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ScAIN Thick-Film Ultrasonic Transducer
in 40-80 MHz

Ko-hei Sano, Rei Karasawa, and Takahiko Yanagitani

Abstract— A medical ultrasound diagnostic system and an
ultrasonic microscope are generally used in the frequency range
of 1-20 MHz and 100 MHz-2 GHz, respectively. Ultrasonic
transducers in the frequency range of 20-100 MHz are, therefore,
not well developed because of less application into ultrasonic
imaging or suitable piezoelectric materials with this frequency
range. Polyvinylidene difluoride (PVDF) is usually used for
ultrasonic transducers in the 10-50-MHz ranges. However, their
electromechanical coupling coefficient kt2 of 4% is not enough
for the practical uses. In order to excite the ultrasonic wave
in the 20-100 MHz range, a 125-25-um-thick piezoelectric film
is required when the longitudinal velocity of the material is
assumed to be 5000 m/s. However, it is difficult to grow such
a thick piezoelectric film without a crack being caused by the
internal stress during the dry deposition technique. We achieved
a stress-free film growth by employing the unique hot target
sputtering technique without heating the substrate. High-efficient
81- (k> = 18.5%) and 43-MHz (k? = 15.2%) ultrasonic
generation by using the 43- and 90-um extremely thick ScAIN
(Sc: 39%) films were demonstrated, respectively. We discussed the
advantage of ScAIN thick-film transducers by comparing them
with the conventional PVDF transducer for the water medium.

Index Terms— Piezoelectric films, piezoelectric resonators,
ScAIN, sputtering, thick piezoelectric film, ultrasonic transducer.

I. INTRODUCTION

RESOLUTION of ultrasonic image and measurement

depth depends on a frequency range of a transducer.
A medical ultrasound diagnostic system usually observes
internal organs placed more than 3 mm deep using the
frequency range of 1-20-MHz ultrasonic waves. An ultra-
sonic microscope can observe 10-um-thick tissue using the
frequency range of 100 MHz-2 GHz. The demand for the
frequency range of 20-100 MHz is nowadays increasing
for high-resolution imaging applications which can visualize
tissues in vivo such as skin layers [1], [2], blood vessels [3],
and corneal tissues [4]. An ultrasonic transducer shows the
highest conversion efficiency in the acoustic resonant fre-
quency. The thickness extensional resonant frequency is deter-
mined by its material thickness (d) and longitudinal wave
velocity (v). The half-wavelength resonant frequency fy is
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given by v/2d. Therefore, 25-um thickness is required for
the ultrasonic transducer operating at the resonance frequency
of 100 MHz when the longitudinal velocity is assumed to
be 5000 m/s. In order to fabricate such a thick film, there
are two approaches. One is to thin down single crystal
plates and the other is to grow thick piezoelectric films.
Lim and Shung [5] reported the 7.1-um-thick pol-
ished LiNbOj3 single crystal focused transducer operating
at 410 MHz for the evaluation of interactive forces of
red blood cells. Chen et al. [6] reported the mechanically
polished LiNbO3 single crystal focused transducer operat-
ing at 526 MHz for microparticle manipulation applications.
Although they reported the focused transducers in the mechan-
ical polishing approach, it may not be easy to adhere piezo-
electric plates to a complicated surface such as curved and
concaved surfaces, e.g., acoustic lens. A thick-film approach
allows us to obtain a thick piezoelectric layer on a com-
plicated surface. However, the fabrication of such a thick
film is difficult because the cracks are usually formed in the
film caused by the internal stress during the dry deposition
technique. In previous study, high piezoelectricity (k? = 30%
at 82 MHz [7] and kt2 = 26% at 50-70 MHz [8], [9])
was reported in the PMN-PT or PZT thick film by using
wet coating processes and hydrothermal synthesis methods,
respectively. High k,2 of 19% was also reported in the
Li-doped KNN thick films operating at 52 MHz. Extremely
high kz2 of 35% was reported in the sol-gel-deposited thin
PZT films for FBAR applications [10], [11]. Although
polyvinylidene difluoride (PVDF) polymer membranes are
suitable for use in ultrasonic transducers in the 10-50 MHz,
their electromechanical coupling coefficient k,2 of 4% 1is not
large [12].

A large piezoelectricity of ScAIN thin film has been
reported in [13]. The piezoelectric property is improved by
increasing the Sc concentration. Its piezoelectricity reaches
a maximum when the Sc/Al concentration is approximately
43% which is near the phase boundary between wurtzite and
cubical crystal. We have first reported the fabrication of the
ultrasonic transducer and FBAR using the ScAIN thin film,
and demonstrated high piezoelectricity (k,2 = 15% [14]),
in 2010. A high-frequency ultrasonic transducer such as a
micromachined ultrasonic transducer using the AIN thin film
and focused transducer using ScAIN thin film are recently
reported [15], [16].

In this paper, two types of 39% Sc-doped ScAIN thick
piezoelectric film ultrasonic transducer using a thin substrate
and rod-shaped substrate were fabricated by using the hot
target sputtering technique. The electromechanical coupling
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Fig. 1. We fabricated two samples: (a) thin substrate sample and
(b) transducer sample. Structure of ScAIN thick-film transducer consisting
of Au top electrode/ScAIN thick film/Ti bottom electrode/(a) thin silica glass
substrate (0.58 mm) or (b) silica glass buffer rod (9 mm diameter x 12 mm).
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Fig. 2. (0002) plane w-scan rocking curve of (a) 43-um ScAIN thick film
(thin substrate sample) measured at y = 1.3° and (b) 90-um ScAIN thick
film (transducer sample) measured at y = 3.0°. y angle indicates c-axis tilt
angle to the surface normal.

coefficient k> of ScAIN thick films was determined by com-
paring from experimental conversion loss with a theoretical
one [17]. We demonstrated high-efficient 81- and 43-MHz
ultrasonic generation by using 43 and 90 um extremely
thick ScAIN films, respectively. In addition, we fabricated the
40-MHz ultrasonic transducer consisting of the ScAIN thick
film (90 um) and silica glass buffer rod to characterize the
transducer performance in water mediums.
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Fig. 3. Time-domain impulse response obtained from an inverse Fourier

transform of Sj; measured by a network analyzer. Lp: first echo of the
longitudinal wave. Si: shear wave reflected from the bottom of silica glass
substrate.
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Fig. 4. Experimental and theoretical conversion loss curves of the trans-
ducer consisting of Au top electrode/43-um ScAIN thick film/Ti bottom
electrode/0.58-mm silica glass substrate (thin substrate sample).

II. ScAIN THICK-FILM GROWTH

Before the transducer (rod shape substrate) fabrication,
to examine k,2 of the ScAIN films, by using the thin substrate
(0.58 mm thick), a 43-um-thick film was grown on highly
oriented (0001) Ti electrode films [XRD rocking curve full-
width at half-maximum (FWHM) = 3.5°]/silica glass substrate
(25 x 50 x 0.58 mm3) (thin substrate sample), as shown in
Fig. 1(a). In the transducer fabrication, a 90-xm-thick ScAIN
film was grown on (0001) Ti electrode film/silica glass buffer
rod(9 mm diameter x 12 mm) (transducer sample), as shown
in Fig. 1(b). We employed the hot target RF magnetron
sputtering technique for the film growth. The advantage of the
hot target sputtering process is high-density plasma caused
by the thermal electron emission from a sputtering target.
The hot target condition was obtained by introducing a gap
between the target and the water-cooled magnetron cathode.
In this case, the target was cooled sufficiently, a crack was
observed when the thickness of the films reaches 8 xm. Typ-
ical target temperature measured by an infrared thermometer
during the sputtering were approximately 400 °C, 510 °C,
and 470 °C, at center, erosion area, and rim of the target,
respectively. A single sputtering source with a 3-in ScAl
alloy metal target (Sc/Al = 43%) was used. Since pure metal
Sc is easily oxidized, energetic negative oxygen ions are
generated. We reported that these negative ion bombardments
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1 Z:Acoustic impedance
¥ . Propagation constant
p: Density

d : Thickness

S : Top electrode area

C : Static capacitance

¢ : Dielectric constant

¢ . Ratio of transformer

v : Acoustic wave velocity

k : Electromechanical coupling coefficient

Mason’s equivalent circuit model of the transducer consisting of silica glass substrate (infinite)/Ti bottom electrode/ScAIN piezoelectric layer/air

(infinite). This model indicates the transducer as shown in Fig. 1(a) and route (1) in Fig. 1(b).

TABLE I
SPUTTERING CONDITION OF ScAIN THICK-FILM GROWTH

Growth condition ScAIN (43 um) ScAIN (90 um)

Sample name Thin substrate Transducer

Substrate Silica glass plate Silica glass rod
Substrate size (mm) 25x50%0.58 9 mm dia.x12
RF power 150-250 W 100-250 W
Ratio of pressure (Ar/N;) 2 2

Gas pressure 0.5 Pa 0.5 Pa
Substrate heating None None
Substrate-target distance 25 mm 25 mm
Deposition time 23.5 hours 50 hours

to the substrate degrade the crystalline orientation of ScAIN
films [18]. We previously found that the negative ion bombard-
ment was suppressed when the ScAl alloy target was used [18].
Table I shows the film growth condition. The thickness of the
films was controlled by deposition time and RF power. These
thicknesses of films (both thin substrate sample and transducer
sample) were measured by using a stylus profiler (Dektak
XT-S). The Sc concentration of these thick films was measured
to be 39% using fluorescent X-ray analysis (ZSX-Primus II,
Rigaku). This concentration is near the reported morphotropic
phase boundary where the highest electromechanical coupling
appears [19]. Fig. 2(a) and (b) shows the (0002) plane w-scan
rocking curve measured for the thin substrate sample and
transducer sample. The FWHM of the curves was measured
to be 5.2° and 6.4°, respectively.

TABLE II

COMPARISON OF ELECTROMECHANICAL COUPLING
COEFFICIENT OF PIEZOELECTRIC FILM MATERIALS

k2 Reference
PMN-PT (PT:33%) 30% [7]
PZT (hydrothermal synthesis) 26% [8]
PZT (sol-gel) 35% [11]
PVDF polymer membrane 4% [12]
ZnO (single crystal) 8.4% [22]
AIN (single crystal) 6.0% [23]
ScAIN thin film 15% [14]
ScAIN thick film (43 um) 18.5% This work

III. ELECTROMECHANICAL COUPLING COEFFICIENT k,2 OF
ScAIN THICK FILM (THIN SUBSTRATE SAMPLE)

In order to examine k> of the thick ScAIN films, the
ultrasonic transducer consisting of thin silica glass substrate
(0.58 mm) was prepared, as shown in Fig. 1(a). k,2 of the
thick film was determined by comparing the experimental
with theoretical longitudinal wave conversion losses. The
experimental conversion losses were measured using a net-
work analyzer (E5071C, Agilent Technologies). At first, the
time-domain impulse response was obtained by an inverse
Fourier transform of Sjj, as shown in Fig. 3. Echo signals
multireflected between the surface and the bottom of the
substrate were observed periodically with 0.21 us. These
responses determined to be a longitudinal wave by using the
longitudinal velocity (ScAIN: 7530 m/s [19] and silica glass:
5957 m/s [20]) and the thicknesses of the transducer (ScAIN
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Fig. 6. Time-domain impulse response obtained from an inverse Fourier

transform of Syy. Lj: first echo of the longitudinal wave. Ly: second echo
of the longitudinal wave. Sp: shear wave reflected from the bottom of silica
glass substrate.
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Fig. 7. Experimental and theoretical conversion loss curves of the transducer
sample consisting of Au top electrode/90-um ScAIN thick film/Ti bottom
electrode/12-mm silica glass buffer rod (transducer sample).

film: 43 pm and silica glass substrate: 0.58 mm). The first echo
was Fourier-transformed into the frequency domain to obtain
the conversion loss curve, as shown in Fig. 4. The theoretical
conversion loss curves of the transducer as shown in Fig. 1(a)
were simulated using multilayered Mason’s equivalent circuit
model, as shown in Fig. 5. kz2 is determined by adjusting
k; in the model to match the theoretical conversion loss to
the experimental one at a minimum point of the curves.
The minimum points on the conversion loss curve show the
thickness-extensional mode resonance frequencies. k> of the
ScAIN thick film is determined as 18.5% at the resonance
frequency of 81 MHz. Table II shows the comparison of
electromechanical coupling coefficient of piezoelectric film
material.

IV. ScAIN THICK-FILM TRANSDUCER
(TRANSDUCER SAMPLE)

Ultrasonic transducers for biomedical imaging are generally
used in contact with the water medium. Fig. 6 shows the
time-domain impulse response of the ultrasonic transducer
consisting of 90-xm ScAIN thick film and silica glass buffer
rod (12 mm) (transducer sample) without water contacting.
Longitudinal wave and shear wave echoes that reflect at the
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Fig. 8. Impulse response of ScAIN transducer after injecting the water

medium. Lq: first echo of the longitudinal wave. L;: second echo of the
longitudinal wave. Si: shear wave reflected from the bottom of silica glass
substrate. L,,: first echo of the longitudinal wave reflected from the silica
glass reflection plate.
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Fig. 9. Experimental and theoretical conversion loss curves of the ScAIN
hydrophone. The theoretical conversion loss was obtained by subtracting the
RT loss from the theoretical conversion loss without the water medium.
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Fig. 10. Simulation model of PVDF transducer consisting of water medium
(infinite)/Au top electrode/PVDF piezoelectric layer/silica glass medium
(infinite).

bottom of the silica glass buffer rod were periodically observed
at 4.1 and 6.4 us, respectively. Fig. 7 shows the experimental
conversion loss of the transducer sample of route (1) in
Fig. 1(b), which is obtained by the Fourier transform of the
first longitudinal wave echo in Fig. 6. We can see the minimum
value of the conversion loss curve at 43 MHz, indicating
the thickness-extensional mode resonant frequency of the
transducer. In the experimental conversion loss, propagation
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loss and diffraction loss were subtracted. The propagation
loss of the 12-mm silica glass rod was estimated by using
alf2 = 1.6 x 10715 dB/s*> - m [21]. Diffraction loss in the
rod was estimated using Ogi’s method as shown in Fig. 7.
Experimental and theoretical conversion losses simulated by
using the model shown in Fig. 5 showed a good agreement
when k2 is 15.2%.

A. Transducer Performance in Water Medium

Fig. 8 shows the impulse response after injecting the water
medium. The reflected wave that propagates through the water
medium and reflected at the surface of the silica glass reflec-
tion plate was clearly observed at 5.1 us. The longitudinal
conversion loss curve that was obtained by the Fourier trans-
form of this wave was shown in Fig. 9. As shown in route (2)
of Fig. 1(b), the acoustic wave reflected from the surface of the
reflection plate propagates in the 12-mm silica glass buffer rod
and the 0.72-mm water medium. Route (2) includes two trans-
mission losses and one reflection loss, in addition to route (1).
The theoretical conversion loss for route (2) was estimated
by subtracting the reflection and transmission loss (RT loss)
at the boundary between the silica glass buffer rod medium
and the water medium from the theoretical conversion loss
without the water medium [route (1)]. A ratio of transmission
and reflection between two mediums is given by the following
equations:

_ 4ZglassZwater ()
(Zglass + Zwater)2
R=1-T )

where  Zyater (=pwaterVwater) and Zglass(nglassvglass) are
acoustic impedances for the silica glass and water, respectively.
The longitudinal wave velocity of the ScAIN, silica glass,
and water used in the model was 8350, 5957, and 1500 m/s,
respectively. The density of the ScAIN, silica glass, and water
was set to be 3260, 2202, and 1000 kg/m3, respectively. The
RT loss was obtained by the following equations:

1
RT loss = —5(2 x 10log;o T + 10log;y R) 3)

10log,y R = —2.00 dB )
10log,, T = —4.34 dB 5)
RT loss = 5.33 dB. (6)
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Mason’s equivalent circuit model of water medium (infinite)/Au top electrode/PVDF piezoelectric layer/silica glass medium (infinite).
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Fig. 12. Experimental and theoretical conversion loss of the
ScAIN transducer and theoretical conversion loss curves of the

ideal PVDF transducer simulated by using the model as shown in
Fig. 11.

The experimental conversion loss is higher (worse) than that
of theoretical prediction because the sound axis between the
silica glass buffer rod and reflection plate was deviated. The
buffer rod might not completely parallel to the reflection plate.

B. Comparison of the ScAIN Transducer
With PVDF Transducer

In the frequency range of 20-100 MHz, PVDF transducers
were used for ultrasonic imaging applications because of their
easy fabrication of thick film and the low acoustic impedance
close to the water medium. We compared the experimental
conversion loss of ScAIN transducer with the simulated con-
version loss of ideal PVDF transducer consisting of Au top
electrode/PVDF piezoelectric layer/Ti bottom electrode/silica
glass medium, as shown in Fig. 10. Mason’s equivalent circuit
model of the PVDF transducer used for the water medium
was shown in Fig. 11. The advantage of PVDF transducers is
better acoustic impedance matching to the water medium due
to their low acoustic impedance. The longitudinal conversion
loss of ScAIN transducer and ideal PVDF transducer was
shown in Fig. 12. The minimum conversion loss of ideal
PVDF transducer is 14.8 dB. On the other hand, the minimum
conversion loss of ScAIN transducer is 12.6 dB. The ScAIN
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thick-film transducer has significantly better efficiency than
that of the ideal PVDF transducer which has better acoustic
impedance matching to water, although large RT loss due to
the large acoustic impedance mismatch was included in the
ScAIN transducer.

V. CONCLUSION

We achieved a low-frequency ultrasonic generation in the
range of 40-80 MHz from extremely thick ScAIN film fabri-
cated using the hot target RF magnetron sputtering technique.
The thickness of 43-xm ScAIN has k? of 18.5% in 81 MHz. k?
of 18.5% is comparable to the PZT thin film (k,2 = 16%). The
conversion loss of the ScAIN thick-film (90 um) transducer
in the water medium is much better than that of the ideal
PVDF transducer which is usually used for an ultrasonic
imaging device. The limit of optical penetration length in the
photoacoustic imaging is in the order of several mile meter
lengths. The limit of observation length using 20-100-MHz
ultrasonic imaging is also several mile meter lengths. There-
fore, 40-80-MHz ScAIN thick-film transducers in this study
are promising for photoacoustic imaging applications.
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