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Scanning acoustic microscopy (SAM) using impulsive signals is useful for characterization of biological
tissues and cells. The operating center frequency of an ultrasonic device strongly depends on the perfor-
mance characteristics of the device if the measurement is conducted by using impulsive signals. In this
paper, a method for the design of ultrasonic devices for SAM using impulsive signals was developed. A
new plane-wave model was introduced to calculate frequency characteristics of loss of ultrasonic devices
by taking into account the conversion loss at the ultrasonic transducer, the transmission loss at the acous-
tic anti-reflection coating, and the propagation loss in the couplant. Ultrasonic devices were fabricated
with a ZnO ultrasonic transducer using two acoustic lenses with aperture radii of 1.0 mm and 0.5 mm,
respectively. The frequencies at which measured losses became minima corresponded to the calculation
results by the plane-wave model. This numerical calculation method is useful for designing ultrasonic
devices for acoustic microscopy using impulsive signals.
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1. Introduction

Scanning acoustic microscopy (SAM) was developed to observe
the microscopic region beneath the specimen surface of solids and
biological tissues in the 1970 s [1-3]. To obtain higher-resolution
images, higher-frequency ultrasonic devices have been developed
[4]. Quantitative measurement methods of acoustic properties,
such as velocity and attenuation coefficient, have also been devel-
oped to characterize biological tissues and cells. SAM has been
applied for characterization of tissues or cells by measuring acous-
tic properties [5-10].

Rf burst signals are used as input signals for an ultrasonic trans-
ducer in conventional SAM. Acoustic images can be measured at
arbitrary frequencies by setting the carrier frequency. However,
it is impossible to separate the reflected signal from the front sur-
face and that from the back surface for thin-sliced specimens if the
round-trip propagation time in the specimen is shorter than the
pulse width of the rf burst signal. In addition, it is time consuming
to obtain two-dimensional distributions of acoustic properties
because it is necessary to measure the reflected signals at several

* Corresponding author at: Graduate School of Biomedical Engineering, Tohoku
University, Sendai 980-8579, Japan.
E-mail address: arakawa@ecei.tohoku.ac.jp (M. Arakawa).

https://doi.org/10.1016/j.ultras.2017.10.023
0041-624X/© 2017 Elsevier B.V. All rights reserved.

different frequencies with changing the carrier frequency of the
rf burst signals at each measurement point [9,10].

On the other hand, SAM using impulsive signals has also been
developed [11-16]. By using a high-frequency, broadband ultra-
sonic device, it is possible to distinguish the reflected signal from
the front surface and that from the back surface of the thin speci-
mens in the time domain. Thus, it is possible to obtain velocity of a
specimen by measuring the difference of the arrival time of the sig-
nals. Saijo et al. developed a sound-speed microscope using impul-
sive signals for biological tissue and cell specimens [17-19].
However, it is difficult to distinguish two reflected signals for thin
specimens with a thickness of several microns, even if impulsive
signals are used in the measurements. In order to obtain acoustic
properties of such thin specimens, a pulse spectrum method,
which is an analysis procedure in the frequency domain of the
superposed signals, was also developed [20-22]. However, in the
measurements using impulsive signals, the operating center
frequency and the bandwidth strongly depend on the performance
characteristics of the ultrasonic device.

Ultrasonic devices for SAM have been designed based on the
outcome of experimental measurement using rf burst signals. In
the burst mode, measurements can be conducted at a desired
frequency within the bandwidth of the ultrasonic device. There-
fore, to obtain as high a resolution as possible, the operating center
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frequency of the ultrasonic device is usually set to be higher than
the frequency at which the loss of the device becomes minimum
while taking the signal-to-noise ratio (S/N) into consideration.
Otherwise, the operating center frequency and the bandwidth
strongly depend on the operating characteristics of the ultrasonic
device in measurements using the impulsive signals. Thus, the
operating center frequency in the impulsive mode might be lower
than the frequency that we expected based on the experience of
the burst signals.

In this study, based on the results of numerical calculations and
experiments, we evaluated performance characteristics of ultra-
sonic devices, viz., frequency characteristics of loss. A new proce-
dure for the design and fabrication of ultrasonic devices for SAM
was developed. Two fabricated ultrasonic devices were alterna-
tively attached to a SAM, and two-dimensional distributions of
intensity and velocity for a tissue specimen were measured as a
demonstration.

2. A method for designing ultrasonic devices
2.1. Ultrasonic device

An acoustic lens or a concave transducer is usually used as the
focusing device for SAM. The acoustic lens is mainly used in the
frequency range above 100 MHz. Fig. 1 shows a cross-section of
the ultrasonic device. An ultrasonic transducer is constructed on
the plane surface of the rod having an acoustic lens. In order to
obtain a narrow focused beam, material with high acoustic velocity
should be selected for the rod. A Z-cut sapphire single crystal rod is
normally used in frequency ranges higher than 100 MHz.

The focal length F of the acoustic lens is obtained by the follow-
ing equation [23,24]:

R
F=—-+-, 1
% (1)
where R is the curvature radius, and V¢ and Vs are the velocities of
liquid coupler and buffer rod, respectively. F is 1.15R when the cou-
pler is water and the rod is a Z-cut sapphire.

The transmission coefficient from the sapphire rod to the water
is very small because of the large difference of their acoustic impe-
dances. Therefore, an acoustic anti-reflection coating (AARC) with a
thickness of A /4 (A: wavelength) is normally formed on the aper-
ture surface. All ultrasonic energies propagate from sapphire to
water when the acoustic impedance of AARC Zaagc has the follow-
ing relationship:

Zpare = V' Zs - Zc, (2)

where Zs and Zc are the acoustic impedance of the sapphire and that
of the coupler, respectively.

Curvature radii R were designed as 1.0 mm around 225 MHz
and 0.5 mm around 375 MHz based on experimental experiences
of the measurements using rf tone burst pulses.
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Fig. 1. Cross-section of the ultrasonic device for ultrasonic microscopy.

2.2. Factors of loss

As the factors of loss in the measurement using an acoustic lens,
conversion loss (CL) from electric energy to mechanical energy at
the ultrasonic transducer, propagation loss (PL) in the liquid cou-
pler, and transmission loss (TL) at the AARC should be considered.
Strictly speaking, the loss caused by focusing, e.g., aberration,
should also be considered in the measurement using an acoustic
lens. Here, we assumed that all ultrasonic energies emitted from
the ultrasonic transducer converged at the focal point and returned
to the ultrasonic transducer because two-dimensional scanning is
conducted at the focal point of the ultrasonic device in the mea-
surement of acoustic properties of biological tissues and cells.
The total loss of the ultrasonic device was thus calculated as the
product of CL, TL, and PL by the plane-wave model, which ignores
the focusing effect. Diffraction loss caused by plane-wave propaga-
tion from the ultrasonic transducer with finite size, ultrasonic loss
in the AARC, and electric loss at the electrode were also neglected.

2.3. Calculation method

CL was calculated by the method described in Ref. [25]. The
velocity, thickness, and acoustic impedance of the piezoelectric
material and the electrode, the electromechanical coupling factor
and permittivity of the piezoelectric material, and the acoustic
impedance of the acoustic lens were used in the calculation.

PL was calculated by the following equation.

PL = exp(—20cF), 3)

where o is attenuation coefficient of the liquid coupler. The focal
length F was obtained by Eq. (1) and o of the couplant such as
water [26] or physiological saline solution [27] were obtained by
the published data.

Reflection coefficient R; and transmission coefficient T; from
medium i to medium j are expressed as follows:

L Z-7

Ru 7Zj +2Z’ “)
_ 2%

TU - Z]_ +Zi . (5)

Here, we assume media 1, 2, and 3 are the buffer rod, AARC, and the
liquid coupler, respectively. The transmission coefficient from the
buffer rod to the liquid coupler through AARC T;53 and that from
the liquid coupler to the buffer rod through AARC T3, are expressed
as follows by assuming infinite reflections in AARC:
T3 =T1z-Taz-exp(—kaly)
+T12-Ry3-Rp1 - Taz - exp(—3kal)
+Tq2- R§3 -R%l -Toz-exp(—5kylp) +---
= T12 . T23 ~eXp(—kzlz)
X {] +R23 -R21 -eXp(*Zkzlz)
+R3;-R3, -exp(—4kylh) +---}
:(1+R12)'(1+R23)~eXp(—kzlz) (6)
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Table 1
Acoustic parameters used in the calculation.

Material Velocity Density Acoustic impedance Attenuation coefficient
[m/s] [kg/m?] x10° [kg/(m?s)] [s*/m]
Z-cut Sapphire 11217 28] 3986 [28] 44.7 2.1 x 10718 [29]
Si0, glass 5968 [30] 2200 [30] 13.1 1.3 x 10716 [29]
Water 1491 [26] 998 [31] 15 223 x 10714 [32]
Table 2

Acoustic parameters used in the calculation.

Material Velocity Acoustic impedance Electromechanical coupling factor Permittivity [F/m]
[m/s] x10° [kg/(m’s)]
Zinc Oxide 6330 [33] 36.0 [33] 0.24 [34] 7.8 x 10711 [33]
Gold 3240 [30] 62.5 [30] - -
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Fig. 2. Calculated result of loss of an ultrasonic device with R=1.0 mm. The
thickness of the ZnO transducer is 11.3 um, and that of the SiO, AARC film is
6.63 pm.

where k, and I, are the wavenumber and length of AARC, respec-
tively. TL was calculated by the following equation.

TL = T3 - Ts1. (8)

2.4. Calculation

In the calculation, a Z-cut sapphire single crystal, SiO, glass, and
water were assumed to be materials of the acoustic lens, the AARC,
and the liquid coupler, respectively. We also assumed the follow-
ing conditions. The ultrasonic transducer was composed of a ZnO
thin film and gold electrodes. The aperture half angle was 60°.
The size of the ultrasonic transducer was same as that of the
aperture, and the diameter of the ultrasonic transducer was
1.73R. The parameters at room temperature used in the calculation
are summarized in Tables 1 and 2.

At first, we calculated frequency characteristics of an ultrasonic
device used around 225 MHz in the measurements using rf burst
signals. Typical parameters are as follows: R is 1.0 mm, the thick-
ness of ZnO is 11.3 um, the thickness of gold electrode is 0.3 um,
and the thickness of SiO, AARC film is 6.63 pm. The frequency faarc
at which TL became minimum was 225 MHz. The calculation
results of loss are shown in Fig. 2. The dotted line, dashed line,
and dashed-dotted line exhibit CL, PL, and TL, respectively. We
calculated round-trip losses because the measurements were con-
ducted in the reflection mode. The total loss (LOSS) was obtained as
the product of CL, PL, and TL. CL was minimum at 186 MHz, smaller
than 280 MHz of . /2 resonance frequency of the ultrasonic trans-
ducer because of the high acoustic impedance of sapphire and the
complex resonance of the ultrasonic transducer consisting of a ZnO

100 150 200 250 300 350 400 450 500
FREQUENCY [MHz]
Fig. 3. Calculated result of loss of an ultrasonic device with R=0.5 mm. The

thickness of the ZnO transducer is 6.73 um, and that of the SiO, AARC film is
3.98 pm.
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Fig. 4. Relationship between curvature radius and frequency in the case that the
propagation loss in the water coupler is 15 dB.

transducer and gold electrodes. PL is the main factor of LOSS in the
higher-frequency region because it is proportional to the square of
frequency. The minimum LOSS was 36.3 dB at 173 MHz, and the
frequency was 52 MHz less than the frequency at which TL was
minimum. The calculated results suggested that the operating cen-
ter frequency in the measurements using impulsive signals became
smaller than the frequency at which TL was minimum because CL
and PL also affect the total loss.
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Fig. 5. Calculated result of loss of an ultrasonic device with R=0.125 mm. The
thickness of the ZnO transducer is 3.33 um, and that of the SiO, AARC film is
2.98 pm.

Table 3
Parameters of ultrasonic devices.

No. 1 No. 2

Lens Material Z-cut Sapphire Z-cut Sapphire
Diameter of rod 6 mm 6 mm
Length of rod 5.5 mm 3 mm
Radius of aperture 1 mm 0.5 mm
Half angle of aperture 60° 60°
Transducer Material ZnO ZnO
Thickness 12.66 pm 6.33 um
Electrode Material Au-Cr Au-Cr
Diameter 1.73 mm 0.87 mm
Thickness 0.3 um 0.3 um
AARC Material SiO, glass SiO, glass
Thickness 7.46 um 4.97 um
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Fig. 6. Comparisons between measured and calculated losses of the PFB ultrasonic
devices. Solid lines: measured. Dotted lines: calculated. (a) Device 1 (R= 1.0 mm).
(b) Device 2 (R = 0.5 mm).

Table 4
Minimum losses of the point-focus-beam ultrasonic devices. The frequencies in the
parenthesis are the frequencies at which the losses became minimum.

Device Measured Calculated

No. 1 43.8dB 35.7dB
(159 MHz) (166 MHz)

No. 2 45.6 dB 38.3dB
(268 MHz) (267 MHz)
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Fig. 7. Comparisons of measured and calculated results of losses of the plane-wave
ultrasonic devices. Solid lines: measured. Dotted lines: calculated. (a) Device 1P. (b)
Device 2P.

Next, we calculated the frequency characteristics of an ultra-
sonic device used around 375 MHz in measurements using rf burst
signals. Typical parameters are as follows: R is 0.5 mm, the thick-
ness of ZnO is 6.73 um, the thickness of gold electrode is 0.3 um,
and the thickness of SiO, AARC film is 3.98 um (faarc = 375 MHz).
The calculation results are shown in Fig. 3. CL was minimum at
303 MHz, and minimum LOSS was 41.1 dB at 261 MHz. The operat-
ing center frequency was 114 MHz less than desired. From Figs. 2
and 3, the operating center frequencies were lower than the fre-
quency at which TL was minimum we set based on the experimen-
tal experiences in the burst mode.

2.5. Design methodology

The frequencies at which LOSS became minimum were less than
the frequency at which CL and TL became minimum in Figs. 2 and
3. These results were mainly caused by the large propagation loss
in the liquid coupler (water). In Figs. 2 and 3, propagation losses
were 13.3 dB and 15.2 dB at the frequencies at which LOSS became
minimum, respectively. Meanwhile, they were 22.6 dB and 31.3 dB
at the frequencies at which TL became minimum for devices No. 1
and No. 2, respectively. Therefore, the curvature radius of the
acoustic lens should be determined so that propagation loss in
the coupler is around 15 dB at the operating center frequency.
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Fig. 8. Comparisons of measured and calculated results of the reflection losses of
the plane-wave ultrasonic devices. Solid lines: measured. Dotted lines: calculated.
(a) Device 1P. (b) Device 2P.

Table 5

Minimum losses and maximum reflection losses of the plane-wave ultrasonic devices.
The frequencies in the parenthesis are the frequencies at which the losses became
minimum or the reflection losses became maximum.

Device Measured Calculated
No. 1P Minimum loss 17.7 dB 16.7 dB
(191 MHz) (172 MHz)
Maximum reflection loss 7.0dB 7.1dB
(203 MHz) (200 MHz)
No. 2P Minimum loss 14.2 dB 16.2 dB
(418 MHz) (316 MHz)
Maximum reflection loss 6.0dB 7.1dB
(302 MHz) (300 MHz)

Fig. 4 indicates the relationship between the curvature radius of
the acoustic lens and the frequency at which PL calculated by
Egs. (1) and (3) became 15 dB. From Fig. 4, the frequencies were
calculated as 183 MHz and 259 MHz for R=1 mm and 0.5 mm,
respectively.

Next, we demonstrated the procedure to design ultrasonic
devices by calculating LOSS of a device with an operating center
frequency of 500 MHz. First, the curvature radius was obtained
as 0.125 mm from Fig. 4. The diameter of the ultrasonic transducer
became 0.22 mm from the aperture half angle of 60°. The focal
length F was calculated by Eq. (1), and AL was calculated by Eq.
(4). The thickness of SiO, AARC was determined to be 2.98 um so
that faarc became 500 MHz. TL was calculated by Eq. (8). The thick-
ness of ZnO was determined to minimize LOSS at the operating
center frequency by calculating CL with changing the thickness.
Fig. 5 shows the calculated loss in the case that the thickness of
ZnO was 3.33 pm and that of the gold electrode was 0.2 pm. LOSS
was a minimum of 42.0 dB at 483 MHz. So, ultrasonic devices with
the desired operating center frequency could be designed by using
this method.
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Fig. 9. Reflected signals from the surface of a slide glass. (a) Device 1. (b) Device 2.
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Fig. 10. Frequency characteristics of the reflected signals shown in Fig. 9 obtained
by FFT analysis. (a) Device 1. (b) Device 2.

3. Experiments and discussion

Point-focus-beam (PFB) ultrasonic devices No. 1 and No. 2 were
fabricated using acoustic lenses with R=1.0 mm and R= 0.5 mm,
respectively. Parameters of the devices are shown in Table 3.
Taking the numerical calculation results in Sec. 2 into account,
the thicknesses of SiO, AARC were determined to be 7.46 um
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(faarc = 200 MHz) for device No. 1 and 4.97 um (faarc = 300 MHz)
for device No. 2. Thicknesses of ZnO film were 12.66 pm for No. 1
and 6.33 um for No.2, which were optimized to minimize mini-
mum LOSS. To investigate the factors of loss experimentally,
plane-wave (PW) ultrasonic devices No. 1P and No. 2P were also
fabricated with the same parameters as those of the PFB devices
No. 1 and No. 2, respectively, by using cylindrical rods with a diam-
eter of 6 mm and a length of 6 mm instead of acoustic lenses.
The fabrication procedure of the ultrasonic devices was as fol-
lows. First, the acoustic lens was cleaned with organic solvents
by ultrasonic bath. Then, SiO, AARC film was deposited on the lens

(a)

00 : :
0! } ) 06 08

surface by rf sputtering. Next, Au-Cr film was deposited on the
plane surface by vacuum evaporation, ZnO film was deposited by
dc sputtering [34], and Au-Cr film was again deposited. Then, the
lens was inserted into a stainless holder, an SMA connector was
attached to the holder, and copper wires were used to connect
the electrodes and the connector.

Frequency characteristics of loss of the devices were measured
by the pulse mode measurement system [35]. The input
peak-to-peak voltage to the ultrasonic transducer was less than
2.8 V. The pulse widths of the rf tone burst pulses were 350 ns
and 250 ns for the devices 1 and 2, respectively. The pulse

(b)

(d)

) Sound Speed [m/s]

~ 1485
1.2 [mm]

0.0 02 04 L X 1.0

Fig. 11. Measured intensities and velocities for tendon tissue of the left leg of an S-D rat. (a) Intensity by 80-MHz device. (b) Velocity for 80-MHz device. (c) Intensity by
device No. 1. (d) Velocity by device No. 1. (e) Intensity by device No. 2. (f) Velocity by device No. 2.
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repetition frequency was set to 1 kHz taking into account reverber-
ations in the acoustic lens. Water and a synthetic silica (SiO-,) glass
substrate were used as the coupler and the reflector, respectively.
The glass surface was set at the focal point of the PFB ultrasonic
device. The input power to the ultrasonic device and the output
power of the reflected signal from the glass surface were measured,
and loss was obtained by the ratio of these signals. The results are
shown in Fig. 6. The reflection loss from the coupler to the reflector
was calculated as 2.0 dB from their acoustic impedances, and it was
added to the calculation results. Minimum values of losses and the
frequencies at which the losses became minimum are summarized
in Table 4. The frequencies at which the losses became minimum in
the measured loss almost coincided with the calculated values for
both devices. These frequencies were also close to the frequencies
of 183 MHz and 259 MHz at which PL became 15 dB. 6-dB band-
widths were 116 MHz (73%) for No. 1 and 170 MHz (63%) for No.
2, and it was possible to obtain a sufficient bandwidth for the pulse
drive.

Next, we experimentally discuss factors of loss of the PFB
ultrasonic device. We also measured conversion loss at the ultra-
sonic transducer and reflection loss at the AARC for PW devices
No. 1P and No. 2P. Conversion loss was obtained by measuring
the input power to ultrasonic transducers and the output power
of a signal reflected from the opposite end of the buffer rod.
Reflection loss at the AARC was obtained by measuring the output
powers of the signals reflected from the opposite end of the buf-
fer rod without and with water [36]. The results are shown in
Figs. 7 and 8. Minimum values of the conversion loss and the fre-
quencies at which the conversion losses became minimum, and
maximum values of the reflection loss and the frequencies at
which the reflection losses became maximum are shown in
Table 5. The measured conversion loss and reflection loss almost
corresponded to the calculated values for devices No. 1P and No.
2P. Therefore, CL and TL of PFB ultrasonic devices No. 1 and No. 2
should have almost coincided with the calculated values. The
attenuation coefficient of water was obtained from published
data [32]. Therefore, the differences between the measured and
calculated losses of the PFB ultrasonic devices No. 1 and No. 2
were considered to be caused by the effect of the focused beam.
Particularly, aberration of the acoustic lens was considered to be
the main factor. Transmission coefficient at the AARC is different
from the position of lens because of the thickness distribution
(L-cos 6, 6 : incident angle) caused by the fabrication process,
and it was also considered to affect the frequency characteristics.
However, the frequencies at which the measured losses became
minimum corresponded to the calculated values. Thus, the
calculation method using the plane-wave model is indicated to
be useful for designing PFB ultrasonic devices with a desired
operating center frequency for the pulse signal.

4. Application

PFB ultrasonic devices No. 1 and No. 2 were attached to a med-
ical SAM (AMS-50SI, Honda Electronics, Co. Ltd.) and driven by
impulsive signals. The focal point of the device was set at the sur-
face of the slide glass. Reflected signals from the front surface of
the slide glass in the time domain are shown in Fig. 9. The fre-
quency spectra obtained by fast Fourier transform (FFT) of Fig. 9
are shown in Fig. 10. The pulse widths were narrow and the fre-
quency characteristics were wide. The operating center frequen-
cies in Fig. 10 were lower than those in Fig. 6, because the
results in Fig. 10 were not normalized by the frequency character-
istics of the input pulse, which has frequency characteristic that
drops as the frequency increases [18].

Next, a Sprague-Dawley (SD) rat was taken as a specimen. The
tendon tissue of left leg was sliced and mounted on a slide glass.
Two-dimensional distributions of intensity and velocity were mea-
sured with PFB ultrasonic devices No. 1 and No. 2, and a concave
transducer with a center frequency of 80 MHz [18]. The results
are shown in Fig. 11. First, two-dimensional measurements were
conducted in 8-um steps for an area of 2.4 mm x 2.4 mm by using
a 80-MHz concave transducer. Then, two-dimensional measure-
ments were conducted in 4-pm steps with an area of 1.2 mm x
1.2 mm indicated by the red dashed lines in Fig. 11(a) and (b) by
using devices No. 1 and No. 2. Similar results were obtained by
all devices because of sufficient S/N. As the center frequency of
the ultrasonic device was higher, the spatial resolution in acoustic
image became higher. Similar results were obtained in velocity dis-
tributions for each device. The fabricated ultrasonic devices had
sufficient amplitude and bandwidth for measurement of biological
tissues.

5. Conclusions

In this study, we examined frequency characteristics of ultra-
sonic devices for SAM using impulsive signals by numerical calcu-
lations and experiments. We developed a new method to calculate
the loss of ultrasonic devices by the plane-wave model, taking into
consideration the conversion loss at the ultrasonic transducer, the
propagation loss in the liquid coupler, and the transmission loss at
the AARC. We first calculated frequency characteristics of the ultra-
sonic device used in the measurements in the burst mode. We clar-
ified that the operating center frequency of the ultrasonic device in
the impulsive mode was lower than the expected value if the
device was designed by the experimental experiences in the burst
mode. From the results, we developed a procedure to design the
ultrasonic device, taking the propagation loss in the coupler at
the operating center frequency into consideration. Next, we fabri-
cated ultrasonic devices with a ZnO transducer using acoustic
lenses with R=1.0 mm and R =0.5 mm. By comparing the mea-
sured losses with the calculated results, the frequencies at which
the loss becomes minimum in the measured loss almost coincided
with the calculated values for both devices, although the values
were different. Then, the ultrasonic devices were installed in a
medical SAM, and measurements of ultrasonic images and acoustic
properties of tissue specimens were successfully demonstrated.
Therefore, this numerical calculation method is indicated to be
useful for designing ultrasonic devices for SAM using impulsive
signals. Of course, this method is also useful for designing ultra-
sonic devices for the burst mode.

As a next step, we will fabricate devices with higher operating
center frequencies and apply them to measurement of the acoustic
properties of cells.
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