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Abstract

Due to its additional frequency response, dual-frequency ultrasound has advantages over conventional ultrasound,
which operates at a specific frequency band. Moreover, a tunable frequency from a single transducer enables
sonographers to achieve ultrasound images with a large detection area and high resolution. This facilitates the
availability of more advanced techniques that simultaneously require low- and high-frequency ultrasounds, such as
harmonic imaging and image-guided therapy. In this study, we present a novel method for dual-frequency ultrasound
generation from a ferroelectric piezoelectric micromachined ultrasound transducer (PMUT). Uniformly designed
transducer arrays can be used for both deep low-resolution imaging and shallow high-resolution imaging. To switch
the ultrasound frequency, the only requirement is to tune a DC bias to control the polarization state of the ferroelectric
film. Flextensional vibration of the PMUT membrane strongly depends on the polarization state, producing low- and
high-frequency ultrasounds from a single excitation frequency. This strategy for dual-frequency ultrasounds meets the
requirement for either multielectrode configurations or heterodesigned elements, which are integrated into an array.
Consequently, this technique significantly reduces the design complexity of transducer arrays and their associated

driving circuits.

Introduction

Multifrequency ultrasound devices provide many ben-
efits and are used extensively in medical clinical applica-
tions, such as multiscale imaging, harmonic contrast
agent imaging, and image-guided high-intensity focused
ultrasound (HIFU)"?. They are especially suitable for
biomedical ultrasound imaging, as the sonographer can
carefully select a frequency to tune the penetration depth
and spatial resolution. This ability to achieve both good
penetration depth and high resolution provides a com-
prehensive understanding of the full anatomic
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information of the target, helping the clinicians’ diag-
nosis>. Compared to conventional ultrasound, which
operates within a predefined frequency band, dual-
frequency ultrasound is capable of effectively enhancing
the contrast of the produced image. Moreover, nonlinear
oscillations of microbubbles, which are used as a contrast
agent for angiography under exposure to dual-frequency
ultrasound, reduce the threshold value* for acoustic
cavitation and generate additional frequency responses,
such as harmonics, sub-harmonics, and ultra-
harmonics™®. By extracting harmonic signals from the
backscattered echo, the isolation of the nonlinear
response of the microbubbles from that of human soft
tissue is possible and results in improved images for
vascular remodeling’.

Traditional single-frequency operating devices cannot
meet the requirements of these applications. Accordingly,
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multifrequency (especially dual-frequency) transducers
have been proposed as a promising solution. The con-
ventional approach to achieving dual-frequency ultra-
sound devices is to integrate the high- and low-frequency
operating elements in either a vertical or horizontal
configuration®, In a bilayered stack, each element is fab-
ricated with a different thickness to determine the fre-
quency band, and then they are sequentially bonded with
one underneath the other. However, if both layers in this
vertically stacked structure are fabricated from high-
property piezoelectric materials (such as Pb(Zr, Ti)Os
(PZT) and Pb(Mgl/ng2/3)03—PbTiO3 (PMN—PT)), there
are significant coupling issues between the two layers that
can generate aliasing echoes, which shift the resonant
frequencies of both layers. To prevent this phenomenon, a
frequency-selective anti-matching layer needs to be
placed between the top and bottom layers to provide
isolation®~'°. Moreover, acoustic matching for both the
low and high frequencies is difficult to optimize'', and
fabrication becomes more difficult as the transducer
dimensions are scaled down. One alternative solution is
the interleaved array; this is referred to as a horizontal
stack, where the low-frequency elements are laterally
positioned on both sides of a central high-frequency ele-
ment'?, Here, even-numbered elements are used for the
transmission of the ultrasound, and odd-numbered ele-
ments are used for reception. This technique does not
require an anti-matching layer and does not have to
modify the initial performance of the subarray. However,
these horizontally arranged elements cause overlapping of
the transmission and receiving beams and increase the
footprint compared to regular array designs’.

The inherent manufacturing challenges with stacked
arrays have inspired developers to investigate microelec-
tromechanical system (MEMS)-based devices, such as
capacitive  micromachined ultrasound transducers
(CMUTSs) and piezoelectric micromachined ultrasound
transducers (PMUTs). These microfabrication techniques
enable the monolithic integration of each designed sub-
array with different frequency bands'*~'® and unique
flexural vibration of the membranes, initiating studies on
the achievement of multifrequency ultrasound operation
based on uniform element transducer arrays'®™'®, In
MUTs, a well-known approach for achieving multi-
frequency ultrasound is excitation at their fundamental
and harmonic modes'®~*, Hence, the generation of low-
and high-frequency ultrasound from a single element by
patterning its driving electrodes into several segments and
activating different modes with an electrical frequency-
switchable control unit is possible. To manage the
required frequency bands and optimize the corresponding
vibrational modes, the design principle of patterned
electrodes and their driving method have been explored.
For example, Wang et al. presented individual five-
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electrode configurations in a single rectangular mem-
brane PMUT?% By activating different electrode sets, the
synthesized in-phase motion part enabled the PMUT to
vibrate in the 1st, 3rd, and 5th modes, producing ultra-
sound at corresponding frequencies of 2.01, 3.19, and
5.84 MHz. Dual electrodes have also been used in an
annular form for circular membrane devices. For example,
Wu et al. introduced two ring-type electrodes in a circular
PMUT that was designed to operate in the (0,1) and (0,2)
modes at 3.75 and 18 MHz, respectively'®. Here, by
optimizing the design parameters (including the electro-
de’s width and position), vibrational crosstalk between the
two resonant modes of the diaphragm could be elimi-
nated. These design strategies successfully extended the
available frequency band of a single device, showing the
potential for advanced biomedical imaging. Although this
is a promising method for achieving multiband fre-
quencies from harmonic modes, the number of inter-
connections for patterned electrodes needs to be
considered. As the number of elements increases to
achieve better performance, individually addressing the
elements derived from massive interconnections becomes
challenging.

This paper reports a novel and simple method for
generating dual-frequency ultrasound from a uniformly
designed PMUT array. The presented method is estab-
lished on a polarization state that is dependent on the
vibrational motion of a ferroelectric PMUT, which only
requires a single membrane and a driving electrode to
cover the separated dual frequency bands. Moreover, by
tuning the polarization state of the ferroelectric film using
DC bias, the two types of driving modes can be switched.
These modes cause the ferroelectric PMUT to emit low-
frequency (5 MHz) and high-frequency (10 MHz) ultra-
sounds from a single excitation frequency of 5 MHz. The
first section of the paper presents the concepts of dual
frequency generation in a ferroelectric PMUT and
demonstrates the interrelationship between the vibra-
tional motion of the PMUT and the polarization state of
the ferroelectric film. From this PMUT behavior, we
propose a method of generating dual-frequency ultra-
sound from a single device by adjusting the DC bias. For
proof of concept, a ferroelectric Pb(Mg;,;3Nb,/3)O3-
PbZrO;-PbTiO; (PMN-PZT) thin-film-based PMUT
array was manufactured using microfabrication techni-
ques. Subsequently, sufficient driving conditions for each
mode (low and high frequency) were investigated by
measuring the acoustic pressure in a fluid under varying
DC biases and AC amplitudes. In terms of potential use as
a future imaging device, safe conditions for self-heating
PMUT and potential skin burns were investigated. Fur-
thermore, the zoom-in and zoom-out capabilities of the
frequency-tunable PMUT are presented through B-mode
imaging of the wire phantoms.
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Concepts of dual frequency generation in
ferroelectric PMUTs

The proposed approach for generating dual-frequency
ultrasound was established from the unique vibration
mode of a PMUT, which strongly depended on the
polarization state of its ferroelectric film. Different the
proposed technique, conventional driving methods have
transducers that uses either a nonferroelectric film (such
as aluminum nitride (AIN)**%°) or a strongly polarized
ferroelectric film; this transducer operates below the
coercive voltage (the voltage required to induce domain
reversal). Here, driving with a large bipolar signal above
the coercive voltage results in the membrane vibrating at a
frequency that is desynchronized from the input voltage.

Figure la and b present the general polarization and
strain curves for ferroelectric materials as a function of
input voltage®®*°. In ferroelectrics, such as PZT, PMN-
PT, and PMN-PZT, a single driving cycle at a voltage level
above the coercive voltage results in two electro-
mechanical displacement cycles of the membrane®. At
segment A — B (red lines in Fig. 1a and b), the film is not
yet polar and has started to be polarized in the thickness
direction; here, the electromechanical-induced stress is
contractive in the transverse direction, forcing the mem-
brane to flex upward®". In contrast, as the polarization
decreases with a negative sign of the derivative of the
voltage (B — D), the membrane attempts to switch the
direction of the motion. At segment C — D, the voltage
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polarity is opposed to the remaining polarization in the
film, and the tensile stress strongly forces the membrane
to move down. This series of movements occurs for both
signs of the bipolar cycle (A— D and D — G). Conse-
quently, the periodical reversal of polarization during
every excitation cycle causes two cycles of flextensional
vibration in the membrane, resulting in the output
transmit frequency being twice that of the frequency of
the input voltage (f,,. =2 f;,,). Conversely, in the cases of
unipolar (yellow line) or semibipolar (orange line) driving,
unidirectional stress occurs in cycles due to the consistent
orientation of the polarization. This results in a vibra-
tional frequency (f,,.=f,) of the PMUT that is syn-
chronized with the driving voltage.

Dual-frequency ultrasound transmission using DC bias
is proposed based on the nonlinear vibrational behavior of
PMUTs, which is derived from polarization hysteresis. For
the low-frequency (f,, = fi,) emissions, a large DC bias is
also applied to ensure that the ferroelectric film is strongly
poled and that domain reversal can be restrained during
the driving cycles (Fig. 1c). Conversely, to generate high-
frequency (fouc =2 f;,) ultrasound, the PMUT is driven by
large bipolar swings at levels above the coercive voltage
without any bias (or with a weak DC bias), enabling easy
domain switching (Fig. 1d). In both modes of operation,
only a single driving frequency (f;,) is needed.

This approach uses a different mechanism compared to
the conventional method of applying DC bias for

-
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frequency tuning of PMUTs. The existing method mainly
relies on utilizing the DC voltage generated prestress of
the membrane, which in turn alters the flexural rigidity of
the membrane and consequently changes the natural
frequency and mode shape of the PMUT??. In contrast,
our proposed method harnesses the unique characteristics
of ferroelectric materials and polarization switching in the
film, resulting in vibrational frequency doubling of the
membrane, which has not yet been reported.

Materials and methods
Design and fabrication of the PMUT array

The PMUT is designed as a 1-dimensional array for
acquiring B-mode ultrasound images. Utilizing multiple
elements enables 2-dimensional ultrasound imaging
without the need for mechanical scanning. As illustrated
in Fig. 2a, it consists of 16 independently drivable ele-
ments. Each element contains circular PMUT cells with a
diameter of 70 um. The pitch of the elements is 100 pum. A
cross-sectional schematic of the PMUT demonstrates its
composition. The PMUT is composed of a PMN-PZT
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piezoelectric layer. PMN-PZT is a ferroelectric material
that exhibits spontaneous polarization and can be swit-
ched by an external electric field. For the common ground
electrode necessary for the ds; operation of the PMUT, a
Lag 67S1033Mn0O3; (LSMO) layer is utilized. LSMO is a
conductive perovskite oxide, serves as a ground electrode
and aids in the growth of PMN-PZT due to its similar
crystal structure®®. To simplify the fabrication process, the
PMUT is constructed using an SOI wafer, with a silicon
device layer serving as the PMUT’s passive layer.

An overall fabrication process flow of the PMUT is
presented in Fig. 2b. The fabrication process was started
by sequentially growing three buffer layers: vyttria-
stabilized zirconia (YSZ), cerium oxide (CeO,), and
LSMO. These were grown on a 5 um-thick device layer of
silicon on an insulator (SOI) wafer using pulsed laser
deposition (PLD). This oxide heterostructure bridged
perovskite ferroelectric film and Si with structural simi-
larities (symmetry and lattice parameters), enabling the
growth of a film with high crystalline quality®***. The
laser energy density for deposition was set to 1.5]/cm?,
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SiO, (800 nm) Substrate St

Buffer layers (ys; cooz1smo0)

Silicon

(i) Starting wafer (SOI)

. @@

(iv) Handle Si DRIE

(ii) Buffer layers

& PMN-PZT growth (i) Top electrodes lift-off

(V) Bottom electrode contact

@8 PMN-PZT

@8 Ce0,/YSZ/LSMO
Ti/Au

0 Si Sio,

% Silver paste

ot

XYZ stage
Oil tank y Oscilloscope
( r\_ —4=0 O

Function == Hydophone
generator f

16chs 4.5 mm

F—— PMUT  ccccaa
RF —

g

1

1

1

1
=

DC supply
Bias-Tee

Fig. 2 1D PMN-PZT PMUT device for dual frequency generation. a Schematic of the 1-dimensional array of the PMN-PZT PMUT. b Fabrication
process of the 1-dimensional array of the PMN-PZT PMUT. ¢ Optical image of the PMN-PZT PMUT. d Cross-sectional SEM image of the PMN-PZT film
on silicon. e lllustration of the acoustic experimental set-up
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and each layer was grown to the following thicknesses at
750 °C: 50 nm (YSZ), 50 nm (CeO,), and 75 nm (LSMO).

After deposition of the buffer layers, the (001)-oriented
ferroelectric PMN-PZT film was grown by sputtering with
a 3:1 ratio of Ar and O, gases at 600 °C (Fig. 2b(ii)). On
the grown 1 um thick PMN-PZT film, which is shown in
the cross-sectional SEM image of the PMUT (Fig. 2¢), a
bilayer of Ti/Au (30 nm/200 nm) was deposited using
sputtering and then patterned via lift-off (Fig. 2b(iii)).
Subsequently, 70 um diameter circles were patterned on
the handle silicon layer of the SOI wafer using lithography
and then etched using deep-reactive ion etching to define
the PMUT membrane (Fig. 2b(iv)). Figure 2c displays an
optical top view of the 1-dimensional (1D) PMUT array
with the circular cells. The PMUT array consisted of 16
elements that could be driven individually and 8 cells
within each element that were electrically linked together,
resulting in simultaneous excitation of all cells in each
element. Finally, for electrical access to the grounded
LSMO layer, the PMN-PZT layer on the edge of the
PMUT chip was physically peeled off, and conductive
silver paste was applied (Fig. 2b(v)).

Electrical characterization of PMN-PZT film

The hysteresis (polarization vs. voltage) loops of the
(001)-oriented ferroelectric PMN-PZT thin film on
PMUT were characterized at room temperature (25 °C)
using a ferroelectric test system (Precision Premier ii,
Radiant Technologies). Here, a cyclical bipolar voltage
ranging from 2 to 80 V,, was applied to the PMN-PZT
film at 1 mHz; this was the lowest sweeping frequency in
the measurement system. The polarization properties of
the ferroelectric film depended on the sweeping fre-
quency. Therefore, to determine the DC voltage condi-
tions for polarization control, we utilized the lowest
frequency available. Each loop was obtained after five
sampling cycles to average out the noise.

Acoustic characterization of PMUT

The acoustic pressure output of the ferroelectric PMUT
was measured in a liquid environment (soybean oil) with
the following characteristics: sound speed ¢ of
1466 m-s ' at room temperature®® and mass density of
917 kg:m %", This vegetable oil has been widely used as a
coupling medium in acoustic imaging studies because it
has similar acoustic properties to human tissue and good
electrical insulation characteristics®®. In the experiments,
the PMUT was wire bonded to a ceramic pin grid array
and electrically connected to the driving system using a
customized printed circuit board. The transducer was
driven by sinusoidal pulses of up to 80 V,,, which were
generated by a function generator (33500B, Keysight) and
magnified by an RF amplifier (325LA, Electronics &
Innovation) in sequence. To investigate the effect of the
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DC bias on the output pressure of the PMUT, a bias
voltage ranging from —20 to 420V was applied using a
power supply (E36234A, Keysight) and a bias network
(5575 A Bias Tee, Picosecond). As a function of the DC
bias and the magnitude of the AC pulses, the output
pressure generated from the PMUT was measured using a
calibrated hydrophone (HGL-0200, ONDA) at a distance
of 4.5 mm from the PMUT surface, as displayed in Fig. 2e.
The one-way travel time of the ultrasound was ~3 ps. The
recorded acoustic signals were then decomposed into
their frequency components using a fast Fourier trans-
form (FFT). In the diverse driving conditions of the
results, the correlation between polarization dynamics in
the ferroelectric film and the PMUT output pressure was
thoroughly examined, and the optimal conditions for
dual-frequency ultrasound generation were derived from
the frequency response of the transmitted ultrasound.

Thermal dissipation measurement

In the high-frequency ultrasound operation mode,
overcoercive voltage driving can cause self-heating pro-
blems associated with electrical losses of the ferro-
electrics®>*°, Moreover, repetitive switching polarization
during excitation can induce dielectric losses, which are
derived from the domain wall moving™'. In turn, this loss
results in heat dissipation of the ferroelectric film that is
deposited within the transducer itself, restricting its
practical use as a biomedical imaging transducer due to
the possibility of burning the skin. Accordingly, the
thermal dissipation from the PMUT was investigated
under a range of tone-burst operating conditions. With an
established optimal condition of DC bias for high-
frequency ultrasound, the PMUT was driven by 10
cycles of a large AC swing (80 Vp,;,), which was sufficient
to fully switch the polarization orientation. The tem-
perature increases at duty cycles from 1 to 20% were
observed by capturing thermographic images of the oil-
immersed PMUT using an infrared camera (FLIR A325sc,
FLIR systems). In each case, the corresponding pulse
repetition frequency (PRF) was set to 5, 25, 50, and
100 kHz.

Ultrasound imaging with PMUT

The ultrasound imaging performance of the PMUT was
assessed in both modes of operation by obtaining B-mode
images of wire phantoms using an ultrasound research
platform (Vantage 64, Verasonics). To obtain two images,
a DC voltage of 20 V (in low frequency mode) and —2.3 V
(in high frequency mode) were applied to the PMUT, and
an AC voltage of 70 Vpp with a single cycle was applied.
Here, 5 copper wires with a diameter of 100 um were
equally spaced at 2mm and distributed at depths of
6—14 mm from the PMUT surface. In the imaging setup,
all elements in the 1-D array were used for transmission
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and reception of the ultrasound signals. The transmitted
wave steered from —20° to +20° in 31 sequential trans-
mission events by adding a gradual delay to the firing time
in each element. During the receiving events, back-
scattered ultrasound echoes from the plane wave emitted
at different steer angles were recorded, processed, and
beamformed in parallel by implementing synthetic
dynamic focus to reconstruct the image*”. This coherent
plane-wave compound (CPWC) technique provides a
higher SNR of the image compared to synthetic aperture
imaging (SAI) due to the large array gain during trans-
mission. Furthermore, CPWC provides a high frame rate
with the same quality as conventional multifocal B-mode
imaging®>**,

Results and discussion
DC bias effects on ultrasound frequency

The grown PMN-PZT film had almost symmetrical
polarization characteristics with respect to the zero vol-
tage axis. Figure 3a displays the hysteresis curve of the No.
5 element in the PMUT array. Here, the measured coer-
cive voltages where polarization reversal occurred were
—2.3 and +2.5V under negative and positive biases,
respectively. The remanent polarization was + 17 uC/cm?,
To demonstrate the dependency of the ultrasound fre-
quency on the polarization state of the ferroelectric film,
the ultrasound output signals from the PMUT were
investigated under three different bias points, which
represented the polarization of PMN-PZT. Figure 3c—e

Page 6 of 11

shows the output ultrasound signals at 20V (strongly
poled in an upward direction), 10V (weakly poled), and
—2.3V (not polarized with negative coercive bias). Under
these biases, the driving pulse was set to 5 MHz (5 cycles)
and an AC voltage magnitude of 30 V, for all output
ultrasound signals. In the strongly poled state with high
bias (Fig. 3c), the unipolar driving did not switch the
polarization direction during the excitation cycles. The
unidirectional induced piezoelectric stress resulted in
synchronized vibrational motion of the membrane and an
emitted ultrasound frequency identical to the driving
signal (5 MHz).

As the polarization was weakened by reducing the bias,
polarization reversal during the negative half-driving cycle
started to switch the direction of the piezoelectric stress
and caused the PMUT to vibrate faster. Consequently, the
accelerated vibration of the PMUT resulted in second-
harmonic ultrasound generation with a frequency that
was double the driving signal (10 MHz), as displayed in
Fig. 3d. When the bias point reached the coercive voltage
(—2.3V), the polarization was easily reversed by the
bipolar excitation, resulting in maximized harmonic
ultrasound components (Fig. 3e). This frequency shift was
also exhibited in the upward sweeping bias, with the
exception of the coercive voltage. If the ferroelectric film
was strongly poled in the downward direction with a
negative bias, the PMUT emitted a 5 MHz ultrasound
signal. As the polarization weakened due to the upward
sweeping bias, high-frequency (10 MHz) ultrasound
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became intensive and maximized at a positive coercive
voltage of 2.5V. These characteristics resulted in an
inverse butterfly shaped loop for the relationship between
the DC bias and 10 MHz ultrasound components (blue
solid line in Fig. 3b). The low-frequency ultrasound
(5 MHz) manifested in the opposite manner, showing a
butterfly shaped loop (red solid line in Fig. 3b). This was
minimized at coercive biases (—2.3 and +2.5V) and
started to increase with the high bias voltage in both
directions. In conclusion, the PMUT’s driving modes for
low- and high-frequency ultrasound could be easily
switched by tuning the DC bias. For the low-frequency
ultrasound, a high bias was needed and caused the fer-
roelectric to be strongly poled (red dashed area in Fig. 3b).
Conversely, a low bias near the coercive voltages was
necessary to obtain the high-frequency ultrasound (blue
dashed area in Fig. 3b).

AC swing for high-frequency ultrasound

In addition to coercive biasing, for high-frequency
ultrasound generation, the PMUT needs to be driven
with a large bipolar signal that can fully induce ferro-
electric domain switching®’. This concept is demon-
strated in Fig. 4, which shows the transmitted pressure
from the PMUT (Fig. 4a) and polarization hysteresis
(Fig. 4b) under varying driving voltages. During the
experiments, a range of AC voltages from 2 to 80 Vpp,
with a DC voltage of —2.3 V corresponding to the coer-
cive voltage, was applied. This simultaneous application
was essential for ensuring the proper operation of the
high-frequency mode. As presented in the gray dashed
area of Fig. 4a, the small AC swing below 6 V,, was
unable to force the PMUT to sufficiently vibrate, resulting
in the emitted pressure being too low to detect. Under low
excitations, polarization in the PMN-PZT film did not
exhibit hysteresis, resulting in no domain switching®.
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transmitted pressure rapidly increased due to significant
hysteresis, resulting in sufficient domain switching (blue
dashed area of Fig. 4a). At voltage levels above 60 V,,,, the
polarization of the PMN-PZT started to saturate, result-
ing in constant piezoelectricity®>. Under these large
swings, the PMUT exhibited a linear relationship between
the driving voltage and output pressure (red dashed area
of Fig. 4a).

Heat dissipation during the overcoercive driving mode

The aim of this study was to evaluate the self-heating
characteristics of PMN-PZT PMUT under an over-
coercive driving mode to achieve high-frequency ultra-
sound generation. The periodical domain wall motion
resulted in dielectric losses on each excitation cycle and
heat dissipation from the driven PMUT. The duty cycle,
which is an excitation parameter, was mainly investigated
to obtain the safe driving conditions to avoid self-heating
and predictable thermal injuries when used as imaging
transducers™®. In the experiments, the PMUT was driven
at a large AC voltage of 80 V,, and —2.3V coercive
biasing, which was the established condition from the
preceding experiments (Fig. 5). As demonstrated in the
thermal infrared images of an oil-immersed PMUT with
an oil height of 1 mm (captured at 120 s after firing the
PMUT), the temperature of the PMUT drastically
increased with increasing duty cycles due to insufficient
cooling time. For the 20% duty cycle (the highest value in
the experiments), the temperature increased to 49 °C and
became saturated. This temperature indicated that a duty
cycle above 20% would either restrict medical usage (due
to potential skin burns) or require safe time limits (~19's
below 35 °C)*".

The temperature increase could be alleviated by
increasing the oil (acoustic media) height. When the oil
height was increased to 7 mm, the temperature saturated
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PMN-PZT thin film with applied voltage levels of 2, 4, 6, 10, 20, 40, 60, and 80 V,,
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1 mm. This result was due to the heat dispersion of the
surrounding oil. In addition, the safe usage time was
extended to ~25 s below 35 °C. In addition, the saturated
temperatures did not exceed 35 °C in either case at duty
cycles of 1%, 5%, and 10%, indicating that it could be used
without any safety concerns. Typically, pulse-echo ima-
ging schemes prefer low-duty cycles, except for special
cases, such as fast Doppler imaging, that need to detect
high-velocity blood flows without aliasing*® because short
pulse duration and low pulse repetition frequency (PRF)
result in enhanced axial resolution and large imaging
depth®,

Ultrasound imaging

With ultrasound imaging, the penetration depth and
spatial resolution strongly depend on the ultrasound
wave’s frequency. Compared to low-frequency pulses,
high-frequency pulses yield a narrow beamwidth and a
resultant improved spatial resolution at the expense of a
shallow depth of penetration due to high attenuation®®.
Figure 6a displays a 30dB compressed grayscale

ultrasound image of the wire phantoms obtained by
5 MHz ultrasound, and Fig. 6b displays an image from a
10 MHz ultrasound signal. As demonstrated in the ima-
ges, the high frequency (10 MHz) ultrasound enhanced
lateral resolution and reduced imaging depth compared to
the image obtained using the 5MHz ultrasound. The
measured full-width half maximum on the lateral axis of
the 6 mm located wire was estimated as 155 pm in the
10 MHz ultrasound image, which was 21% smaller than
that of the 5 MHz image (196 um), as shown in Fig. 6c.
However, the wire at 14 mm depth in the 10 MHz ultra-
sound image could not be clearly observed due to the
rapidly decreasing signal-to-noise ratio of 5.1dB. The
noise floor was —53.7 dB, and the intensity reflected from
the wire was —45.8 dB. In contrast, the SNR of the 14 mm
wire in the 5MHz image was 7.9dB and remained
distinguishable.

There was no significant difference in axial resolution
(the capability of resolving two reflectors along the beam’s
path) between images. This occurred because the pulse
duration of high-frequency ultrasound generated from the
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transmit signal from the low frequency mode PMUT produced a single cycle pulse excitation. f Ultrasound transmit signal from the high frequency
mode PMUT. g 30 dB compressed B-mode image of the PDMS fingerprint phantom
(.

overcoercive mode of the PMUT was comparable to that
of low-frequency ultrasound. When the PMUT was sub-
jected to overcoercive driving, the membrane vibrated in
twice as many cycles compared to when operating in
normal driving mode for low frequencies. The axial
resolution in ultrasound imaging is determined by the
total pulse duration (psec), which is a product of the
period (nsec) and number of cycles (#). From this obser-
vation, the comparison of pulse duration between the two
modes of the PMUT further supports these findings.
Figure 6e and f depict the results of pulse width and
bandwidth for the low-frequency and high-frequency
modes, respectively. When a 5 MHz pulse with a single
cycle of 70 Vpp was applied, the low-frequency mode
exhibited a 40.8% —3dB fractional bandwidth (FBW)
centered at 5 MHz. Conversely, the high-frequency mode,
with twice the number of vibrational cycles, had a nar-
rower FBW of 19.2%.

To mitigate these technical limitations, we aimed to
leverage the PMUT for fingerprint imaging in a specific
application. In fingerprint and similar surface imaging, the
lateral resolution is often more crucial than the axial
resolution. Since there was no significant difference in
axial resolution between the images due to comparable
pulse durations, we focused on the potential to enhance
lateral resolution.

In Fig. 6g, the B-mode image fingerprint phantom is
shown. The fingerprint phantom was created using
polydimethylsiloxane (PDMS). In line with the funda-
mental principle of imaging based on the impedance
difference between ridges and valleys of a fingerprint,
we mimicked the finger valleys by using air pockets

(340 Rayls) with a significant impedance contrast to the
acoustic medium, vegetable oil (1.5 MRayls), and the
ridges were mimicked using PDMS (1.0 MRayls) with a
smaller impedance difference. The pattern width and
spacing were set to 200 um, representing the average
spacing between ridges and valleys in a human finger-
print. The acquired B-mode images clearly showed small
reflection signals from the ridges and large ultrasound
reflection signals from the valleys. The difference between
these two reflection signals was ~23.3 £ 2.6 dB, demon-
strating a distinct separation.

Conclusions

Our study presented a novel method for dual-frequency
ultrasound generation in ferroelectric PMUTs using a
single excitation frequency (5 MHz). The ferroelectric
PMUT exhibited a shift in output ultrasound frequency
under varying DC biases and resultant polarization states
of the ferroelectric film. At a high DC bias (positive or
negative polarity), the ferroelectric film was strongly
poled, and direction switching did not occur during
excitation. This resulted in the synchronization of the
output ultrasound frequency and driving signal (5 MHz).
Moreover, at 10 MHz, a second harmonic ultrasound of
the input frequency was produced by a large AC swing
(>6 Vpp) at coercive voltage biases of —2.3V (negative
polarity) or +2.5V (positive polarity), which induced the
movement of the periodical domain wall in the ferro-
electrics. Accordingly, driving mode switching by tuning
the DC bias provided the option to select the frequency
for better imaging resolution and depth, resulting in a
more comprehensive understanding of the anatomic
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structure of targets. For future biomedical imaging
applications, driving conditions that can avoid predictable
thermal injuries to the subject will be investigated. Suffi-
cient cooling time below 10% duty cycles warrants safe
usage without any self-heating problems of the transdu-
cer. Moreover, this safety could be improved by packaging
the PMUT with higher thermally conductive media, such
as polyimide and silicon rubber compounds (RTV 615
and 655); these compounds are well-established materials
for producing the acoustic lenses of imaging transducers.
This media can help to mitigate any increasing heat on
the transducer since their thermal conductivity of
0.2-0.5W/mK is higher than that of the soybean oil
(0.153 W/mK) used in this study.
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