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Abstract—This work reports a 7.5MHz sputtered Lead Zir-
conate Titanate (PZT) piezoelectric micromachined ultrasonic
transducer (pMUT) array that demonstrates both strong transmit
(9.3kPa/V/mm?) and receive performance (6.5V/MPa) charac-
terized in immersion without signal amplification and within a
Smm? aperture. This paper presents yet higher RX sensitivities
for the proposed device even with a direct connection to an
oscilloscope. We elucidate the effect of DC bias on the acoustic
transmit (TX) and receive (RX) characteristics of PZT pMUTs,
and how these could be tuned to increase the performance of the
pMUTs. The device was fabricated at wafer-scale in our 8-inch
line, which is capable of physical vapor deposition (PVD) of high
quality PZT.

Index Terms—pMUT, physical vapour deposition, Lead Zir-
conate Titanate, transmit sensitivity, receive sensitivity, ultrasonic
imaging

I. INTRODUCTION

To-date, ultrasound has been explored for a wide range of
applications including among others: ranging [1]-[3], medical
imaging [4], [5], non-destructive testing (NDT) [6], mid-air
haptics [7] and gesture recognition [8].

Compared to conventional ultrasonic transducers (i.e., bulk
piczolectric ceramics), which have been traditionally used in
the above applications, piezoelectric micromachined ultrasonic
transducers (pMUTSs) have certain advantages: small size, low
actuation voltage and a flexural membrane (for generating
and receiving ultrasound waves) which is much softer than
rigid ceramics, resulting in better impedance matching and
transmission efficiency [9].

Specifically, for the application of ultrasonic imaging, high
transmit (TX) and receive (RX) sensitivity are vital consid-
erations. Yet there is commonly a trade-off between the two
parameters: Lead Zirconate Titanate (PZT) being strong on
TX while AIN is deemed as stronger in RX (based on a
higher FOM of ¢3!/ /¢,.). AIN PMUTSs have been demonstrated
at wafer-scale [10], [11] and championed for their perceived
advantage in RX sensitivity over other materials. By fabri-
cating the pMUTS on CMOS, [10], [11] reported an RX

sensitivity of 5.9V/MPa (including the gain of an integrated
frontend amplifier) and an estimated bandwidth of 33%. The
low e3;; piezoelectric constant (this coefficient quantifies the
volume change when a piezoelectric material is subject to an
electric field, or the polarization on the application of stress) of
AIN results in poor transmit (TX) performance (approximately
1kPa/V), excludes these devices from reaching MPa outputs
needed for imaging deep into the body. In [12], an increased
TX sensitivity circa 2 times with a 15V DC bias voltage (V})
was reported along with a piezoelectric constant e31; value of
-13.5C/m?.

In this work, a 7.5Hz sputtered PZT piezoelectric microma-
chined ultrasonic transducer (pMUT) array is reported, which
can deliver approximately 200kPa output in immersion using
only 5.5Vpp within a 5Smm? aperture. The pMUT’s receive
(RX) sensitivity is equivalent to 6.5V/MPa without any form
of amplification, comparable to the best AIN-based pMUTs
known for high RX sensitivity. In addition, the impressive TX
sensitivity of 9.3kPa/V/mm? is highly attractive for imaging
applications. In this paper, the proposed pMUT design is
first described (Section II) followed by discussion on the
experimental setups considered in this work for device charac-
terisation (Section III). In Section IV the experimental results
are presented and argued with conclusions drawn in Section
V.

II. DESCRIPTION OF PMUT DESIGN

The proposed pMUT array design depicted in Figurel has
an aperture of 2.1 x 2.1mm? within a 3 x 3mm? chip,
consisting of 18 x 18 membranes (each 80pm wide and
designed to resonate at 7MHz in air). The pitch between
the membranes is 120um. Each membrane comprises a 2pum-
thick sputtered PZT on a 4um-thick silicon device layer. The
chip was wire bonded to a custom-designed PCB fitted to a
Perspex tube to contain the fluid around the chip for testing
in immersion (i.e., water).



The TX and RX sensitivities are directly proportional to
the material properties, namely the constant e3;y and the ratio
es1yf /633f respectively, where €33 corresponds to the film
relative permittivity. Based on the theoretical curve of ez
reported by Caro M. A. et al. in [13], ScAIN with 20% Sc
concentration would result in a value of -1.5C/m?2, with AIN
having -1C/m? [14]. In contrast, our PZT has a substantially
higher e3¢ of -15C/m? [14], resulting in a high TX sensitivity
and a moderate RX sensitivity.
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Fig. 1. Top-view image of PZT PMUT array chip.

III. EXPERIMENTAL SETUP

The full array of pMUTs was characterized in immersion
considering two testing setups as discussed in the following
subsections.

A. TX Sensitivity Measurement Setup

The chip was connected to a bias tee, which took two inputs
for the actuation of the die: (i) a 10-cycle sinusoidal waveform
was set on a signal generator, and (ii) a DC voltage was
set via a power supply. A needle hydrophone was positioned
at a distance of 2cm away from the pMUT chip and also
immersed in water to measure the line-of-sight (LoS) signal.
The received signal was captured by an oscilloscope with all
the lab equipment being controlled from a laptop.

B. RX Sensitivity Measurement Setup

In this case, a 6.5MHz Olympus broadband transducer and
impulse generator were used to obtain the RX characteristics
of the pMUT considering a pitch-catch configation in immer-
sion. Initially, the transducer was placed 2cm away from the
calibrated needle hydrophone and was actuated with a 160V,
impulse. The FFT of the impulse response measured with the
hydrophone was computed and used to calibrate the broadband
transducer.

The calibrated broadband transducer was then placed in
immersion 2cm away from the pMUT device and the RX
sensitivity was computed as the ratio of the FFT of the RX
signal measured by the broadband transducer divided by the
FFT of RX pressure. The bias tee, used in this configuration
allowed for the DC bias voltage to be altered from zero to the
optimum value.
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Fig. 2. TX sensitivity as a function of DC bias voltage.
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Fig. 3. TX sensitivity as a function of frequency.
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Fig. 4. Pressure as a function of input AC voltage.
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Fig. 5. RX sensitivity as a function of DC bias voltage.
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Fig. 6. RX sensitivity as a function of frequency.

IV. ANALYSIS OF RESULTS

Figure 2 depicts the TX sensitivity for the pMUT die.
Through the characterisation of the pMUT array in immer-
sion, the TX sensitivity improves with increasing DC bias,
saturating at the optimum output level of 41kPa/V from 30V
onwards as observed in Fig. 2. The measured -3dB bandwidth
is 20% with a high TX sensitivity at 30V bias as observed in
Figure 3. Figure 4 shows the linearity of the TX output with
V,p input, delivering a pressure greater than 200kPa with only
SVpp.

The RX sensitivity is finally measured as a function of
DC bias in the pitch-catch configuration with a broadband
ultrasound source as depicted in Figure 5. It can be observed
from this figure that the peak response increases with the bias
level, reaching to 6.5V/MPa at 40V. Figure 6 shows the RX
frequency response at 30V with -3dB bandwidth of 20%. It
is worth noting that RX measurements were made with direct
cable connections to an oscilloscope to illustrate the robustness
of the PZT pMUTs.

V. CONCLUSIONS

This work reported a 7.5MHz sputtered PZT pMUT array
that delivers 200kPa output in immersion with only 5V,
within a 5mm? aperture. The device was fabricated at wafer-
scale in our 8-inch line, which is capable of physical vapor
deposition (PVD) of high quality PZT is highly attractive
for imaging applications. The pMUT’s receive (RX) sensi-
tivity is 6.5V/MPa (with no amplification gain), on par with
the best AlN-based pMUTs known for high RX sensitivity,
whereas the device achieves an impressive TX sensitivity of
9.3kPa/V/mm?. The pMUT demonstrates an impressive -3dB
bandwidth in the RX mode of 20%. The effect of DC bias on
the acoustic TX and RX characteristics of PZT pMUTs was
discussed and the means by which these could be tuned to
increase the performance of the pMUTs.
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