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Abstract

This paper reports the design, fabrication, and characterization of a miniature high-frequency
kerfless phased array prepared from a PMN-PT single crystal for forward-looking intravascular or
endoscopic imaging applications. After lapping down to around 40 pm, the PMN-PT material was
utilized to fabricate 32-element kerfless phased arrays using micromachining techniques. The
aperture size of the active area was only 1.0 x 1.0 mm. The measured results showed that the array
had a center frequency of 40 MHz, a bandwidth of 34% at —6 dB with a polymer matching layer,
and an insertion loss of 20 dB at the center frequency. Phantom images were acquired and
compared with simulated images. The results suggest that the feasibility of developing a phased
array mounted at the tip of a forward-looking intravascular catheter or endoscope. The fabricated
array exhibits much higher sensitivity than PZT ceramic-based arrays and demonstrates that PMN-
PT is well suited for this application.

[. Introduction

Intravascular ultrasound (IVUS), using a specially designed catheter with a miniaturized
ultrasonic transducer attached to the distal end of the catheter, has found many clinical
applications, including diagnosing arterial diseases, guiding intervention such as stent
deployment, and monitoring ablation procedures. Similarly, endoscopic ultrasound (EUS) is
a medical procedure that uses an endoscope with an ultrasound probe attached to create
detailed pictures of the digestive tract as well as surrounding tissues and organs. Currently,
high-frequency (>10 MHz) ultrasound has extensively been used in EUS and IVUS imaging
applications [1]-[5]. At present, single-element-transducer-based side-looking (SL) IVUS
catheters are commercially available for use in the 20-MHz to 40-MHz frequency range.
These probes provide high-resolution cross-sectional images of the vessel. However,
because mechanical scanning is required for the single-element transducers, motion-induced
artifacts may affect image quality and the image quality is best only at the transducer focus.
SL probes may also use circular arrays mounted along the circumference of the catheter to
enable electronic scanning of the cross-sectional area without mechanical artifacts caused by
rotating transducers [6]. A major disadvantage of these SL probes is the lack of forward-

© 2014 IEEE

(gifazhou@usc.edu)..
K. H. Lam is also with the Department of Electrical Engineering, The Hong Kong Polytechnic University, Hunghom, Hong Kong.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chen et al. Page 2

looking (FL) capability to provide a view of the path or structures in front of the catheter,
which is helpful in guiding interventions, especially in the case of chronic total occlusions
[7]. Although single-element-transducer-based systems in which the transducer is mounted
on a rotating cam assembly have been realized for FL-IVUS, these systems require a
complex mechanism with complicated beam alignment and calibration protocols [8]-[10].
On the other hand, commercial endoscopic ultrasound transducers are available in various
diameters (2.0 to 2.9 mm) and frequencies (12 to 30 MHz). However, they are also
incapable of FL. Therefore, the development of a miniature high-frequency array transducer
may be beneficial in FL-EUS and FLIVUS imaging systems for providing more diagnostic
capabilities and device maneuvering. Further, phased arrays are more suitable than linear
arrays for FL-EUS and FLIVUS applications because they are capable of providing a wider
field of view in the far field.

Although in recent years there has been intensive development in high-frequency linear
arrays, the physical limitation in fabrication technology restricts the development of high-
frequency arrays, especially for intravascular imaging applications. In conventional
piezoelectric transducer technology, the arrays are prepared from mechanical dicing or laser-
dicing of a plate of transducer material so that the elements are separated physically (kerfed
arrays). Previously, mechanically diced linear arrays with center frequencies up to 30 MHz
have been reported [11], [12]. However, the pitch of these arrays was greater than 1/24,
which was too large to satisfy the criteria of phased-array design. By adopting a laser-dicing
technique, the kerf can be minimized, and PZT arrays with center frequencies up to 50 MHz
have been developed successfully by Foster's group for small animal imaging [3], [13], [14].
However, the pitch is still too large and the entire array size is too big for intravascular
imaging applications. More recently, Cannata et al. developed a 64-element 35-MHz
composite ultrasonic array using a mechanical dice-and-fill method [15]. The pitch of the
array was successfully pushed to almost 1/2 A or 25 pm using the double-index dicing
technique. To construct miniature high-frequency array transducers, capacitive
micromachined ultrasonic transducers (CMUTS) were also studied extensively. Because the
array size can be minimized easily with IC technology with CMUTS, researchers have put
forth great effort in developing forward-looking circular arrays for intravascular imaging
[7], [16]-[18]. These devices have very complex configurations that utilize a sparse array
approach. Thus far, the highest frequency reported is only 20 MHz.

As an alternative to mechanical separation of transducer elements physically, ultrasonic
arrays can also be constructed in separating the elements electronically, which are so-called
kerfless arrays [19]-[22]. The electrodes of the array elements are simply patterned onto the
transducer surface. Initially, kerfless arrays were developed for annular arrays because the
circular pattern cannot be made with a dicing saw [23]. Compared with the kerfed arrays, the
fabrication method of the kerfless arrays is simple and reliable but the drawbacks are
relatively high crosstalk and large active area. Because the signal coupled between adjacent
elements would increase both the ring-down time and effective element width [24], lack of
isolation between elements in kerfless array structure should exhibit relatively high
crosstalk. Nevertheless, the kerfless arrays have been shown to exhibit comparable
performance to the kerfed arrays if the undesired factors are considered in the system design
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[25]. Recently, Bezanson et al. developed a 40-MHz phased array using a FL kerfless design
[26]. Although the transducer performance has been improved significantly compared with
the previous reports, the pitch is larger than 1/2 A and the array size is large.

Besides the fabrication technology, materials also play an important role on the array
transducer performance. Previously, piezoelectric lead zirconate titanate (PZT) ceramics and
films were used for developing high-frequency kerfless linear arrays [27]. Although the
array frequency can be increased easily using the thick film as the transducer element, the
insertion loss is generally higher because of the poor material quality of the film. Bulk
ceramics are much denser than films, and so exhibit much better performance.
Consequently, the transducer performance could be enhanced when bulk ceramic is used as
the active element [15], [22]. Besides piezoelectric ceramics, lead magnesium niobate-lead
titanate (PMN-PT) single crystals near the morphotropic phase boundary (MPB)
composition have also been used for a wide range of applications [28]-[32]. The features of
high piezoelectric capability, high dielectric constant, and low dielectric loss make PMN-PT
single crystals ideal for high-sensitivity and small-aperture transducer designs [33]-[36].
However, PMN-PT single crystals are more brittle in nature and prone to fracture than PZT
ceramics. This may cause excessive cracking during a mechanical dicing process for kerfed
arrays, especially with a small pitch.

The objective of this work is to study the development of a high-frequency phased array
fabricated from miniature active 32-element 40-MHz PMN-PT single-crystal array
elements. Individual array elements were spaced at a 33-um pitch (0.9 A in water). The
design, fabrication, and characterization of the kerfless array are presented in this paper. The
axial and lateral resolutions of the array were evaluated by ultrasound (US) imaging of a
wire phantom. Its photoacoustic (PA) imaging capability has been demonstrated by imaging
a graphite rod target.

[l. Materials and Methods

A. Array Design

To achieve adequate signal sensitivity with the restricted element size, a highly sensitive
PMN-PT single crystal was selected as piezoelectric material, which has high dielectric
constant (3, /o) and high electromechanical coupling factor (k;). Table I lists the major
properties of the PMN-PT single crystal used in this study. The array transducer was
targeted at a center frequency of around 40 MHz for high-resolution capability. The design
parameters of the kerfless array are shown in Table I1.

B. Fabrication Process

The high-frequency kerfless phased-array transducer was fabricated using a micromachining
technique. Specifically, a (001)-oriented bulk PMN-33%PT single crystal (H. C. Materials
Corp., Bolingbrook, IL) was polished from one side. A thin layer of Cr/Au (500 A/1000 A)
film was sputtered on the polished side as top electrodes. Here, a photo-mask was designed
for patterning the 32-element phased arrays. Fig. 1(a) shows the layout of the mask, where
the phased array had an electrode kerf of 8 um, an element width of 25 um, and an elevation
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length of 1 mm. The design patterns were then patterned onto the surface using a
combination of photolithography and Cr/Au etching. Fig. 1(c) shows the patterned top
electrodes of the array. After patterning top electrodes, the sample was flipped over to the
other side and lapped down to the designed thickness of 40 um. A 2-mm-thick conductive
backing material, E-solder 3022 (VonRoll Isola, New Haven, CT), was cured on the PMN-
PT single crystal. These processing procedures are illustrated in Fig. 2. Each array element
was then individually connected to a thin wire by a small amount of E-Solder. The arrays
were housed in an aluminum tube and sealed with insulated epoxy (EPOTEK 301, Epoxy
Technology Inc., Billerica, MA). Finally, vapor-deposited Parylene (Specialty Coating
Systems, Indianapolis, IN) with a thickness of 12 um was used to coat the aperture and the
housing. Fig. 1(b) shows a photo of the kerfless phased-array transducer prototype. The
active area of the array is 1.0 x 1.0 mm. After fabrication, every array element was poled in
air at room temperature under an electric field of 20 kV/cm for 10 min.

C. Transducer Characterizations

To validate the array design, a 2-D finite element model (PZFlex, Weidlinger Associates
Inc., Mountain View, CA) was used to predict the array performance. The finite element
modeling is capable to provide an accurate prediction of high-frequency array performance
as well as reduce the number of time-consuming prototype fabrication runs.

Several standard non-imaging transducer tests were first performed on the array to
characterize its performance including electrical impedance, pulse—echo response, insertion
loss, combined electrical and mechanical crosstalk, and single-element azimuthal one-way
angular response, or directivity [15]. Measured results were compared with simulation.

D. Phantom Imaging Evaluations

The ultimate performance indication of a transducer was determined by its imaging
capability. In the imaging evaluation, the kerfless phased array was paired with a 32-channel
high-frequency ultrasound imaging system to image a fine-wire phantom. This approach
was used to determine the array's spatial resolution.

The customized digital imaging system sampled the echo signals at 140 megasamples per
second (MSPS). In total, 128 scanning beams were focused and steered within £30°. No
apodization or thresholding was implemented during imaging reconstruction. Some
specifications of the imaging system are given in Table I1I.

The imaging target was five 20-um-diameter tungsten wires (California Fine Wire
Company, Grover Beach, CA) which were arranged diagonally with equal distance in the
axial (1.5 mm) and lateral (0.65 mm) directions, respectively (Fig. 3). In the experiment, the
wire phantom target was immersed in degassed water.

In the present work, the kerfless phased array was also evaluated for PA imaging; because
PA signals are subject to only one-way, the impact to the imaging quality caused by
crosstalk is expected to be less than round-trip. A graphite rod with 0.5 mm diameter was
used as a PA imaging target that has strong light absorption characteristics [37]. In our PA
imaging system, a pulsed Q-switched Nd:YAG laser (Spectra-Physics Explorer 532-2Y,
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Newport Corp., Santa Clara, CA) was used as a PA excitation source. The free-space laser
output was coupled by a 4x objective lens into an optical fiber and then delivered to the lead
strip surface. The array was placed in front of the graphite rod and connected to the high-
frequency ultrasonic phased array system. The high-frequency ultrasonic phased array
system was used to generate US pulses and receive both US and PA signals. Received
signals are digitized and processed in the computer.

[1l. Results

A. Performance Evaluation

The simulated and measured frequency dependence of the electrical impedance and phase of
a representative array element are displayed in Figs. 4(a) and 4(b), respectively. The
simulated and measured results are compared in Table IV. It is shown that the measured
results are in good agreement with the simulated ones. The measured results showed that the
electrical impedance at a phase peak was 69.9 + 2.9 ) at 40 MHz. The series (f,) and parallel
(fp) resonant frequencies were 39.4 + 1.0 MHz and 46.1 + 1.1 MHz, respectively. The
electromechanical coupling coefficient (k) of the array elements was found to be 0.56 £
0.02, which was comparable to that of the bulk PMN-PT single crystal (0.58, HC materials,
Bolingbrook, IL).

The simulated and measured pulse—echo responses and their corresponding FFT spectra of a
representative array element are shown in Figs. 5(a) and 5(b), respectively. The center
frequency (f.) and —6-dB bandwidth (BW) of the 32 array elements were measured at 42.6 +
0.4 MHz and 34.1 + 2.2%, respectively. The measured insertion loss (IL) for all array
elements was 20.0 + 1.3 dB. Comparison of simulated and measured results is shown in
Table V. The measured results were found to be comparable to the simulation.

The simulated and measured crosstalks for the array are shown in Figs. 6(a) and 6(b),
respectively. The measured crosstalk near the center frequency of the array was <-10 dB,
which was higher than that of the conventional kerfed arrays, as expected [22]. Although the
maximum crosstalk value was found to be identical in both measured and simulated results,
the crosstalk between the element and 2-elements away was found to be higher than that
between the element and the adjacent elements in the measurement. This phenomenon may
be a result of the electrical design in the present work. Because the major source of crosstalk
in the array is electrical in nature, the variations of crosstalk magnitude and frequency could
be affected significantly by adopting different electrical connection designs. In the present
work, the array is kerfless with interdigitated electrode (IDE) as an electrode pattern.
Because the electrical traces of the element and that of the element which is 2 elements
away are connected to the same side of the electrode in the IDE structure, their crosstalk
should be higher than that between the element and its adjacent one.

Compared with the conventional kerfed arrays, the crosstalk of the kerfless array is high,
resulting in a reduction of the element acceptance angle. The measured oneway directivity
pattern for a representative array element is shown in Fig. 7. The —6-dB acceptance angle
was 10° for the kerfless array element. As expected, the kerfless array directivity suffered
from increased crosstalk between elements.
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The measured results of the kerfless array are summarized and compared with PZFlex
modeling results in Table V1. It is obvious that the measured results are in good accordance
to the measured results.

Table V11 shows performance comparison between a 35-MHz PZT ceramic 2—-2 composite
array [15], a 32-MHz PZT ceramic Kkerfless array [22], and the PMN-PT single-crystal
kerfless array. The insertion loss of kerfless array was 2.8 dB higher than composite array
and comparable to the ceramic kerfless array. The bandwidth of the kerfless array was about
20% to 30% lower than the composite array and the ceramic kerfless array. However, given
the simplicity of the kerfless array design with only one matching layer, lower bandwidth
can be improved in more comprehensive design in the future.

B. Imaging Evaluation

A B-mode image of the five-wire phantom is shown in Fig. 8, which is in a linear gray scale
and 50 dB dynamic range. Plots of the axial and lateral line spread functions for the second
wire are shown in Fig. 9. The measured full-width at half-maximum (FWHM) spatial
resolutions were 467 um and 118 um in lateral and axial directions, respectively. For
comparison, Field 11 [38], [39] simulation is shown in Fig. 10. The lateral and axial profiles
of the second wire are shown in Fig. 11. The theoretical lateral and axial resolution are 229
um and 90 um, respectively. Large discrepancies between theoretical (Field I1) and
measured resolutions are attributed to the basis of the Field Il program. In the simulation,
wires were considered as perfect point sources that should not be the case in reality. Also,
because Field Il is simulated based on the transducer geometry, it cannot differentiate the
kerfless structure for simulation.

A co-registered US and PA image of the graphite rod is shown in Fig. 12 using a linear gray
scale and 50 dB dynamic range. The scan angle is also set at + 30°. No apodization or
thresholding was implemented during reconstruction.

V. Summary

A 40-MHz 32-element kerfless phased array using PMN-PT single crystal was modeled,
fabricated, and tested. The aperture size of active area was only 1.0 x 1.0 mm. The measured
results showed that the array exhibited a center frequency of 40 MHz, a bandwidth of 34%
at —6 dB, and an insertion loss of 20 dB at the center frequency. Its imaging capability has
been demonstrated by US wire phantom imaging and PA graphite rod imaging. The FWHM
spatial lateral and axial resolutions were measured to be 467 pm and 118 pm, respectively.
By using PMN-PT single crystal as the transducer element, this array has higher frequency
and is more sensitive than the previously built composite and kerfless arrays [15], [22]. As
expected, the kerfless array directivity suffered from high crosstalk between elements. Based
upon the results presented, the kerfless array technology appears to be a viable alternative
for forward-looking 1VUS and EUS applications.
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(b) (0

Fig. 1.
(a) PMN-PT kerfless phased array pattern with 32-element, (b) photo of PMN-PT kerfless

phased array prototype, and (c) photo of top electrodes of the array.
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Lapping double side bulk PMN-PT and polishing one surface

Sputtering Cr/Au as top electrode

Patterning top electrodes using photolithography method

Lapping back side PMN-PT down to final thickness

Depositing Cr/Au as back side electrode

Adding E-solder as backing material

Fig. 2.
Fabrication flow of PMN-PT kerfless phased array.
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Fig. 3.
The arrangement of imaging target with five tungsten wires.
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(a) Simulated and (b) measured electrical impedance and phase of a representative array

element.
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Fig. 5.
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(a) Simulated and (b) measured pulse—echo response and the FFT spectrum of a
representative array element.
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(a) Simulated and (b) measured crosstalk of the array by PZFlex.
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Fig. 7.
Measured one-way directivity for a single array element.
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Fig. 8.
Wire phantom image with the 40 MHz PMN-PT Kerfless phased array.

|EEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2015 June 23.

7 50

145

1 40

Page 20



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Chen et al.

.
d
o
n
<

Amplitude (dB)
8
-
Amplitude (dB)

8

&

-ﬂETS 05 025 0 025 05 075 =

Lateral distance (mm)

Fig. 9.

- S
1
-
o

8

8

i
435 44 445 45 455 48

Axial distance (mm)

Page 21

Lateral (left) and axial (right) line spread functions for the second wire of the wire phantom.
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Fig. 10.
Field Il simulation wire phantom image of 40-MHz phased array.
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Field 1l simulation lateral (left) and axial (right) line spread functions for the second wire of

the wire phantom.
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Fig. 12.
Co-registered US and PA image of a graphite rod using the 40-MHz PMN-PT single-crystal

kerfless phased array.
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TABLE |

Properties of PMN-PT Single Crystal.

Material PMN-30%PT single crystal

Vendor H. C. Materials Corp.

Density 7.8 g/em3

Acoustic impedance 37 MRayl

Piezoelectric da; coefficient 1500 pC/N

Dielectric constant (free) ~5000

Dielectric constant (clamped) 800

Loss tangent 0.005

Electromechanical coupling coefficient k;  0.58

Acoustic velocity 4600 m/s
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TABLE Il

Design Parameters of the Phased-Array Transducer.

Specification Value
Design frequency 40 MHz
Element width 25 um
Electrode kerf 8 um
Pitch 33 um
Elevation dimension 1mm
Azimuthal dimension 1.048 mm
Number of elements 32

Piezoelectric material (PM)

Thickness of PM
Matching layer (ML)
Thickness of ML
Backing

Thickness of backing

PMN-PT single crystal
40 pm

Parylene

12 um

E-solder 3022

2mm
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TABLE Il
Specifications of 32-Channel Digital Imaging System.

Number of transmit channels 32
Number of receive channels 32
Number of bits per channel 12

Number of samples per scan line 2048 (around 11 mm depth)
Transmit focus One focus at 4 mm

Receive focus Dynamic, updated with every sample

|EEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2015 June 23.

Page 27



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Chen et al.

TABLE IV

Comparison of Simulated and Measured Electrical Impedance Results.

Property PZFlex M easur ed

Impedance 8590 @40MHz 69.9+2.90Q @ 40 MHz
fr 37.3 MHz 39.4+1.0 MHz

fa 45.5 MHz 457+ 1.1 MHz

k¢ 0.61 0.56 + 0.02
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TABLEV

Comparison of Simulated and Measured Pulse-Echo Response and its FFT Spectrum.

Property PZFlex M easur ed
f. (MHz) 415+06 426+0.4
—-6-dB BW (%) 31.3+13 34122
Vpp (MV) 5348+ 1275 653.7 +100.3

—-6-dB / —20-dB pulse length 69 /147 ns 63 /169 ns
Compensated IL (dB) N/A 20013
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Comparison Between Measured and Modeling Results for the Array.

TABLE VI

Property M easured PZFlex
Number of elements 32 32
Average f, 42.6 MHz 41.5 MHz

Highest/lowest f,

Average -6-dB BW

Highest/lowest -6-dB BW

Average V. p
Highest/lowest V.,
Average IL
Highest/lowest IL

—6 dB /—20 dB pulse length

Kt

Crosstalk

43.4 MHz / 41.7 MHz
34%

37.3% /29.0%
653.7 mV (no gain)
898.0 mV /391.5 mV
20.0dB
23.7dB/18.1dB
63/169 ns
0.557
<-5dB

42.1 MHz / 40.4 MHz
31%
33.1%/28.5%
534.8 mV (no gain)
654.2 mV/162.6 mV
N/A
N/A
69 /147 ns
0.612
<-5dB
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TABLE VII

Comparison Between Measured and Modeling Results for the Array.

Property

Previous work

Current work

Compositearray [15] Kerflessarray [22]

Kerflessarray

Material

Number of elements

Number of open / shorted elements
Average center frequency

Average bandwidth (-6 dB)

Average sensitivity
) *
Insertion loss

*
—20 dB pulse length
Crosstalk

*
Transmit acceptance angle (-6 dB)

PZT ceramic 2-2 composite  PZT ceramic

64 64
1/0 13/2

35.3 MHz 32 MHz

55% 61%

403 mV (no gain) 1.65V (20 dB gain)
22.8dB 19.9dB

94 ns 124 ns

<-24dB <-11dB

22° 22°

PMN-PT single crystal
32

0/0

42.6 MHz

34%

653.7 mV (no gain)
20.0dB

169 ns

<-5dB
12°

*
Measured on a representative array element.
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