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Cantilever beam-based piezoelectric
micromachined ultrasonic transducer with post
processing soft interconnecting strategy for in-air
rangefinding
Yan Wang 1,2, Peng Chen1,2, Junning Zhang1, Zihan Li1 and Hongbin Yu 1,2,3✉

Abstract
Despite of good performance immunity to stress and high transmitting/receiving sensitivity advantages, the
fabrication imperfection induced asynchronous vibration and the resultant prolonged ring-down tail severely limit the
potential of the cantilever beam-based piezoelectric micromachined ultrasonic transducer (PMUT) in pulse-echo
applications as transceiver. To address this issue, a novel post processing soft interconnecting strategy is presented. In
this case, specific reservoir structure is intentionally integrated into the cantilever-beam based PMUT design, under the
assistance of which the liquid PDMS can be accurately applied and spontaneously driven to seal the air gaps between
the already released cantilever beams via the capillary effect. After curing, the PDMS will be transformed from liquid to
solid and serve as soft interconnecting spring between adjacent cantilever beams so as to force them to vibrate in
synchronous mode. At the same time, this treatment does not change the existing fabrication process and has little
effect on the original PMUT performance. From both of the mechanical and acoustic response measurement results,
effective suppression for the asynchronous vibration and significant reduction of the ring-down tail have been
successfully demonstrated for the treated PMUT device. In the subsequent pulse-echo rangefinding experiment, a
distance detection range covering from 270.8 mm to 3.8 m with a divergence angle close to 170° has been achieved
when it is driven at resonant frequency of 69.2 kHz with 40 Vpp, 40-cycles sinusoidal signal. Given the simple yet
effective treatment, the proposed strategy shows great prospective in developing high performance PMUT for in-air
rangefinding applications.

Introduction
To meet the rapidly evolving demands of industrial

development and emerging application scenarios, as the
key sensing modules used in intelligent electronic devices,
collaborative robots and drones to obtain target position
information, the rangefinders have been expecting to
provide higher performance standards. Among the exist-
ing rangefinder technologies, the optical methods face
difficulty in detecting transparent/dark-colored objects

and are highly susceptible to ambient light interference1,
whilst the traditional piezoelectric ceramic-based ultra-
sonic ones are limited by large size, high power con-
sumption and poor acoustic coupling2. The advancement
of micro-electromechanical systems (MEMS) technology
has led to the development of capacitive micromachined
ultrasonic transducer (CMUT) and PMUT. However,
CMUT faces challenges such as high bias voltage
requirement, nonlinear response mechanism and narrow
electrode gap, which led to complicated operation control
and limited displacement for rangefinder applications3. In
contrast, PMUT offers advantages including simple
structure, linear control and large displacement, making it
a promising candidate in air-coupled ultrasonic sensing
applications4–7.
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The PMUT-based rangefinders can capture the distance
information by measuring the time of flight of the ultra-
sonic signal. Compared to the rangefinder counterparts
that use two individual PMUT units to transmit and
receive ultrasonic signal separately7–9, the self-
transceiving configuration can achieve these functions
with the same unit2. Obviously, the less number of the
PMUTs help to reduce the system volume and cost, and
enhance application flexibility. Most importantly, since
both of the signal transmission and reception are con-
ducted by the same PMUT, there is no need to consider
the frequency consistency between the transmitting and
receiving units, thus largely simplifying the fabrication
process control10. According to the electromechanical
transduction structure design, the PMUT can be roughly
categorized into three types, namely fully-closed
PMUT2,11,12, quasi-closed PMUT13–16 and cantilever
beam-based PMUT17–19. Traditional fully-closed PMUT
consists of a fully-closed diaphragm anchored to the
substrate on all sides, offering advantages such as simple
structure, relatively simple fabrication processes, and
excellent acoustic sealing. However, the fully-closed
PMUT is highly sensitive to stress, which can lead to
nonlinear effects during deformation and a reduction in
device sensitivity20. Moreover, the process related residual
stress in the as-deposited material will largely change the
mechanical performance of the fully-closed structure,
causing uniformity issue17. Quasi-closed PMUT incor-
porates open structures such as through-holes or slits,
which can partially relieve the diaphragm internal stress
and provide greater design flexibility, enabling perfor-
mance tuning capability for device such as bandwidth.
However, its performance is still considerably influenced
by the residual stress, making process control critical16. In
contrast, the cantilever structure can effectively release
stress through its deformation, making its performance
insensitive to fabrication-induced residual stress and
thereby easily achieving high fabrication consistency.
Moreover, due to the mechanical characteristic of the
structure, the cantilever beam-based PMUT exhibits lar-
ger linear operation range and higher operation sensitiv-
ity18,19. As a result, it is highly suitable for high SNR and
long distance detection scenario.
Considering the fact that the cantilever performance is

dependent on its structure, any dimension deviation
caused by fabrication will lead to varied resonant fre-
quencies across multiple cantilever beams in a PMUT.
Since the response will undergo significant phase changes
when the cantilever is driven to vibrate at its resonant
frequency, asynchronous vibration between inconsistent
cantilevers will happen under the same driving signal due
to their resonant frequency difference18. On the one hand,
the sound radiation energy will continuously couple
between cantilevers after the driving signal is switched off

under the effect of the asynchronous vibration, resulting
in prolonged ring-down time for settling down. As for the
self-transceiving configuration, it’s well known that the
echo signal can only be distinguished when the ring-down
amplitude is reduced to a certain level, which corresponds
to an important performance indicator for the range-
finder, namely the detection blind area. Obviously, the
increased ring-down time will expand the blind area. On
the other hand, the emitted sound pressures from the
asynchronously vibrating cantilevers cannot be super-
posed constructively or even might be canceled out by
each other in the worst case, thus decreasing the emitted
sound pressure level as well as the maximum detection
range.
To address the asynchronous vibration issues, Gong

et al. introduced mechanical coupling beams between
cantilevers as hard connection spring for asynchronous
vibration suppression18. In this case, in order to obtain
effective suppression, the coupling beams should be
arranged close to the cantilever tip region. However, this
will increase both of the structure stiffness and the per-
formance sensitivity to stress, resulting in reduced
operation sensitivity and linear working range as well.
Furthermore, the existence of the coupling beams can not
only influence the release of residual stress in the canti-
levers during fabrication, but also alter the stress dis-
tribution within the cantilever and lead to incomplete
electrode coverage of the piezoelectric layer, deteriorating
PMUT performance further.
In our previous work, a capillary effect-based post

processing autonomous sealing method was firstly
developed and successfully applied to the piezoelectric
MEMS speaker to suppress the asynchronous vibration
between cantilevers and improve its broadband sound
pressure output performance21. Although the working
frequency and the detailed impact on the device perfor-
mance are a bit different, this strategy should be still
applicable to PMUT due to the similar operation
mechanism. For proof of concept demonstration, a
cantilever-based PMUT for in-air rangefinder is devel-
oped, in which four liquid reservoir structures connected
to the air gaps are intentionally designed at the corner of
device to facilitate spontaneous and reliable filling of the
air gaps by the liquid PDMS through the capillary effect
and provide accurately confined liquid spread. After
curing, the filled PDMS will be transformed from liquid to
solid and act as solid soft interconnecting springs between
cantilever beams, forcing them to vibrate in synchronous
mode. The device performance change before and after
treatment are investigated by simulation and experiment.
From the results, it can be seen that after sealing, the
originally existed multiple resonance peaks in the as-
fabricated PMUT will be merged into one and the ring-
down time can be significantly shortened, representing
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effective suppression of the asynchronous vibration.
When driven by a 40-cycles sinusoidal signal with 40 Vpp

at the device’s resonant frequency, the blind area of the
developed self-transceiving PMUT rangefinder can be
remarkably decreased from larger than 1m to 270.8 mm.
In addition, it can also be found that this method
demonstrates less impact on the original high emission
sensitivity of the PMUT and achieve a maximum detec-
tion range up to 3.8 m despite of small device footprint.

Materials and methods
Structure design
Figure 1a shows the schematic of the proposed canti-

lever beam-based PMUT. It consists of four identical tri-
angular piezoelectric cantilever beams, which are arranged
into a square shape and electrically connected together for
simultaneous actuation. The composite film stack of the
piezoelectric cantilever, from top to bottom, is 200 nm
Si3N4, 200 nm Mo, 1 μm AlN, 200 nm Mo and 3 μm Si.
The side length of the cantilever beams and the width of
the air gap between them are designed to be 720 μm and
2 μm, respectively. The air gap between the cantilever
beams serves as suspended channel22, creating a capillary
path. Once the PMUT is fabricated, the liquid PDMS will
be injected into the reservoir with a diameter of 120 μm
using a dispensing machine, and it will spontaneously fill
into the air gap region, driven by the capillary force. In this
step, the PDMS is selected as the sealing material due to its
low surface energy in liquid status and low Young’s
modulus (750 kPa) as well as excellent elasticity in solid
status. After complete curing, the solid PDMS will act as a
soft spring that connects the adjacent cantilever beams
and forces them to vibrate synchronously. Moreover, the
PDMS will also seal the air gaps, thus preventing the

PMUT performance from being changed by any process-
induced dimension deviation. At the same time, as a post-
release process, this sealing operation will not interfere
with the existing PMUT fabrication process or affect the
residual stress release of the cantilever beams.
The PMUT can be modeled as a one-dimensional

spring-mass-damping system. Upon sinusoidal excitation
at the operating frequency of ω, the motion equation of
the PMUT can be expressed as:

€z þ R
M _z þ K

M z ¼ F0
M sin ωtð Þ

z 0ð Þ ¼ z0; _z 0ð Þ ¼ _z0

(
ð1Þ

where M, K, and R are the equivalent mass, the equivalent
spring constant and the damping of the PMUT,
respectively. F0 is force amplitude. z0 and ż0 represent
the initial displacement and initial velocity of the PMUT,
respectively.

Its solution is given by23:

z tð Þ ¼ z1 tð Þ þ z2 tð Þ þ z3 tð Þ
z1 tð Þ ¼ e�ξω0t z0 cosωdt þ _z0þξω0z0

ωd
sinωdt

� �
z2 tð Þ ¼ Bβe�ξω0t sinφ cosωdt þ ω0

ωd
ξ sinφ� s cosφð Þ sinωdt

h i
z3 tð Þ ¼ Bβ sin ωt � φð Þ

8>>>>><
>>>>>:

ð2Þ

ωd ¼ ω0

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ξ2

p
s ¼ ω

ω0

B ¼ F0
K

β ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�s2ð Þ2þ 2ξsð Þ2

p

φ ¼ tg�1 2ξs
1�s2

8>>>>>>>><
>>>>>>>>:

ð3Þ
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Fig. 1 Schematic of the proposed PMUT. a Proposed cantilever beam-based PMUT with PDMS sealing; b PDMS in the gap; c triangular
cantilever beam

Wang et al. Microsystems & Nanoengineering           (2025) 11:97 Page 3 of 14



where ω0 and ωd are the resonant frequencies, with ωd

representing the damped resonant frequency. ξ, B, and φ
are the damping ratio, static displacement, and phase
angle of the PMUT, respectively.
The displacement z tð Þ of the PMUT is composed of two

parts: the free vibration response z1 tð Þ and forced vibra-
tion response z2 tð Þ þ z3 tð Þ; z1 tð Þ is related to the initial
condition of the PMUT, z2 tð Þ represents the transitional
phase of forced vibration, which gradually decays to 0 due
to damping, and z3 tð Þ represents the steady-state of forced
vibration.
The static displacement B and the resonant frequency

ω0 of the composite triangular cantilever beam as shown
in Fig. 1c, are given by21,24:

B xð Þ ¼ 6e31heU
KA

x2 ð4Þ

ω0 ¼ 4:14

L2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E1 H1 � Znð Þ3 þ E1Zn

3 þ E2 H1 þ H2 � Znð Þ3 � E2 H1 � Znð Þ3
ρ1H1 þ ρ2H2

s

ð5Þ

KA ¼ P
i EiðHi

3 þ 12Hi zi � Znð Þ2Þ
he ¼ H2

2 þ H1 � Zn

Zn ¼
P

i
EiziHiP
i
EiHi

8>>><
>>>:

ð6Þ

where e31 is the piezoelectric coefficient of the piezo-
electric layer, U is the driving voltage. Ei, ρi, Hi and zi
represent the Young’s modulus, density, thickness, and
mid-plane position of the ith layer, respectively.

When the device operates at the resonant frequency
starting from a zero initial state, the displacement of the
PMUT can be simplified as:

z tð Þ ¼ QB 1� e�
ω0 t
2Q

� �
sin ω0t � π

2

� �
ð7Þ

where Q represents the quality factor of the PMUT,
governing both its amplitude rise rate and steady-state
amplitude.
After removing the excitation, the forced vibration

terms z2 tð Þ and z3 tð Þ become zero and the PMUT falls
into residual vibration stage, where its displacement can
be expressed as:

z tð Þ ¼ QBe�
ω0 t
2Q cosω0t ð8Þ

At this time, its displacement will decay exponentially,
with the decay rate determined by the quality factor Q and
further influenced by the mode damping. When PMUT
operates in the synchronous vibration mode, it can be
equivalently represented as a vibrating piston with an area

of Seff , and its acoustic radiation damping Rr is
25,26:

Rr ¼ ρ0c0k
2

2π Seff 2

Seff � 0:17SPMUT

(
ð9Þ

where ρ0, c0, k, and SPMUT represent the sound speed, air
density, wave number, and the area of the proposed
PMUT, respectively.

Due to the resonant frequency of the cantilever beam is
dependent on its length and the thickness of each layer in
the stack according to Eq. (5), any dimension deviation
induced by process can lead to resonant frequency
change. If the resonant frequencies of the PMUT canti-
lever beams are inconsistent, asynchronous vibration will
happen. When adjacent cantilever beams oscillate out of
phase with equal amplitude, they can be regarded as a pair
of acoustic dipoles. In this condition, the radiation
damping of the asynchronous vibration mode Rr

0 can be
calculated as26:

R0
r ¼

ρ0c0
6π

k4l2Seff
2 ð10Þ

where l represents the spacing between adjacent canti-
lever beams.
Combining Eqs. (9) and (10), the ratio of asynchronous

vibration damping to synchronous vibration damping can
be determined as follows:

Rr
0

Rr
¼ k2l2

3
ð11Þ

By substituting corresponding values (f 0 ¼ 87:3 kHz,
based on the simulation results in Fig. 2a; l ¼ 339:4 μm,
which is the centroid spacing between adjacent cantilever
beams) into equation, Rr

0
Rr

� 0:098 can be obtained, indi-
cating that the radiation damping under the asynchronous
vibration is far smaller than that of the synchronous one.
According to Eq. (8), when the PMUT operates in syn-
chronous vibration mode, its ring-down time (the time
taken for the displacement to decay to approximately 5%
of the steady-state amplitude) can be calculated by the
product of the quality factor Q and the vibration period.
In contrast, due to the significantly lower radiation
damping associated with the asynchronous vibration, the
ring-down time will be prolonged, resulting in an exten-
ded blind area.
In the current case, the PDMS is used to seal the air

gaps in the PMUT, thereby constructing a soft inter-
connecting spring between adjacent cantilever beams to
suppress the asynchronous vibration and reduce the blind
area as well. During the sealing process, the liquid PDMS
will be spontaneously driven to fill the gaps by the
capillary force if the condition for spontaneous capillary
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flow (SCF) is met27:

G
H
<cos Ωð Þ ð12Þ

where G and H represent the gap width and the cantilever
beam thickness, respectively. Ω � 23° is the contact angle
between the liquid PDMS and the Si sidewall surface21.
The cured PDMS forms a soft spring between the

cantilever beams as shown in Fig. 1b. Under the action of
shear forces τS, the PDMS spring undergoes a deforma-
tion z, and the shear stiffness of the spring is calculated by:

kt ¼ τS
z
¼ T � z

G

� �
�

ffiffiffi
2

p
L � H

� � 1
z
¼ 192:2N=m

ð13Þ
where T ¼ 251:7 kPa is the shear modulus of PDMS.

At the same time, the equivalent stiffness of the trian-
gular cantilever beam is calculated by:

kr ¼ KAW

6L3
¼ 38:1N=m ð14Þ

It can be found that the shear stiffness of the PDMS
spring is approximately five times that of the cantilever
beam. As a result, it can provide sufficient strength to
effectively suppress the asynchronous vibration between
adjacent cantilever beams and force them to vibrate in
synchronous mode.
After sealing, the proposed cantilever beam-based

PMUT will operate in the synchronous vibration mode.
Based on the far-field sound pressure formula for a piston
on an infinite baffle, the sound field distribution of the
proposed PMUT is given by2,26:

p d; θ; tð Þ ¼ pd d; tð Þ � D θð Þ
pd d; tð Þ ¼ 0:34πρ0SPMUTwf

2g 10�αd

d ej ωt�kdð Þ

D θð Þ ¼ 2J1 ka�sin θð Þð Þ
ka�sin θð Þ

8>><
>>: ð15Þ

where d represents the sound propagation distance; a, w,
f and g represent the equivalent piston radius, vibration
amplitude, operating frequency and back cavity gain of
PMUT, respectively. α is the sound absorption coefficient
of the air medium, which is related to the sound
frequency, ambient atmospheric pressure, temperature
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and humidity. J1 is the first-order Bessel function. pd d; tð Þ
and D θð Þ represent the axial distribution and the angular
distribution of sound pressure, respectively.
The equivalent piston radius a of the currently designed

cantilever beam-based PMUT is calculated to be 167:8
μm according to Eq. (9). Consequently, the condition
ka ¼ 0:27<1 is satisfied, allowing for the calculation of
D θð Þ � 1, which demonstrates the omnidirectional sound
field distribution. In addition, the emitted sound pressure
pd d; tð Þ decreases with distance. At the short distance, the
emitted sound pressure is approximately inversely pro-
portional to distance. With the increasing propagation
distance, the sound absorption loss will become domi-
nant, thereby affecting the maximum detection range of
the PMUT rangefinder.
As the increasing target distance, the amplitude of the

pulse-echo signal received by the PMUT rangefinder will
gradually decrease until it approaches to the detection
threshold. At this point, the random thermal noise might
induce false identification for the target signal, the average
time of which is given by8:

tfa ¼ 1
BW

e
V2
TH
δ2
A ð16Þ

where BW is the PMUT operation bandwidth, δA is the
root mean square (RMS) noise. VTH is the threshold
voltage and it must be significantly higher than the system’s
noise level to ensure accurate target identification.
Finite element simulation is conducted using COMSOL

Multiphysics 6.0, and the simulation model is schemati-
cally shown in the inset of Fig. 2a. To simulate asyn-
chronous vibration mode, the lengths of the cantilever
beams 2 and 4 are intentionally set to be 359 μm, which is
1 μm shorter than those of the cantilever beams 1 and 3.
The remaining structure parameters of the PMUT are
consistent with the design specifications. The back side of
the PMUT is used for sound emission and reception,
while its front side is enclosed by a cylindrical cavity to
prevent acoustic interference. The emission sensitivity
spectra of the proposed PMUT, both before and after
PDMS sealing, are obtained at an axial distance of 10 mm
using the “External Field Calculation” function, as shown
in Fig. 2a. Before sealing, the PMUT exhibits a bit more
complicated frequency response, in which a resonance
peak at 87.3 kHz with emission sensitivity of 1.25 Pa/V
can be observed. At the same time, a distinct dip around
90.1 kHz and a second peak around 90.3 kHz can also be
found, which are thought to be mainly caused by the
asynchronous vibration between these cantilever beams.
In comparison, after sealing, a normal frequency response
can be obtained, where it demonstrates only one single
resonance peak at 87.2 kHz with slightly higher emission
sensitivity of 1.47 Pa/V. It is believed that the four

cantilever beams will be forced to vibrate synchronously
as a whole under the connection effect of the PDMS. In
order to further validate the mechanism behind these
phenomena, the changes of the vibration amplitude and
the phase of these two sets of cantilever beams with
respect to the frequency are also studied. From the results
shown in Fig. 2b, it can be seen that as for the PMUT
before sealing, all of the cantilever beams will vibrate
synchronously before reaching to the first-order resonant
frequency. Then, with continuous increase of the fre-
quency, both of the vibration amplitudes and phases of
these cantilever beams will gradually change, leading to
the generation of the asynchronous vibration mode. In
particular, at the frequency of 90.1 kHz, the phase differ-
ence between the cantilever beams 1/3 and 2/4 becomes
close to 180°, and they demonstrate the same vibration
amplitude. As a result, their generated sound pressures
will be largely canceled out by each other, leading to an
abrupt drop in the emission sensitivity. In comparison, at
the frequency of 90.3 kHz, although the phase difference
is still about 180°, the vibration amplitude of the cantilever
beams 1/3 is significantly larger than those of the canti-
lever beams 2/4, resulting in a net sound pressure output
peak. After that, with the further increasing frequency, all
of the cantilever beams will return to the synchronous
vibration state. This complex response is caused by the
mutual coupling between these two sets of cantilever
beams. In contrast, after sealing, both of the vibration
amplitudes and phases of these cantilever beams will align
well with each other, verifying the expected synchronous
vibration as a whole.
To further investigate the time-domain response of the

PMUT before and after sealing, a 2 Vpp, 50 cycles sinu-
soidal signal is used to drive the PMUT, with driving
frequencies of 87.3 kHz and 87.2 kHz, respectively.
According to Eqs. (2) to (5), the cantilever displacement is
determined by the forced and the free oscillations, which
are influenced by both of the driving signal and the syn-
chronous/asynchronous vibration modes of the PMUT.
The emitted sound pressures at an axial distance of
10 mm of the PMUT before and after sealing are shown in
Fig. 2c, d, respectively. It can be found that in both cases,
the amplitude of the emitted sound signal will increase
according Eq. (7) at the initial stage and gradually reach a
steady state after 50 cycles driving pulses. Once the
driving signal is removed, the PMUT will enter into the
ring-down stage, in which the residual displacement of
PMUT cantilevers as well as the generated sound pressure
will be governed by their resonant mode instead. As for
the PMUT before sealing, the vibration displacement
changes of the cantilever beam 1 and 2 within the time
range from 1.4 ms to 1.5 ms are especially extracted out as
shown in Fig. 2c, from which out-of-phase vibration
between them can be clearly observed, validating the
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appearance of asynchronous vibration phenomenon. Due
to the associated lower radiation damping, the residual
sound pressure amplitude of the PMUT demonstrates a
complicated oscillation-like decay tendency, resulting in a
longer ring-down tail. In contrast, after PDMS sealing, the
asynchronous vibration between the PMUT beams can be
effectively suppressed. As comparison, the vibration dis-
placement changes of the cantilever beam 1 and 2 within
the same time range are also provided as shown in Fig. 2d.
It is observed that they vibrate in perfect synchronization
with displacement amplitude significantly lower than that
of the same device before sealing. As a result, upon
removal of the driving pulse, the sound pressure ampli-
tude decreases rapidly in exponential form, with its decay
rate determined by the quality factor Q.

Fabrication
The fabrication process flow of the proposed PMUT is

shown in Fig. 3a. It starts with an commercial SOI wafer
with 3 μm-thick silicon device layer, 1 μm-thick buried
oxide layer and 720 μm-thick silicon handle layer. Firstly,
the stack structure including the bottom electrode layer
(Mo), the piezoelectric layer (AlN) and the top electrode
layer (Mo) are deposited onto the device layer using
sputtering method, with their thicknesses of 0.2 μm, 1 μm,
and 0.2 μm, respectively. Subsequently, the layers of top
Mo, AlN, and bottom Mo are sequentially patterned using
a combination of photolithography and reactive ion etch-
ing (RIE) techniques. A 0.2 μm-thick Si3N4 film that serves
as an electrical insulation layer is subsequently deposited
onto the wafer surface via plasma-enhanced chemical
vapor deposition (PECVD) followed by dry etching to
create both of the electrical connection vias for the metal
layer and the etching windows for the air gaps and the
liquid reservoirs. After that, an aluminum film is deposited
via sputtering and patterned to create the metal wirings for
the top and bottom Mo electrodes and the bonding pads
for packaging, during which to ensure good step coverage,
its thickness is selected to be 0.5 μm. The front side pro-
cess ends with the patterning of the silicon device layer
using DRIE to create the air gaps and the reservoir
structures. Then, the handle layer of the SOI wafer is
ground and polished to a desired thickness of around
450 μm to facilitate the etching of the back cavity in a
subsequent step. The thinned substrate is selectively
etched by DRIE to form the back cavity, and the shape and
size of the back cavity determine the overall geometry of
the PMUT, which in turn governs the mechanical per-
formance of the cantilever beams. In this step, double-
sides photolithography alignment, the sidewall angle of the
back cavity, and the imperfect etching of right angles may
introduce dimension deviations, leading to inconsistent
dimensions of the cantilever beams in the PMUT. Then,
the exposed buried oxide layer is removed using vapor HF

to release the PMUT structure. After the release step, the
whole wafer is laser diced into individual dies for sub-
sequent wire bonding and testing. The post-processing
PDMS sealing treatment is ultimately applied to form soft
connections between the cantilever beams, which follows
our previous method. The PMUT device is fixed onto the
microscope objective table and the dispensing needle is
moved above its reservoir region through a three-axis
positioning stage. PDMS droplet with standard mixing
ratio (the PDMS base and the curing agent with a weight
ratio of 10:1) is injected into the reservoir and its amount
is precisely controlled using a commercial dispenser
(SUPER ΣCMII V5, Musashi, Japan). Under the capillary
effect, the liquid PDMS will flow into the gap sponta-
neously by the surface tension. After filling, the device is
placed into an oven for complete curing.
The as-fabricated device structure is firstly checked

using SEM as shown in Fig. 3b, from which the four tri-
angular cantilever beams, the air gaps between them, the
metal bonding pads and the reservoirs can be clearly
observed. At the same time, the white light profilometer is
used to measure the surface contour of the as-fabricated
structures. From the results shown in Fig. 3c, it can be
seen that all of the four cantilever beams deflect upward,
demonstrating the existence of residual tensile stress in
the deposited stack layer. This initial warpage will slightly
widen the gap, especially at the tip region of the canti-
levers, where the gap width is measured to be 2.2 μm. The
cross-section of the as-deposited Si3N4/Mo/AlN/Mo lay-
ers is observed by combining focused ion beam (FIB) with
SEM, from which their thicknesses are measured to be
229 nm/189 nm/1043 nm/182 nm, respectively, agreeing
with the design specifications. In addition, the thickness of
the silicon device layer is measured to be 2.6 μm, which is
a bit smaller than the design value due to the thickness
variation tolerance of the currently used commercial SOI
product, leading to a decrease in the resonant frequency
of the fabricated device. Based on this thickness, the SCF
condition for PDMS liquid filling can be satisfied when
the gap widths are less than 2.39 μm, confirming that the
current device meets this requirement for spontaneous
capillary filling. Figure 3d, e shows the SEM images of the
cantilever tip regions before and after PDMS sealing,
respectively. It can be found that most of the gaps are well
sealed by PDMS except for the vertex region with rela-
tively large gap size, which breaks the SCF condition and
the automatic filling cannot be achieved. Since the
unsealed area is very small (4 μm× 4 μm), its impact on
the shear stiffness of the PDMS spring is negligible.
Therefore, this method can effectively suppress the
asynchronous vibration of the PMUT. In addition, since
the PMUT operates at relatively high frequency, the
impact of the air leakage through the unsealed region on
its acoustic performance should be minimal.
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Results
To characterize the mechanical response of the device, a

laser Doppler vibrometer (LDV, MSA 600, Polytec, Ger-
many) is used to measure the displacement spectra and
the vibration modes of the PMUT before and after sealing
as shown in Fig. 4. During the measurement, the PMUT is
held with both of its front and back sides open to the air.

Due to the inconsistent size of each cantilever beam and
the mechanical cross-talk between them, the displace-
ment of the PMUT before sealing demonstrates multiple
resonance peaks within frequency range from 68.52 kHz
to 73.65 kHz. The four main vibration modes are extrac-
ted out and marked as ①, ②, ③ and ④, respectively. At
68.52 kHz, all four cantilevers vibrate synchronously.
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Fig. 3 The fabrication results of the PMUT. a Schematic of the fabrication process flow of PMUT; b SEM of the fabricated device; c surface profile of
the fabricated device; d SEM image of the tip region of the PMUT before sealing; e SEM image of the tip region of the PMUT after sealing
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With the increasing driving frequency beyond each
resonant frequency, the response phase of these beams
will be reversed sequentially, resulting in the different
asynchronous vibration modes as shown in ②, ③ and ④.
After sealing, the resonance peaks will be merged into one
at a frequency of 68.32 kHz, exhibiting synchronous
vibration mode as illustrated in ⑤. The Q value of the
PMUT after sealing is measured to be 39.1. Obviously, the
LDV measurement results validate that the sealing treat-
ment can effectively suppress the asynchronous vibration
modes of the cantilever beam-based PMUT and demon-
strates little impact on its original performance.
To characterize the acoustic performance of the device,

an optical microphone (Eta250 Ultra, XARION, Austria)
that is placed at an axial distance of 100mm is used to
measure the sound pressure spectra generated by the
PMUT before and after sealing, as shown in Fig. 5a.
During the measurement, the front side of the PMUT is
covered by an enclosed cavity to avoid acoustic inter-
ference from opposite transmission and all of the canti-
lever beams are driven with the same 10 Vpp continuous
sinusoidal signal with its frequency being swept from
67 kHz to 76 kHz. As for the PMUT before sealing, due to
the resonant frequency difference, these cantilever beams
will undergo vibration transition from synchronous mode
to asynchronous one as revealed by LDV measurement.
As a result, their generated sound pressures will be par-
tially canceled out by each other and demonstrate a dis-
tinct pressure drop within the frequency band between
70 kHz and 73 kHz. In contrast, under the effect of the
forced synchronous vibration after sealing treatment, only
a single resonance peak at 69.2 kHz can be found in the
sound pressure frequency spectrum.
To further assess the effect of the sealing on the PMUT

working performance, the changes of the sound pressure
with the driving voltage at the resonant frequency
(69.5 kHz for the unsealed PMUT and 69.2 kHz for the

sealed PMUT) are studied as shown in Fig. 5b. When the
driving voltage is below 25 Vpp, the sound pressure
generated by the sealed PMUT is slightly larger than that
of the unsealed one due to the reduced thermal viscous
damping occurring at the air gap, demonstrating higher
emission sensitivity. As the increasing driving voltage,
the PMUT displacement will also increase. However, for
both unsealed and sealed PMUTs, significant deforma-
tion will lead to the stress stiffening effect, pushing the
PMUT into a nonlinear regime where the emission
sensitivity will be gradually decreased. Moreover, as for
the sealed PMUT, the PDMS in the gap will apply
additional tensile stress onto the cantilever beams, thus
limiting further displacement and resulting in lower
sound pressure.
At the same time, the emitted sound pressure wave-

forms from the PMUTs before and after sealing in the
time domain are also recorded as shown in Fig. 5c, d,
respectively. Here, the PMUTs are driven under their
resonant frequencies by a 10 Vpp, 30-cycle sinusoidal
signal instead. After removing the excitation signal, both
of the sound pressure waveforms exhibit obvious ring-
down phenomenon but the details are quite different. In
the case of the unsealed PMUT, a significantly prolonged
oscillation-like ring-down tail can be found mainly due to
the occurrence of the asynchronous vibration, which can
severely interfere with the reception of the echo signal in
time-of-flight (ToF) rangefinder applications. After seal-
ing, since the forced synchronous vibration can provide
greater radiation damping, faster decay rate and shorter
ring-down time can be obtained. According to previous
theoretical analysis, the Q value of the sealed PMUT can
be calculated to be 43.2 by exponential fitting to the decay
data according to Eq. (8). The slightly higher resonant
frequency and quality factor Q than the LDV measure-
ment results are primarily due to the reduced radiated
mass as well as radiation damping caused by the enclosed
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front cavity. It’s obvious that both of the frequency and
time domain measurement results agree well with those of
the simulation, validating the effectiveness of the pro-
posed method.
Figure 5e, f provides the angular and axial sound pres-

sure distribution of the PMUT after sealing, respectively.
From which, a −6 dB divergent angle is measured to be
approximately 170°, demonstrating nearly omnidirec-
tional radiation characteristics. Moreover, like theoretical
estimation, a monotonous decrease of the emitted sound
pressure with the increasing transmission distance can
also be found.

Based on the sealed PMUT, a self-transceiving range
measurement setup is built as shown in Fig. 6. In
experiment, a front-end circuit incorporating transmis-
sion/reception switching, signal amplification and band-
pass filtering functions is designed for current PMUT.
Two output channels of the function generator are used
to provide a chopped sinusoidal signal for driving the
PMUT and a logic pulse signal for controlling the switch,
respectively. In the beginning, the PMUT works under the
transmission mode, during which the driving signal is
amplified by an operational amplifier (OPA) and then
applied to the PMUT. After that, the front-end circuit will
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be switched to the reception mode, where the charge
signal from the PMUT will be firstly translated into an
amplified voltage signal by a transimpedance amplifier
(TIA) and subsequently processed by a bandpass filter
(BPF) before being recorded by an oscilloscope. Through
measuring the time of flight of the pulse-echo signal, the
distance information can be obtained. A baffle plate is
used as the target and its distance to the PMUT can be
adjusted using a sliding rail. To avoid interference from
stray reflected waves, the experimental setup is sur-
rounded by the sound absorbing panel.
During the experiment, both of the PMUTs before and

after sealing are driven under their resonant frequencies
by a 40 Vpp, 50 cycles sinusoidal signal, and the pulse
width of the switch signal is set to be slightly longer than
the driving signal. Their output signals from the
receiving circuit in the absence of a target object are
firstly characterized as shown in Fig. 7a, b, respectively.
Initially, the switch signal is set at a high logic level of
2.2 V to make the PMUT operate in the transmission
mode. In this stage, due to the incomplete electro-
magnetic isolation of the switch and the high sensitivity
of the charge amplifier, some output coupling signals
from the receiving circuit still can be found. Then, the
switch signal is translated to a low logic level and the
PMUT will be changed into reception mode. During this
period, the PMUT will experience residual vibration
after the driving signal is removed, with gradually
decayed amplitude over time. The charges from the
PMUT induced by the residual vibration will be pro-
cessed by the receiving circuit, and generate corre-
sponding output signal, from which the residual
vibration status of the PMUT can be revealed. In the
unsealed case, an oscillation like ring-down output signal
with larger amplitude and significantly prolonged tail can
be observed, representing the presence of the asyn-
chronous vibration as mentioned before. Considering
the following echo signal detection requirement, this will

lead to a blind area greater than 1 m. In contrast, after
sealing, the residual vibration signal is distinctly shor-
tened. By fitting the envelope of the residual vibration
signal, the Q value of the PMUT is calculated to be 40.4,
which is close to the results from the LDV and the sound
pressure measurements.
The range measurement performance of the sealed

PMUT is characterized as illustrated in Fig. 7c, d, which
present the blind area and the maximum detection
distance results, respectively. In the blind area mea-
surement experiment, with the baffle plate being moved
close to the PMUT, the echo signal will shift toward the
residual vibration signal of the PMUT and merge with it.
As the barrier continues to approach, the waveform of
the merged echo signal will fluctuate, thus affecting the
peak detection for the echo signal. From the experiment,
it can be found that when the ratio of the peak ampli-
tude of the echo signal to that of the ring-down signal is
larger than 2, the echo signal peak can be identified
accurately as shown in Fig. 7c. The peak detection
algorithm identifies multiple echo signals, with the
nearest first echo signal representing the baffle, while
the remaining signals are due to multiple reflections
between the PMUT and the baffle. Consequently, the
blind area of the developed PMUT rangefinder is cal-
culated to be 270.8 mm.
In the maximum distance detection experiment, a

movable rectangle baffle with a size of 1 m × 1.5 m is used
as the reflective object instead. With the baffle plate being
moved away from the PMUT, the amplitude of the echo
signal will decrease, as shown in Fig. 7d. The relationship
between the SNR of the echo signal and the distance is
fitted using Eq. (15), as indicated by the green curve in the
figure. To determine the maximum detection distance of
the PMUT rangefinder, a threshold detection algorithm is
employed by comparing the SNR to a predetermined
threshold. The minimum detectable SNR is calculated to
be 11.5 dB using Eq. (16) so as to ensure that the average
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Fig. 6 The experimental setup of the self-transceiving PMUT rangefinder. Left: schematic diagram; right: experimental setup photograph
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occurrence time of false alarms exceeds 30minutes. Based
on the intersection of the SNR fitting curve and the
threshold, the maximum detection distance of the sealed
PMUT is determined to be 3.8 m.
Variations in the working environment can lead to

alterations in acoustic absorption loss coefficients and
sound velocity thereby affecting the performance of
PMUT-based rangefinders. The acoustic absorption loss
coefficient is influenced by multiple environmental fac-
tors, including air humidity, temperature, and atmo-
spheric pressure, with humidity having a particularly
significant impact. In the current laboratory testing
environment, the ambient temperature and humidity are
recorded to be 20°C and 50%, respectively. According to
theoretical formulas28, the relationships between SNR and
distance under 100% and 0% humidity are also calculated,
yielding corresponding maximum detection distances of
3.5 m (100% humidity) and 6.4 m (0% humidity), respec-
tively. The sound velocity is primarily dependent on the
ambient temperature, and its relationship can be quanti-
tatively described by Eq. (17), where T represents the
temperature in °C29. To address this issue, a temperature
measurement module can be integrated into the range-
finder system to monitor the ambient temperature in real
time and correct the sound velocity, thereby enhancing

the ranging accuracy30.

c Tð Þ � 331m=sþ 0:6
m=s

°C
� T ð17Þ

A performance comparison between the proposed
PMUT and the state-of-the-art AlN PMUT-based in-air
rangefinders is provided in Table 1. For rangefinders
operating in non-pulse-echo mode, their maximum
detection distance is obtained by dividing the ultrasonic
wave traveling distance by two. From the structural per-
spective, the quasi-closed structure adopted in ref. 16.
partially relieves stress through its open design, but the
mechanical connections in the driving region limit com-
plete stress release, resulting in significant resonant fre-
quency shifts due to accumulated residual stress from the
fabrication process. Reference 10 employs a fully-closed
diaphragm structure, which exhibits higher stress sensi-
tivity than the quasi-closed design, leading to more severe
resonant frequency shifts; moreover, its limited linear
operating range significantly restricts the displacement
and acoustic emission performance of the device. Refer-
ence 31 also utilizes a fully-closed diaphragm structure
and, in addition to the aforementioned drawbacks,
requires additional PMUT units due to its separate-
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transceiving mode, as well as facing frequency matching
issues between the transmitting and receiving units. From
the detection performance perspective, compared to other
state-of-the-art PMUTs, the proposed PMUT can provide
the largest range of distance detection capability with the
smallest device diaphragm area. Moreover, through
combining strategies such as reducing the cycles of driv-
ing pulses and using phase-shifted driving32, the blind
area can be shorten, increasing the detection range
further.

Discussion and conclusions
This work proposes a novel cantilever-beam based

PMUT with specifically designed reservoir structures,
where the liquid PDMS can be applied to spontaneously
seal the air gaps between the already released cantilever
beams through the capillary effect. The cured PDMS will
serve as soft spring connecting the adjacent cantilever
beams to suppress their asynchronous vibration. The
effectiveness of this post processing strategy is firstly
studied by theoretical analysis and finite element simu-
lation, and subsequently validated by the mechanical and
acoustic response measurement results. At the same time,
through performance comparison to the state-of-the-art
counterparts, the largest range detection capability has
been successfully demonstrated in experiment, although
the effective diaphragm area of the current PMUT is the
smallest. Provided the simple treatment process and sig-
nificant performance improvement effectiveness, the
same strategy can also be used to develop ultrasonic
sensor arrays to further enhance the rangefinder perfor-
mance and enable expanded applications such as gesture
recognition33 and 3D object detection34. It is important to
note that PDMS, as a polymer material, may undergo
aging when exposed to ultraviolet (UV) radiation.
Therefore, in practical applications, appropriate encap-
sulation measures should be implemented, and strong UV
exposure should be minimized35.
Due to fabrication dimensional errors, particularly the

lateral size deviation of PMUT generated during the back

cavity etching process and the deviation in the silicon
device layer thickness, the resonant frequency of the
fabricated device significantly deviates from the simula-
tion results. In the future, process optimization will be
investigated to enhance the consistency of device perfor-
mance; moreover, actual process parameters can be
incorporated into the simulation model to further
improve its accuracy.
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