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Abstract

A 12-pym PMN-PT [0.65Pb(Mg;,3Nb,/3)05—0.35PbTiO5] thick film was produced by alternate spin-coating of a ceramic powder/sol-gel
composite and infiltration of the sol-gel. Using this technique, a high quality PMN-PT thick film was obtained, showing a permittivity ¢, of
~3300 and dielectric loss factor of ~0.02 at 1 kHz. Photolithographic and wet etching techniques were used to fabricate a 32-element linear
array from the film. The completed array showed a center frequency of approximately 110 MHz and a bandwidth of 60% at —6 dB without a
matching layer. The performance of the kerfless array was studied and compared to a kerfed array simulated with finite element analysis.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

The development of high-frequency ultrasound arrays pro-
mises to improve image quality [l1]. Higher ultrasound
frequencies can resolve smaller features and produce finer
images. Ultrasonic arrays operating over 100 MHz have the
potential to provide a detailed delineation of skin anatomy for
early diagnosis of cancers such as melanoma or to image
useful details of small structures in other parts of the body.
Despite many efforts over the past decade to develop such
linear arrays [2-9], it is still not routine to achieve operating
frequencies above 30 MH and the fabrication of linear arrays
above 100 MHz pose even greater challenges. The main
difficulty lies in the preparation of a high quality piezoelectric
layer with a thickness on the order of only a few micrometers.
Conventional lapping of bulk piezoelectric ceramics or single
crystals is not suitable anymore as the thinned piezoelectric
ceramics becomes brittle at high frequencies due to their large
grain size [10]. In addition, as the operational frequency of
array increases, the size of the array element will decrease.
This has two implications: first, it would be difficult to form
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ultrasonic array elements using traditional mechanical cutting
techniques; and second, a piezoelectric layer with high
dielectric constant is preferred for the electrical impedance
matching of array element to the electronic system.

Recent works have demonstrated that piezoelectric films of the
appropriate thickness hold advantage over thinned bulk ceramics
for the fabrication of ultrasound transducers with the center
frequency higher than 100 MHz [11-15]. Both ZnO and PZT
thick films have been proposed for high frequency ( > 100 MHz)
ultrasound linear array applications [6,7]. Recently, lead magne-
sium niobium titanate (PMN-PT) thick films with the composi-
tion near the morphtropic phase boundary (MPB) have been
widely investigated. Such films are reported to possess a higher
piezoelectric constant and a more desirable dielectric constant in
comparison to ZnO and PZT thick films [16-20], which makes it
be a promising new candidate for high frequency ultrasound
technology [21]. In our previous work, PMN-PT thick film has
been successfully used to build a single element transducer with
center frequency above 100 MHz [22]. Hence, it is of great
interest to investigate the high frequency (> 100 MHz) linear
array based on PMN-PT thick film.

In this paper, the PMN-PT thick film with the thickness of
12 pm is fabricated and characterized, and a method is
presented to develop a high frequency linear array from this
type of film.
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2. Experimental process

PMN-PT thick film was made by a multi-layer spin-coating
technique. A composite solution, which is the mixture of the
PMN-PT powder and PMN-PT sol—gel, was spin-coated onto
a 4-in. (100) 500-um thick silicon wafer (Nova Electronic
Materials, Ltd., Carrollton, TX). To prevent diffusion of Pb
across the interface, the wafer was coated with 5000 A thermal
oxide, 200A Ti and 1000 A Pt. Each spin-coating was
followed by vacuum-infiltration of pure PMN-PT sol-gel in
order to decrease porosity of the film. The film fabrication
process was outlined in Fig. 1, Finally, a crack-free, 12-um
thick PMN-PT film was obtained.

To quantitatively characterize the properties of the film,
circular Cr/Au electrodes with a diameter of 1.5 mm were
sputtered as top electrodes onto the films. Dielectric properties
were measured using a 4294A impedance analyzer (Agilent
Technologies, Inc., Santa Clara, CA)and polarization-field
(P-E) hysteresis properties were evaluated using a precision
materials analyzer (Radiant Technologies, Inc., Albuquerque,

PMN-PT sol-gel PMN-PT power I
¥

[ Mixed and ball-milled for 24 houtsj

Spin-coated, 1000RPM for 6 seconds then ramped to 3000
RPM for 30 seconds

Two-stage pyrolysis: 250 °C for 1 min,
then 400 °C for 1 min

Sol-gel solution infiltration

Annealed at 650 °C for 60 seconds in the rapid thermal
annealing (RTA)

[ Sintered at 750 °C for one hour in the j

Fig. 1. PMN-PT thick film fabrication procedure.
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NM). To measure the mass of the film, the film was removed
from the silicon substrate, and was measured using a precision
electronic balance (OHAUS Corp., Pine Brook, NJ) after
clearing Pt/Ti/SiO, debris and drying.

Photolithographic and wet etching techniques were used to
fabricated the PMN-PT thick film linear array. The silicon
substrate is a thin, rigid and low loss solid and to avoid
acoustic reverberation in this substrate, the PMN-PT film
has to be transferred from the silicon to a thick absorbing
substrate, such as E-solder 3022(VonRoll Isola, New Haven,
CT). To transfer the film, an Au/Cr (1000 A/500 A) layer
was first sputtered onto the film surface, followed by casting of
the E-solder 3022 onto the film. The E-solder was then
centrifuged and cured. The finished structure of E-solder/
PMN-PT film/Si substrate was cut into 4 mm X 2 mm parts
by a dicing saw and was immersed in a KOH 20% solution at a
temperature of 80 °C. In a minute, the film peeled off from the
silicon substrate and firmly bonded to the E-solder. The
conductive E-solder substrate acts as the absorbing backing,
and provides the ground electrode connection as well. From
our previous experience, there is no obvious damage to the
film during the transfer procedure. Afterward, Epotek-301
epoxy (Epoxy Technologies, Inc., Billerica, MA) was casted
around the sample, forming non-conductive array housing. To
obtain ultrasonic signals, poling treatments are required in
PMN-PT thick films. The poling conditions of PMN—-PT film
are different from the bulk PMN-PT. A set of experiments
were performed to find the optimal poling conditions for the
thick film. A Cr/Au layer was sputtered onto the film surface as
the top electrode and the samples were immersed in a silicon
oil bath. By varying the poling temperature, poling electric
field and poling time, we found out that for the PMN-PT films,
the optimal values were 120°C, 100V and 5 min,
respectively.

To measure pulse-echo response, a piece of quartz was
immersed as the target in a water bath at the natural focal distance
of the array. Panametrics 5900PR (Panametrics Inc., Waltham,
MA) and Tektronix AFG2020 (Tektronix, Inc., Richardson, TX)
function generators were used as the signal sources. The echo
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Fig. 2. Ferroelectric (a) and dielectric (b) properties of the 12-pm PMN-PT thick film. The inset: the SEM cross-sectional micrograph of the film.
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signals were acquired and displayed using a LeCroy LC534 1 GHz
digital oscilloscope.

3. Results and discussion

Fig. 2 shows the measured ferroelectric hysteresis loop (a)
and dielectric curve (b) of the film. As can be seen, the film
exhibits excellent ferroelectric and dielectric properties with
remnant polarization of 29.54 pC/cm?, the dielectric loss
tangent of 0.021 and dielectric constant of 3336 at 1 kHz.
Thickness of the film was measured from the SEM image as
shown in Fig. 2(b). We assume the film thickness is uniform,
thus volume of the film can be obtained. The density of the
film was calculated to be 7000 kg/m3, which is about 87% of
bulk PMN—PT material (8000 kg/m®). The longitudinal sound
velocity of the film, estimated from the operating frequency
and the thickness of the film, is around 2640 m/s. Therefore,
the value of acoustic impedance (Z=pc) could be deduced to
be 18.5 MRayl much lower than that of bulk PMN-PT
material ( > 30 MRayl).

A mask was designed for patterning the 32-element linear
array. In this preliminary design, the array has a kerf of 12 um,
an element width of 24 pm and an element length of 4 mm as
shown in Fig. 3(a). With the mask, kerfless array elements

were formed by the photolithography method. Fig. 3(b) and (c)
shows the top and bottom view of the array sample after
element patterning. Finally, micro-coaxial cables (Cooner Wire
Company, CA) were used for electrode interconnection. To
avoid the electromagnetic interference (EMI), the array was
packaged in a brass tube. The connecting and packaging
process is briefly illustrated in Fig. 3(d)—(j).The measured
pulse-echo response and corresponding spectra of several
elements, as can be seen in Fig. 4, show that performance of
these array elements are very uniform, with all of the measured
elements having a center frequency of 110 MHz and a —6 dB
bandwidth of around 60%.

It is difficult and costly to build an electronic imaging
system operating above 100 MHz to evaluate the array. Instead
we used finite element simulation software PZFlex (Weidlinger
Associates, Inc., Mountain View, CA) to study the beam
pattern and transmitted pulses of the array. Measured proper-
ties of the film in last section were used in the simulation. To
make an array in kerfless form largely decreases fabrication
complexity, but it will be of great interest to compare its
performance to an ideal kerfed array, where elements were
mechanically isolated from each other. The kerfed array has
the same modeling parameters as the kerfless array except that
its kerfs are replaced with the air gap.

Fig. 3. Picture of the 32-element array pattern (a), top view (b) and bottom view (c) of the kerfless array before innterconneciton; connecting and packaging process (d)—(j).
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Fig. 4. Measured pulse-echo signals of PMN-PT thick film array elements.

The active aperture, which is composed of eight successive
elements, was used to stuy the beam pattern of the arrays. The
beam S is the summation of the eight individual elements
response that contain focus dealays, which is stated as follow:

S= Z Wir([—Ti) (l)

i=18

where 7,=L;/c, L; is the distance between the element and the
focal point and ¢ is the acoustic velocity in the propagation
medium (water); the excitation pulse () is the one cycle of a
sine wave; a cosine window function W; is used to suppress the
side lobes. Fig. 5 shows the simulated acoustic pressure
patternns of the kerfed (a) and kerfless (b) array. The plots
were displayed to the same color scale. It is obvious that the
kerfless one produce higer acoustic pressure than the kerfed
one. That is because the kerfless array has a larger effective
aperture. If we plot the acoustic pressure along the center of
the beam, as can be seen in Fig. 5(c), the acoustic pressure of
the kerfless array is about twice of the kerfed array in the far
field, and even larger in the near field.

As shown in Fig. 5, the kerfless and kerfed arrays have quite
different beam patterns at the near field, especially when the
pressure is close to the array surface. In the case of the kerfed

array, as shown in Fig. 6(a), the acoustic energy projects
individully from corresponding elements. The magnitude differ-
ences is due to the cosine window weighing. The output of the
kerfless array shown in Fig. 6(b), however, is similar to the near
field beam pattern of a single element transducer. It is of great
interest to study the far field of the beams. As discussed, the
acoustic pressure of the kerfless array is about twice of the kered
array in the far field, which indicates that the kerfless array has
the potenial to provide higer sensitivity than kerfed array. If we
plot the beam width laterally across the focal point (0.9 mm, in
the far field), the lateral reslution of the beams can be estimated.
The lateral resolution of the kerfless and kerfed beam is very
close, as can be seen in Fig. 6(c) as at —6 dB, kerfed array has a
lateral resolution of 50 pm and kerfless array has the lateral
resolution of 56 pm. The lateral resolution of the kerfless array is
slightly degraded due to the fact that the kerfless array has a larger
cross-talk which increases its effective beam width.

We also studied the transmitted pulses from the active
aperture to estimate the axial resolution of the arrays. The
pulses were sampled at the focal point (0.9 mm, in the far
field). The two arrays both show center frequencies of ~ 100
MHz and one-way bandwidth of ~70%. Thus, the axial
resolution of the arrays is around 12 pm in soft tissues.
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As can be seen in the Fig. 7, the kerfless array has a cleaner
transmitting pulse than kerfed array. This is probably because
that there is no lateral mode in the kerfless array. In Fig. 7(b),
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Fig. 7. Transmitted pulse at the focal point of kerfless (a) and kerfed array (b).

there is a tailling signal between 0.71 and 0.76 ps, which is the
outcome of the lateral mode effect in the kerfed array elements.

4. Conclusion

High quality PMN-PT thick film was prepared with spin-
coating and vacuum-infiltration techniques. The films proper-
ties that are highly desirable for ultrasound array application
such as a high dielectric constant, low loss and low acoustic
impedance. A method based on wet eching and photolitho-
graphy, was presented to fabricate a high frequency 32-
element kerfless linear array based from the film. The array
was found to have a center fequency of ~110 MHz and —6 dB
bandwidth of 60% without matching layer. Althrough the array
is in kerfless form, which dramatically simplifies the fabrica-
tion, it shows competitive performance compared to a kerfed
array: a slightly worse lateral resolution, but higher energy
output, and most importantly, there is no lateral mode. The
work suggests that it is feasible to fabricate linear arrays with
operational freqeuncies greater than 100 MHz using PMN-PT
thick films.
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