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Abstract— In vivo 3D ultrasound imaging with 2D-array transducers is of great importance for both clinical
application and biomedical research, but it is complicated in fabrication and also very expensive in hardware
due to thousands of electronic channels. In this work, we demonstrate a new fabrication process of 7-MHz
128+128 elements row-column-array (RCA) transducer with relaxor ferroelectric PMN-0.28PT single
crystal. With piezoelectric single crystal and improved acoustic matching, the optimized performance of -6
dB bandwidth of ~82% and insertion loss of -44.6 dB is achieved. The axial and lateral imaging resolutions
at different depth of the RCA transducer are quantified by the point spread function (PSF), and the results are
respectively 0.20 mm and 0.41 mm at the depth of 7.7 mm, and 0.22 mm and 0.47 mm at the depth of 16.7
mm. The transducer was validated experimentally on a hyperechoic phantom, and 3D view and slices of B-
mode images were obtained. The experimental results indicate that our developed RCA transducer can obtain

high-quality 3D ultrasound images, demonstrating great potential on ultrafast 3D and functional imaging.

Index Terms—Biomedical imaging, Biomedical transducers, Ferroelectric devices, Ultrasonic

transducer arrays
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I. INTRODUCTION

Due to its fast acquisition, non-destructive and non-ionizing radiation characteristic as opposed to other
diagnostic modalities, ultrasound imaging is a popular diagnostic tool for clinical and veterinary medicine,
[1-6]. Recent advances show the development trend of miniature, high frequency and volumetric imaging
benefited from the rapid improvement of manufacturing technique of transducers and computing power [7-
9]. As a major innovation in ultrasound imaging technologies, 3D ultrasound imaging has several advantages
over 2D ultrasound, such as orientations and slices determination, more accurate volume measurements, and
improved detection of cystic or cancerous masses which are not available for 2D ultrasound [10]. The
traditional 3D imaging method based on fully sampled 2D arrays often requires a large number of electronic
channels which limit the aperture size and imaging resolution in application. Alternatively, row-column
addressing (RCA) matrix was originally presented in by Morton and Lockwood in 2003, which are composed
of two sets of orthogonal vertical and horizontal overlapping transducers which effectively reduces the
number of elements from N? to 2N [11,12]. Due to significant reduction of the number of electronic channels
and data storage and processing requirements, RCA arrays have been demonstrated in application for 4D
ultrafast imaging, 3D functional imaging and super-resolution imaging in recent years. Christiansen ef al.
have demonstrated the fabrication, characterization, and experimental imaging results of a row—column-
addressed capacitive micromachined ultrasonic transducer (CMUT) RCA array with 62+62 element A/2-pitch
and integrated apodization in 2015 [13]. In 2018, Engholm et al. investigated compound lenses for RCA
ultrasound transducers for increasing the field-of-view to a curvilinear volume region, while retain a flat sole
to avoid trapping air between the transducer sole and the patient, which would otherwise lead to unwanted
reflections [14]. Sauvage et al. developed the orthogonal plane wave (OPW) compounding strategy for 4D
ultrafast imaging using RCA array in 2018 [15], and in 2020, a 4D vascular brain image at high volume rate
using 15 MHz RCA probe of 128+128 channels was achieved [16]. In 2020, Jensen et al. presented a 3D
super-resolution pipeline using a 3 MHz RCA array [17], and then realized the tensor velocity imaging using
the transverse oscillation cross-correlation estimator based on a 128+128 RCA probe in 2023[18]. Xu et al
have investigated the multi-angle OPW method for 3D blood flow imaging using an RCA matrix with
128+128 RCA array, centered at 6 MHz [19], and then proposed a novel beamforming method to improve
the resolution of RCAs [20]; Jergensen et al. have proposed a fast beamforming method for 3D volume
imaging of RCA arrays, with a negligible difference in image quality compared to conventional beamforming

approach, which demonstrated that RCA arrays have great potential on 3D real time imaging [21].

It is well-known that the ultrasound imaging quality depends on the performance of transducer, and the

approaches to improve the performance include the improved piezoelectric properties of the active layer and



acoustic matching in an ultrasound transducer. In this work we adopt single crystal relaxor ferroelectric
material Pb(Mgi1/3Nb2/3)03-0.28PbTiO3 (PMN-0.28PT) as the piezoelectric material which is an excellent
candidate for the active layer due to the presence of polar nanoregions (PNRs) [22-26]. The relaxor
ferroelectric single crystal at a morphotropic phase boundary (MPB) possesses much higher ferroelectricity,
piezoelectric constant (d33>2000 pC/N), dielectric constant and electromechanical coupling factor (k33~0.92)
compared to non-relaxor based materials such as PZT [27-32]. However, the relaxor PMN-0.28PT single
crystal has disadvantages such as low ferroelectric phase transition temperature (Tm) and low coercive field
(Ec), leading to the low stability of polarization. Consequently, a PMN-0.28PT-based transducer requires a
more stringent temperature control and an additional pre-driving DC voltage to retain its polarization and
device performance [33,34]. Moreover, the single crystal has a brittle nature that increases the difficulty of
developing 2D array transducers and reduces the uniformity and yield rate of final product. In this work,
beyond adopting PMN-0.28PT single crystal, we also develop a new electrode connection process enabling
excellent acoustic matching, and therefore, demonstrate successful fabrication of a 7-MHz 128+128 elements
RCA transducer with very good performance. The resolutions of the developed transducer and the
demonstration of in vitro phantoms imaging are presented. The results show a feasible way of manufacturing

single crystal-based RCA transducers for ultrafast 3D imaging.

II. TRANSDUCERS FABRICATION

As shown in Fig. 1 (a), the structure of our transducer has three layers, i.e. a double matching layer with
the thickness of a quarter wavelength each, a piezoelectric layer, and a backing layer. The outlook of our
fabricated RCA transducer is shown in Fig. 1(b). In our transducer, PMN-0.28PT plate (Shanghai Institute of
Ceramics, The Chinese Academy of Sciences, Shanghai, China) was selected as the piezoelectric layer owing
to its excellent piezoelectric properties [35] listed in Table 1. According to Gregg et al. at 1969 [36], the
acoustic impedance of PMN-0.28PT is Z, = 32 MRayl and that of human organs is Z; = 1.65 MRayl, The
value of single matching can be easily achieved, however, the single matching layer has a slightly lower
sensitivity and bandwidth comparing with double and triple matching schemes. Even the double and triple
matching schemes are much better than single layer matching for transducer’s performance, they are more
difficult to be optimized since the first layer of them needs high acoustic impedance, especially for the triple
matching scheme [35]. Therefore, double matching scheme was chose in this product, where the required

acoustic impedances of the first (Z;) and second (Z2) matching layers are calculated by equations (1) and (2):

z,=2327 ()



In these equations, Z, and Z; are the impedances of piezoelectric layer and loading medium, respectively.
The calculated acoustic impedances of the first and second matching layers are 8.98 and 2.52 MRayl,

respectively.

Table 1 Properties of PMN-28%PT single crystal.

Longitude velocity 4038 m/s
Density 7920 kg/m?
Acoustic impedance 32 MRayl
Piezoelectric constant (ds3) 1400 pC/N
Clamped dielectric constant (£35) 1200
Electromechanical coupling coefficient (k) 0.85

Loss tangent 0.005

In our transducer, the first matching layer is a mixture of alumina power (Buehler Inc., Illinois, U.S.A.)
and epoxy (Insulcast 502, ITW Insulcast, U.S.A) with the acoustic impedance of 8.5 MRayl using the high
compression fabrication method presented by our group earlier [37].The very high acoustic impedance value
and very low attenuation make this matching material superior, and therefore, can enhance the performance
of the ultrasound transducers, especially for medical imaging applications. The second matching layer is
Epoxy 301 with an acoustic impedance of 3.0 MRayl. A mixture of Al2O3 powder Epoxy 301 was utilized as
the backing layer due to its acoustic attenuation over a wide frequency range. The acoustic impedance of
mixture 1-2 um Al2O3 powder + Epoxy 301 is 6.7 MRayl. The properties of matching and backing layers are

summarized in Table 2.

Table 2 Properties of matching and backing layers.

Matching layer number 1 2 Backing layer

1-2 um AL203 powder 1-2 um ALO3

Material + Epoxy 502 Compressed Epoxy 301-1 Eo};x};ci)e;ry o1t
Weight ratio 2:1 N/A 2:1

Acoustic impedance (MRayl) 8.3 3.0 6.7

Velocity (ms™) 3395 2650 3302

Density (kgm™) 2449 1132 2030




Fig. 1(a) Schematic diagram of the designed RCA transducer, and (b) outlook of the transducer probe.

To optimize transducer performance, the parameters of different layers were used to simulate the two-
way acoustic pulse echo response in time and frequency domains with PiezoCAD (Sonic Concepts,
Woodinville, WA) based on the Krimholtz, Leedom and Matthaef (KLM) model [38,39]. The properties of
the layers in simulation model are set as Table 1. The acoustic loads, matching layers, piezoelectric layer and
backing layer were modeled successively, and the free boundary conditions were used in the model. By
optimizing the pulse amplitude and bandwidth, the thickness of each layer was determined, and the optimized
specifications of the transducer are listed in Table 3. Those dimensions were used to fabricate the RCA in
this study. The center frequency of the transducer was designed as 7.3 MHz and the pitch of array was set as
120 pm which is 0.58 A of the center frequency. The electrical input impedance and pulse-echo impulse
response of simulation is shown in Figs. 2 (a) and (b), respectively. In Fig. 2 (a), the electrical input impedance
vs frequency curve presents two resonances with minimum impedance at 4.6 MHz and 9.0 MHz, which
contribute to two peaks of the pulse-echo impulse at 5.1 MHz and 9.0 MHz shown in Fig. 2(b), respectively.
Pulse-echo impulse response achieves the -6 dB bandwidth 89% at the center frequency 7.3 MHz.
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Fig. 2 PIEzoCAD simulation of a single element: (a) electrical impulse impedance and phase, and (b) pulse-

echo impulse response.



Table 3 Specifications of the designed RCA transducer

Designed center frequency 7.3 MHz
Number of elements 128x128

Pitch 120 pm (0.58 1)
Elements width 90 um
Row/column length 15.36 mm

Kerf width 30 um
PMN-PT thickness 190 pm

First matching layer thickness 88 um

Second matching layer thickness 48 um

Backing layer thickness 5 mm

The PMN-0.28PT single crystal plate with the dimensions of 20x20x0.5 mm® was waxed on a glass
plate and polished by 4000 grit alumina polishing powder. The specimen was then diced into 128 elements
along row direction using a 0.025 mm-width hub blade (ZHZZ series, DISCO Co. Ltd., Omori-Kita, Japan)
with the spindle rotation speed of 20000 rpm and the feeding speed of 0.4 mms™'. The kerfs were then filled
by epoxy EPO-TEK 301-1, and after curing at room temperature for 24 hours, the crystal was diced along
column direction and filled with epoxy again. Subsequently, the surface of the array was grinded to remove
the excess epoxy and polished with 4000 grit alumina powder. Then, a Cr/Cu/Au tri-layered electrode with
thicknesses of 25, 1000 and 50 nm, respectively, was sputter deposited on the surface of polished PMN-PT
single crystal. This layer of electrode is critical for the success of the transducer fabrication since the
connection across elements through epoxy filled kerfs are easily broken. So, the flatness of elements with
epoxy kerfs and the adhesion of the electrode on the elements should be strictly controlled.

After second dicing on the surface of the epoxy-filled kerfs to separate two rows, two opposite direction
PCB were adhered alternately to the two ends of separated electrodes, finishing the connection from the active
elements to metal contact leads. Two custom-designed flexible circuits (FPCs, Shenzhen HongRuiKang
electronics co. Itd., Shenzhen, China) with 64-electrode-traces were adhered to the front surface of array on
both sides by injecting an epoxy between the FPC and edge of the active elements with separated electrodes.
The electrode pads of the FPCs were aligned and mounted to the array under an optical microscope, where a
fixture was used to compress the pads to enhance the adhesion and minimize the contact resistance.
Connecting the FPC on both sides instead of one side not only minimizes the manufacturing difficulty

(electrode trace separation can be doubled), but also reduces the electrical cross-talk between adjacent
6



elements [40]. The array with two PCBs was casted with the mixture of 1-2 pum Al2O3 powder and Epoxy
301-1 as backing layer, and then the array with backing layer was turned over and adhered to the glass plate
and then lapped down to 200 um followed by polishing and coating of the same electrode layer. After
repeating the polishing and dicing process, two opposite directions of PCB were adhered alternately to the
two ends of separated electrodes, finishing the connection of column active elements to the metal contact
leads.

The double matching layers were then adhered to the surface of the array to finish the whole transducer
fabrication process. The first matching layer was prepared using our invented method, i.e. a process analogous
to making a ceramic plate of a mixture of fine alumina powder and epoxy 502 with extremely high content
of alumina (higher than 66 wt%) by adding a hydraulic pressure of 62.4 MPa. The high-pressure compression
results in a significant increase of acoustic impedance of 8.54 MRayl [41,42], which is comparable to the
heavy metal constituted matching but with much lower attenuation. Most importantly, the enhancement is
mainly contributed by the acoustic velocity instead of the density, which allows the broader tolerance of
thickness especially in high frequencies. In addition, the 1-2 pm alumina powder is much smaller than the
acoustic wavelength such that the scattering effect can be minimized to reduce the attenuation at the designed
center frequency [40,43]. The first matching layer of ~106 um thick (according to the simulation results in
Table 2) was adhered on the front surface of the array using M-bond 610. A 66 pm-thick vacuum degassed
Epoxy 301-1 was coated on the first matching layer. Finally, the transducer was installed into the housing
with cables connected. The PMN-PT-based RCA transducer prototype is shown in Fig. 3(a), and detailed
layers thicknesses and dimensions are shown in Fig. 3(b). The thicknesses of PMN-PT, first matching layer
and second matching layer are 190, 88 and 48 um, respectively. The thickness of backing layer depends on

the attenuation at the corresponding center frequency.

(a) (b) QR lm‘u

Fig. 3 (a) Top view of the fabricated RCA transducer, (b) cross-sectional view of the RCA elements showing

two-layer matching, and (c) top view of the RCA elements without matching layer.



III. TRANSDUCER PERFORMANCE

A. Electrical and acoustic characteristics

First, the basic performance of the transducer was characterized by a 4294A precision impedance
analyzer (Agilent Technologies Inc. Philadelphia, PA). As single element representative results shown in Fig.
4, the impedance and phase diagrams of the nine single elements of the transducer have a clean thickness
resonance of around 7.1 MHz and electrical impedance of around 150 Q at the resonance frequency. Based
on Eq. (3), effective electromechanical coupling coefficient ke can be calculated to be 0.60 according to the
IEEE standard [44], where f- is the resonance frequency at which the impedance reaches the minimum and f,
is the anti-resonance frequency at which the impedance reaches the maximum. Impedance and phase
diagrams of all rows and columns are shown in Fig. 5, where most of the rows and columns have a resonance
of around 7.5 MHz and anti-resonance of around 10 MHz from which the effective electromechanical
coupling coefficient ke can be calculated to be 0.66. It’s worth noting that the RCA impedances were
measured by connecting 0.5 m long flexible PCB, so in our PiezoCAD simulation, 0.85 of ke which is more
close to k33 (our element dimension has aspect ratio of 2.1 ) of PMN-PT single crystal was used and the

calculated bandwidth is 89%.
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Fig. 5 Electrical impedance (a) and phase angle (b) versus frequency for all rows and columns

In the two-way pulse-echo measurement, the transducer elements immersed in water were individually
excited by a Panametrics 5900PR pulser/receiver of 4 uJ energy at the repetition frequency of 200 Hz. A
thick stainless-steel block was used as reflector in water. The electrical coupling, gain and attenuators of the
equipment were set as 50 Q, 26 dB, and 15 dB, respectively. A fast Fourier transform (FFT) in the
mathematical function of the oscilloscope was operated to transform the time domain signals into frequency
domain spectra. It’s worth noting that the RCA pulse-echoes were measured by connecting 1.5 m long coaxial
cable. Fig. 6 shows the pulse-echo responses of the nine single elements of the transducer, where one can see
that the pulse-echo responses present an averaged peak-to-peak amplitude of 254 mV with pulse echo time
21us and a center frequency of 6.4 MHz. There are three main factors contributing to the differences to the
simulated center frequency. Firstly, in the single element of RCA fabrication, the matching layers are not
divided into separate elements, so the piezoelectric elements are surrounded by epoxy. Secondly, the
dimensional control of thickness direction in the RCA fabrication process is not precise, so the thickness of

the bonding layer cannot be ignored.
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Fig. 6 Pulse-echo signal and frequency spectrum of nine representative single elements



Fig. 7 (a) shows the pulse-echo responses of a representative row or column of the transducer. The pulse-
echo response presents an representative peak-to-peak voltage amplitude of 1.12 V and a -6 dB bandwidth of
~82% from 5.1 to 12.2 MHz at a center frequency of 8.7 MHz. Fig. 7(b) shows the peak-to-peak voltage
amplitude from pulse-echo responses of all rows and columns, and we can see that almost all peak-to-peak

voltage amplitudes range from 0.6 to 0.8 V.
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Fig. 7 (a) A representative row or column pulse-echo signal and frequency spectrum, and (b) pulse-echo

peak-to-peak voltage amplitudes of 128 rows and 128 columns.

Finally, insertion loss (IL) of the transducer was measured to evaluate its sensitivity. During the
measurement, the front side of transducer was immersed in water and excited by a waveform in a tone burst
mode with a signal generator (AFG3251, Tektronix, Beaverton, U.S.A) with ten cycles at the center frequency
of transducer. The pulse ultrasound wave was reflected by a 40 mm-thick stainless-steel block in water at a
distance of 15 mm away from the transducer, and the pulse echo signal V', was displayed on the oscilloscope
(HP Infinium DSO-S 204A, Keysight Technologies Inc., Santa Rosa, CA) together with exciting burst
amplitude Vi. The representative ten rows or columns and three single elements were measured. Based on
Eq. (4), the calculated average insertion losses of rows/columns and single element are ~44.6 dB and ~48.1,

respectively.
Vo
IL = —20log (;* “4)
B. Imaging performance

The imaging performance was evaluated through the copper wires of 0.01 mm diameter as scattering
target for PSF study and the multi-purpose multi-tissue ultrasound phantom (CIRS, Model 040GSE). The 6

copper wires were fixed at different depth in a box filled with water. The box sides were covered with
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acoustical absorbing material to reduce the boundary reflection. The hyperechoic lesions were all of a 8 mm
diameter. The measurements were performed with our RCA probe connected to a Verasonics Vantage 256
research scanner. During imaging, the steering angles were set as 15 angles with a span of 30°, corresponding
to a pulse reception frequency (PRF) of 4.5 KHz.

The orthogonal plane wave (OPW) compounding beamforming method [45] was implemented. More
specifically, the transmit and receive travel time was calculated with respect to the closest distance between
the sampling pixel in 3D space and the elements; this method has been proved by Field I simulation in [19].
A Hann apodization was used for the receiving arrays to reduce the edge effects and further improve the
contrast. Before the beamforming process, the IQ decomposition was implemented on the RF data. The space
of reconstruction volume along the x-, y- and z-directions were all A/2. The beamforming was performed on
graphical processing units and were coded using CUDA C language within a Matlab (2021a, The MathWorks
Inc., Natick, MA, USA) interface. The complete image acquisition including beamforming and 3D
reconstruction requires a total time shorter than 15s. The 3D reconstruction results and slices along the x-
and y-directions of PSF are shown in Fig. 8 (a). We quantified the intensity distribution along the depth and
transverse direction of three chosen scattering targets in Fig. 8 (a), and then the axial and lateral -6 dB
resolution were determined to be 0.20 mm and 0.41 mm at depth of 7.7 mm, 0.22 mm and 0.47 mm at depth
of 16.7 mm, and 0.28 mm and 0.62 mm at depth of 26.5 mm, respectively. Fig. 8(b) shows the B-mode images

of hyperechoic phantom with a clear edge, showing great performance on the image contrast and resolution.
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-50

Fig. 8. 3D imaging results of copper wires (a), and cyst phantom (b).
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IV. CONCLUSION

In this work, we have demonstrated the feasibility of our RCA transducer fabrication process with
relaxor ferroelectric PMN-0.28PT single crystal. Our developed 128+128 elements 7-MHz RCA transducer
has wide -6 dB bandwidth of ~82%, benefited from excellent acoustic matching with ultrathin electrode layers.
In vitro experiment, the axial and lateral imaging resolutions of the transducer are determined to be 0.20 mm
and 0.41 mm, respectively, and 3D images of hyperechoic cyst are obtained, demonstrating the potential
application of our developed single crystal array transducer for biomedical and future clinical research, such

as 3D ultrasound imaging.
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