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Abstract. This work presents both the directivity pattern and distance dependence of the pressure field of a
piezoelectric micromachined ultrasonic transducer (PMUT). The PMUT comprises a silicon membrane and an
integrated piezoelectric transducer based on aluminum nitride (AlN) and exploits bistability to achieve large dis-
placements during snap-through between the two ground states. Snap-through is initiated by a short rectangular
pulse train burst, and the resulting sound pressure pulse is recorded. The impact of the number of excitation
signal pulses as well as the number of averaged measurement events on the sound pulse shape is studied to find
an optimal balance between short sound pulse duration and high maximum sound pressure. Sound reflectance
measurements finally demonstrate the feasibility of bistable PMUT devices for future ultrasonic ranging appli-
cations.

1 Introduction

Ultrasonic imaging utilizes high-frequency sound waves out-
side the range of human hearing (above 16kHz) to en-
able non-destructive object detection, ranging, and local-
ization. This technique has been widely adopted across di-
verse applications, including medical diagnostics, material
integrity testing, gesture sensing, and distance measurement
(Yamashita et al., 2002; Dausch et al., 2010; Przybyla et al.,
2011, 2014, 2015; Chen et al., 2013; Jung et al., 2017). Ul-
trasonic sound waves are generated by coupling a movable
mechanical structure to an acoustic medium (often air) and
thus allowing energy transfer between the mechanical struc-
ture (transducer) and the medium. While early ultrasonic
transducers were manufactured using macroscopic methods,
silicon-based micromachined ultrasonic transducers (MUTs)
were introduced in the early 1990s, initially utilizing capac-
itive transduction principles (Haller and Khuri-Yakub, 1996;
Suzuki et al., 1989). Capacitive MUTs (CMUTs) are known
for their strong electromechanical coupling, but their perfor-
mance is limited by the high DC bias voltages required and

their restricted displacement due to the limited height of the
air gap between the membrane and counter-electrode.

Piezoelectric MUTs (PMUTs) have gained popularity
since their introduction in the late 1990s/early 2000s because
they can operate at significantly lower voltages and feature a
simpler design, eliminating the need for a counter-electrode
and consequently allowing larger displacements compared
to CMUTs. Initially, most PMUTs utilized lead zirconate ti-
tanate (PZT) as piezoelectric material due to its high piezo-
electric coefficients (Wang et al., 2006; Yamashita et al.,
2002; Muralt et al., 2001; Baborowski et al., 2002; Akasheh
et al., 2004), but modern PMUTs also utilize aluminum ni-
tride (AlN) (Guedes et al., 2011; Przybyla et al., 2015) or
scandium-doped AlN (ScAlN) (Weekers et al., 2021; Be-
spalova et al., 2021).

The performance of PMUT devices is often assessed based
on their maximum displacement (stroke level) and their re-
sponsivity, which is a measure for displacement per applied
voltage. To enhance these characteristics, researchers have
explored approaches such as pressurized membranes (Mor-
ris et al., 2010), optimized flexural supports (Guedes et al.,
2011), dome-shaped designs (Hajati et al., 2012; Akhbari et
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al., 2014, 2015), differential transducer configurations (Sam-
moura et al., 2014), bimorph architectures (Akhbari et al.,
2016), and stress-induced buckling (Yamashita et al., 2015),
to name a few.

This work builds on the concept of stress-induced buck-
ling to enhance responsivity in AlN-based PMUTs, lever-
aging bistability for mechanical amplification. Bistability is
caused by sufficiently high compressive stress (see Sect. 2)
in the PMUTs membrane, resulting in buckling due to a split
in the potential energy well into two stable ground states.
Such a buckled structure can either be excited to oscillate
within each energy well (intrawell motion) or to conduct
snap-through oscillation between the two ground states (in-
terwell motion) (Harne and Wang, 2017), resulting in large
displacement in the range of 10µm and more (Dorfmeister et
al., 2019b). The membrane is actuated to snap between the
two stable states using an integrated piezoelectric transducer
and pulsed electric signals.

Previous studies have examined the fundamental mechan-
ics of this bistable switching (Dorfmeister et al., 2019a, b,
2018) and the impact of distance on the sound pressure pulses
generated by these bistable PMUTs (Schneider et al., 2020).
In this work, we present the first measurements of the sound
pressure polar emission pattern, discuss the impact of sev-
eral parameters such as averaging and the number of excita-
tion pulses on the quality of the emitted ultrasonic pulse, and
demonstrate at the lab level, as well as showing how such a
device could be utilized for distance measurements.

2 Experimental details

The PMUT devices are fabricated starting from a 100 mm sil-
icon on insulator (SOI) wafer with a device layer thickness
of 2 µm and a buried oxide (BOX) thickness of 1 µm. The
wafers are coated with a stress-compensated silicon oxide
and silicon nitride bilayer for electrical insulation. The piezo-
electric transducer comprises thermally evaporated bottom
and top electrodes (50 nm chromium and 200 nm gold) and a
reactively sputter-deposited aluminum nitride (AlN) thin film
with 400 nm thickness sandwiched between the two elec-
trodes. The electrodes are patterned with a standard lift-off
procedure. The AlN layer is deposited from a 150 mm Al tar-
get in a pure nitrogen atmosphere at a chamber back pressure
of 2 µbar, DC power of 800 W, and target–substrate distance
of 65 mm. The stress in the AlN layer is σ = 600± 60MPa
and tailored to ensure that the total compressive stress in the
membrane exceeds the critical stress σc required for buck-
ling, given by

σc =−
4
3
t2

R2
E

1− ν2 , (1)

with the thickness-weighted Young’s modulusE and Poisson
ratio ν of the membrane material stack, the total membrane
thickness t , and membrane radius R (Schomburg, 2015). The

Figure 1. (a) Typical bistable PMUT array mounted in a dual in-
line package. Only a single transducer was used during this study.
(b) Schematic cross-section of a single membrane structure.

membrane with diameter 600µm is defined by backside deep
reactive ion etching (Bosch process) and a subsequent hy-
drofluoric acid removal of the BOX to release the membrane.
The wafer is subsequently diced with a wafer dicing saw; the
individual dies are glued into dual inline packages (DIP) and
electrically connected to the DIP using wire bonding. The fi-
nal device is shown in Fig. 1a, and a cross-section of a single
membrane structure is shown in Fig. 1b.

The PMUT is electrically excited by applying a sinusoidal
pulse train with n pulses, frequency of 107kHz, and ampli-
tude of 25V to the AlN piezoelectric transducer. If not men-
tioned otherwise, n= 6. The signal is tailored towards effec-
tive membrane snap-through initiation and is generated by
an Intermodulation Products MLA-3 with subsequent ampli-
fication by a factor of 50 using a Trek HF2100 broadband
(2MHz) amplifier. Membrane velocity is recorded using a
Polytec single-point laser Doppler vibrometer (LDV) (Vi-
broFlex Connect system with VibroFlex Compact measure-
ment head) set to a bandwidth of 3MHz and a sensitivity
of 2.5 m (s ·V)−1. Acoustic measurements are done with a
Brüel and Kjær 4939 free-field microphone offering a fre-
quency range of 4Hz to 100kHz and an inherent noise of
28dB(A). Only for the measurements in Fig. 3, a Brüel and
Kjær 4138 pressure field microphone with a frequency range
of 6.5Hz to 140kHz and an inherent noise of 52.2dB(A) was
used. A pre-amplifier 2670 in combination with a Nexus sig-
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Figure 2. Measurement setup in an acoustic isolation booth. (a) Mi-
crophone angled at 45° off-axis from PMUT. (b) Reflector placed
above PMUT; microphone placed next to PMUT pointed towards
the reflector. (c) Microphone pre-amp and oscilloscope for data ac-
quisition. MLA-3 (not shown) output is amplified by a fixed-gain
amplifier to drive PMUT.

nal conditioner and amplifier is used for signal conditioning,
before the signal is recorded with a Keysight DSOX1204G
oscilloscope. For averaging, the entire excitation signal is re-
peated Navg times and the oscilloscope synchronized to the
MLA-3 via triggering on the excitation signal prior to the
HF2100 amplifier. If not mentioned otherwise, Navg = 256.
Sensitivity for the Nexus amplifier is set to 0.01 V Pa−1 for
all measurements except reflectance measurements at the
three largest distances, where the sensitivity is increased to
0.1 V Pa−1. For the pole figure, the microphone is mounted
on a stand which allows equidistant (99.2mm) rotation of the
microphone with respect to the PMUT and the polar angle θ
is varied from 2◦ (almost on-axis) to 104° (below the emis-
sion plane of the PMUT). The measurement is performed in-
side a soundproof booth by Soundbricks. The distance be-
tween the PMUT and microphone d is coarsely measured
with a ruler; however, for more accurate distance measure-
ment, the time of flight (TOF) of the sound pulse ttof to-
gether with the speed of sound c = 343 m s−1 is used, since
d = ttofc. A photograph of the setup is shown in Fig. 2. More
details can be found in Schneider et al. (2020).

3 Results and discussion

Figure 3 shows the time-dependent behavior of different
quantities for a single PMUT excitation event. Figure 3a
shows the sinusoidal pulse train excitation signal for n= 6
with the signal onset shifted by−2µs due to the oscilloscope
trigger level, which is set at ≈ 12V. The excitation signal
lasts for 56µs. Figure 3b shows the corresponding velocity
trajectory v(t) of the membrane, measured at the membrane
center. The signal is delayed by 20µs compared to the elec-
trical excitation signal due to the data processing delay in
the LDV system (specified by Polytec at 20µs). The velocity
trajectory features three distinct regimes, marked by differ-
ent background colors. The first region (red, 20–175µs) is
characterized by continuous snap-throughs of the membrane
between the two stable states after an initial ring-up phase
(lasting two periods).

After reaching the state of continuous snap-through opera-
tion, snap-throughs continue for another 97µs after the exci-
tation signal has terminated due to the kinetic energy stored
in the membrane, before v(t) transits through a transitional
regime (marked in green, 175–200µs) into the ring-down
regime without snap-throughs (yellow, from 200µs) where
the membrane oscillation decays at or close to the mem-
brane’s natural first resonance frequency (see below).

The displacement w(ti) at the ith time step ti is numeri-
cally calculated by a cumulative sum over the velocity value
for each time step v(tk) using

w (ti)=
∑i

k=0
v (tk)1t. (2)

The initial time t0 = 0 corresponds to the first recorded tra-
jectory sample v(t0) and since the membrane is initially at
rest, v (t0)= 0 and thus w (t0)= 0. Thereby, 1t = 500ns is
the time step size and hence the inverse of the sampling
rate. The conditions w (ti)= 0 for any ti prior to excitation
start and for ti values after ring-down are used to remove
the drift in w (ti) caused by the numerical integration via a
second-order polynomial fit. For the sake of simplicity, w (ti)
is treated as a continuous function from here on (same as
v(t)), and hence w (ti)≡ w(t). The resulting displacement
trajectory w(t) is shown in Fig. 3c. After two initial intrawell
oscillations, the membrane transitions into interwell oscilla-
tions, resulting in mechanical displacement amplitudes of the
membrane center of up to 10 µm (red regime). As already ob-
served for v(t), the transition back into intrawell oscillations
(yellow) occurs through a transitional regime (green) with
the ring-down behavior also clearly observable in w(t). The
inset in Fig. 3c schematically shows the interwell transition
between upper and lower states.

Figure 3d shows the averaged sound pressure signal p(t)
measured at a distance of d = 13mm from the membrane
center. The signal generated from the membrane snap-
through regime (red background) is clearly visible; however,
the long ring-down decay (yellow background) also results
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Figure 3. Exemplary signal characteristics for a single pulse mea-
surement. The first three dashed lines mark the start of the excita-
tion signal, the start of the membrane movement, and the end of
the excitation signal, respectively. Red-, green-, and yellow-colored
regions indicate ring-up and subsequent continuous snap-through,
transitioning to ring-down and ring-down, respectively. (a) Excita-
tion signal applied to the PMUT. (b) Velocity signal from the LDV
measured at the membrane center. (c) Baseline drift-compensated
membrane displacement signal. The inset schematically shows the
two stable states of the membrane, and the arrow indicates the
snap-through direction. (d) Pressure signal recorded at a distance
of 13 mm from the membrane center. (e) FFT of both the snap-
through and ring-down regimes. Dashed lines indicate the detected
maximum. Tinted background indicates the ultrasonic regime.

Figure 4. Laser Doppler measurement of membrane velocity spec-
trum under periodic chirp excitation. Dashed lines correspond to the
same lines in Fig. 3e.

in a relatively slow decay of p(t) at similar levels compared
to the snap-through regime. Similar levels occur since the
decay happens at a higher frequency (108.3kHz, see be-
low) compared to the snap-through regime (77.4kHz, see be-
low), which compensates for the lower displacement ampli-
tude, since according to the Rayleigh integral, sound pressure
in the far-field approximation is proportional to frequency
squared (Rayleigh, 1945). For distance sensing applications
using time-of-flight approaches, such long decay trails after
the initial sound pulse are problematic, since the additional
sound generated can mask the reflected sound pulse signal
for the receiver microphone. One approach for solving this
issue is active damping of the membrane during ring-down,
thus significantly shortening the decay time (Liu et al., 2018).
The approach used in this work exploits the stochastic nature
of both the snap-through regime after excitation signal ter-
mination and the transitional regime. While the initial phase
of w(t) during excitation is highly deterministic, w (t) after
excitation signal termination shows an increasingly stochas-
tic behavior with increasing t , resulting in a variation of the
number of snap-throughs or a slight variation of the length
of the transitional regime. This leads to random phase shifts
of the ring-down oscillation, but not the initial snap-through
trajectory. The ring-down trail can therefore be suppressed
by averaging over a sufficient number of excitation events
(discussed below).

Figure 3e shows the fast Fourier transform (FFT) of p(t)
for both the snap-through (red) and ring-down (yellow)
regimes, with the dashed lines indicating the most dominant
frequencies of 77.4 kHz during snap-through and 108.3 kHz
during ring-down. The velocity spectrum of the membrane
under periodic chirp excitation is shown in Fig. 4 with the
fundamental out-of-plane resonance frequency at 124kHz.
While this is higher compared to 108.3kHz, the broadness
of the peak in the FFT spectrum makes an accurate determi-
nation from Fig. 3e difficult, and a measured resonance fre-
quency of 124kHz is still in good agreement with the obser-
vation that ring-down occurs at the first membrane resonance
frequency.
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Figure 5. Averaged sound pressure signal for various averaging
counts (4 signals averaged to 256 signals averaged). The pressure
signal is recorded at a distance of 99 mm from the membrane cen-
ter.

Figure 5 shows the impact of averaging on p(t) measured
at d = 99mm. The distance was increased from 13 to 99mm
for subsequent emission pattern measurements (see below)
but also to decrease the signal-to-noise ratio (SNR) to fur-
ther highlight the impact of averaging. With increasing Navg,
the noise in the decay regime is successfully suppressed,
whereas the initial sound pressure pulse remains basically
unchanged, highlighting the highly deterministic behavior of
the membrane during the initial snap-throughs. Since mea-
surement time is not a concern during this study, subsequent
measurements use Navg = 256, but as Fig. 5 shows, this can
be reduced down to Navg = 16 with only a small decrease in
the SNR. Given pulse round-trip times in the range of several
milliseconds (see below), this would result in a total mea-
surement time decrease in the time-of-flight-based distance
measurements from up to 1 s down to below 100 ms.

Another factor impacting the duration of the snap-through
regime (red region in Fig. 3) is the number of sinusoidal

pulses n applied to the piezoelectric transducer. This is
shown in Fig. 6 for d = 99mm. For a single pulse at 25V, no
snap-through is initiated, resulting in a ring-down at the natu-
ral resonance frequency (similar to an impulse response) and
consequently an acoustic response p(t) at higher frequency
with lower pressure amplitude. For n= 2, snap-through is
initiated in agreement with previous works (Dorfmeister et
al., 2019b), resulting in an increased maximum pressure
achieved for p(t). For 3≤ n≤ 10, p(t) features a clearly visi-
ble snap-through regime with absolute maximum sound pres-
sures reaching values above 40mPa, while the pressure pulse
duration seems to be mostly unaffected by n. This some-
what counterintuitive behavior of the pulse duration could
be an artifact of the averaging in combination with the in-
creasingly stochastic trajectory of the membrane for higher
values of n due to the highly nonlinear bistable membrane
structure, resulting in later oscillations being averaged out.
Studies on the highly complex impact of n, but also exci-
tation signal amplitude and frequency, on the dynamics and
acoustic performance of such bistable piezoelectric MEMS
(micro electromechanical systems) structures are currently
under review (Mortada et al., 2025). For all subsequent mea-
surements, n= 6 is chosen.

Figure 7 shows the maximum pressure pmax =max(p (t))
as a function of the distance d. The line shows a fit of a
function pmax (d)= a/d with a scaling factor a, highlighting
the expected inverse relation between pressure and distance
pmax ∝ 1/d . The maximum pressure is chosen in contrast to
the sound pressure level (SPL), as the SPL is not a represen-
tative quantity when dealing with such short sound pulses.
SPL is typically calculated for periodic signals from the root
mean square of p(t), which is not a well-defined quantity for
pulse signals. In this paper, we use the overall sound pressure
level (OSPL) as a more appropriate metric defined as

OSPL= 20 · log10


√∑K

i=0FFT2
i

p0

 , (3)

with the number of FFT lines K , the amplitude of the ith
FFT lines FFTi , and the reference pressure p0 = 2×10−5 Pa.
This approach is chosen to provide SPLs more comparable
to those obtained from sustained oscillations. The right axis
in Fig. 7 shows the OSPL as a function of d and the line
represents a fit of

OSPL(d)= SPLref+ 20log10

(
dref

d

)
, (4)

with SPLref as the SPL at a distance of dref. For an arbitrarily
chosen distance dref = 10mm, SPLref is the only remaining
fitting parameter. Equation (4) is another representation of
the inverse relationship between pressure and distance, again
resulting in excellent agreement between experiment and the-
ory.
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Figure 6. Impact of varying the number of excitation pulses n on
the pressure signal. The pressure signal is recorded at a distance of
99 mm from the membrane center.

Triangulation using TOF data from a singular ultrasonic
emitter to multiple receivers ideally requires an omnidirec-
tional PMUT. Figure 8 shows the polar emission pattern mea-
sured at a distance of d = 99mm for a polar angle θ from 2
to 104° with the PMUT placed in the center. Given the axial
symmetry of the PMUT, a variation of the azimuthal angle
ϕ does not change the emission pattern (under the assump-
tion that the fundamental mode dominates). When moving
the microphone from on-axis (θ = 0°) into a position paral-
lel to the PMUT membrane (θ = 90°) and beyond, a decrease
in pmax is observed for θ > 30°, likely caused by the increas-
ing shadowing of the PMUT by the package, especially for
θ > 90°. This reproducible behavior is expected; however,

Figure 7. (a) Maximum sound pressure and (b) OSPL as a function
of distance between the PMUT and microphone.

Figure 8. Polar emission pattern determined from maximum pres-
sure measured at a distance of 99mm. Measurement was done from
θ = 0 to 104°.

the strong decrease towards θ = 0° is surprising, and up to
now, there has been no quantitative explanation for this pat-
tern. It is likely caused by the complex interaction of acous-
tic waves with die, DIP, zero-force socket to mount the DIP,
and measurement PCB, forming a non-flat topography. Such
topographies can lead to constricted emission patterns, as
shown in Nayak et al. (2020), and usually require full finite-
element analysis (FEA) of the pressure field. Future studies
will investigate this behavior using full membrane trajectory
measurements as done in Dorfmeister et al. (2019a) in com-
bination with FEA-based acoustic modeling approaches tak-
ing the full mounting topography into account.
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Figure 9. Sound pulse reflection measurements at different reflector
distances varied from 83 to 620 mm. The first measurement (blue)
shows the cross-talk signal without any reflector. The green dashed
line indicates the onset of the reflected sound pulse used for time-
of-flight analysis.

Finally, to demonstrate the bistable PMUT as a transmit-
ter in a TOF distance measurement setup, the microphone
is placed next to the PMUT facing upwards with the mi-
crophone’s diaphragm at the same height and parallel to the
PMUT membrane at a lateral distance of about 85mm, as
shown in Fig. 2b. A 3D-printed plate is placed at various dis-
tances from both the PMUT and microphone as acoustic an
reflector. The sound pulses generated by the PMUT bounce
of the reflector and are subsequently recorded by the mi-
crophone after ttof. The sound booth walls are covered with
sound-absorbing materials to suppress secondary reflections.
The distance is therefore drfl = c·ttof/2. Since the PMUT also

emits sound in-plane (see Fig. 8), the microphone is first hit
by the direct pulse after tctlk = 0.25ms, before any reflected
pulses arrive. The timing of this cross-talk signal shown in
the top left of Fig. 9 is in good agreement with the direct
distance of 85mm between the microphone and PMUT. The
other plots in Fig. 9 show both the cross-talk signal at tctlk and
the received reflected signal at times ttof/2> tctlk. For short
distances, the reflected signal is significantly larger compared
to the cross-talk signal, which is caused by the lower sound
pressure emitted by the PMUT in-plane. In addition, the mi-
crophone is only specified for on-axis incidence and is less
sensitive (by an unspecified amount) for signals incident per-
pendicular to the microphone diaphragm.

As the distance is increased, the reflected pulse weakens
but is still clearly detectable even at a distance of more than
600mm. In combination with a single or multiple ultrasound-
capable MEMS microphones, both distance sensing and ob-
ject triangulation could be realized in the future with the de-
veloped PMUT.

4 Conclusion

In this work, the emission pattern of a bistable PMUT has
been shown for the first time as well as the expected pressure
decrease with distance. A minimum of three excitation signal
pulses was required to achieve a sufficient maximum sound
pressure, while higher numbers of pulses did not increase the
sound pressure level, since the mechanical snap-through am-
plitude remains constant. The increasingly chaotic behavior
of subsequent snap-throughs became apparent by averaging
multiple sound pressure events to increase the signal-to-noise
ratio, resulting in the presence of only the first few sound
pulses in the averaged signal. Reflection measurements fi-
nally demonstrated the feasibility of bistable PMUTs for ul-
trasonic ranging applications. Future work will focus on a
more in-depth study of these bistable PMUTs, especially in
continuous operation to provide proper sound pressure level
values and measures to decrease the increasingly chaotic be-
havior of these devices with an increasing number of snap-
throughs.
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