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ABSTRACT This paper proposes a novel piezoelectric micromachined ultrasonic transducer (pMUT) with
a proof mass under the central circular diaphragm to enhance transmission efficiency and fractional
bandwidth (FBW) in liquid-coupled operation. Compared with the traditional pMUT, the proposed pMUT
has advantages: (1) the resonance frequency of pMUT can be adjusted by proof mass; (2) a large ratio of
third-order resonance frequency to first-order resonance frequency can be obtained by an additional proof
mass under the circular diaphragm; (3) the mode shape of proposed pMUT changes from Gaussian-like
to piston-like, which enables higher transmission sensitivity; (4) the FBW can be improved through a
trade-off design. The characteristics of resonance frequency, output power, and FBW of pMUT with
different proof mass are analyzed with a piezoelectric layer of 1 µm and a structural layer of 5 µm.
In this work, the far-field sound pressure is 240.5 Pa/V in water, 49.5 Pa/V higher than the traditional
pMUT, benefiting from the piston diaphragm movement. Furthermore, a 23% −6 dB FBW in water is
demonstrated by theoretical analysis and parameter optimization. This work provides constructive advice
for pMUT for better performance of transmission and resolution.

INDEX TERMS Piezoelectric micromachined ultrasonic transducer (pMUT), piston mode, mass loading
effect, frequency adjustment, fractional bandwidth

I. INTRODUCTION
Nowadays, ultrasound technology has been widely utilized
in various fields, including medical imaging [1], non-
destructive testing [2], and range-finding [3]. In particular, a
piezoelectric micromachined ultrasonic transducer (pMUT)
has attracted great attention due to its smaller size, lower cost
and compatibility with complementary metal oxide semicon-
ductor (CMOS) technology. More and more researchers have
been devoted to improving its electromechanical coupling
efficiency and transmission power. Akhbari et al. proposed
a bending film manufacturing process to achieve high-
sensitivity of 40 nm/V at the center of the diaphragm [4].
Rozen et al. reported a new method of concentric ventilation
ring to redirect the sound pressure from the rear side to the
front side [5], which achieved a 4.5 dB increase in SPL for
a design with a 400 µm radius venting ring.

The enhancement of transmitting power and receiv-
ing sensitivity is always desirable. Traditional pMUT has
a Gaussian-like mode shape which greatly limits the

transmission capacity. Only the peak of the diaphragm
reaches the maximum displacement in Gaussian-like mode
shape. An effective way of increasing the radiation power is
to enable a piston-like diaphragm movement. Specifically,
the vibrating diaphragm becomes from curved one to a
flat one so that more acoustic medium can be promoted,
increasing the transmitting sensitivity. Wang et al. presented
a pMUT with piston-like motion by etching holes to improve
transmitting sensitivity up to 73 nm/V at 2.31 MHz [6].
Chen et al. demonstrated a new pMUT with V-shaped springs
to localize the residual stress, resulting in a flat vibrating
membrane [7]. Guedes et al. designed flexural suspended
pMUT, showing a piston-like mode shape to improve output
sound pressure [8]. However, the released holes on the active
vibrating membrane will affect the reliability of pMUT.
In the ultrasonic transducer field such as therapeutics [9],

spatial image resolution can be improved by simply trans-
mitting and receiving shorter signals [10], [11], which
proposes pMUT has a broadband characteristic. Recently,
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many efforts have been made to improve the wide-band char-
acteristics of pMUTs. Hajati et al. designed a pMUT array
with different cavities radius to obtain a 55% FBW [12].
Wang et al. presented a mode-merging pMUT with a
rectangular membrane to get a 95% FBW in water [17].
This paper proposes two new piston-like pMUTs by intro-

ducing a proof mass under the structure layer via simulations
using COMSOL Multiphysics [13], and a standard finite
element method (FEM) simulator is used for ultrasound
propagation. Simulations performed using the FEM effec-
tively analyze of problems that are difficult to solve using
the wave equation. The structure of proof mass changes
the mass and stiffness of the diaphragm. The resonance
frequency can be adjusted by changing the size of the proof
mass, which improves the design and application flexibility.
A large ratio of third-order resonance frequency to first-order
resonance frequency can be obtained by an additional proof
mass under the circular diaphragm, which can realize low-
frequency and high-frequency operation methods. A small
ratio can be obtained by ring-proof mass which can realize
a broad frequency band. The membrane remains flat during
vibration by introducing a proof mass, resulting in a higher
transmission sensitivity. The far-field pressure of 240.5 Pa/V
is achieved for pMUT with larger h2. Through a trade-off
design, a −6 dB FBW as high as 23% is demonstrated.

II. CONCEPT AND DESIGN
A. STRUCTURE DESIGNING
The structure of the proposed pMUT is illustrated in Fig. 1
(a–b). It consists of a traditional circular diaphragm and
proof mass under the structural layer. This work has two
forms of proof mass: central cylindrical proof mass in
Fig. 1(a) and ring cylindrical proof mass in Fig. 1(b). The
circular diaphragm is designed with a silicon (Si) sub-
strate and a thin Aluminium Nitride (AlN) film sandwiched
by two electrodes (Mo). The proof mass is made of Si.
The circular-shaped top electrode covers the piezoelectric
layer with coverage of 65% used in traditional pMUT. This
design ensures the maximum transmitting efficiency for
pMUT [14]. As for piston-like pMUT, different electrode
coverage for different strain profile is tightly coupled to the
piezoelectric elecromechanical coupling efficiency, which is
analyzed in the following sections. Considering the influ-
ence of frequency, sensitivity and half wavelength on the
performance of the device and subsequent applications, the
AlN layer (h1) and Si layer (h0) thickness are set as 1 µm
and 5 µm, respectively. An ideal piston membrane movement
can be obtained by adjusting the size of the proof mass. The
piston vibration mode can push more acoustic medium to
produce ultrasonic wave than traditional Gaussian-like mode
shapes when the voltage is applied to the electrodes.
In this section, a simplified lumped model is established

with mass, spring and damper. In Section III, IV, and V, a
systematic simulation is carried out to verify the theoretical
model. Table 1 and Table 2 summarize the structure and

FIGURE 1. Design of two types piston-like pMUT 3-D schematics
of (a) central cylindrical type piston-like pMUT and (b) ring cylindrical type
piston-like pMUT.

TABLE 1. Summary of the structure parameters of the analyzed pMUT.

TABLE 2. Summary of the material properties.

materials parameters for the piston-like pMUT investigated
in this work.
A fabrication process of piston-mode pMUT is designed,

as shown in Fig. 2: (a) Cavity radius of capping wafer is fab-
ricated according to the designed pMUT geometry; (b) The
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FIGURE 2. Fabrication process of piston-mode pMUT.

shape of the proof mass is etched in the middle of the cir-
cular diaphragm, the etch depth is controlled by etch time;
(c) Handle wafer is thermally oxidized; (d) After cavity fab-
rication and buried oxide formation, capping wafer is bonded
to handle wafer with direct bonding at 1x10−3 mbar, which
is kept as a constant pressure in all the trials. The bonding
is preceded by a standard cleaning procedure of two wafers;
(e) Subsequently, the bonded wafer is annealed at 1100 ◦C
for 2 h in a diffusion furnace after which the top wafer is
thinned down by grinding and the Chemical and Mechanical
Polishing (CMP). The grinding is conducted on wafer back
grinder using diamond cup coarse and fine wheels. The pol-
ishing is carried out with a commercial CMP tool using
standard polishing pads and slurries for silicon. A double side
mask aligner is used for the transfer of backside alignment
marks; (f)-(h) Mo electrodes (100nm-thick) and piezoelectric
AlN layer (1µm-thick) are deposited on the structure layer
(5µm-thick); (i) Mo top electrode (100nm-thick) patterning
with photoresist (PR).
Only a lithograph process in step (a) is added to the

fabrication process of piston-mode pMUT compared with
the traditional pMUT fabrication process. This piston-like
pMUT has advantages compared to traditional pMUT due
to the design flexibility of proof mass. The shape, thickness,
eccentricity and radius of the proof mass can be adjusted
independently.

FIGURE 3. Working mechanism of the piston-like pMUT. (a) Cross-section
schematic of the piston-like pMUT cell. (b) Simplified two degrees of
freedom lumped model.

B. LUMPED MODEL FOR PISTON-LIKE pMUT CELL
A lumped element model can be taken to analyze the vibra-
tion behavior of the piston-like pMUT cell due to the
dimension of the pMUT is small than that of the acoustic
wavelength. The cross-section schematic of the piston-like
pMUT is shown in Fig. 3(a), and the two degrees of freedom
model is established as shown in Fig. 3(b) [15]. The piezo-
electric effect of AlN diaphragm sandwiched between the
top and bottom electrodes produces the in-plane transverse
stress. Then a flexural moment is generated to deflect the
diaphragm.
The cavity between the diaphragm and substrate is

assumed to be a vacuum. M1 and k1 in Fig. 3(b) repre-
sent the lumped mass and spring of the circular diaphragm
without proof mass, respectively. Me2 and ke2 are equivalent
mass and spring introduced by the additional proof mass
to the circular diaphragm. c′1 is equivalent material damping
coefficient. The mass and stiffness of the circular diaphragm
can be adjusted by the addition of proof mass, which changes
the resonance frequency of the piston-like pMUT. The res-
onance frequency can be obtained by the simplified two
degrees of freedom lumped model as:

fp = 1

2π

√
k1 + ke2
M1 +Me2

. (1)

C. VIBRATION MODE OF THE PISTON-LIKE pMUT
A central proof mass making of Si is added to a circu-
lar diaphragm, changing the geometry of the membrane in
the vertical direction to obtain an ideal piston membrane
movement without significantly increasing the complexity
of the manufacturing process or reducing device yield. As
the increase in proof mass dominates the mass and stiffen-
ing of the membrane, the central region of the diaphragm is
subject to slight deflection and remains flat.
Most noticeably, compared with traditional pMUT, the

piston-like pMUT has greater design flexibility. The struc-
tural parameters of proof mass can be designed indepen-
dently for diaphragm thickness and radius. The elastic
coefficient and diaphragm mass can be decoupled from each
other. As for traditional pMUT, only the center of the cir-
cular diaphragm can achieve maximum displacement due to
the Gaussian-like vibration mode. Benefited from an addi-
tional proof mass whether center-proof mass or ring-proof
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FIGURE 4. Mode shape diagram obtained by finite element simulation:
(a) Center-proof mass piston-like pMUT mode shape; (b) Ring-proof mass
piston-like pMUT mode shape; (c) Traditional pMUT mode shape.

FIGURE 5. The relationship between optimal electrode coverage of the
piston-like pMUTs with center-proof mass.

mass, the mode shape of piston-like pMUT has more uniform
diaphragm displacement than the traditional one as shown
in Fig. 4(a) and (b), showing a larger effective area. The
central region moves up and down like a piston.
As shown in Fig. 5, the optimal electrode coverage under

the different size of the proof mass is demonstrated. The
optimal electrode coverage increases with an increase of r2
when h2 is fixed, and a larger effective area is achieved.
On the contrary, the optimal electrode coverage does not
fluctuate with different h2 when r2 is fixed, and it can be
regarded as a constant. As for ring-proof mass, the optimal
electrode coverage increases with R1 and R2-R1 increasing
when h2 is fixed as 20µm as shown in Fig. 6. The variation
trend of the optimal electrode coverage with the thickness of

FIGURE 6. The relationship between optimal electrode coverage of the
piston-like pMUTs with ring-proof mass. (i) The relationship between
optimal electrode coverage with different R1 when R2-R1 and h2 is fixed
as 40µm and 20µm, respectively; (ii) The relationship between optimal
electrode coverage with different R2-R1 when R1 and h2 is fixed as 30µm
and 20µm, respectively; (iii) The relationship between optimal electrode
coverage with different h2 when R1 and R2-R1 is fixed as 30µm and 40µm,
respectively.

FIGURE 7. The relationship between resonance frequency of piston-like
pMUT with the size of center-proof mass.

the ring-proof mass is consistent with the trend of the center-
proof mass, showing a fixed effective transmission area.

III. DISCUSSION OF FREQUENCY CHARACTERISTICS
A. DISCUSSION OF CENTER-PROOF MASS PISTON-LIKE
pMUT
The variation resonance frequency can be seen in
Fig. 7 obtained by changing the radius and thickness of
the center-proof mass. Resonance frequency goes down with
the increase of h2 since the ruling effect is diaphragm mass.
The resonance frequency increases as the stiffness of the
diaphragm dominates.
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FIGURE 8. The relationship between ratio of (0, 0) and (2, 0) resonance
frequency of piston-like pMUT with the size of center-proof mass.

For rectangular-shaped pMUT used in a dual-frequency
application, both (0, 0) and (2, 0) vibration modes of the
rectangular membrane can be used efficiently if electrode
shapes are properly designed [16]. The (0, 0) and (2, 0) res-
onance frequency ratio need to be adjusted within a wide
range. The ratio of (0, 0) and (2, 0) resonance frequency
of piston-like pMUT can be adjusted by the size of center-
proof mass compared with traditional pMUT, as shown in
Fig. 8. The frequency ratio is proportional to the size of the
center-proof mass, including the radius and thickness of the
center-proof mass.

B. DISCUSSION OF RING-PROOF MASS PISTON-LIKE
pMUT
As for ring-shaped proof mass piston-like pMUT, there are
three important parameters to adjust the frequency of the
pMUT, including the ring-proof mass inner radius (R1),
the difference between the ring-proof mass outer radius
and the ring-proof mass inner radius (R2-R1), and ring-
proof mass thickness (h2). Through the trade-off design
of diaphragm stiffness and mass, the resonance frequency
of piston-like pMUT increases first and then decreases by
changing the R1 when the (R2-R1) and h2 are fixed as 40 µm
and 20 µm as shown in Fig. 9. What’s more, the resonance
frequency of the piston-like pMUT presents a trend that
is proportional to (R2-R1) when R1 and h2 are fixed as
30 µm and 20µm respectively, and inversely proportional
to h2 when (R2-R1) and R1 are fixed as 40 µm and 30 µm
respectively.
The ratio of (0, 0) and (2, 0) resonance frequency of

ring-proof mass piston-like pMUT has a smaller adjustment
range than that of center-proof mass piston-like pMUT. The
smallest frequency ratio shown in Fig. 10 is 1.816 with a
circular diaphragm in this work when R1 equals 115 µm.
The first a few resonance frequencies are closer to each
other with an additional ring-proof mass of the rectangular
plate. Therefore, a broad frequency band can be formed

FIGURE 9. The relationship between resonance frequency of piston-like
pMUT with the size of ring-proof mass when R1, R2-R1, and h2 are fixed as
30 µm, 40 µm, and 20µm, respectively.

FIGURE 10. The relationship between ratio of (0, 0) and (2, 0) resonance
frequency of piston-like pMUT with the size of ring-proof mass when R1,
R2-R1, and h2 are fixed as 30 µm, 40 µm, and 20µm, respectively.

when the resonant peaks of different vibration modes are
merged together in liquid-coupled operation including water
and FC-84, etc. [17].
In summary, the resonance frequency of the transducer can

be adjusted by proof mass, which increases the flexibility
of design. Furthermore, the largest ratio of (0, 0) and (2, 0)
resonance frequency can be obtained by center-proof mass
piston-like pMUT, while the smallest one can be obtained by
piston-like pMUT with ring-proof mass. Therefore, the dual-
frequency and broadband operation methods can be achieved
by piston-like pMUT.
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FIGURE 11. The relationship between far-field pressure response
(z = 1.7mm) with different center-proof mass radius when h2 is fixed as
100 µm. (a) Pressure curves with r2 = 10 − 40 µm. (b) Pressure curves with
r2 = 50 − 80 µm. (c) Pressure curves with r2 = 90 − 110 µm and traditional
pMUT. (d) Pressure curves with r2 = 120 − 150 µm.

IV. DISCUSSION OF TRANSMITTING SENSITIVITY
In order to further explore the impact of proof mass size on
the transmitting sensitivity of piston-like pMUT, a system-
atic simulation has been made to optimize the size of the
proof mass. The acoustic-piezoelectric interaction, frequency
domain package in COMSOL software is used in FEM
model. The quadrilateral mesh elements are drawn over
the x-y plane and swept along the z-direction. The mesh
elements in each domain are determined with the resonant
frequency and material properties. As a result, the num-
ber of degrees of freedom is about 0.25 million in the
electromechanical-acoustic analysis. For an accurate evalua-
tion of the output pressure, the proposed pMUT is immersed
in water. An acoustic domain and an acoustic PML (Perfect
Matching Layer) are used to simulate the electric impedance
and acoustic field under water. In order to make the figures
clearer, no more than five curves are placed in one figure.

A. DISCUSSION OF CENTER-PROOF MASS PISTON-LIKE
pMUT
Firstly, r2 and h2 are varied to establish the relationship
between the proof mass dimension and the piston-like pMUT
transmitting sensitivity. In this case, the thickness of the
center-proof mass is determined as 100 µm. As shown in
Fig. 11, the 1st resonance frequency of the circular diaphragm
is analyzed with the variation of different r2.

To further explore the impact of proof mass size on the
transmitting sensitivity of transducer, the surface pressure of
a pMUT is given by [18]:

P = VZ
√
n (2)

where V is the volume velocity of the circular diaphragm, Z
is the acoustic impedance of acoustic medium, and n is the
array fill-factors of the pMUT array. The volume velocity is

related to the diaphragm displacement and the effective area
of the diaphragm. As for a single pMUT, higher diaphragm
displacement and larger effective area can produce higher
volume velocity and higher sound pressure output. For a
traditional clamped pMUT, the effective diaphragm area
presents the one-third value of the circular diaphragm area
due to the Gaussian-like mode shape. As for piston-like
pMUT with center-proof mass, the effective diaphragm area
increases with increasing r2. However, the diaphragm dis-
placement amplitude decreases sharply with larger r2. So,
the far-field pressure of piston-like pMUT goes up initially
and then it begins to decreases as shown in Fig. 11.
The maximum displacement increases with the center-

proof thickness increasing under the same driven voltage
compared with the traditional pMUT. As for a circular
clamped membrane with radius r0, the static deflection d(x)
under the driven voltage can be expressed as [19]:

d(x) = d0w(x) (3)

where x = r/r0 is the normalized radial coordinate, d0 is
the peak deflection, and w(x) is the normalized mode-shape.
The traditional pMUT has a Gaussian-like vibration mode
shape, and the pMUT proposed in this paper has a piston
vibration mode shape.
The stiffness of the pMUT membrane, k can be

obtained as:

k = 18πDIe/a
2 (4)

where Ie is an integral related to the elastic strain for mode
shape and D is flexural rigidity of the plate obtained from:

D =
∫

E(z)z2

1 − v(z)2
dz (5)

where E(z) is Young’s Modules and v(z) is Poisson’s ratio
of the material at a distance z form the neutral axis, which
is the point where the sum of stresses is equal to zero. The
integration is conducted for z varying form the bottom to
the top of the plate.
A pMUT can be modeled using an equivalent cir-

cuit model with two transformers [20]: electromechanical
and mechanical-acoustic coupling transformers. The former
transformer can be expressed:

Fin = ηVin (6)

where Vin is the input voltage, Fin is the effective piezoelec-
tric force and η is the transformer ratio:

η = 1

2
e31,f zpIpiezo (7)

where e31,f is the effective thin-film piezoelectric coefficient,
zp is the distance from the center of the piezoelectric layer
to the neutral axis of the membrane, and Ipiezo is an integral
that captures the effect of the electrode layout and partic-
ular mode-shape. Ipiezo goes up initially and approximates
a constant with larger h2 when r2 is fixed. Moreover, the
effective thin-film piezoelectric coefficient is stable when the
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FIGURE 12. The relationship between far-field pressure response
(z = 1.7mm) with different center-proof mass thickness when r2 is fixed as
60 µm. (a) Pressure curves with h2 = 10 − 40 µm. (b) Pressure curves with
h2 = 50 − 80 µm. (c) Pressure curves with h2 = 90 − 110 µm and
traditional pMUT. (d) Pressure curves with h2 = 120 − 150 µm.

piezoelectric material is selected. So, the transformer ratio is
determined by the Ipiezo and zp. The distance from piezoelec-
tric layer to the neutral axis of the membrane increases with
the center-proof and ring-proof mass thickness increasing.
Therefore, the maximum displacement increases although
the stiffness of the pMUT slightly increases. Therefore, the
maximum displacement of the circular diaphragm of the
piston-like pMUT increases firstly with the increase of zp
and Ipiezo, and then decreases due to the larger stiffness and
invariant Ipiezo when r2 is fixed.

Due to the diaphragm displacement amplitude increases
with effective diaphragm area changing slightly, the far-field
pressure increases as the thickness of proof mass increases
in a specific range when r2 is fixed as 60 µm, as shown
in Fig. 12. Moreover, on the basis that current MEMS tech-
nology can get a deep cavity of cavity-SOI (CSOI) wafer
or SOI wafer within a specific range, the larger the thick-
ness of proof mass, the better. As expected, the piston-like
pMUT exhibits higher transmitting sensitivity by optimizing
r2 and h2 of center-proof mass. In contrast, far-field pressure
reaches as high as 240.5 Pa/V in water which is 49.5 Pa/V
higher than traditional pMUT.

B. DISCUSSION OF RING-PROOF MASS PISTON-LIKE
pMUT
As for ring-proof mass piston-like pMUT, an important
parameter of the ring-proof mass inner radius is differ-
ent from center-proof mass piston-like pMUT as shown in
Fig. 13. The diaphragm displacement amplitude and effec-
tive diaphragm area decrease with larger R1, as shown in
Fig. 14. The inner region of the ring-proof mass is close to
Gaussian-like mode shape with larger R1 which limits the

FIGURE 13. The relationship between far-field pressure response
(z = 1.7mm) with different ring-proof mass when R2-R1 and h2 are fixed
as 40 µm and 20 µm, respectively. (a) Pressure curve with R1 = 5 − 25 µm
and traditional pMUT. (b) Pressure curve with R1 = 35 − 65 µm. (c) Pressure
curve with R1=75-105 µm. (d) Pressure curve with R1 = 115 − 145 µm.

FIGURE 14. The relationship between surface profiles of the piston-like
pMUTs with R1 = 75 − 95 µm when R2-R1 and h2 are fixed as 40µm and
20µm.

transmitting sensitivity. Nevertheless, the transmitting sen-
sitivity increases with increasing displacement for a larger
inner radius of ring-proof mass, as shown in Fig. 13(d).
Therefore, increasing the thickness of the ring or the

center-proof mass is an effective method to improve the
transmitting sensitivity of the piston-like pMUT. For increas-
ing the width of the proof mass, the transmitting sensitivity
decreases as the displacement decreases, although the effec-
tive area increases. Furthermore, piston-like vibration mode
changes into Gaussian-like vibration mode with a larger
inner radius of ring-proof mass, limiting the transmitting
sensitivity.

V. DISCUSSION OF BROADBAND OPTIMIZATION
This section discusses the broadband characteristics of
piston-like pMUT with center and ring-proof mass and
traditional pMUT in liquid-coupled operation. The key to
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FIGURE 15. The relationship between pressure-frequency response of
traditional pMUT and piston-like pMUT with center-proof mass in water
and −6 dB bandwidth with different center-proof mass size when h2 and
r2 are fixed as 100 µm and 60 µm, respectively.

adjusting the bandwidth of piston-like pMUT in this paper
is to control the size of the proof mass. As shown in Fig. 15,
the FBW, defines as the −6 dB frequency range divided by
the resonance frequency (BWf = �f /f0), which varies signif-
icantly based on the acoustic medium and proof mass size.
When an acoustic medium is water, the FBW of center-
proof mass pMUT can change from 3.1% to 10.1% with
h2 and r2 equaling 150 µm respectively while the FBW
of traditional pMUT is 5.9%. While high sensitivity can be
achieved by thickening center-proof mass, the FBW obtained
as a result is narrow. The narrow band and high sensitivity
characteristics of piston-like pMUT are suitable for sens-
ing applications when using continuous waves but are not
suitable for imaging using pulse echoes. When r2 exceeds
100 µm, the sensitivity of the transducer is larger than tradi-
tional pMUT. A piston-like pMUT with a wider proof mass
can receive shorter pulses than the traditional pMUT.
Bandwidth characteristic is demonstrated in piston-like

pMUT with ring-proof mass as shown in Fig. 16. When
the inner radius of ring-proof mass exceeds 100 µm, the
transmitting sensitivity decreases sharply. Moreover, the
transmitting sensitivity minimized when (R2-R1) is 140 µm.
In the vicinity of this inner and outer radius, the bandwidth
of the device expands rapidly which the largest one is 23%.
As analyzed above, piston-like pMUT can reach a nar-

row frequency band with center-proof mass and a broad
frequency band with ring-proof mass. In general, there is a
trade-off relationship between the sensitivity and the device
bandwidth. However, in this device, no significant reduc-
tion in the bandwidth is observed. Moreover, in ultrasonic
imaging, as the signal then becomes shorter in terms of
time with broader bandwidth becoming, and, as a result,
high-resolution images can be acquired. Therefore, the
pMUT with center-proof mass and ring-proof mass can be
applied to high sensitivity and high-resolution applications,

FIGURE 16. The relationship between pressure-frequency response of
traditional pMUT and piston-like pMUT with ring-proof mass in water and
−6 dB bandwidth with different ring-proof mass size when R1, R2-R1, and
h2 are fixed as 30 µm, 40 µm, and 20 µm, respectively.

respectively. Compared with traditional pMUT, a larger
bandwidth can be obtained in pMUT with proof mass when
the transmission sensitivity is close, as shown in Table 3.

VI. DISCUSSION OF TWO STRUCTURES
In this paper, two structures of piston-like pMUTs are
designed with center-proof mass and ring-proof mass.
Benefited from piston-like vibration mode, the proposed
pMUTs have more uniform diaphragm displacement than
the traditional one and show larger effective area. In order
to realize the use of ultrasonic in long-distance underwater
imaging, the effects of proof mass on the frequency char-
acteristics and optimal electrode coverage of the proposed
pMUTs have been studied. The configurations of two
different structures will be flexibly applied in complex
scenarios.
Compared with traditional pMUT, the piston-like pMUT

has greater design flexibility. The structure parameters of
proof mass can be designed independently for diaphragm
thickness and radius. The elastic coefficient and diaphragm
mass can be decoupled from each other. Therefore, the res-
onance frequency of the proposed pMUT can be adjusted
by proof mass, which increases the design flexibility.
The largest ratio of third-order to first-order resonance

frequency can be obtained with center-proof mass. Therefore,
both (0, 0) and (2, 0) vibration modes can be efficiently used
with well-designed electrode shapes. The smallest frequency
ratio (1.8) can be obtained with ring-proof mass. So, the
first a few resonance frequencies are closer to each other,
especially with the rectangular plate. A broad frequency band
can be formed when the resonant peaks of different vibration
modes are merged in liquid-coupled operation.
By theoretically analyzing and optimizing parameters, the

largest far-field sound pressure of 240.5 Pa can be obtained
with larger thickness of proof mass. The largest FBW of
23% can be obtained with ring-proof mass. Therefore, the
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TABLE 3. The results of the traditional pMUT and proposed pMUT.

pMUT with larger thickness of proof mass has larger detec-
tion range and higher transmission sensitivity. The pMUT
with ring-proof mass has a smaller detection blind area,
higher resolution and larger bandwidth. The proposed pMUT
with larger thickness of proof mass for long-distance detec-
tion application has a great advantage of higher transmission
sound pressure. The proposed pMUT with ring-proof mass
has greater application potential for short-range imaging
application due to the broad frequency band and smaller
detection blind area. Furthermore, more data show a larger
bandwidth can be obtained in the pMUT with ring-proof
mass when the transmission sensitivity is close compared
with traditional pMUT, as shown in Table 3. Meanwhile,
higher far-field sound pressure is presented in the proposed
pMUT with ring-proof mass under the similar FBW of
traditional pMUT.
The proposed method has guiding significance for pMUT

design. First of all, the resonant frequency can be adjusted by
proof mass. The thickness of the diaphragm and the diameter
of the cavity are decoupled. Specific thickness can be used to
meet the requirements of the manufacturing process. A suit-
able diameter can be chosen to meet the half-wavelength
limitation of the pMUT array. The proof mass can be used
to compensate for the frequency difference with the target
frequency. Then, the theoretical mechanism and regulation
law of proof mass improving transmission performance have
been studied and summarized. The optimal electrode cov-
erage increases with increase of the radius of proof mass.
On the contrary, the optimal electrode coverage does not
fluctuate with the thickness of the proof mass. During the
design of piston-like pMUT by the proposed method, the
optimal electrode coverage needs to be specially selected
to achieve maximum transmission efficiency. According to
the law summarized in this paper, the size and shape of
proof mass can be flexibly selected. Therefore, the pMUT
with better performance can meet the target by adding a
proof mass.

VII. CONCLUSION
A novel pMUT with proof mass is proposed in this
paper. The finite element simulation results show that
the proposed piston-like pMUT can adjust the resonance
frequency and increase design flexibility compared with
traditional pMUT. Meanwhile, A large ratio of third-order
resonance frequency to first-order resonance frequency can
be obtained to realize low-frequency and high-frequency

operation methods. In addition, the piston-like pMUT has
a flat surface during vibration due to the proof mass,
which increases effective area and improves transmitting
performance. The far-field pressure is 49.5 Pa/V higher than
a traditional pMUT, and a 23% −6 dB FBW is demonstrated
based on the theoretical analysis and parameter optimization.
Moreover, using wafer bonding technology to produce proof
mass does not increase the process complexity sharply
in CSOI wafer manufacturing technology. This piston-like
pMUT with proof mass may become an alternative to the
next-generation ultrasonic transducer.
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