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Fabrication and Characterization of Single-Aperture
3.5-MHz BNT-Based Ultrasonic Transducer

for Therapeutic Application
Elaheh Taghaddos , T. Ma, Hui Zhong , Qifa Zhou, M. X. Wan , and Ahmad Safari

Abstract— This paper discusses the fabrication and
characterization of 3.5-MHz single-element transducers for
therapeutic applications in which the active elements are
made of hard lead-free BNT-based and hard commercial
PZT (PZT-841) piezoceramics. Composition of (BiNa0.88
K0.08Li0.04)0.5(Ti0.985Mn0.015)O3 (BNKLT88-1.5Mn) was
used to develop lead-free piezoelectric ceramic. Mn-doped
samples exhibited high mechanical quality factor ( Qm)
of 970, thickness coupling coefficient (kt ) of 0.48, a dielectric
constant (εT

33) of 310 (at 1 kHz), depolarization temperature (Td )
of 200 °C, and coercive field (Ec) of 52.5 kV/cm. Two different
unfocused single-element transducers using BNKLT88-1.5Mn
and PZT-841 with the same center frequency of 3.5 MHz and
similar aperture size of 10.7 and 10.5 mm were fabricated.
Pulse-echo response, acoustic frequency spectrum, acoustic
pressure field, and acoustic intensity field of transducers were
characterized. The BNT-based transducer shows linear response
up to the peak-to-peak voltage of 105 V in which the maximum
rarefactional acoustic pressure of 1.1 MPa, and acoustic
intensity of 43 W/cm2 were achieved. Natural focal point of this
transducer was at 60 mm from the surface of the transducer.

Index Terms— High-power ultrasound (US), piezoelectric
and ferroelectric transducer materials, therapeutics, transducer
material characterization, and modeling.

I. INTRODUCTION

THE high intensity focused US (HIFU) transducers, with
frequencies in a range of 0.5–8 MHz, have widely been

used for noninvasive therapeutic procedures such as treat-
ment of benign prostate hyperplasia [1], [2], prostate can-
cer [3]–[7], breast tumor [8], [9], uterine fibroids [10], [11],
liver cancer [12] renal tumor [13], pancreatic cancer [14], and
bone metastases [15].

The optimal choice of therapeutic US frequency is
application-specific and represents a compromise between
treatment depth and the desired rate of heating. Lower
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frequency transducers are used for deep treatment
(e.g., transcranial application) and heat deposition
applications, while higher frequency transducers are used for
superficial treatments such as prostatic applications [16], [17].

Piezoelectric ceramics with high depolarization temperature,
high mechanical quality factor, low dielectric loss, and
relatively high coercive field are required for high-power
devices such as HIFU transducers. In addition, higher power
transmission of US is desirable which is obtained by using low
dielectric and mechanical loss materials. It is critical for hard
piezoceramics to maintain its low dielectric and mechanical
loss at a high vibration velocity under the application of
high electric field. Until now, only lead-based piezoelectric
compositions such PZT4 and PZT8 have commercially been
employed as active elements of HIFU transducers. However,
lead is a toxic element which can cause severe health issues
for human beings. Therefore, researchers have been trying
to develop and characterize hard lead-free composition for
high-power applications to protect the environment and
public health [18]–[20]. It is reported that the BNT-based
ceramics with rhombohedral structure exhibit promising
performance under high drive conditions [21]–[24].
Specifically, substitution of B-site (Ti) with Mn
in 0.88[Bi0.5Na0.5TiO3]-0.08[Bi0.5K0.5TiO3]-0.04[Bi0.5Li0.5
TiO3] (BNKLT88) ceramic resulted in decreasing dielectric
loss, the planar coupling coefficient, and dielectric constant.
Acceptor dopant (Mn2+,+3) considerably enhanced the
mechanical quality factor caused by the domain wall
pinning effect of oxygen vacancies [19]–[21]. It has
been demonstrated that the BNKLT88 ceramics doped
with 1.5 mol.% Mn (BNKLT88-1.5Mn) show outstanding
high-power performance. Acceptor dopant (Mn2+,+3)
significantly increased the vibration velocity and suppressed
the heat dissipation under high drive condition. Hard Mn-
doped lead-free piezoceramics with a maximum vibration
velocity (vrms) of 0.6 m/s exhibited superior high-
power performance compared to hard commercial PZTs
(vrms = 0.3−0.5 m/s) [22], [25], [26].

This paper investigates the performance of hard
BNKLT88-1.5Mn piezoceramics for HIFU transducer (HIFU).
Here, unfocused lead-free single-element transducer with a
center frequency of 3.5 MHz has been prototyped. Pulse-echo
response and the acoustic properties of the transducer such
as the frequency spectrum, the acoustic pressure field, and
the acoustic intensity field were characterized and compared
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to the PZT-based transducer with similar frequency and
aperture size. The experimental results demonstrate that
BNKLT88-1.5Mn composition is a promising candidate for
HIFU transducer applications.

II. EXPERIMENTAL PROCEDURES

A. Preparation and Characterization of the
BNT-Based Ceramics

Hard lead-free and lead-based ferroelectric
ceramics were used in this paper. The lead-free
(BiNa0.88K0.08Li0.04)0.5(Ti0.985Mn0.015) O3 composition
(abbreviated to BNKLT88-1.5Mn) was prepared in the
laboratory setting while the PZT-841 was purchased from
APC International, Ltd.

The conventional mixed-oxide method was used to prepare
BNKLT88-1.5Mn. High purity precursor (≥99.9%) includ-
ing oxides and carbonates powders was dried overnight at
120 °C. Then, dried powders were mixed and milled in acetone
and yttrium-stabilized zirconium balls for 12 h followed by
calcination at 800 °C for 3 h. The procedure continued by
milling the calcined powder for 12 h and adding binder
(8 wt% Polyvinyl Alcohol solution) to prepare a disk-shaped
specimen under 150 MPa uniaxial pressure. Upon binder
removal at 550 °C, pellets were sintered at 1100 °C for 2 h.
Sintered ceramics were lapped down and then were electroded
using high-temperature silver paste. Electroded ceramics were
poled in a silicone oil bath at 95 °C under an applied electric
field of 45 kV/cm for 15 min. The hard PZT ceramics
(PZT-841) has been provided by APC International, Ltd.

The density was calculated based on the dimensions and
weight of each sample. The dielectric constant (εT

33/ε0) and
dielectric loss (tanδ) were measured at 1 kHz at room
temperature by an impedance analyzer (HP4194a; Hewlett
Packard, Tokyo, Japan). A Berlincourt piezometer was used to
measure the longitudinal piezoelectric charge coefficient (d33)
at 100 Hz. The IEEE standards method, resonance and antires-
onance frequencies of the impedance traces, has been used to
calculate the piezoelectric planar and thickness coupling coef-
ficients (kp and kt , respectively) [20], [21], [27]. The longitu-
dinal coupling coefficient k33 was estimated from the thickness
and planar coupling coefficients according to (1) [28], [29]

k2
33 = k2

p + k2
t − k2

pk2
t . (1)

The clamped relative permittivity (εs
33/ε0) was calculated

by the following equation [30]:
εS

33/ε0 = (
εT

33/ε0
)[(

1 − k2
p

)(
1 − k2

t

)]
. (2)

The mechanical quality factor (Qm) was obtained by the
following equation [30]:

Qm = 1

R

√
L

Ca
(3)

where R, L, and Ca are the resistance, inductance, and capac-
itance of the Van Dyke equivalent circuit of a piezoelectric
resonator at the resonance frequency.

The room temperature polarization-field (P–E) hystere-
sis loops were measured using a Sawyer-Tower circuit
(Radiant Technology Inc., Albuquerque, NM, USA) at a pulse

Fig. 1. Schematic illustration of the unfocused ultrasonic transducer.

width of 1000 ms (1-Hz frequency) using a triangular wave
signal. The dielectric-temperature behavior of the samples was
characterized during the heating ramp, within the temperature
range of 30 °C–320 °C, by Agilent 4284A Precision LCR
Meter.

B. Fabrication and Characterization of
Ultrasonic Transducers

A PiezoCAD software (Sonic Concepts Inc., Woodinville,
WA, USA) was used to design and predict acoustic perfor-
mance. In this experiment, we intend to evaluate the per-
formance of unfocused single-element 3.5-MHz BNT-based
transducer and compare it to the lead-based transducer with
the same frequency and aperture size.

Fig. 1 shows the schematic of the structure of a plain
transducer. The BNKLT88-1.5Mn and PZT-841 ceramics with
a diameter of 10.7 and 10.5 mm were lapped down to a
thickness of 665 and 485 μm, respectively, to achieve the
desired resonance frequency of 3.5 MHz. A gold electrode
with a thickness of 1000 Å was sputtered on one side of the
ceramic to function as the bottom electrode. After attaching the
200-μm wire to the bottom electrode using silver epoxy,
the sample was placed inside a brass tube housing. Then
the brass tube was filled with Epotek-301 epoxy (Epoxy
Technology Inc., Billerica, MA, USA) and was cured at room
temperature for 24 h. In order to connect the ceramic to the
brass tube, the front side of the transducer was covered by a
gold electrode. It should be noted that there were no matching
circuit, backing layer, and matching layer on the design of
these transducers.

A conventional pulse-echo method in a water tank at room
temperature was used to analyze the pulse-echo responses.
The transducer was mounted in a tank filled with degassed
water and was connected to a variable attenuator and the
pulser-receiver (Model 5072R, Panametrics). One cycle of
a unipolar signal covering a broadband, 0.5–60 MHz, was
used to drive the signal, while a transducer-target distance
was set to 55–60 mm from the x-cut quartz target. The
bandwidth (BW) of the transducer was calculated by

BW = fH − fL

fC
× 100 (4)

where fc is the center frequency, fL and fH are low and high
frequencies, respectively, at the −6 dB points of the frequency
response spectrum.
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Fig. 2. High-power characterization setup.

Acoustic characterization set up is shown in Fig. 2. An elec-
tric sine-wave pulse with 20 cycles (n = 20) generated by
Pulse/Receiver PRP4000 (Ritec Inc., Warwick, R.I., USA)
provided the transmit waveform to the transducer. The acoustic
field was calibrated by a hydrophone-plane-scan method using
Multiscan system (C329S, Panametrics Inc., Waltham, MA,
USA) with needle hydrophone (0.5-mm diameter; Precision
Acoustic Ltd, Dorchester, U.K.). Hydrophone sensitivity was
1109 mV/MPa at 3.5 MHz. The hydrophone scanned the
emission field to measure the acoustic pressure and intensity
of the transducers in zy-plane (Plane in z- and y-directions).
The pulse repetition frequency of 100 Hz and frequency
of 3.5 MHz were used for all of the acoustic characterizations.

Spatial peak pulse average intensity (Isppa) and spatial peak
temporal average intensity (Ispta) calculated by [31]–[33]

Isppa = P2/2ρ0 c0 (5)

Ispta = Isppa × PD × PRF (6)

PD = n

f
(7)

where P is pressure amplitude in situ, ρ0 is density (ambient
density of the medium), c0 (ambient sound speed), PD is the
pulse duration, n is the number of cycles in the pulse, and f
is the operating frequency of the transducer.

Output power of the transducer (wo) and the −6 dB pulse-
echo beam diameter (BD−6 dB) can be evaluated by the
following equations:

wo = πBD2−6 dB

4
Ispta (8)

BD−6 dB = 1.02 Fc/ f D (9)

in which F is the focal length, c is the material sound velocity,
f is the frequency, and D is the diameter of the transducer
(active element).

III. RESULTS AND DISCUSSION

BNKLT88-1.5Mn has rhombohedral structure at room tem-
perature with complicated phase transitions. The temperature
dependence of dielectric constant and loss tangent (tanδ) of

Fig. 3. Temperature dependence of dielectric constant and loss tangent,
tanδ (%) of BNKLT88-1.5Mn for poled samples.

Fig. 4. Polarization-field behavior of undoped and 1.5% Mn-doped
BNKLT88 ceramics.

poled BNKLT88-1.5Mn at 0.1, 1, and 10 kHz are demon-
strated in Fig. 3. Three recognizable anomalies were observed
which were related to the depolarization temperature (Td)
close to 205 °C, rhombohedral to tetragonal phase transition
at 220 °C, and dielectric maximum temperature (Tm) at
265 °C. The depolarization temperature has been determined
by the first peak of temperature-dependent tanδ on heating
the poled sample. Deterioration of piezoelectric properties
of BNT-based composition occur at Td and the operating
temperature range should be restricted to temperatures lower
than Td . It is worth mentioning that the operating temperature
range from lead-based ceramic is limited to Curie temperature
(300 °C–320 °C) [34], [35]. In practice, the surface temper-
ature of the transducer does not reach 50 °C which is much
lower than Td of BNT-based ceramic.

Fig. 4 shows the P–E plots for undoped and 1.5 Mn-doped
BNKLT88 ceramic. The remanent and saturation polariza-
tions slightly decrease through the acceptor dopant, while
the coercive field and the internal bias field (Ei ) increase.
The alignment of the defect dipoles (e.g., V ••

O —Mn"
Ti) in the

direction of spontaneous polarization results in the develop-
ment of internal bias field. The undoped and 1.5% Mn-Doped
BNKLT88 ceramics show Ei of 0.7 and 3 kV/cm, respectively.
Dielectric and piezoelectric properties of BNKLT88-1.5 Mn
ceramic are summarized and compared to hard PZT in Table I.



TAGHADDOS et al.: FABRICATION AND CHARACTERIZATION OF SINGLE-APERTURE 3.5-MHz BNT 585

TABLE I

PROPERTIES OF COMMERCIAL HARD PZTS AND LEAD-FREE BNT-BASED
CERAMICS [21], [36]–[40]

Fig. 5. (a)–(d) Time and frequency domain spectra of the unfocused
BNKLT88-1.5Mn and (b) and (c) PZT-841. The simulation results have also
been illustrated for comparison with experimental data.

The properties of commercial hard PZT were obtained
from [19] and [36]–[41]. BNKLT88-1.5Mn exhibited a
mechanical quality factor and dielectric loss comparable with
hard PZT. Although, the BNT-based composition shows con-
siderably lower planar coupling coefficient and dielectric
constant, its higher coercive field (Ec = 52 kV · cm−1)
makes it an excellent candidate for high-power applications.
The piezoceramic with a higher coercive field shows higher
depolarization field and better performance at higher vibration
velocity. High-power performance of Mn-doped BNKLT88
composition has comprehensively been studied and can be
found in [22]–[24] and [27].

The time-echo responses, frequency spectra, and PiezoCAD
results of the unfocused transducers are shown in Fig. 5.
The BNT-based transducer [Fig. 5(a) and (c)] exhibited center
frequency ( fc) of 3.6 MHz, and −6 dB BW of 19.9%.
Evaluation of the pulse-echo waveform of the PZT-based

Fig. 6. Acoustic pressure spectrum of (a) BNT-based transducer and
(b) PZT-based transducer at the 20 burst count (n = 20).

Fig. 7. Compressional and rarefactional acoustic pressure versus peak-to-peak
voltage of 3.5 MHz. (a) BNT-based transducer. (b) PZT-based transducer.

transducer [Fig. 5(b) and (d)] exhibited center frequency ( fc)
of 3.9 MHz, and −6 dB BW of 17.95%. Fig. 5 shows a good
agreement between simulation and experimental results for
both transducers.

The acoustic pressure waveform of both transducers
at 20 burst count reached to stable value after four or five
cycles as shown in Fig. 6.

Fig. 7 shows the acoustic pressure versus peak-to-peak volt-
age (Vpp) behavior of the transducers. The linear and quadratic
regression of rarefactional acoustic (Negative Acoustic) pres-
sure has been used to obtain the starting point of nonlinearity.
The rarefactional acoustic pressure of BNT-based transducer
shows linear response up to 105 V, where the acoustic pressure
was measured to be about 1.13 MPa. The PZT-transducer
shows nonlinearity after 70 V with an acoustic pressure
of 1.01 MPa. Using (5), the acoustic intensities corresponding
to the maximum rarefactional pressure of BNT-based and
PZT-based transducer was calculated to be 43 and 34 W/cm2,
respectively. One can conclude that the peak rarefaction pres-
sure of the BNT-based transducer can reach a higher value
than the PZT-based transducer.

The probability and threshold for inertial cavitation defines
through the concept of the mechanical index (MI)

MI = Pr,derated√
f c

(10)

in which the Pr,derated is the derated peak rarefactional pres-
sure (MPa) at the location of the maximum peak intensity
integral and f is the frequency (MHz). Food and drug admin-
istration mandates the mechanical index to be less than 1.9 for
diagnostic transducers. The high value of MI (>0.7) is
needed for significant cavitation activity and bioeffects [42].
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Fig. 8. (a) Acoustic pressure along the z-axis of BNT-based transducer. (b) and (c) 2-D distribution of rarefaction acoustic pressure and acoustic intensity
of BNT-based transducer. (d) Acoustic pressure along the z-axis of PZT-based transducer. (e) and (f) 2-D distribution of rarefaction acoustic pressure and
acoustic intensity of PZT-based transducer.

TABLE II

ACOUSTIC OUTPUT EXPOSURE LEVELS

Considering the saturation of rarefactional pressure of
BNT-based transducer at Vpp of approximately 105 V with
the pressure of 1.13 Mpa, the MI can reach to 0.6, depending
on the peak-to-peak voltage. In the same way, the mechanical
index of the PZT-based transducer can reach to 0.58 at
Vpp of 70 V. This result suggests that the potential of the
BNT-based transducer for inertial cavitation is comparable
with the PZT-based transducer.

Fig. 8(a)–(c) shows the 2-D distribution of acoustic pres-
sure and acoustic intensity along z-axis of the BNT-based
transducer measured at the peak-to-peak voltage of 57 V.
This transducer illustrates maximum rarefactional pressure
of 0.52 MPa at about 60 mm from the transducer surface.
The near-field and far-field regions of the US beam can
be determined from these results [Fig. 8(a)]. The maximum

acoustic pressure corresponds to the natural focal point,
the transition point from the near-field to the far-field regions,
of a flat transducer. The spatial peak pulse average inten-
sity of BNT-based transducer was measured 9.57 W/cm2

[Fig. 8(c)] and is calculated by (5) as 9.03 W/cm2. The
spatial peak temporal average (Ispta) and output power of
BNT-based transducer were 5.4 × 10−3 W/cm2 and 3.2 mW,
respectively.

Acoustic pressure and intensity field of the PZT-based
transducer at the peak-to-peak voltage of 45 V is pre-
sented in Fig. 8(d)–(f). The maximum rarefaction pressure
of 0.58 MPa, the spatial peak pulse average of 14.9 W/cm2,
calculated spatial peak temporal average of 8.6×10−3 W/cm2,
and the output power of 0.35 mW were obtained at 55-mm
distance from the surface of the transducer.
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The nonlinearity of the BNT-based transducer occurs at
higher Vpp compared to PZT-transducer. The BNT-based trans-
ducer has higher depolarization field which allows imposing
higher operating field. This results in obtaining higher acoustic
pressure, acoustic intensity, and output power compared to
PZT-transducer. Table II summarizes the acoustic output expo-
sure level of the transducers.

IV. CONCLUSION

In this paper, the electromechanical properties at room
temperature, temperature dependence of dielectric constant,
and loss tangent of BNKLT88-1.5Mn have been studied.
Td , TR−T , and Tm of this lead-free BNT-based composition
were 205 °C, 220 °C, and 265 °C, respectively. Two different
unfocused single-element transducers with a center frequency
of 3.5 MHz were fabricated using BNKLT88-1.5Mn and
PZT-841 ceramics. BNT-based transducer showed −6 dB BW
of 20% which is similar to −6 dB BW of PZT-841 transducer
(∼18%). Pr,max, Isppa, Ispta, and wo values of the BNT-based
transducer measured at the peak-to-peak voltage of 57 V were
0.52 MPa, 9.6 W/cm2, 5.5 × 10−3 W/cm2, and 0.24 mW,
respectively. In addition, the rarefaction pressure, acoustic
intensity, spatial peak temporal average intensity, and output
power of lead-free transducer can reach to 1.1 MPa, 42 W/cm2,
24 ×10−3 W/cm2, and 1 mW at higher Vpp. In the same way,
Pr,max, Isppa, Ispta, and wo values of PZT-based transducer
evaluated at the peak-to-peak voltage of 45 V were 0.58 MPa,
14.9 W/cm2, 8.6 × 10−3 W/cm2, and 0.35 mW, respectively.
The results of this paper showed that the performance of
BNT-based transducer were comparable with PZT-based one.
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