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ABSTRACT

This work presents an air-coupled piezoelectric
micromachined ultrasonic transducer (pMUT) with high
transmitting acoustic pressure by using sputtered
potassium sodium niobate (K,Na)NbO; (KNN) thin film
with a high piezoelectric coefficient (e3; ~ 8-10 C/m?) and
low dielectric constant (€; ~ 260-300) for the first time. The
fabricated KNN pMUT with a resonant frequency at 104.5
kHz has been tested to exhibit unprecedented results: (1)
high sound pressure level (SPL) of 109 dB/V at a distance
of 10 cm, which is 8 times higher than that of AIN-based
pMUTs at a similar frequency; (2) low-voltage operation
of only 4 volts peak-to-peak amplitude (V,.p); and (3) good
receiving sensitivity. As such, this work presents a new
class of high-SPL and low-driving-voltage pMUTs for
potential applications in various fields, including consumer
electronics, such as but not limited to haptic feedback,
loudspeaker, and AR/VR systems.
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INTRODUCTION

Ultrasonic transducers are widely used in robotics and
automotives for object detection. Compared with the bulk
ultrasonic transducers, the small-footprint piezoelectric
micromachined ultrasonic transducers (pMUTSs) have low
power consumption and wide bandwidth for applications in
consumer electronics and Internet of Things (IoT), such as
range-finding [1], gesture recognition [2], fingerprint
sensing [3], and 3D imaging [4]. However, relatively low
output pressure remains a significant challenge for AIN-
based pMUTs, which limits the signal transmissions in
various applications. For instance, state-of-the-art AIN-
based rangefinder can only reach a travel distance of 4 m
with an array design [5]. For other applications where large
acoustic pressure output is critical, such as mid-air haptic
feedback [6], this becomes an engineering challenge.

It is well-known that the transmitting performance of
pMUTs is mainly determined by the device structure and
piezoelectric material property. Continuous efforts have
been made in optimizing the device structures, such as to
modify the boundary condition [7], construct the bimorph
architecture [8] and adjust the mode shape [9]. Even so, the
output pressure of pMUT is still limited by the intrinsically
low piezoelectric coefficient of the material such as AIN
with the e;; around 1 C/m? There are also reports on
increasing the piezoelectric coefficient of materials by
tuning material compositions, for example, the scandium-
doped AIN [10]. Other materials, like lead zirconate
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titanate (PZT)-based pMUTs [11,12] have relatively higher
output pressure, but their low receiving sensitivity and the
lead-contents are key drawbacks. Thus, there’s a strong
need for better piezoelectric materials of batch fabrication
process to further boost the performance of pMUTs.

Here, we report an air-coupled pMUT based on
sputtered, lead-free KNN thin film with high piezoelectric
coefficient (€31 ~ 8-10 C/m?) and low dielectric constant (€;
~ 260-300) for the first time. The excellent transmitting
sensitivity (8 times higher than that of AIN-based pMUTs)
and good receiving performance under a low-voltage
excitation are demonstrated.

DESIGN AND FABRICATION
Principle of Design

Figure 1a shows the structure of KNN pMUTs with a
circular unimorph diaphragm. The device consists of the 2-
um sensor-type KNN thin film [13] as the active
piezoelectric layer and a 5-um Si device layer as the elastic
layer. The dual-electrode geometry has a circular-shape
inner electrode (67% in radius [14]) and a ring-shape outer
electrode. The differential drive can be applied, where the
inner and outer electrode are excited with opposite polarity
to enhance the vibration displacement and output pressure
correspondingly. The simulated fundamental mode shape
with clamped boundary condition is shown in Figure 1b.
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Figure 1: (a) The schematic cross-sectional view of a dual
electrode, circular unimorph KNN pMUT; (b) simulated
fundamental mode shape.
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Figure 2: Fabrication process.

Fabrication process

The detailed fabrication process is shown in Figure 2.
The process starts with the sputtering of 25 nm-thick ZnO
adhesion layer and 200 nm-thick Pt bottom electrode on a
6-inch SOI wafer which consists of a 5 um-thick Si device
layer, 1 um-thick buried silicon oxide (BOX) layer and 610
um-thick (100) Si handle substrate. Then 2 um-thick KNN
thin film which serves as the active piezoelectric layer, is
deposited via a radio frequency (RF) magnetron-sputtering
process on top of the Pt/ZnO bottom electrode layer. After
that, 10 nm-thick RuO; and 100 nm-thick Pt are sputtered
and patterned as the inner circular and outer ring Pt/RuO»
top electrode, where RuQ; is used to promote the adhesion
strength between Pt and KNN thin film [13]. Afterwards,
the via openings to access the bottom electrode is realized
by patterning the KNN film through a wet-etching process.
Finally, backside silicon cavity is defined by a deep
reactive-ion etching (DRIE) process where the BOX layer
acts as the etching stop layer, and the device wafer is
temporarily bonded to a handle wafer during the process.

RESULTS
Characterization

Figure 3-4 shows the characterization results of the
fabricated KNN pMUTSs. The crystal structure of the
sputtered KNN film is characterized by using the X-ray
diffraction to monitor the film quality, and the sharp peak
in the (001) orientation confirms its perovskite structure
with good crystallinity (Figure 3). The benign surface
morphology is highlighted by the optical image of the
pMUTs as well (Figure 4a-4b).

The cross-sectional scanning electron microscope
(SEM) images, as shown in Figure 4c-4d, display the well-
defined backside silicon cavity, the tightly stacked
Pt/RuO»/KNN/Pt/ZnO/Si0,/Si multi-layered diaphragm
structure, and further show the thickness of each layer (1.9
um-thick KNN and 5.2 um-thick Si device layer). The
dense columnar structure of the KNN thin film validates
the good crystal orientation which plays an important role
in the piezoelectric performances.

Transmission performance

The transmission pressure of a single KNN pMUT
with a radius of 500 um is measured utilizing a high-
sensitivity microphone (Bruel & Kjar, Type 4138). The
prototype KNN pMUT is driven by continuous differential
sine-wave signals for the inner and outer electrodes. The
receiving signal is collected by placing the microphone 1
cm above the pMUT and the sound pressure level (SPL) is
extracted through the corresponding sensitivity. As shown
in Figure 5a, a maximum transmission pressure of 135.7
dB SPL (121.73 Pa) is achieved at 104.5 kHz with the 4 V.
p excitation, and the non-linear hardening phenomena can
be observed near the peak [15].
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Figure 3: XRD of sputtered KNN thin film with (001)
crystal orientation.
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Figure 4: Characterization results. (a) Backside of KNN
pMUTs with different sizes; (b) a microscope top image of
prototype KNN pMUT; (c-d) cross-sectional SEM images.
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The influences of excitation voltage and axial distance
on the transmission pressure are further evaluated at 104.5
kHz. As shown in Figure 5b, the SPL at 1 cm axial distance
increases from 112.6 dB (8.5 Pa) to 135.8 dB (122.71 Pa)
as Vp,p increases from 1 V to 4 V. Figure 6 shows the
relationship between the SPL and axial distance, where the
SPL under a 4 V,., input gradually decreases from 150.5
dB (666.85 Pa) @ 0.1cm to 115.1 dB (11.3 Pa) @ 10cm,
and 102.6 dB (2.71 Pa) @ 30 cm. Thus, the transmission
sensitivity of the single KNN pMUT reaches 129.3 dB/V
SPL (58.27Pa/V) @ 1 cm, 109 dB/V SPL (5.66 Pa/V) @10
cm, and 96.6 dB/V SPL (1.36 Pa/V) @ 30 cm axial
distance.

Finally, a summary of the transmission performance
comparison with other devices in the state-of-the-art
literature is shown in Table 1. The KNN pMUT stands out
with its transmitting sensitivity 8~10 times higher than
those of AIN pMUTs, highlighting its extraordinary
advantage of high SPL under a low driving voltage.

Receiving performance

The receiving performance is evaluated by using two
identical pMUTs (500 um in radius) as the transmitter (Tx)
and receiver (Ry) respectively. The pMUT transmitter is
excited via 7-cycle sine-wave pulse signal (104.5 kHz, 4
Vpp) with the differential drive scheme. For the receiving
pMUT, only the inner region is utilized. Furthermore, a
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charge amplifier is applied, and the amplified receiving
signals with respect to distances are measured. Figure 7a
exhibits the excitation and receiving signal with a travel
distance of 2 m. The receiving signal peak-value has a
Time-of-Flight (ToF) of 6.13 ms which matches well with
the real distance measured by the laser distance meter. The
relationship between the receiving signal magnitude and
travel distance is displayed in Figure 7b, and the signal can
be clearly identified with the travel distance up to 6.1 m (3
m for the round trip), demonstrating good receiving
performance.

CONCLUSION

This work has demonstrated the first sputtered KNN-
based pMUTs. The KNN film exhibits good crystal quality
in (001) orientation, which contributes to the high
piezoelectric coefficient. The fabricated KNN pMUT with
a resonant frequency of 104.5 kHz is used to evaluate the
transmission and receiving performance. Specifically, a
high SPL of 135.8 dB can be obtained from the single
pMUT with axial distance of 1 cm under a low driven
voltage of 4 V., and it remains larger than 100 dB with
distance up to 40 cm. The corresponding transmission
sensitivity turns out to be 8 times larger than that of the
state-of-the-art AIN-based pMUTs. The good sensitivity is
also demonstrated by the clear receiving signal which
travels up to 6.1 m. As such, this work sheds light on high-
SPL and low-driving-voltage pMUTs for potential
applications, like haptic feedback, loudspeaker, and
AR/VR systems.
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Table 1: Transmission sensitivity comparison with
other devices in the state-of-the-art literature.

Material Frequency | Vpp | SPL (dB/V) Ref.
AIN 101k 20 90@10 cm [4]
36% Sc 60k / 71.6@30 cm | [10]
doped AIN
Single- 46k 10 NB@l44dcm | [11]
crystal PZT 86.3@33 cm
PZT 100k 6 93.5@3.5cm | [12]
PMN-PZT 151k 3 94.6@6 cm; [16]
88.6@13 cm
KNN 104.5k 4 109@10 cm; | This
96.6@30 cm | work
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