue.

According to the characteristics of the system, to achieve stereoscopic accurate detection of breast tissue, a detection
depth of 18 cm is required to obtain relatively complete longitudinal profile data. In addition, the stereoscopic examination of
the breast is performed in water. Thus, this paper intends to design an ultrasonic transducer with an operating frequency of 3.5
MHz to obtain a high detection resolution as far as possible under the premise of satisfying the detection depth. According to
the calculation of Eq. (14), the frequency of ultrasonic signals in water is about 0.44 times that in air. Hence, when the designed

ultrasonic transducer uses air as the medium, its resonant frequency needs to reach about 7.5 MHz.

4.1. Static pressure and displacement analysis
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(a) Film pressure distribution

Fig. 4 Film pressure and displacement distribution at a uniform sound pressure of 1 Pa
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Fig. 4 Film pressure and displacement distribution at a uniform sound pressure of 1 Pa (continued)

When a uniform sound pressure of 1 Pa is exerted on the PMUT device, the stress and displacement distribution of the
film are depicted in Fig. 4. The stress of the piezoelectric film is transferred from the center to the edge. The compressive stress
of the center is positive, and the tensile stress of the edge is negative. Specifically, the stress value at the center is 35.68 N/m?,
while the pressure value at the edge is -39.05 N/m?, as illustrated in Fig. 4(a). Static displacement attains a maximum of 0.044
um at the center, gradually decreasing to 0 um at the edge, as illustrated in Fig. 4(b). This behavior aligns with the theoretical

values calculated using Eq. (2).

4.2. Modal analysis

Additionally, the modal shapes of the proposed sensing cell structure were simulated by the finite element analysis (FEA).
Modal analysis helps determine a structure’s vibration mode and natural frequency based on its design and material properties.
Under the boundary condition where one end is free, and the other is fixed, the first six resonant modes of the device were

obtained, as shown in Fig. 5.
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Fig. 5 The first six resonant modes

The corresponding natural frequencies are 7.61 MHz, 27.69 MHz, 56.65 MHz, 91.07 MHz, 93.44 MHz, and 128.99 MHz,
respectively. As the mode order increases, more stagnation points appear in the middle of the thin plate. This results in a
decrease in longitudinal resonance displacement and, consequently, a reduction in energy conversion efficiency. Therefore, the
vibration is axisymmetric at the first mode or fundamental frequency and has the largest amplitude. Therefore, the fundamental
mode drive is ideal for ultrasonic transduction applications. For circular thin plates, the deflection profile is related to a
constant specific to each mode, which is numerically determined by the boundary conditions. This mode constant is a part of
the deflection equation and directly influences the resonant frequency. Generally, the desired vibration mode during the design

phase is the first mode. In this context, Eq. (9) specifies the constant as o1, where 01 denotes the first-order mode.
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4.3. Resonance frequency analysis

The device operates in the first-order mode, and a harmonic response analysis was conducted. According to the
calculation of the natural frequency of the first mode, the simulation frequency range was set from 6 MHz to 9 MHz, with a
scanning interval of 1 kHz. Fig. 6 illustrates that the vibration displacement of the device is obtained at the central node of the
circular thin plate. The calculated resonant frequency was 7.61 MHz. At this frequency, the device’s amplitude peaks, with a
maximum displacement of 34.2 um. The deformation of the film is primarily determined by its bending stiffness. The device
model’s prediction is refined using the finite element model, which offers a detailed understanding of the physical principles

controlling this deformation. This understanding can effectively guide the film’s and the cavity’s design.
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Fig. 6 Resonance frequency analysis

4.4. Sensitivity analysis

PMUT free field voltage receiving sensitivity M. is the decibel form of the ratio V,. output by the transducer to P at the

location of the transducer, that is:

M, =201g %

—£-120 15
P 1s)

where V. is the open circuit voltage, and P is the free pressure.

Me is obtained by simulation, while S is the theoretical value calculated from the designed structural parameters. The
device’s sensitivity can be obtained by using Eq. (15) in COMSOL and the receiving sensitivity M, is =198 dB (re: 1 V/uPa)
over a bandwidth of 6 MHz to 9 MHz, which agrees well with the sensitivity S predicted from Eq. (12), as shown in Fig. 7.
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Fig. 7 Sensitivity analysis
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The half-power point frequency f; before the resonant point is 7.60 MHz, and the half-power point frequency f> after the
resonant point is 7.62MHz, and the quality factor Q,, calculated according to the formula below is 380.5. The value of O will
affect the mode shape and frequency selectivity of the film when the PMUT cell resonates, and thus determine the emission

sensitivity of the PMUT array.

fr
f2_f1

0, = (16)

where fi and f, are half-power points, and Q,, is the mechanical quality factor.

4.5. Impedance analysis

Because it is the most consistently defined, the electromechanical coupling coefficient can be used to compare various
PMUT designs. The impedance-frequency response curve of the device is depicted in Fig. 8. The resonant frequency f; is 7.61
MHz, the anti-resonant frequency f; is 7.65 MHz, and the effective electromechanical coupling coefficient K.z calculated

using the following formula, is 10.2%.

2
Keff'2 = 1_[£] 17

a

where f; is the resonant frequency, and f; is the anti-resonant frequency.
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Fig. 8 Impedance-frequency response curve

Fig. 9 depicts the modulus curve of the impedance. It shows that the minimum impedance value at resonance is 35 Q,
while the maximum impedance value at anti-resonance reaches 310 Q. The finite element model is utilized to ascertain the
maximum achievable electromechanical coupling coefficient, providing crucial insights for optimizing the device design.
Additionally, impedance analysis is employed for impedance matching design, guiding the optimal configuration of the device
to achieve peak performance. This approach ensures that the device operates efficiently and effectively in its intended

application.

The accurate diagnosis of breast cancer relies on high-resolution imaging. In traditional B-ultrasound detection, a
reflection signal (acoustic impedance) is mainly used, which is conducive to obtaining tissue edge information, but difficult to
detect tissue internal characteristics. The high electromechanical coupling efficiency can ensure that there is enough
transmission performance to obtain tissue transmission signals (sound velocity, sound attenuation), combined with
multi-parameter fusion imaging technology, to achieve high-contrast imaging of adipose glandular, cancers, fibroadenoma,

cysts, calcifications, and other small lesions.
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Fig. 9 Modulus curve of impedance

4.6. Fabrication techniques for PMUT

The predominantly used techniques to fabricate PMUTs are discussed here, as shown in Fig. 10. This project proposes to
use AIN film as the piezoelectric layer, and the device is fabricated on a double-sided polished silicon-on-insulator (SOI) wafer
with a vacuum cavity. The sputtering system is used to deposit Mo/AIN/Mo layers on the SOI substrate. In a subsequent
etching step, Mo/AIN/Mo microdisks are formed using a patterned SiO» layer as a mask by combining reactive ion etching
(RIE) with chlorine (Cl) and boron trichloride (BCl3) gases and using helium (He) to carry away the waste. Then, 0.2 um holes
are etched in the SiO; insulation layer to connect the top and bottom electrodes to the top metal layer. Finally, a top metal layer

is deposited and forms the wire and pad area.

»‘
‘«

By v @fso, s A

Fig. 10 Fabrication technology for PMUT

The transmitting performance of the PMUT would be characterized by directly measuring the vibrating velocities of the
transduction film of the PMUT cells using the laser Doppler vibrometer (LDV). A continuous sine wave excitation signal is
applied to the PMUT. The signal frequency is scanned from 6 MHz to 9 MHz. The maximum vibration displacement can be
captured, which is the first-order resonance frequency of the PMUT. The acoustic pressure sensitivity of the PMUT can be
measured using an industry-standard ultrasound sensor verification unit (re: 1 V/uPa). The impedance-frequency spectrum of
the PMUT can be characterized by an inductor-capacitor-resistor (LCR) impedance analyzer. Important parameters can be

obtained, such as resonant frequency, anti-resonant frequency, and effective electromechanical coupling coefficient.
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There are still some foreseeable challenges in integrating the prepared PMUT with existing systems for clinical diagnosis.
Among them, multi-mode imaging needs to collect reflected and transmitted signals, so it is necessary to solve the problem of
sensor fixation and alignment. For obtaining the total volume data acquisition of breast tissue, it is necessary to perform
electric rotary scanning, so the electromagnetic interference problem that occurred during the scanning process must be solved.
To obtain high-resolution imaging, it is necessary to solve the problem of mutual interference between complex signals in the

process of ultrasound propagation, and the problem of rapid reconstruction of breast stereoscopic detection data.

5. Conclusions

A novel design scheme for a circular bimorph PMUT based on AIN thin film was proposed and optimized using FEA. The

optimized design with a top-to-bottom electrode ratio of 0.7 aimed to enhance ultrasonic transmission capability.

(1) The results of FEA indicated that the resonant frequency of the PMUT in the air was measured at 7.61 MHz, which closely
aligns with the theoretical value of 7.5 MHz calculated from Eq. (13), confirming the accuracy of the FEA model.
Furthermore, it is estimated that the resonant frequency in water is approximately 3.5 MHz, indirectly demonstrating
suitability for breast cancer detection requirements.

(2) Sensitivity analysis is performed, in which a quality factor Q,, of 380.5 and a receiving sensitivity M., of —198 dB are
obtained. These values will affect the mode shape and frequency selectivity of the film when the PMUT cell resonates.

(3) When satisfying the center frequency of 7.5 MHz, the PMUT achieves an electromechanical coupling efficiency of 10.2%.
The PMUT developed in the current work outperforms the previous high-frequency PMUT designs in electromechanical

coupling coefficient, representing an advancement in high-frequency PMUT technology.

Future improvements made may include Scandium doping of the AIN piezoelectric layer, optimizing the sensing cell
layout for a PMUT linear array, and extracting acoustic parameters of breast tissue for a multi-parameter fusion ultrasound

algorithm. These enhancements aim to achieve high-resolution imaging for the early diagnosis of small breast lesions.
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