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Zero-Bending Piezoelectric Micromachined
Ultrasonic Transducer (pMUT) With
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Abstract— A piezoelectric micromachined ultrasonic
transducer (pMUT) has enabled numerous exciting ultrasonic
applications. However, residual stress and initial buckling
may worsen the transmitting sensitivity of a pMUT, and also
limit its application and commercialization. In this paper, we
report a new innovative pMUT with a perfectly flat membrane,
i.e., zero-bending membrane. Leveraging on the stress-free
AlN thin film, framelike top electrode layout, and integrated
vacuum cavity, the initial deflection of suspended membrane
is significantly suppressed to only 0.005%. The transmitting
sensitivity of the zero-bending pMUT is measured as 123 nm/V
at a resonant frequency of 2.21 MHz, which is 450% higher
than that of the reference pMUT with slightly non-zero
initial deflection. Compared with the simulation results, the
measured data of zero-bending pMUT achieve 94.5% of its ideal
transmitting sensitivity. It is solid evidence that our approach
is an effective and reliable way to overcome the residual stress
and the initial buckling issue. [2015-0093]

Index Terms— Piezoelectric micromachined ultrasonic
transducer (pMUT), MEMS, piezoelectric, ultrasound,
transmitting sensitivity, bio-medical.

I. INTRODUCTION

ULTRASONIC transducers are widely used for generating
and receiving ultrasound waves. Various applications

are realized with the ultrasonic transducers, such as non-
invasive imaging [1], [2], range finding [3]–[5], and flow
velocity sensing [6], [7]. In recent years, advanced MEMS
technology has made the ultrasonic transducers to be much
smaller, cheaper and consume less power. Novel applications
have also emerged based on such micromachined ultrasonic
transducers (MUTs). 3-D ultrasonic image can be obtained
without mechanical scanning, which has high potential to
be the next-generation ultrasonic imaging technology [8].
A miniaturized needle-like MUT is also developed, and it
can be put into blood vessels during surgery for intravas-
cular imaging [9]. Besides the imaging related applications,
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researchers have also integrated the MUTs into mobile phone
to demonstrate airborne gesture recognition [10]. After the
touchscreen, airborne gesture recognition may possibly be the
next-generation approach of interacting with electronic devices
remotely. Beyond that, MUT can even be used for fingerprint
sensing [11]. Since the MUT consumes much less power than
the optic sensor, it is probably the best candidate for the
portable electronics, which has very strict limitation on power
dissipation.

The conventional ultrasonic transducer is usually made of
rigid bulk piezoelectric ceramic. Compared to the operation
medium such as soft tissue, water or air, the rigid ceramic
has much higher acoustic impedance. As the consequence
of the huge impedance mismatch between the rigid ceramic
and operation medium, over 90% of ultrasonic energy reflects
back at the interface causing large losses [12]. Although
a impedance matching layer can improve the transmitting
efficiency, the λ/4 thickness usually is very difficult to achieve,
and sometimes is not even practical [13]. Unlike the con-
ventional ultrasonic transducer, the MUT employs a flexural
membrane for generating and receiving ultrasound waves.
Since the flexural membrane is much softer than rigid ceramic,
its acoustic impedance is closer to the operation medium.
Thus, better impedance matching can be achieved, without
the matching layer for MUTs, and so their transmitting
efficiency is much higher than the conventional ultrasonic
transducers [14].

Based on the transduction mechanism, the MUTs can be
divided as two categories: the capacitive MUTs (cMUTs) and
the piezoelectric MUTs (pMUTs). The cMUTs have been well
developed since 1994 [15], and good impedance matching is
shown by experimental results [14]. However, several inherent
drawbacks limit their future applications. The cMUT requires
an extremely small gap under the flexural membrane to
achieve acceptable sensitivity. Fabrication of such small gap is
complicated, expensive, and with very low yield. In addition,
the operation of the cMUT requires very high voltage bias,
which is usually over 100 V. Such high voltage may bring
safety issues for human body, especially for the implanted
applications. The high voltage also limits its applications in
portable devices. Moreover, the response of cMUT is highly
non-linear, which requires sophisticated circuits for correction
and signal processing.

As an alternative, pMUT overcomes all the inherent draw-
backs of cMUT, and particularly it operates at a much lower
voltage [16]. The pMUT seems to be a promising solution for
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future ultrasonic applications. Unfortunately, performances of
previously reported pMUTs are much poorer than the expecta-
tion. Their coupling efficiency between electrical and mechan-
ical domain is significantly lower than the prediction from
analytical or finite elements models (FEM) [13], [16]–[19].
This problem is mainly attributed to the residual stress of the
fabricated devices, because any residual stress may hamper
the membrane vibration. Since fabrication of pMUT usu-
ally contains several high temperature processes, the residual
stress in pMUT membrane can hardly be reduced. As the
consequence, the sensitivity of the pMUT, in particular the
transmitting sensitivity, is far from satisfactory [13], [20].
A few trials are made to address this stress issue. Mo et al.
try to reduce the membrane buckling by removing the buried
oxide layer. However, the improvement of device performance
is quite limited [21]. Muralt et al. [16] try to optimize
the fabrication process and use compressively stressed oxide
layer to balance the lead zirconate titanate (PZT) layer with
tensile stress. Although a relatively flat membrane is achieved
through the stress compensation, the transmitting sensitivity
is still unsatisfactory. Because the membrane vibration is
very sensitive to the residual stress, even a non-obvious
membrane deflection may drastically lower the transmitting
sensitivity. A large DC bias is also introduced to balance
the undesirable residual stress. Although the sensitivity is
improved, this requires pMUT to be operated at high voltage
similar as the cMUT [22], [23]. Therefore, researchers have
to employ another bulk ceramic based ultrasonic transducer
for ultrasound transmission, or even suggest the use of pMUT
as only for ultrasound receiving for practical application [20].
Hence, it is highly critical to achieve very flat membrane, so
as to achieve very high transmitting efficiency in order to be
used as ultrasound transmitter.

PZT is widely adopted as the piezoelectric material for
pMUT devices [24]–[32]. PZT usually has very high piezo-
electric coefficient d31 of 30 - 110 pC/N [33], [34]. However,
deposition of PZT thin film requires a high temperature
sintering at 600 °C for perovskite formation and hence is not
CMOS compatible [30]. Therefore, aluminum nitride (AlN)
as a CMOS compatible piezoelectric material has gained
more interests in recent years [35]–[38], and AlN based
pMUTs are also developed [2], [18], [39], [40]. The lower
processing temperature (<400 °C) allows AlN based pMUT
to be monolithically fabricated with the ASICs. Although
the d31 of AlN is not as high as PZT, its lower dielectric
constant enables a comparable receiving sensitivity with PZT
based pMUTs [18]. In addition to its CMOS compatibility, the
lower processing temperature of AlN also helps to reduce the
residual thermal stress built up during the fabrication process.
A high performance and low cost pMUT can thus be possibly
achieved with AlN material.

In this paper, we design, fabricate and characterize an AlN
based novel pMUT, aiming to overcome the residual stress
and initial buckling issues. Leveraging on the nearly stress-
free AlN thin film, dedicated top electrode configuration and
integrated vacuum cavity, a perfectly zero-bending membrane
is realized in our pMUT. The initial deflection of the mem-
brane is measured as less than 0.005%. Compared to the

reference pMUT, where the membrane is slightly deflected, the
transmitting sensitivity of the zero-bending pMUT is enhanced
to above 450 %. The measured results match quite well
with the simulation data, thereby indicating the pMUT almost
achieves its ideal performance.

II. DESIGN CONSIDERATIONS

A. Influence of Residual Stress on Transmitting Sensitivity

To predict the performance of pMUT, several analytical
models are proposed [41]–[43]. The pMUT is modeled as a
uniform circular thin plate with clamped boundary conditions.
If the pMUT works at transmitting mode (i.e. the effects
from external acoustic pressure can be neglected), the plate
deflection w(r) at a radial position r can be described in the
general form as:

D∇2∇2w(r) + ρs
∂2w(r)

∂ t2 = ∇2 M p (1)

D =
∫

y(Z)Z2

1 − v(Z)2 d Z (2)

ρs =
∫

ρ(Z)d Z (3)

where D is the modulus of flexural rigidity, ρs is the area
plate density, Y is the Young’s modulus, υ is the poison’s
ratio, and M p is the piezoelectric moment induced by input
voltage [42]. Y and υ vary with z-direction because of the
different materials at each layer. However, this model does
not take residual stress into consideration. Influence of residual
stress on pMUT performance is still not clear. Sammoura et al.
firstly modify such model and introduce the effect of residual
stress as [44], [45]:

D∇2∇2w(r) − T s∇2w(r) + ρs
∂2w(r)

dt2 = ∇2 M p + ∇2 Ms

(4)

T s =
∫

σ(Z)d Z (5)

where T s is the overall plate tension caused by the residual
stresses, σ is the residual stress at different layers and Ms

is the residual moment about the neutral plane. Calculated
results of the model indicate that the residual moment imbal-
ance may cause buckling, and even lesser imbalance could
adversely affect the transmitting sensitivity. With an overall
plate tension of only 1000 N/m (tensile), the deflection per
voltage at the center of membrane reduces by 8.4% [44].
It is worth noting that the results do reveal that compressive
stress can help to enhance the sensitivity. Some researchers
also report that compressively stressed pMUTs with large
upwards buckling have significantly higher transmitting [46]
and receiving [47] sensitivities. However, large compressive
stress and large buckling make the membrane very fragile.
Intentionally introducing compressive stress could lower the
yield rate, which is not preferred for volume fabrication.
Considering both the performance and reliability, minimizing
the overall plate tension and enabling flat membrane may
be an effective and reliable way to enhance the transmitting
sensitivity of pMUT.
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Fig. 1. Two typical conventional pMUT designs with: (a) Frame-like top
electrode; (b) Central top electrode. The simulation results of residual stress
induced buckling: (c) Design 1 and; (d) Design 2.

B. Residual Stress of AlN Thin Film

The residual stress of AlN thin film after deposition has been
well studied recently [48]. Besides the deposition conditions,
the residual stress of AlN thin film is largely dependent on
its thickness. Generally the in-plane residual stress increases
with the thickness, and the sign is changed from negative
(compressive stress) to positive (tensile stress). For the AlN
deposited on metal layer, the residual stress becomes zero
at certain thickness of about 1 μm [48]. Therefore, a nearly
stress-free AlN thin film is possible by adjusting its thickness.
In this work, a nearly stress-free AlN thin film is finally
achieved at a thickness of 1 μm.

C. Residual Stress of Conventional pMUT

Only the stress-free AlN layer is not sufficient for a high
performance pMUT, because the degradation of the transmit-
ting sensitivity is attributed to the residual stress of every layer,
according to Eq. (5). In addition, the stress distribution also
changes because of the buckling, and the stress-free layers
may become stressed after buckling. Finally, different designs
and structures of pMUT affect the buckling as well. Analysis
of the buckling and stress distribution should be considered
case by case.

Figure 1 (a) and (b) show the two typical designs of pMUT,
where the Design 1 has the frame-like electrode, while the
Design 2 has the central electrode. According to previous
studies, the curvature at the center of deflected membrane
has the opposite sign from that at clamped borders. The sign
changes at the position of about 65% of the radius [16].
Partially covered top electrode thus has the optimal perfor-
mance, and both the frame-like electrode (outer) and the
central electrode (inner) are identically the best [16], [49].
Therefore these two pMUT designs are adopted for the study.

TABLE I

MATERIAL PROPERTIES APPLIED IN THE

FINITE ELEMENTS MODEL (FEM)

A finite elements model (FEM) with a membrane size of
200 μm is built using COMSOL Multiphysics software, where
the solid mechanics physics is employed. The parameters used
for simulation are summarized in Table I. Fig. 1 (c) and (d)
show the simulated membrane deflections due to residual
stresses for Design 1 and Design 2, respectively. With the
stress-free AlN layer, the buckling is still not negligible. Such
buckling may reversely affect the transmitting sensitivity. It is
worth noting that the buckling directions of these two designs
are opposite. Although the metal layer is very thin, it usually
has very large tensile stress. So the buckling direction is
mainly determined by the layout of top metal electrode.
Simply removing the backside oxide layer [21], or adding
additional oxide layer [16] can hardly alleviate the buckling,
or may even worsen the situation. Therefore those trials to
improve the pMUT performance are not very successful.

D. Design of Zero-Bending pMUT

The 3-D schematic drawings of the zero-bending pMUT
are shown in the Fig. 2 (a) and (c), denoted as Device A.
The frame-like top electrode is adopted for the zero-bending
pMUT. Compared to the conventional design, an integrated
vacuum cavity is fabricated under the membrane. As afore-
mentioned, the pMUT with frame-like top electrode tends
to bend upwards due to the residual stress. Meanwhile, the
integrated vacuum cavity induces downwards atmospheric
pressure, which pushes the membrane back. The initial bend-
ing of such pMUT therefore is compensated as shown in
the Fig. 2 (d). Device B with the central top electrode
(see Fig. 2 (b)) is taken as the reference. Since the pMUT with
central top electrode tends to bend downwards and the vacuum
induced atmospheric pressure is also the same direction,
hence cannot balance the initial bending, but aggravates it,
shown in Fig. 2 (e). Although the transmitting sensitivities
of Device A and Device B should have been the same, the
Device A with flat membrane is expected to have significantly
higher sensitivity than the buckled Device B.

The membrane deflection of Device A is studied by simula-
tion as well. As can be seen from Fig. 3 (a), the membrane of
Device A becomes flat, and the deflection is minimized to less
than 5 nm. The stress distribution in the AlN layer of Device A
along A-A′ direction is also extracted and shown in Fig. 3 (c).
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Fig. 2. 3-D schematic drawings of: (a) & (c) the zero-bending pMUT,
denoted as Device A; (b) Reference pMUT, denoted as Device B and;
(d) & (e) Comparison of Device A and Device B. Vacuum pressure can
compensate the initial bending of Device A, but aggravate the initial bending
of Device B.

The abrupt increasing of stress at 1 μm is due to the extremely
high initial stress in Mo layer. Despite that the residual stress
of AlN layers is set to be zero (see Table I); the simulated
stress in the AlN layer is still considerably high, because the
initial buckling forces the AlN layer to be re-stressed. If the
vacuum pressure is applied to the membrane and it becomes
flat after the compensation, the stress in AlN layer significantly
reduces to only 6 MPa. With the help of nearly stress-
free AlN thin film, frame-like top electrode layout and inte-
grated vacuum cavity, a zero-bending pMUT with minimized
stress is possibly available. Fig. 3 (b) shows the reference
pMUT (Device B) with applied vacuum pressure. As expected,
it buckles with maximum central deflection of 94 nm.

III. DEVICE FABRICATION

The fabrication of the zero-bending pMUT starts from a
commercially purchasable cavity Silicon-on-insulator (SOI)
wafer. Square-shaped cavities are firstly defined in the han-
dle wafer using photolithography. The depth of the cavities
is 5 μm. Then the cavity SOI wafer is formed by bonding the
handle wafer with a 5 μm device Si wafer in vacuum, shown
in Fig. 4 (a). Prior to the deposition of Mo/AlN/Mo stack,
a 20 nm AlN seeding layer is deposited by atomic layer depo-
sition (ALD). This seeding layer helps to reduce the surface
roughness of AlN layer, and consequently helps to improve
the film quality of top Mo layer. Next the physical vapour
deposition (PVD) is used to deposit the 0.2 μm Mo/1 μm
AlN/0.2 μm Mo stack on the AlN seeding layer, shown
in Fig. 4 (b). The top Mo layer is patterned using a 0.2 μm
plasma enhanced chemical vapour deposition (PECVD)

Fig. 3. Simulation results of membrane deflection: (a) Device A; (b) Device B
and; (c) Stress distribution in the AlN layer of Device A along A-A’ direction
before and after vacuum pressure compensation.

silicon dioxide (SiO2) layer as the hard mask. This hard
mask is removed after Mo patterning using HF wet etching
(Fig. 4 (c)). A layer of 0.7 μm PECVD SiO2 layer is then
deposited for isolation. This SiO2 is firstly etched by reactive
ion etching (RIE), followed by AlN anisotropic dry etching
to open the bottom-to-top contact via. Then the SiO2 layer
is etched to open the top-to-top via, shown in Fig. 4 (d).
Subsequently, a 0.7 μm Al is deposited and patterned to
form the electrical connections and bonding pads (Fig. 4 (e)).
Finally the oxide is blank etched by RIE dry etching to thin
the membrane, shown in Fig. 4 (f). As the selectivity of SiO2
and Al is very high, no obvious attack to Al layer is observed
after the process. Fig. 5 illustrates the fabricated zero-bending
pMUT (Device A), as well as the reference pMUT (Device B).
The integrated vacuum cavity is clearly shown in Fig. 5 (c),
under the pMUT membrane.

IV. DEVICE CHARACTERIZATION AND DISCUSSION

The fabricated pMUTs are firstly characterized using
DHM-R2100 holographic MEMS analyzer by Lyncée Tec Ltd.
This MEMS analyzer is able to capture both stationary and
dynamic 3-D surface images of the device, with vertical
resolution of sub nm level. The surface profile, deflection and
dynamic motion of the MEMS device then can be extracted
from such 3-D images. Fig. 6 (a) shows the 3-D images
of Device A and Device B. As is expected, the Device A
has a flat membrane, while the membrane of Device B is
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Fig. 4. Fabrication process flow of the zero-bending pMUT: (a) Formation
of the cavity SOI wafer; (b) Deposition of Mo/AlN/Mo stack; (c) Patterning
of top Mo layer; (d) Deposition of PECVD SiO2 for isolation, and SiO2 and
AlN are etched to open contact via (bottom). The contact via (top) is then
opened by etching SiO2; (e) Deposition and patterning of Al metal layer for
electrical connections and to form bonding pads and; (f) Blank etching of
oxide by RIE.

bent downwards. The 200 nm steps are the top electrodes.
The surface profiles of both devices are also extracted and
plotted in Fig. 6 (b). It is clearly shown that the membrane of
Device A is perfectly flat and the 200 nm steps are the top
electrode. The maximum deflection at the center of membrane
is less than 10 nm, or less than 0.005% (deflection/membrane
size). Benefited from the stress-free AlN thin film, frame-
like top electrode and integrated vacuum cavity, the residual
stress induced initial bending is successfully compensated.
This extremely small initial bending therefore can be treated
as zero bending. On the contrary, the membrane of Device B
has a maximum deflection of 96 nm. These measured surface
profiles match with the simulation results in Fig. 3 very well.

The zero-bending pMUT (Device A) then is excited by 1 V
electrical AC signals to evaluate its transmitting performance
using the stroboscopic module. The displacement amplitude
with frequency is plotted in Fig. 7 (a). Since all the dis-
placement amplitudes are measured with 1 V excitation, the
displacement amplitude per volt is also taken as transmitting
sensitivity. The results of FEM simulation are shown as well
for comparison. The piezoelectric devices physics is employed
for this FEM, where the 1 μm AlN layer is defined as
the piezoelectric material with d31 of −1.72 pC/N. The rest
parts of the model are defined as linear elastic material with
properties shown in Table I. To achieve reasonable results,
loss and damping effects are also considered. The loss factor
for electrical permittivity (dielectric loss) is set to be 0.01,
while the loss factor for damping (linear elastic material) is
set to be 0.002. The damping effect is mainly attributed to

Fig. 5. The fabricated pMUT devices: (a) optical microscope (OM) images;
(b) secondary electron microscope (SEM) images and; (c) cross-sectional view
of SEM image along A-A’ direction.

the anchor loss and air damping. It is worth noting that no
initial stresses are considered in this FEM, and hence the
simulated transmitting sensitivity is taken as the ideal value.
The measured amplitude at the resonant frequency is 123 nm,
while the simulated amplitude is 129 nm. It is clearly shown
in Fig. 7 (a) that the measured curve is very close to the
simulation result, which means a nearly ideal transmitting
sensitivity is achieved for the zero-bending pMUT. Such
pMUT achieves 94.5% of the ideal transmitting sensitivity.

In terms of the reference pMUT (Device B), however,
the transmitting sensitivity is much poorer than the
zero-bending pMUT, shown in Fig. 7 (b). As aforementioned,
theoretically these two devices should have the same trans-
mitting sensitivity, and is also proven seen through simulation
results. Unfortunately, the reference pMUT fails to achieve
a comparable transmitting sensitivity with the zero-bending
pMUT, which largely deviates from the ideal performance. The
displacement amplitude of the reference pMUT is measured
as only 27 nm, or 22% of the zero-bending pMUT. Such
performance degradation is mainly because of the non-zero
initial bending (Fig. 6). The slightly higher resonant frequency
of the reference pMUT also indicates its membrane stress
is larger than the zero-bending pMUT, as the membrane
stiffness is increased due to the stress. Therefore, the
zero-bending pMUT is proven to perform much better than
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Fig. 6. (a) The 3-D images captured by holographic MEMS analyzer and;
(b) The extracted surface profiles. Maximum deflection of the Device A is
less than 10 nm, which is considered as zero-bending, and the deflection of
Device B is 96 nm. The measured profiles match the simulation results very
well.

TABLE II

COMPARISON OF TRANSMITTING SENSITIVITY

the reference pMUT, with enhanced transmitting sensitivity of
more than 450 % with respect to the reference pMUT.

Table II summarizes previously reported AlN based pMUT
devices. In general, the zero-bending pMUT presented in
this work performs much better than most of other pMUTs.

Fig. 7. Simulated and measured frequency responses of displacement
amplitude with 1 V AC excitation for: (a) Device A and; (b) Device B. The
inset shows the vibration mode shapes from both simulation and measurement.

Especially for the pMUTs reported in [50] and [51], those
highly responsive pMUTs employ sophisticated 3-D mem-
brane structure to further enhance the sensitivity, the sensitivity
of the zero-bending pMUT is still twice and 10 times of
the pMUTs in [50] and [51], respectively. It is worth noting
that the pMUT in [9] has very high sensitivity. This may be
because of the extremely thin membrane. Since its AlN and
supporting SiO2 layers are only 0.75 μm and 0.8 μm, its
ideal transmitting sensitivity should be much higher than the
zero-bending pMUT (1 μm AlN, 5 μm Si and 1 μm SiO2).
A FEM simulation is performed to investigate its ideal sensi-
tivity using the above parameters. Simulation results indicate
that the pMUT in [9] can potentially achieve a sensitivity
of 14 nm/V, or 28520 nm/V/mm2. In fact, such pMUT only
achieves 18% of its ideal sensitivity, which is significantly
lower than the 94.5% of zero-bending pMUT.

Fig. 8 shows the impedance measurement results of the
zero-bending pMUT, performed using Agilent 4294A pre-
cision impedance analyzer. The electromechanical coupling
coefficient k2

e f f can be derived from resonant frequency fr and

anti-resonant frequency fa through following relation [26]:

k2
e f f = f 2

a − f 2
r

f 2
a

(6)

This parameter directly reflects the electrical-mechanical
energy conversion efficiency of the device. The in-air k2

e f f is
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Fig. 8. The impedance measurement results of the zero-bending
pMUT (Device A): (a) measured in air and; (b) measured in DI water.

calculated as 0.406%. Such value is significantly better than
a previously reported AlN based pMUT, where the measured
coefficient is only 0.056% [18]. Considering the zero-bending
pMUT is wire-bonded for testing, the coupling coefficient may
be further improved by eliminating the parasitic capacitances
from bonding pads and wires. As is shown in Fig. 8 (b),
the zero-bending pMUT also performs well in DI-water. The
resonant frequency drops to 1.04 MHz, which is still within
the commonly used frequency range.

The pMUTs (frame-like top electrode) with different sizes
are fabricated and studied as well. As can be seen from
Fig. 9 (a), the resonant frequency decreases with the size
as expected, and agrees very well with the simulation
results. However, for the displacement amplitude, the mea-
surement results start deviating from the simulation results
at 300 μm, and such deviation increases with the membrane
size (see Fig. 9 (b)). The 300 μm and 400 μm pMUTs are
not able to achieve the best transmitting sensitivity as the
200 μm pMUT. To investigate the reason of the performance
degradation, the 300 μm pMUT is taken as an example.
Its surface profile is firstly extracted and shown in Fig. 9 (d).
As is shown, such device is no longer a zero-bending pMUT,
but with a maximum membrane deflection of 88 nm. Because
the vacuum force is proportional to the membrane area, it
increases with the membrane size. Meanwhile, the resid-
ual stress in membrane remains a constant. Therefore the
significant initial buckling is observed for 300 μm pMUT.

Fig. 9. Simulation and measurement results of the pMUTs (frame-like
top electrode) with different sizes: (a) The resonant frequency and; (b) The
displacement amplitude. The 300 μm pMUTs with and without 0.7 μm oxide
layer: (c) Optical microscope images and; (d) measured surface profiles.

Fig. 10. Transmitting sensitivity comparison of 300 μm pMUTs: without
top oxide layer and with top oxide layer. The displacement amplitude is
normalized to the simulation result, i.e. the ideal displacement amplitude.

The performance degradation is probably due to such initial
buckling. As expected, the vacuum force of the 400 μm pMUT
is even larger, and hence the performance degradation becomes
more severe for the 400 μm pMUT.

To alleviate this performance degradation, another batch of
devices is also fabricated. For these devices, the last step of
process, i.e. blank etching of the top oxide layer, is skipped.
Compared to previous pMUT, additional 0.7 μm PECVD
oxide layer is left on the surface, shown in Fig. 4 (e). As is
shown in Fig. 9 (c), the color of the Mo electrode changes
from green to purple, because of the oxide thin film. Since the
oxide layer usually contains compressive stress, it forces the
membrane to bend upwards. Therefore, the additional oxide
layer may help to reduce the downwards initial bending.
Fig. 9 (d) shows the surface profiles of 300 μm pMUTs
with and without oxide. With the help of the top oxide layer,
the maximum membrane deflection reduces to 42 nm.
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Although this pMUT is not perfectly zero-bending, the per-
formance degradation should be alleviated due to the relatively
flat membrane. Fig. 10 shows the transmitting sensitivity of the
300 μm pMUTs, with and without top oxide layer. Benefited
from the relatively flat membrane, the pMUT with oxide layer
achieves 69.19% of ideal sensitivity, which is 13% better
than the pMUT without oxide. Hence, if a larger membrane
is required for lower operation frequency, additional top
oxide layer may be applied to minimize the performance
degradation.

V. CONCLUSIONS

Residual stress and initial buckling could suppress the
transmitting sensitivity of pMUT. Although pMUT with large
compressive stress and large upwards buckling exhibit high
sensitivity, it may not be preferred for volume fabrication due
to the fragility and lower yield rate. Several trials to minimize
the stress and buckling are made by different research groups
during last decades; there is still a room for innovative
design with significant improvement. This is the very reason
that pMUT has not been commercialized today due to that
performance of current approaches is not satisfied, and hence
the applications are very limited as well. In this paper, a new
pMUT device is proposed. Leveraging on the stress-free AlN
thin film, frame-like top electrode layout and the integrated
vacuum cavity, a pMUT with zero-bending membrane is
finally achieved. The transmitting sensitivity is measured as
123 nm/V, which is 450% better than that of reference pMUT
with non-zero initial bending. Such pMUT achieves 94.5% of
its ideal transmitting sensitivity. By thinning the supporting
layer, i.e. the device Si layer, the transmitting performance
may be further enhanced. In conclusion, the highly sensitive
zero-bending pMUT is proven to be an effective and reliable
way to overcome the residual stress and initial buckling
issue. Therefore this work indicates a promising approach for
optimization of various layout configuration of pMUT in order
to bring performance of pMUT to the level of commercial
interests.
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