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Abstract

This paper introduces curved-beam (CB) and curved-
cantilever (CC) piezoelectric micromachined ultrasonic
transducers (PMUTSs) using 30% scandium-doped alu-
minum nitride (ScAIN), comparing their performance
with conventional (C-PMUT) in the 45-75 kHz range.
The CC-PMUT and CB-PMUT designs incorporate 2
pm edge slits to achieve piston-mode vibration, signifi-
cantly enhancing the effective vibration area to 65% and
60%, respectively, compared to 33% for C-PMUT. This
structural design improves linearity, with CC-PMUT
demonstrating minimal frequency sensitivity to DC bias
(£40 V) at 2.5 Hz/V, and CB-PMUT (7.5 Hz/V) both
outperforming C-PMUT (100 Hz/V). Under increasing
AC voltage excitation, CC-PMUT exhibit exceptional
linearity with minimal resonance variation, while C-
PMUTs and CB-PMUTSs show nonlinear behavior with
increasing frequency and stiffening effects. C-PMUT
display the highest non-linearity, with a duffing co-
efficient 2.5 times larger than CB-PMUT. The CB-
PMUT exhibits the highest displacement sensitivity
(1025 nm/V) compared to C-PMUT (825 nm/V) and
CC-PMUT (610 nm/V). Despite its four-fold smaller
area, the CB-PMUT generates comparable absolute
pressure to the C-PMUT. Its exceptional normalized
transmission pressure sensitivity of 77 dB SPL/V /mm?
surpasses both C-PMUT (65 dB) and CC-PMUT (67
dB), making it the highest reported among PZT and
ScAIN counterparts. C-PMUT demonstrate the high-
est receive sensitivity at 8.7 mV /Pa, followed by CB-
PMUT at 4.2 mV/Pa and CC-PMUT at 3.3 mV/Pa.
In pitch-catch experiments, CB-PMUT and C-PMUT
detect signals up to 3.8 m and 4 m, respectively, while
CC-PMUT reach 2.7 m (10 Vpp,, 12 dB SNR thresh-
old), demonstrating their potential for ultrasonic range-
finding.
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1 Introduction

ICROMACHINED Ultrasonic Transducers (MUTSs)
M consist of a membrane suspended over a cavity or
bulk substrate, operating in flexural vibration mode [1].
These transducers primarily utilize two mechanisms of
operation: Capacitive MUTs (CMUTSs), which generate
ultrasonic waves in the surrounding medium through
electrostatic actuation across a narrow gap [2], and
Piezoelectric MUTs (PMUTS), which leverage the in-
verse piezoelectric effect to induce stress in a thin piezo-
electric film leading to vibration when a voltage is ap-
plied across it [3]. MUTs facilitate streamlined integra-
tion into various applications and increasingly replace
traditional bulk piezoelectric transducers. The bending
motion of the membrane enhances impedance match-
ing between the transducer and the acoustic medium,
effectively eliminating the need for separate impedance-
matching layers [4]. The compact design of MUTSs en-
ables them to generate the same pressure with lower ac-
tuation voltages, reducing both power consumption and
manufacturing costs [5]. These advantages stem from
mass production techniques that simplify electronic in-
tegration and allow for the creation of large transducer
arrays, making them suitable for ranging and imaging
[6].

In contrast to CMUTs, PMUTSs can achieve simi-
lar sensitivity levels without the need for a DC volt-
age bias, which enhances their suitability for integra-
tion into wearable devices and consumer electronic ap-
plications. Their design enables larger membrane vi-
brations by eliminating the need for extremely nar-
row cavity gaps, which extends the linear operating
range [7], making it more suitable for air-coupled ap-
plications. PMUTSs can attain a high electromechan-
ical coupling coefficient (k?) without requiring sub-
micron cavity gaps, which simplifies the fabrication pro-
cess and enhances cost-effectiveness [8]. Additionally,
CMUTs are prone to issues such as dielectric charging,
non-linearity, pull-in voltages, and performance drift,
which can affect their long-term reliability [9, 10, 11].
In recent years, PMUTs have expanded beyond just
range-finding applications into a diverse array of fields.
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Optical microscope images of (a) conventional PMUT (C-PMUT), (b) curved-cantilever PMUT

(CC-PMUT), and (c) curved-beam PMUT (CB-PMUT), with diameters, peripheral actuator widths, and cou-
pler widths indicated. (d) Cross-sectional image of CB-PMUT along the line A-A’ and (e) schematic exploded
view showing the individual layers of the CB-PMUT design.
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Figure 2: PMUT membrane top-view and line profile at
different DC voltages for (a) C-PMUT, (b) CC-PMUT,
and (¢) CB-PMUT respectively.

Those based on Aluminum Nitride (AIN) or Scandium-
doped Aluminum Nitride (Sc,Al;_,N) have seen grow-
ing adoption owing to their alignment with Com-
plementary Metal-Oxide-Semiconductor(CMOS) based
manufacturing standards, [12], making them increas-
ingly relevant in medical imaging applications [13, 14]
and diagnostics [15, 16]. Other areas where PMUTSs
are making significant inroads include mid-air haptic
feedback for touch interfaces [17], gesture recognition
[8], proximity and obstacle sensors for human-machine
safety [18, 19], wake-up receivers [20, 21], and finger-
print sensors [22, 23].

PMUT performance largely depends on the type of
piezoelectric material and device geometry. PZT is the
most commonly used material, offering a high trans-
verse piezoelectric coefficient e3; ¢, which enhances cou-
pling coefficient (k? o e%L #/€33) and boosts transmit
sensitivity (Stx o< es1,5). However, es; ¢ materials like
PZT have lower receive sensitivity (Spx o es1,/€33)
compared to AIN due to their high dielectric constant.
Sc doping in AIN improves k? while while maintaining
high Sgx, making it suitable for low-power applications
(24, 25, 26].

Numerous studies have attempted to structurally
modify the conventional clamped membrane to enhance
key performance metrics, such as displacement sensi-
tivity, transmit sensitivity, linearity, and bandwidth.
Wang et al. [27] demonstrated a square PMUT op-
erating at 2.3 MHz, which incorporated three rows of
etching holes around the boundary. This design pro-
duced a piston-like membrane mode shape, resulting in
a 5.3dB increase in transmitted acoustic pressure and
improved directivity. Piston-like motion refers to the
near-uniform vertical displacement of the membrane,
where the central region is lifted or lowered tangen-
tially from the edges, resulting in improvement in ef-
fective acoustic area and transmission efficiency. The
same authors also introduced a multi-mode broadband



PMUT, where resonant modes above 1 MHz converged
to achieve a wide bandwidth in damped media, utilizing
a rectangular membrane with a high length-to-width
aspect ratio [28]. Chen et al. [29] utilized V-shaped
spring geometries in PMUT designs to confine stress
concentrations, enabling the realization of a flattened
vibrating diaphragm. This design achieved a 203% in-
crease in displacement sensitivity and a 23 dB enhance-
ment in output sound pressure compared to traditional
designs. Simulation and modeling work on a piston
diaphragm atop a conventional AIN membrane oper-
ating in multi-mode was reported in [30]. This study
demonstrated a 2.4 dB increase in far-field Sound Pres-
sure Level (SPL) and a 1.4-fold increase in bandwidth
compared to traditional PMUT designs. Ledesma et
al. [31] developed a square AIN PMUT with four lin-
ear holes at the edge, which doubled the transmit and
receive sensitivity compared to a clamped PMUT. Ad-
ditionally, a Si3N, passivation layer was applied to seal
the cavity, enabling operation in liquid at 2.1 MHz.
Rozen et al. [32] integrated concentric rings into the
PMUT design to amplify overall SPL by channeling
the pressure generated from the backside to the front
side. This modification led to a 4.4dB increase in far-
field SPL. Another study presented a residual stress-free
AIN PMUT with frame-like outer electrodes, operating
at 2.2 MHz, which achieved a perfectly flat membrane
and eliminated initial buckling. This design resulted in
a 450% increase in transmitting sensitivity compared
to conventional PMUTs [33]. Akhbari et al. [34] de-
veloped an AIN PMUT with a curved diaphragm, fea-
turing a 140 pm diameter and a 1mm radius of cur-
vature, operating at 2.2 MHz. This design achieved
DC displacement sensitivity approximately 50 times
greater than that of a similarly sized planar device, al-
though it introduced increased fabrication complexity.
A beam—membrane coupled PMUT employing three pe-
ripheral beams with central anchoring was reported by
Qu et al. [35], where the anchored center caused the
outer beam edges to deflect upward and enhance cou-
pling with the membrane; however, no linearity char-
acterization or air-coupled pressure measurements were
performed. Xu et al. [36] designed a 215kHz PMUT
diaphragm with six tiltable cantilever actuators to ex-
cite a piston mode, which improved the linear vibration
range compared to conventional PMUTSs, while also en-
abling mechanical steering of the ultrasonic beam.

Unlike conventional clamped membrane designs op-
timized for MHz or high-kHz operation, this work
presents measurement and analysis of Scg.3Alg7N
PMUTs operating in the low-frequency range of 45-75
kHz, specifically engineered to achieve piston-like mo-
tion. This study introduces a structure with inten-
tional circumferential curvature of the peripheral ac-
tuation elements, where the beams or cantilevers are
geometrically curved along the boundary of the PMUT
membrane. These curved elements act as actuators in
conjunction with the membrane, enabling simultaneous
excitation of both the central and outer regions to im-
prove linearity and transmit sensitivity. Additionally,
a comprehensive linearity analysis is conducted, along
with a detailed performance comparison against con-
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Figure 3: (a) Electrical equivalent model of the trans-
ducer. (b) Ultrasound transducer model integrating
electrical, mechanical, and acoustical elements.

ventional PMUTSs. Given the limited studies on struc-
tural modifications for low-frequency PMUTSs and the
lack of insights into their linearity [36], this work aims
to fill that gap and provide a benchmark against state-
of-the-art designs. This research expands upon the au-
thors’ previous conference work of a cantilever-actuated
PMUT [37]. The current study offers comprehen-
sive measurements, modeling, and performance evalua-
tions of three PMUT designs: conventional PMUT (C-
PMUT), curved-cantilever PMUT (CC-PMUT), and
curved-beam PMUT (CB-PMUT), where the curvature
is a mechanical feature of the peripheral support struc-
tures used to induce piston-like displacement in the
membrane. This work paves the way for more sensitive
and linear PMUT devices in this critical application
area.

The following section details the PMUT design, ge-
ometric specifications with cross-section, and fabrica-
tion process steps. Section 3 provides an in-depth
analysis of PMUT characterization, including line pro-
file measurement of the PMUTSs and the effect of DC
voltage on membrane shape. This section also en-
compasses mechanical characterization through a Laser
Doppler Vibrometer (LDV), focusing on frequency re-
sponse characteristics, mode shape analysis and electro-
mechanical-acoustical modeling. Section 4 investigates
the device’s linearity through broadband chirp input
analysis and explores the impact of increasing AC in-
put voltage levels. The study provides detailed mea-
surements of transmit and receive sensitivities, bench-
marking these results against state-of-the-art literature.
Additionally, the radiation patterns of PMUTSs are mea-
sured to calculate the Field of View (FOV) and directiv-
ity of PMUTs. Section 5 presents measurement results
from long-distance pitch-catch experiments, including
receive voltage and signal-to-noise ratio (SNR) calcula-
tions, followed by concluding remarks.

2 PMUT design and fabrication

Three distinct types of 30% Sc-doped PMUTSs were
designed to operate in the frequency range of 45-75
kHz. Fig. 1(a) shows an optical micrograph of the
C-PMUT, featuring a clamped membrane with a diam-
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Figure 4: (a) LDV measured frequency response of
C-PMUT, CC-PMUT, and CB-PMUT at 2.5 V,p,
with simulated mode shapes at resonance. (b) Time-
domain mechanical response showing normalized dis-
placement, ring-down decay, and extracted () factors
for (b) C-PMUT, (c¢) CC-PMUT, and (d) CB-PMUT.

eter of 1800 um and 70% electrode coverage, designed
to operate at approximately 50 kHz. Figs. 1(b) and
(c) showcase the configurations of CC-PMUT and CB-
PMUT, both designed for operation around 65 kHz,
with a diameter of 875um. The CC-PMUT incorpo-
rates eight curved cantilevers, whereas the CB-PMUT
features four curved beams along its edges. The diam-
eters, cantilever and beam widths, as well as the asso-
ciated coupler widths, are directly labeled in the figure
for clarity. In both CC-PMUT and CB-PMUT, the
electrodes cover the entire region of the central mem-
brane and edge actuators. Fig. 1(d) illustrates the
cross-section of the CB-PMUT along the A-A’ cut-line.
The device structure, fabricated on a 9 um thick silicon
layer, consists of a released curved beam and a central
membrane. The design incorporates a ScAIN piezoelec-
tric layer with a thickness of 1pum, flanked by upper
and lower Molybdenum (Mo) electrodes, each measur-
ing 200 nm in thickness. For clarity, an exploded view
of the device, displaying the different layers, is provided
in Fig. 1(e). The PMUT is fabricated on Silicon-on-
Insulator (SOI) wafer with 9 pm silicon device layer and
the process details are available in the supplementary
information.

3 PMUT characterization and model-
ing

This section analyzes the membrane line profile of
PMUTSs and investigates the impact of varying DC volt-
age on membrane deformation. The equivalent circuit
model is first introduced, followed by mechanical char-
acterization using LDV. The mode shapes are measured
using LDV, while FE simulations are utilized to analyze
the effective area and stress distribution. Finally, the
extracted model parameters are summarized in a tabu-
lar format.
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Figure 5: Measured 3D vibrational mode shape at res-
onance for (a) C-PMUT, (b) CC-PMUT, and (c) CB-
PMUT. (d) Line profile showing the variation of nor-
malized vertical displacement with normalized radial
position. Normalized volumetric strain showing tensile
and compressive regions of stress at resonant modes of
(e) C-PMUT (f) CC-PMUT, and (g) CB-PMUT, re-
spectively.

3.1 PMUT profile

Previous research has shown that DC bias affects both
the polarization and intrinsic stress of the piezoelec-
tric layer, resulting in frequency shifts and changes in
bandwidth [38, 39]. To analyze the effect of DC voltage
on the membrane profile, a profilometer (SENSOFAR
S neoX) was used with DC voltage varying from -60
V to +60 V in 20 V increments. A voltage bias was
applied to the top electrode, while the bottom elec-
trode remained grounded. Fig. 2(a), (b), and (c) shows
the vertical deflection along the cutline marked in the
2D surface profile for C-PMUT, CC-PMUT, and CB-
PMUT, respectively. The ScAIN layer exhibits an aver-
age tensile stress of 100-150 MPa fabricated from Lab-
in-Fab 8-inch line [40], causing the central membrane
to bend downward, while the outer edges of the curved
cantilevers and beams rise by approximately 1 pm rel-
ative to the surrounding flat surface. The C-PMUT
bends downward by 2.5 pm, while the CC-PMUT and
CB-PMUT exhibit downward deflections of 3.2 pm and
2 pm, respectively. Applying a negative voltage re-
duces the downward buckling and attempts to flatten
the membrane. The conventional clamped membrane
is more sensitive to residual stress and bias changes,
showing a DC voltage displacement sensitivity value of
33 nm/V. In contrast, the CB-PMUT displays a sen-
sitivity of 20 nm/V, while the CC-PMUT exhibits the
lowest sensitivity of approximately 15 nm/V.

3.2 Equivalent model

The basic electrical equivalent model of the PMUT is
represented in Fig. 3(a). An input voltage V;, ap-
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Figure 6: (a) Measurement setup depicting the broadband chirp input applied to the PMUT and the resulting
pressure response captured by the microphone. The time-domain waveform and FFT are shown for both input and
output signals with a 40 V,;, input applied to the C-PMUT. Normalized FFT of the pressure response measured

for (b) C-PMUT, (¢) CC-PMUT, and (d) CB-PMUT at 4V, 20V, and 40 V,,,, chirp input.

plied across the static capacitor Cy of the PMUT gener-
ates a motional current I,,,,; flowing through the device.
R, represents the motional resistance, which is analo-
gous of membrane damping b,,, the inductance L,, re-
flects the mass of the membrane m,,,, and C,,, indicates
the capacitance associated with the stiffness k,, of the
membrane. The air-medium interface is characterized
by Z.., with its real part, the radiation resistance Ry,
representing the power transmitted or received through
the air.

A more detailed equivalent model that incorporates
the electrical (voltage and current), mechanical (force
and velocity), and acoustical (pressure and volume ve-
locity) domains is shown in Fig. 3(b). The transduc-
tion factor 1 quantifies the conversion of input voltage
into mechanical force F; applied to the membrane, re-
sulting in membrane vibrations with velocity v,,. The
mechanical parameters of the membrane are linked to
71 through relationships: b, = n?Rpm, Mm = n°L,, and
km = n?/Cyy,. Using the measured displacement ampli-
tude z(fo) at resonance and equating the spring force
kmz(fo) with voltage across piezoelectric element QVj,,
the value of 1 can be computed using the relation [4]

"= @

The effective area of the PMUT transforms the mem-
brane velocity into the volume velocity V,, of the air (V,,
= AcffUm). It can also be represented as the ratio of
force generated on the surface of membrane Fy to the
output pressure on surface Py, given as Acsr = F,/P.
The effective area can be estimated by FE analysis by
simulating the PMUTS’ frequency response and reso-
nant mode shapes. The effective PMUT area depends
on the membrane’s spatial displacement distribution,
calculated as

/ 4 2dA

zmaw

(2)

Acpr =

where z is the vertical displacement at a point, inte-
grated over the entire membrane area A, and z;q. is
the maximum displacement on the top surface.

The acoustic impedance D,. of the membrane gov-
erns the pressure exerted on its front and back surfaces
during vibration (Py = V,,D,.). However, the radiated
pressure in the surrounding medium is given by the
real part of acoustic impedance as P, = V, Re(Dg.).
For clamped membrane, the acoustic impedance can
be calculated using the expression [41]

Zo [y 21(2kuaesy) | 2K0(2Fkwacsy)
Aeff kaaeff 2kwaeff

Dac =

(3)
where the first order Bessel function is denoted by
J1 and Struve function by K;. The specific acoustic
impedance of air Zj is given by the product of its den-
sity and velocity (Zo = pairCair = 412 Rayl). The
wavenumber k,,, depends on the wavelength A of the
propagating wave (k,, = 2m/)), and the effective ra-
dius of the membrane is denoted by a.ss. For clamped
PMUT, Ac¢s is one-third of the actual area, giving
Qeff = af V/3. The radiation resistance R, represents
the real power transmitted to the air as sound and is
calculated using the acoustic impedance with the rela-
tion 2
Rae = Re(Dy.) ngf : (4)

Conversely, the reactive component L. represents the
energy temporarily stored due to the air’s compress-
ibility, which affects the phase relationship between the
membrane’s velocity and the pressure generated in the
air. The calculation of acoustic impedance is also ex-
plained in the supplementary information.

To calculate all the model parameters, the following
sequence was followed. First, the impedance-frequency
response was measured within the desired frequency
range. The total resistance R = R,, + Rq., inductance



L = L,,+ L,., and the capacitance C,, was determined
by fitting the measured data. LDV measurements was
used to measure the @) factor, the peak displacement at
resonance z(fy), and membrane velocity v. The trans-
duction factor n was calculated using Eq. 1 and the
related mechanical parameters were derived. The ef-
fective area A.y; was estimated using Eq. 2. R,. and
L, were derived from the real and imaginary parts of
the complex acoustic impedance D, using Eq. 3 and
Eq. 4. The coupling coefficient k? was calculated us-
ing the ratio of motional and static capacitances using
k? = Cp,/(Cyy + Cp).

3.3 PMUT response

The mechanical response of the PMUTs was character-
ized using LDV, where a 1 V|, sinusoidal signal was ap-
plied with the frequency sweeping around the resonance
point. Monitoring the displacement at the center of the
membrane revealed the devices’ resonant behavior. The
Q-factor was calculated from the ring-down response
at resonance using the relation Q ~ wfr ~ 1/FBW,
where 7 is the decay time, defined as the time it takes
for the PMUT response to decrease to 1/e of its max-
imum value and FBW is the fractional bandwidth of
the PMUT [42]. The measured Q factor was used in
the equivalent model. FE simulations were used to as-
sess the vibration mode shape of the PMUTs at res-
onance. Fig. 4(a) shows the displacement—frequency
response, including the mode shape, and resonance, in-
dicated on the figure. Fig. 4(b), (c), and (d) present the
time-domain responses of the C-PMUT, CC-PMUT,
and CB-PMUT, respectively, displaying the normalized
membrane displacements at resonance, with the cor-
responding decay time constants and Q-factors high-
lighted. Both CC-PMUT and CB-PMUT exhibit sim-
ilar piston-like mode shapes, with the CB-PMUT pro-
ducing the largest central displacement.

The mode shapes of the PMUTs at resonance were
analyzed using LDV under continuous sinusoidal exci-
tation. Fig. 5(a), (b), and (c) show the 3D and top-
down views of the normalized displacement profiles at
resonance for C-PMUT, CC-PMUT, and CB-PMUT,
respectively. Fig. 5(d) illustrates the variation in nor-
malized vertical displacement along the normalized hor-
izontal radial position of the PMUTs. The conventional
C-PMUT exhibits a typical Gaussian (tent-like) mode
shape, while the CC-PMUT and CB-PMUT display
piston-like motion due to the simultaneous actuation
of the curved actuator and central membrane, resulting
in larger vertical displacement areas. Simulations esti-
mate the effective area to be approximately 35% for the
C-PMUT, consistent with the theoretical prediction of
one-third [23], and around 65% and 60% for the CC-
PMUT and CB-PMUT, respectively. Fig. 5(e), (f), and
(g) show the normalized volumetric strain for the C-
PMUT, CC-PMUT, and CB-PMUT. In the C-PMUT,
about 70% of the membrane diameter is under tensile
strain, while the remaining regions experience compres-
sive stress. For CC-PMUT and CB-PMUT, the raised
upper half of the cantilevers or beams, along with most
of the central membrane area, experience tensile stress,

Table 1: PMUT parameters from equivalent model

Property Parameter ‘ Symbol Device
C-PMUT | CC-PMUT | CB-PMUT
Resistance R, (kQ) 474 168.2 66.8
Radiation resistance Ry (k) 124 57.4 29.4
Inductance L,,(H) 5.3 48.5 17.7
Blectrical Acoustic inductance La. (H) 0.2 0.6 0.3
Capacitance Cyn (pF) 2 0.13 0.3
Static capacitance Cy (pF) 256 86.2 88.5
Motional current Lot (1A) 16.7 4.4 10.4
Transduction factor 7 (uN/V) 53.7 15.4 21.4
Damping b (1Ns/m) 136.4 39.7 30.5
Acoustic damping bae (nNs/m) 35.8 13.6 13.4
Mass myy, (ng) 15.2 11.5 8.1
Mechanical Acoustic mass Mae (ng) 0.433 0.137 0.121
Stiffness km (N/m) 1412.3 1862.3 1529
Displacement z (nm) 1035.2 718.9 1125.7
Velocity v (mm/s) 311.6 288.1 486.2
Effective area Acrp (mm?) 0.848 0.391 0.361
Impedance Fe(Dac) 49.7 88.8 102.9
Acoustical (Rayls/mm?)
Mass-density Pac (pg/mm?) 511 350.4 335.2
Volume velocity V, (mm?/s) 264.3 121.6 175.4
Frequency fo (kHz) 47.9 63.8 68.7
Coupling coefficient k} (%) 0.98 0.18 0.42
Q-factor Q 27.25 87.16 80.72
Other Transmit Srx (Pa/V) 13.14 10 18.05
Receive Skx.0c (mV/Pa) 4.25 4.34 6.52
Skx,sc (nA/Pa) 333.35 150.95 251.43

The values of I,0t, 2z, v and V,, are specified for 1 V input.

while the lower half of the clamped cantilevers or beams
are under compression.

Table 1 summarizes the electrical, mechanical, and
acoustical parameters of the three PMUTSs under test.
For the receiving configuration, the acoustic port serves
as the input port, while the open-circuit voltage or
short-circuit current is determined as the output at the
electrical port. The transmit sensitivity Spx, for a 1
V input, along with the open-circuit and short-circuit
receive sensitivities Sgx, for a 1 Pa input, are pre-
sented in the table. The simplified model indicates that
the CB-PMUT is anticipated to exhibit higher trans-
mit sensitivity, while the receiving sensitivity of all the
PMUTsS tested is expected to range between 4 mV /Pa
to 7mV /Pa. The electrical impedance response was
measured for all PMUTs using a 100 mV AC signal
while varying the DC voltage from -40V to 40V in 5V
increments. The results are provided in the supplemen-
tary information.

4 Linearity, sensitivity & radiation pat-
tern

This section presents the experimental results on the
linearity, sensitivity, and radiation patterns of the
PMUTs. Broadband chirp analysis and LDV are em-
ployed to evaluate the linearity of the PMUTs. The
transmit (TX) sensitivity is assessed in terms of dis-
placement and pressure, while the receive (RX) sensi-
tivity is determined by measuring the pressure and cor-
relating it with the corresponding received voltage. The
radiation patterns of each PMUT type are also mea-
sured. Finally, the sensitivity results are benchmarked
against values documented in prior research.
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Figure 7: Frequency response illustrating the peak-to-peak displacement z,, measured by LDV for (a) C-PMUT,
(b) CC-PMUT, and (c¢) CB-PMUT. The time-domain displacement signals for 5 V;,;, and 35 V},, are presented for
(d) C-PMUT, (e) CC-PMUT, and (f) CB-PMUT. The corresponding FFT of the displacement signals for 5 Vjp,
and 35 V,p, are shown for (g) C-PMUT, (h) CC-PMUT, and (i) CB-PMUT.

4.1 Linearity assessment

Fig. 6 illustrates the measurement setup for evaluating
the linearity of the PMUTs. A linear chirp is gener-
ated using the arbitrary waveform feature of a function
generator (Keysight 33500B), amplified 50 times by a
voltage amplifier (Falco Systems WMA-300), and then
applied to the transmitting PMUT wirebonded onto a
custom Printed Circuit Board (PCB). The frequency of
the applied chirp signal linearly increases from an initial
value of f; = 100 Hz to a final value of f; = 200 kHz
within chirp duration T, of 15 ms. The input signal
follows the equation

Vi (t) = Asin (27 (%% + f;t)), for t < 15ms

e 0, for t > 15ms
(5)
where A is the amplitude and rep = (ff — fi)/Ten de-
notes the chirp rate. The input peak-to-peak voltage is
varied from 2 V to 40 V in 2 V increments to study the
effect of increasing AC voltage on the device’s response.
A microphone (Avisoft-Bioacoustics CM16/CMPA40-
5V) positioned at a distance d ~ 15 cm from the PMUT
records the pressure waveform and converts it to an
electrical signal with a sensitivity of 1.4 V/Pa. A DC
power supply (Keysight E36313A) provides the micro-
phone with a 5 V bias. The applied and received sig-
nals are monitored on an oscilloscope (Keysight DSO-X
4024A). The received signal is bandpass-filtered within
the 40-85 kHz range, and its time-domain waveform
and Fast Fourier Transform (FFT) are analyzed. Fig.
6 shows a case where a 40 V,,, 200 kHz broadband lin-

ear chirp of 15 ms duration is applied as input to the
C-PMUT and its time-domain pressure response with
FFT is measured. Transmit sensitivity analysis (shown
in Fig. 8) employs a similar setup but replaces the
chirp signal with a sinusoidal signal swept around the
resonance point, measuring the resulting pressure.

Fig. 6(b), (c), and (d) presents the normalized FFT
response for C-PMUT, CC-PMUT, and CB-PMUT,
respectively, for input voltages of 4V, 20V, and
40 Vpp. In the case of C-PMUT, when the input volt-
age reaches 20V, the primary frequency peak begins to
split due to non-linearity. As the voltage increases fur-
ther, the resonance frequency shifts higher, indicating
a non-linear hardening effect on the membrane. This
effect causes vibrational energy to spread across multi-
ple frequency peaks. At 40V, the resonance frequency
has increased by 18% compared to its value at 4 V. The
CC-PMUT response demonstrates high linearity, main-
taining its resonance at 63.7 kHz despite the increasing
voltage. Similarly, the CB-PMUT response, remains
predominantly linear up to 20V and shows an overall
5% increase in resonance frequency.

LDV measurements were carried out by applying a
sinusoidal input signal with V,, ranging from 2.5V
to 35V in 2.5V increments. The signal frequency
swept around the resonance point with 150 input cycles
ensured a fully saturated maximum displacement re-
sponse. The peak-to-peak displacement at the center of
the membrane z,, was noted for each input frequency.
Pressure measurements followed a similar protocol to
determine the peak-to-peak pressure P,, generated by
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Figure 8: Frequency response illustrating the peak-to-peak pressure Py, measured by microphone at 25 cm distance
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presented for (d) C-PMUT, (e) CC-PMUT, and (f) CB-PMUT. The corresponding normalized FFT of the pressure
signals for 5 V,, and 35 V},, are shown for (g) C-PMUT, (h) CC-PMUT, and (i) CB-PMUT.

the PMUTSs. A microphone, positioned 25 cm from the
PMUTS, recorded the pressure as Vj,, increased incre-
mentally.

Fig. 7(a), (b), and (c) display the displacement re-
sponses near resonance for C-PMUT, CC-PMUT, and
CB-PMUT, respectively. The displacement at the cen-
ter of the membrane increases with the input volt-
age, reaching about 25pm at 35V for C-PMUT and
CB-PMUT. CC-PMUT maintains linear characteristics
while C-PMUT and CB-PMUT show non-linear behav-
ior with increasing resonance frequency at higher volt-
ages. Fig. 7(d), (e), and (f) present time-domain dis-
placement signals for 5V and 35V cases, with corre-
sponding FFT responses in Fig. 7(g), (h), and (i). At
35V, C-PMUT and CB-PMUT exhibit signal distortion
with distinct harmonic frequency peaks. C-PMUT gen-
erates harmonics at 105kHz, 157.5kHz, and 210kHz,
while CB-PMUT produces harmonics at 142.2kHz and
213.3kHz. In contrast, CC-PMUT shows a stable
displacement signal with minimal frequency variations
across voltage levels.

Pressure measurements yielded results consistent
with displacement data. Fig. 8(a), (b), and (c) il-
lustrate the pressure response with frequency near res-
onance for C-PMUT, CB-PMUT, and CC-PMUT, re-
spectively. At 10V input and 25 cm distance, C-PMUT
is able to generate 1.1 Pa (94.8dB SPL) and CB-PMUT
produced a comparative 1Pa (94dB SPL), both ex-
hibiting non-linear behavior with increasing voltage.
CC-PMUT generates lower pressure (0.39Pa) in com-
parison but maintains linearity. Fig. 8(d), (e), and (f)

display time-domain pressure signals for 5V and 35V
cases, with corresponding FFT responses in Fig. 8(g),
(h), and (i). The pressure measurements corroborated
the displacement results, demonstrating that PMUTs
produced harmonics at similar frequency locations un-
der increased input voltage.

Duffing non-linearity refers to a type of cubic me-
chanical non-linearity observed in resonators, where
the displacement response does not increase linearly
with increasing excitation amplitude. It can lead to
amplitude-dependent resonance shifts (hardening or
softening) and distortion, often modeled by a nonlin-
ear spring term in the governing equation of motion.
The equation of motion incorporating the third-order
stiffness term k3 is expressed as [43]

54+ 2(¢ + 22wt +wiz + 8 3= , (6)
Meff Meff

where F' is the external force applied, wy = 27 fy is
the angular frequency, and m.sy represents the effec-
tive mass of the resonator. The terms (; and (3 repre-
sent the linear and third-order damping coefficients, re-
spectively, shaping vibration dynamics at low and high
amplitudes that significantly influence the Q-factor of
the device. The third-order stiffness term ks leads to
an amplitude-induced frequency variation. At a steady
state, the frequency can be related to the unperturbed
frequency through the Duffing coefficient as

3k32’2

—_— 7
32w2jbn%ff ( )

f=fo+
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Figure 9: Variation of relative frequency shift with mea-
sured displacement for C-PMUT and CB-PMUT, illus-
trating the fitted value of the conservative Duffing co-
efficient k3. The shaded region around the fitted curve
represents the +10 uncertainty in k3. The coefficient
of determination (R?) indicates the goodness of fit and
validity of the model.

The procedure to fit and extract the non-linear spring
stiffness is shown in the supplementary information.
The CC-PMUT demonstrates high linearity, maintain-
ing a frequency of 63.8 kHz. Both the C-PMUT and
CB-PMUT exhibit non-linearity, with their relative fre-
quency change f — fy plotted against the measured dis-
placement in Fig. 9, obtained through LDV. The fitted
curves using Eq. 7 indicates that the frequency shift is
more pronounced for the C-PMUT, as its k3 value is
2.5 times greater than that of the CB-PMUT.

4.2 Transmit and receive sensitivity

The displacement and pressure sensitivities are deter-
mined from the slopes of their respective variations with
the driving voltage. Within the range of 10V, the
CB-PMUT exhibits the highest displacement sensitiv-
ity, with a maximum of 1025 nm/V, followed by the C-
PMUT at 825nm/V and the CC-PMUT at 610nm/V.
Regarding pressure sensitivity, the C-PMUT achieves
110 mPa/V, while the CC-PMUT produces 40 mPa/V,
and the CB-PMUT delivers 102mPa/V. As shown in
Fig. 10, despite being approximately four times smaller
in area, the CB-PMUT generates pressure levels com-
parable to those of the C-PMUT. The pressure re-
sponse of the C-PMUT begins to saturate beyond 15V
due to increasing non-linearity, whereas the CB-PMUT
continues to generate higher pressure. This behavior
can be attributed to the reduction in transmission ef-
ficiency of the C-PMUT at higher driving voltages, re-
sulting from its pronounced non-linearity compared to
the CB-PMUT. Additionally, the CB-PMUT achieves
higher membrane vibration velocity, further contribut-
ing to its superior performance. The receive sen-
sitivity of the PMUTs was determined using a setup
similar to the one depicted in Fig. 6. A 10V peak-to-
peak signal, with its frequency swept around the res-
onance, was applied to the transmitting PMUT. The
resulting pressure-frequency response was measured us-
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Figure 10: (a) Variation of peak-to-peak displacement
zpp and (b) peak-to-peak pressure P,, with peak-to-
peak input voltage V,, for C-PMUT, CC-PMUT, and
CB-PMUT.
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Figure 12: Measured radiation patterns of C-PMUT,
CC-PMUT, and CB-PMUT.



ing a microphone positioned at a distance of 25cm.
After completing the pressure measurements, the mi-
crophone was replaced with a similar PMUT to record
the RX voltage. The RX voltage-frequency response
was normalized against the measured pressure response
to calculate the RX sensitivity, as illustrated in Fig.
11. Among the tested designs, the C-PMUT demon-
strated the highest receive sensitivity at 8.7mV/Pa,
while the CC-PMUT and CB-PMUT exhibited sensi-
tivities of 3.3 mV /Pa and 4.2mV /Pa, respectively. The
C-PMUT features an electrode confined to the central
70% of the membrane, resulting in a higher RX volt-
age in response to stress. In contrast, the CC-PMUT
and CB-PMUT have a single electrode that spans the
entire membrane, including the central region and edge
actuators, which leads to a reduction in the net charge
generated due to stress.

4.3 Radiation Pattern

The far-field pressure at any radial distance r from a
vibrating baffled piston is given by the relationship [41]

P(r,0) = @eﬂ”ﬂD(@)
r

(8)

where Py represents the pressure at the surface of the
membrane and Ry is the Rayleigh distance, defined
as the ratio of the effective area to the wavelength
(Ro = Acpp/A = kaZ;;/2). The attenuation of the
acoustic wave in a given medium, typically expressed
in dB/cm, is represented by «. The factor D(6)
48.J5 (kaesssin®) /(kaeyssin@)® describes the directiv-
ity of the vibrating element at any angle 6 from the
on-axis position with Js representing Bessel function
of the third order. The designed PMUTs, with kacss
< 0.5, suggest an omnidirectional radiation pattern. To
measure the radiation pattern, a 5V peak-to-peak si-
nusoidal signal is applied to the PMUT at its resonance
frequency. The generated pressure is recorded by a mi-
crophone placed 15 cm away. The microphone remains
stationary while the PMUT is rotated in 5-degree incre-
ments from its on-axis position, and the peak-to-peak
pressure is recorded at each angle. The pressure is then
converted to SPL and normalized for comparison. C-
PMUT, CC-PMUT, and CB-PMUT yield a 6dB field
of view (FOV) of 161.6°, 164.8°, and 171°, respectively,
with fluctuations primarily caused by wave diffraction
at the edges of the PCB.

4.4 Comparison with state-of-the-art

The TX and RX sensitivities of the designed PMUT are
compared with other state-of-the-art PMUTSs specifi-
cally designed to operate below 200kHz. To ensure a
fair comparison, the transmission sensitivity was nor-
malized with respect to voltage and active area. Addi-
tionally, the on-axis pressure measurement values were
transformed using Eq. 8 to a standardized distance of
30 cm for all cases. For this transformation, the atten-
uation coefficient o was estimated using the relation:
Aqpjem = 107122 42 x 1077 f + 0.0035, where f is
the frequency of operation in Hz. This equation ac-
counts for acoustic attenuation in air over a frequency
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Figure 13: Comparison of normalized transmit sensi-
tivity at a 30 cm distance as a function of frequency for
the current work and various reported results.
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Figure 14: (a) Measurement setup for pitch-catch ex-
periment. (b) PCB with a wire-bonded 2x2 C-PMUT
array. (c) Variation of measured signal-to-noise (SNR)
ratio with distance for C-PMUT, CB-PMUT and CC-
PMUT along with fitted data. Received voltage signal
at 50 cm, 100 cm, and 200 cm distance for (d) C-PMUT,
(e) CC-PMUT, and (f) CB-PMUT respectively.



Table 2: State-of-the-Art Performance Comparison of Air-Coupled PMUTSs

Ref. Piezoelectric material Confi Area fo SPL, distance & voltage Normalized Stx (30 cm) Srx
’ Type ‘ Thickness ym & mm? | kHz | dB ‘ cm ‘ Vop mPa/V/mm? ‘ dBSPL/V/mm? | mV /Pa
MA4045 Bulk PZT _ Array 785 40 120 30 2 106 54.5 7.1
('()mmerclal
Array
[44] PZT 6 ey 4 962 17 12 10 127 56.1 _
(37 elements)
[45] PZT 8 Single 061 100 103 35 6 31.3 72.2 _
PZT Array
[42] _ 2 ey 49 46 1094 26 10 103.7 743 19
(single-crystal) (2x2)
[46] PVDF 0.5 Single 05 1215 1008 1 10 12.7 56 _
4] AIN 1 Single 0125 214 84 05 1 31 63.8 _
Array
[47] Sco2AIN 1.2 ey 1 66 118 20 10 94 73.4 5.7
(14 elements)
Array
(48] Scoa6AIN 1 Troy 226 58 105 10 10 50.3 68 1
(2x2)
CPMUT 254 496 944 33.9 64.6 8.7
This work  Sco3AIN 1 Single CC-PMUT 0.6 638 842 25 10 44.4 66.9 3.3
CB-PMUT 06 694 938 135.6 76.6 12
. . . relative to existing designs.
Table 3: Comparison of PMUT Linearity
Ref. Mat. Dia. Thickness fo Af/Vop
[pm] [pm] [kHz] [kHz/V] . .
5 Long distance pitch-catch measure-
[49] PZT 880 8 61.3 1.26
[50] Zno 500 7.1 84 2.1 ment
[42] PZT 1250 8.7 40 0.4
51 AIN 715 8.4 127.5 0.7 . .
[51] . A pitch-catch experiment was conducted for each
[36] ScAIN 500 8 915  Neligible change
uw to 6 Vp,  PMUT configuration to measure acoustic transmission
C-PMUT 1800 49.6 0.16 over a distance of up to 2.5 m. The experimental setup,
copMuT = ScosAIN o 10.6 635  Negligible d‘l/a“ge as depicted in Fig. 14(a), was employed for this pur-
up to 40 V, . ..
CB.PMUT 875 69.4 0o0s  pose. For signal transmission, a 2x2 array configura-

range of 25kHz to 300kHz at 50% relative humidity
[52]. By applying these normalization and transforma-
tions, a more accurate and meaningful comparison of
PMUT performance in dB SPL/V/mm? across differ-
ent designs and operating conditions was made. The
current work is compared with commercial bulk trans-
ducer, thin-film PZT devices [44, 45], single-crystal
PZT [42], polyvinylidene fluoride (PVDF) [46], AIN
PMUT [4], and Sc-doped AIN PMUT devices with vary-
ing ScAIN concentrations, such as 20% [47] and 36%
[48]. Table 2 provides a detailed comparison. The
CB-PMUT achieves a normalized sensitivity of 135.6
mPa/V/mm?, approximately four times higher than
that of the C-PMUT. However, the C-PMUT demon-
strates the highest RX sensitivity. The normalized sen-
sitivity is also shown in the comparative frequency map
in Fig. 13. Among PMUTSs operating under 200 kHz,
the CB-PMUT demonstrates the highest normalized
sensitivity, outperforming PZT and other ScAIN-based
devices.

A direct comparison of PMUT non-linearity across
the literature is challenging due to differences in oper-
ating frequency, device geometry, and the absence of
standardized quantification methods. Table 3 summa-
rizes key reports on the non-linear behavior of PMUT's
operating below 200 kHz, where the frequency shift
per peak-to-peak input voltage (Af/V,,) was estimated
from published data. Notably, the CC-PMUT and the
tiltable-cantilever plate design reported in [36] exhibit
minimal resonance drift with increasing drive voltage,
while the CB-PMUT also demonstrates high linearity
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tion (Fig. 14(b)) was driven by a 10V, input signal.
A single PMUT receiver, mounted on a fixed board,
was used to detect signals at varying distances. The
received signal was processed through a bandpass filter
with a frequency range of 40kHz to 85kHz, exhibit-
ing an average noise level of 9.5 1V peak-to-peak. The
signal-to-noise ratio (SNR) was calculated using the for-
mula 20 log19(Vrx/Vyn), where Vgx and V,, repre-
sent the peak-to-peak received signal and noise volt-
age, respectively. The Signal-to-Noise (SNR) values
were computed for each distance and plotted, as shown
in Fig. 14(c). Data fitting was performed using a
model incorporating an attenuation coefficient o rang-
ing from 0.012dB/cm to 0.014dB/cm. With a 12dB
SNR threshold, detection ranges of 4m, 2.7m, and
3.8 m were achieved for C-PMUT, CC-PMUT, and CB-
PMUT, respectively, without using amplifier at the re-
ceiver end. The time-domain received voltage signals at
distances of 50 cm, 100 cm, and 200 cm are illustrated
in Fig. 14(d), (e), and (f) for C-PMUT, CC-PMUT,
and CB-PMUT, respectively.

6 Conclusion

This work presents the measurement and analysis of
two novel PMUTs that feature curved-cantilever and
curved-beam structures designed at the membrane
edges to induce piston-like vibrations. The effective
area percentage of these devices is approximately dou-
bled compared to conventional PMUTs. The CC-
PMUT demonstrates superior linearity with negligible
resonance shifts under varying DC or AC voltages, mak-
ing it ideal for pitch-catch based frequency-sensitive ap-



plications such as ultrasound wake-up. In contrast,
the CB-PMUT sacrifices some linearity but achieves
an enhanced normalized transmit sensitivity of 135.6
mPa/V/mm?, outperforming both the CC-PMUT and
C-PMUT by approximately 3 and 4 times, respec-
tively. The enhanced transmit sensitivity makes the
CB-PMUT well-suited for long-range acoustic trans-
mission applications, particularly in dense PMUT ar-
rays and ultrasonic wake-up systems. Future efforts to
further improve receive sensitivity could focus on tai-
loring the electrode layout to selectively cover only the
tensile or compressive regions, or by implementing dif-
ferential drive schemes to mitigate charge cancellation
and enhance response. Additionally, the influence of en-
vironmental factors such as temperature and humidity
on device performance can be investigated to evaluate
suitability for real-world deployment.
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