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Abstract—This paper presents the fabrication and charac-
terization of single-element ultrasonic transducers whose active 
elements are made of lead-free piezoceramic, 1-3 PZT/polymer 
composite and PVDF film. The lead free piezoelectric KNN-
LT-LS (K0.44Na0.52Li0.04)(Nb0.84Ta0.10Sb0.06)O3 powders and ce-
ramics were prepared under controlled humidity and oxygen 
flow rate during sintering. Due to its moderate longitudinal 
piezoelectric charge coefficient (175 pC/N) and kt of 0.50, the 
KNN-LT-LS composition may be a good candidate for high-
frequency transducer applications. PZT fibers with 25 μm di-
ameter formed by the viscose suspension spinning process were 
incorporated into epoxy to fabricate 1-3 composites with the 
averaged kt = 0.64 and d33 = 400 pC/N. Using KNN-LS-LT 
ceramic, 1-3 PZT fiber composite, and PVDF film, 3 different 
unfocused single element transducers with center frequencies 
of 25 MHz were fabricated. The acoustic characterization of 
the transducers demonstrated that wideband and low insertion 
loss could be obtained employing KNN-LS-LT ceramic. The 
–6  dB bandwidth and insertion loss were 70% and –21 dB, 
respectively. In comparison, the insertion loss of the ceramic 
transducer was much smaller than those made with 1-3 com-
posite and PVDF film. This was attributed to closer electrical 
impedance match to 50 Ω and higher thickness coupling coef-
ficient of the ceramic transducer.

I. Introduction

For the past 2 decades, high-frequency ultrasound im-
aging (HFUSI) has been the focus of many research 

studies to improve the image resolution to less than 10 
μm. Such imaging modalities operate in the frequency 
range of 20 to 200 MHz. The immediate clinical applica-
tions of HFUSI are in the imaging of skin [1]–[3], gastroin-
testinal tract [4], [5], the arterial walls [6], [7], and anterior 
chamber of the eye [8], [9]. One of the main considerations 
for HFUSI modality is the design of a transducer with 
high sensitivity, signal/noise ratio (SNR), and depth of 

penetration. These can be achieved by the use of a proper 
selection of piezoelectric material and low depth of focus 
using synthetic aperture focusing technique and/or B/D-
scanning modes [8]. Although configured as a linear array 
by Ito et al. [10], high-frequency transducers are generally 
comprised of single-element piezoelectric materials in the 
form of ceramics, polymers, and single crystals. The main 
design consideration is to match the electrical impedance 
of the transducer to 50 ohm input/output circuitry for 
maximum transmit and receive sensitivity and minimum 
2-way insertion loss. In the case of ceramics with high 
clamped capacitance, the active area of the piezoelectric 
ceramic must be very small (e.g., < 1 mm2 for PZT). 
This is defined by the inverse relationship between the 
electrical impedance and the clamped capacitance of the 
piezomaterial. Thus, it is desirable to use a piezoceramic 
with low clamped permittivity and high thickness cou-
pling coefficient. The former contributes to larger radiat-
ing area, which gives rise to a narrower beamwidth and 
better lateral resolution [11]. The latter contributes to im-
proving image quality owing to a wider bandwidth and 
lower insertion loss.

Piezoelectric materials such as lead zirconate titanate 
(PZT) [9], [11]–[15], thin-film and spin-coated PVDF and 
P(VDF-TRFE) [16]–[18], zinc oxide [19], [20], lead titan-
ate (PT) [21], lithium niobate (LiNbO3) [22]–[24], and 
piezocomposite [25]–[30] have already been explored and 
shown to be appropriate choices for frequency < 200 MHz. 
Piezoelectric polymers offer several advantages, including 
low acoustic impedance and dielectric constant, flexibility, 
and availability in thin sheets (thickness of 9–110 μm). 
However, their high dielectric loss results in low sensitivity. 
Due to their excellent piezoelectric properties, lead zircon-
ate titanate (PZT) ceramics have been extensively used in 
piezoelectric transducers. However, because of their high 
dielectric constant, PZT ceramics must be well matched 
electrically to the coaxial line and pulser/receiver systems 
[31]. Therefore, the application of PZT ceramic is limited 
to frequencies below 100 MHz [32], [33]. Foster et al. [33] 
investigated the effect of grain size of PZT ceramics on the 
material properties and the performance of transducers 
in the frequency range of 30 to 80 MHz. Using fine- and 
coarse-grained PZT ceramics, it was realized that, as the 
thickness of the ceramic resonator approached the PZT 
grain size, the mechanical losses increased rapidly and 
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thickness coupling coefficient decreased. From this study, 
one could conclude that fine-grained piezoceramics were 
better choices for the fabrication of transducers resonating 
> 40 MHz.

The innovation of piezoelectric ceramic/polymer com-
posites has allowed overcoming the problems associated 
with monolithic piezoceramics and piezopolymers in trans-
ducer applications. Combination of a piezoelectric ceram-
ic with a polymer permits tailoring the mechanical and 
electrical properties of composites to satisfy the specific 
design requirements. In addition, a piezocomposite with a 
proper connectivity and ratio of each phase provides low 
density, high flexibility (using soft polymer), good acous-
tic impedance matching, moderate dielectric constant, 
low mechanical quality factor, and extremely high thick-
ness coupling coefficient [34]. The mechanical and electri-
cal properties of piezocomposites strongly depend on the 
characteristics of each phase and the manner in which 
they are connected. The connectivity (number of dimen-
sions in which each phase is self-connected) is a key to the 
performance of a piezocomposite. To date, structures that 
have demonstrated significant piezoelectric properties for 
many applications, specifically medical imaging, are those 
with 1-3 and 2-2 connectivity.

Simple models [34], [35] for the piezoelectric charge and 
voltage coefficients of diphasic composites have shown 
that composites with 1-3 connectivity yield effective trans-
ducers. In many applications, the thickness mode reso-
nance frequency is the most important vibration mode. In 
these applications, the fundamental thickness resonance 
frequency of the piezoelectric plate is inversely propor-
tional to its thickness. Therefore, the thinner the plate, 
the higher is the thickness mode resonance frequency. To 
enhance the efficiency of a 1-3 piezoelectric composite, 
the interference of lateral resonance frequencies on the 
thickness resonance frequency must be minimized which, 
in turn, will improve the transmit and receive sensitivi-
ties of the transducer. When a piezoelectric composite vi-
brates at its resonance frequency, the PZT rods act as a 
source of waves, which propagate perpendicular to the rod 
axis. If the wavelengths of these transverse waves are at 
least 2 times higher than the periodicity of the rods, the 
lateral frequencies occur at higher frequencies than the 
thickness mode [36]. Thus, for a piezoelectric composite to 
vibrate uniformly and operate effectively at its resonance 
frequency, the piezoceramic phase must be scaled down in 
size. Incorporation of PZT fibers, with diameters between 
10 and 15 μm, into piezoelectric composites is a promis-
ing way to attain as small a periodicity as possible in 
piezocomposites and to reduce the interference of lateral 
resonance frequencies.

High content of toxic element (Pb > 60 wt %) in lead-
based piezoceramics has recently caused major environ-
mental concerns in Europe and Japan with the challenging 
issues of utilization, recycling, and disposal of lead-based 
ferroelectrics. These environmental and safety concerns 
have induced a new surge in developing lead-free ferro-
electrics, specifically those with properties comparable to 

their lead-based counterparts. This has led to the Restric-
tion of Hazardous Substances (RoHS) Directive, enforced 
in the European Union since July 2006. This directive bans 
new electrical and electronic equipment containing more 
than agreed levels of lead, cadmium, mercury, hexavalent 
chromium, polybrominated biphenyl (PBB), and polybro-
minated diphenyl ether (PBDE) flame retardants.

Recently, ceramics with perovskite structures such as 
Bi1/2Na1/2TiO3-based solid solution and alkaline niobate 
compounds K1/2Na1/2NbO3 (KNN) have received consid-
erable attention due to their higher piezoelectric proper-
ties and coupling coefficients than any other nonlead-based 
piezoelectric ceramics [37]–[42]. KNN is a solid solution of 
KNbO3 and NaNbO3. The addition of potassium niobate 
(KN) to sodium niobate (NN) results in a ferroelectric 
phase with a high Tc exceeding 400°C. However it dem-
onstrates low piezoelectric performance (d33 of 80 pC/N 
and kp of 36%) owing to the difficulty in processing of 
the dense ceramics by ordinary sintering process [43], [44]. 
Hot pressing or hot forging of KNN has proven to be very 
effective in obtaining improved piezoelectric properties as 
compared with those obtained otherwise [42], [45]. At-
tempts have also been made to improve the sinterabil-
ity and piezoelectric properties of KNN through A-site or 
B-site addition/substitutions [46]–[52]. Pioneering works 
on the binary and ternary systems of KNN-LiTaO3 and 
KNN-LiTaO3-LiSbO3, respectively [53], [54], have explic-
itly shown that piezoelectric properties comparable to 
those of PZT can indeed be achieved. Despite its high 
electromechanical properties, the KNN-LT-LS system still 
needs a careful preparation procedure. This is attributed 
to the possible formation of nonstoichiometric phases of 
potassium niobate compositions with hygroscopic nature. 
A detailed investigation on the processing-property rela-
tionship in this system has shown that ceramic powder 
preparation and sintering process have profound effects on 
the physical and electromechanical properties of ceramics 
[55]. The electromechanical properties of this system fall 
in the range of d33 = 130–315 pC/N, dielectric constant = 
500–1700, tanδ = 0.02–0.035, kt = 0.27–0.45. Eliminating 
the exposure of initial raw materials to humidity and sin-
tering at high oxygen flow rate improves the properties of 
the ceramics. These include achieving higher piezoelectric 
properties and lower dielectric loss.

The aim of this paper is to present the initial results of 
3 ultrasonic transducers resonating at 25 MHz. The piezo-
electric materials are lead-free KNN-LS-LT, PVDF, and 1-3 
PZT fiber/polymer composite. The following sections rep-
resent the organization of this paper. Section II describes 
the preparation and characterization of (K0.44Na0.52Li0.04)
(Nb0.84Ta0.10Sb0.06)O3; KNN-LT-LS ceramics. Section III 
explains the fabrication and electromechanical properties 
of 1-3 PZT fiber/epoxy composite. Section IV presents the 
acoustic properties of silver epoxy matching layer. Section 
V describes the fabrication and characterization of single-
element transducers made of KNN-LS-LT, PVDF, and 1-3 
composites operating at 25 MHz. Section VI presents the 
conclusions.
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II. Fabrication of KNN-LT-LS Ceramics

As stated earlier, to fabricate a single-element high-fre-
quency transducer with large radiating area, the clamped 
capacitance and dielectric loss of piezoelectric ceramic 
must be as small as possible. Therefore, in this study, 
a processing condition was selected to produce ceramics 
with lowest dielectric constant and moderate piezoelec-
tric properties. The detailed specifications of the sample 
preparation have been described in [55]. The raw materi-
als were first heated at 220°C for 24 h. Then the 5 binary 
compositions of sodium niobate (NaNbO3; NN), potassium 
niobate (KNbO3; KN), potassium tantalate (KTaO3; KT), 
lithium antimonate (LiSbO3; LS), and sodium antimonate 
(NaSbO3; NS) were separately prepared in dry (Ar atmo-
sphere in glove box) atmosphere and synthesized at 800°C 
for 5 h. Then, the appropriate molar ratio of calcined NN, 
KN, KT, LS, and NS powders were mixed, ball milled in 
dry Acetone for 24 h, and dried overnight at 110°C. The 
mixed powder was then uniaxially pressed at 30 MPa and 
cold isostatic pressed (CIPed) at 138 MPa into 12 mm in 
diameter and 1.5 mm thick discs. Ceramic discs were sin-
tered at 1150°C for 1 h in oxygen flow rate of 80 cm3/min 
while their top and bottom surfaces were covered with 
Pt foils. Using a field emission scanning electron micro-
scope (FESEM), it was realized that the top surfaces of 
as-sintered bodies had sharp-cornered cubic grains. Priya 
et al. also observed similar grain morphology in potassium 
sodium niobate (K0.5Na0.5NbO3) ceramics [56]. The grain 
size distribution in sintered ceramics was uniform and the 
average grain size was 3 μm.

After sintering, the discs were lapped on both sides to 
obtain 0.5 mm thick discs whose surface was coated later 
with Au using the gold-sputtering technique. The samples 
were poled at 30 kV/cm electric field for 15 min in a sili-
con oil bath at 100°C. The free relative permittivity (εT

33/
ε0) and dielectric loss were measured at room temperature 
and 1 kHz using an HP 4194A impedance/gain-phase ana-
lyzer (HP, Palo Alto, CA). Using a Berlincourt piezometer 
(Channel Products, Inc., Chesterland, OH), the piezoelec-
tric charge coefficients were measured and averaged from 
at least 10 readings at different locations of either sur-
face of each ceramic. Piezoelectric planar and thickness 
coupling coefficients (kp and kt, respectively) were calcu-
lated from the resonance and anti-resonance frequencies 
of the impedance traces, based on the following relations 
and IEEE standards [57]. The longitudinal coupling coef-
ficient, k33, was estimated from the thickness and planar 
coupling coefficients [1]:

	 k k k k kp t p t33
2 2 2 2 2= + - 	 (1)

The clamped relative permittivity (εs
33/ε0) was calcu-

lated by [57]:

	 εs
33/ε0 = (εT

33/ε0)[(1 − kp
2)(1 − kt

2)] 	 (2)

Table I represents the physical and electromechanical 
properties of these samples.

III. Fabrication and Characterization of 1-3 PZT 
Fiber/Epoxy Composite

Various techniques have been used to form fine fibers 
of 5 to 200 μm diameter [58]. However, only 3 different 
methods,—the sol-gel process [59]–[64], the relic process 
[65]–[69], and the viscous suspension spinning process 
(VSSP) [70]—have produced fine PZT and/or PbTiO3 fi-
bers. The sol-gel technique relies on the hydrolization and 
polycondensation of a metal alkoxide and/or metal salt 
precursor solution. The fibers are fabricated by extrud-
ing the high viscosity sol through a spinneret followed 
by drying at room temperature and firing at 700–1250°C. 
In forming fibers via the relic process, activated carbon 
fibers are saturated with a precursor solution of metal salt 
or alkoxide. Subsequent to drying and burning out the 
organic content, piezoelectric fibers are formed by sinter-
ing at 1250°C. Large quantities of continuous PZT fibers 
have been produced using a cost-effective method adopt-
ed from rayon technology at Advanced Cerametrics Inc. 
(ACI, Lambertville, NJ) [70]. With the VSSP technique, a 
mixture of PZT powder and cellulose xanthate (as the fu-
gitive carrier) is extruded through the spinneret holes for 
the production of continuous ceramic fibers. The xanthate 
groups are removed from the cellulose using a solution 
containing sodium sulfate, zinc sulfate, and sulfuric acid 
dissolved in water. Once the tow is properly washed, the 
cellulose is very clean and will completely burn out before 
sintering.

In this study, PZT-5H (Morgan, Fairfield, NJ) powder 
with the mean particle size from 2.0 μm to 2.5 μm was 
used to prepare fine PZT fibers with an average diam-
eter of 25 μm using the VSSP process. Thermogravim-
etry (TG) analysis of as-received fibers indicated that the 
organic (cellulose) was completely removed between 250 
and 500°C. The green fibers were collimated, heat treated 
at 550°C for 4 h and at 780°C for 1 h to strengthen the 
sample for handling. After sintering in a lead-controlled 
atmosphere at 1265°C for 60 min, the sample was placed 
in a plastic tube and embedded with Epotek 301 epoxy 
(Epoxy Technology Inc., Billerica, MA). Once the epoxy 
was cured at room temperature for 24 h, the composite 
was sliced into 400 μm thick samples. Then the samples 
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TABLE I. Properties of KNN-LT-LS Ceramic and 1-3 PZT Fiber/Pomposite. 

Material Rel.  density d33 (pC/N) εT
33/ε0 tanδfree εS

33/ε0 tanδclamped kt Kp

KNN-LS-LT 0.96 175 644 0.022 506 0.023 0.39 0.25
1-3 PZT fiber/polymer 0.42 400 541 0.013 296 0.013 0.64 0.64



were polished to 200 μm thickness and dried at 72°C for 
4 h. Next, the samples were electroded using air-dried 
silver paint (DuPont 4922N) and poled for 10 min via the 
conventional method in a 60°C silicone oil bath at 40 kV/
cm. Table I also represents the physical and electrome-
chanical properties of the composites with 40 to 45 vol.% 
PZT fibers.

IV. Preparation and Characterization of 
Acoustic Matching Layer

In general, the large impedance mismatch between the 
ceramic resonator and the medium (tissue or water) gives 
rise to a large reflection coefficient of acoustic wave at 
the ceramic/medium interface and a narrow bandwidth 
transducer. Assuming ZCeramic = 30 MRayls and Zmedium 
= 1.5 MRayls, the acoustic intensity transmission coeffi-
cient is only about 18%, an acoustic coupling loss of 7.45 
dB. To resolve these problems, one or more matching lay-
ers are placed between the ceramic and medium to act as 
an acoustic impedance down-transformer to minimize the 
coupling loss. When only one matching layer is used, the 
required acoustic impedance of the matching layer (ZM) 
can be calculated using the semi-infinite [71] and infinite 
[72] models according to (3) and (4), respectively:

	 Z Z ZM m C= × , 	 (3)

	 Z Z ZM m C= ×2 23 . 	 (4)

For maximum transmission of acoustic waves into the 
medium, the thickness of the matching layer is approxi-
mately λ/4 at the desired resonance frequency [73]. Using 
(3) and (4), the required acoustic impedance of a matching 
layer for the KNN-LT-LS ceramic (Z = 28.5 MRayls) and 
water (Z = 1.5 MRayls) is between 5 and 6.5 MRayls.

Silver epoxy has already been used as the front match-
ing layer [74], [75]. In this study, the DuPont 4922N (70 
wt.% Pt) was cast into a plastic mold and cured at room 
temperature for 48 h followed by final curing at 60°C for 
24 h. The sample was then removed from the mold and 
polished into a 25.4 mm diameter and 710 μm thick disc, 
and its acoustic properties were measured using the pulse/
echo technique described by Selfridge [76]. Table II repre-
sents the physical and acoustic properties of silver epoxy 

measured at various frequencies. Although the acoustic 
impedance and the longitudinal sound velocity did not 
change with frequency, the acoustic attenuation increased 
linearly with frequency, as shown in Fig. 1. Extrapolation 
of the data to 30 MHz results in an acoustic attenuation 
of 135.6 dB/cm. For comparison, the data reported in the 
literature for commercially available silver epoxies includ-
ing the 0–3 composite prepared by Cannata [24] are shown 
in Table II. Although the acoustic impedance of DuPont 
4922N is slightly higher than the required value (5 and 
6.5 MRayls) for the KNN-LS-LT transducer, its acous-
tic attenuation is almost one order of magnitude lower 
than those reported in the literature for other commer-
cially available silver epoxies. In addition to being a good 
candidate material as a matching layer, its high acoustic 
impedance and moderate attenuation also makes this sil-
ver epoxy a suitable material as a backing layer for piezo-
ceramics.

V. Fabrication and Characterization of 
Ultrasonic Transducers

A. Transducer Fabrication Process

Fig. 2(a) schematically shows the processing steps 
involved in the fabrication of a 25 MHz KNN-LS-LT 
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TABLE II. The Physical and Acoustic Properties of Silver Epoxy (DuPont 4922N). 

Frequency (MHz) Velocity (m/s) Z (MRayls) Attenuation (dB/cm)

5.0 1663.4 ± 6.27 7.64 ± 0.029 26.88 ± 0.587
7.5 1681.8 ± 1.15 7.72 ± 0.005 36.85 ± 0.178
10.0 1686.5 ± 2.00 7.74 ± 0.009 45.17 ± 0.756
25.0 1686.5 ± 4.00 7.74 ± 0.018 113.00 ± 0.23
30.024 2–3μm Pt particles/Insulcast 501 1900 7.3 138
30.077 Ablebond 16-ILV 1950 4.68 1200
30.077 Ablebond 16-ILV (Centrifuged) 1020 3.73 1000
30.077 E-Solder 3022 2110 5.46 400
30.077 E-Solder 3022 (Centrifuged) 1500 5.92 1100

Fig. 1. Variation of acoustic attenuation of silver epoxy composite with 
frequency.



transducer. To compensate the mass-loading effect of 
the matching and backing layers, a 3 × 3 mm2 ceramic 
prepared by the CIP procedure was lapped down to 115 
μm thickness. This was slightly thinner than the 120 μm 
thickness required for λ/2 resonant modes. One surface 
of the element was covered with a template having 2.5 
mm diameter hole at its center. Then a thin layer of gold 
electrode, ~150 nm thick, was sputtered onto the element. 
The acoustic impedance of gold, Z = 63.8 MRayls [76], is 
much higher than that of KNN-LT-LS ceramic. Thus, to 
operate at λ/2 resonance, the thickness of the gold layer 
had to be significantly smaller relative to that of piezoelec-
tric material [78]. The element was secured onto a Mylar 
sheet with the gold electrode facing up. A Teflon ring was 
placed around the element and Epotek 301 was cast into 
the gap between the element and the ring. Before casting, 
the epoxy was partially cured at room temperature to per-
mit the gold electrode to be exposed for wire attachment. 
After curing, a 120 μm thick copper wire was placed onto 
the epoxy and connected to the gold electrode using silver 
epoxy (DuPont 4922N). The backside of the element was 
refilled with Epotek 301 and cured at room temperature. 
The thickness of the epoxy layer on the back of the ce-
ramic was approximately 3 mm and acted as the backing 
layer. The acoustic impedance and longitudinal velocity of 
Epotek 301 reported in [76] were 2.85 MRayls and 2640 
m/s, respectively. Recently Wang [79] reported the longi-
tudinal velocity and acoustic attenuation of Epotek 301 at 
42 MHz were 2690 m/s and 17.2 dB/mm. Considering the 
density of cured epoxy to be 1100 Kg/m3, the calculated 
acoustic impedance would thus be equal to 2.96 MRayls. 
After removing the Mylar sheet and Teflon ring, the cop-
per wire was soldered to the central pin of a UHF connec-
tor and the sample secured with Epotek epoxy. The front 
face of the transducer was then sputtered across with 50 
nm thick gold layer to form the front electrode and con-
nected to the body of the UHF connector. Then the ele-
ment was repoled at room temperature at 30 kV/cm for 
10 min. To match its acoustic impedance of 6 MRayls, 
the silver epoxy was diluted with a small amount of n-
Butylacetate (Fisher Scientific, Pittsburgh, PA) and then 
was painted onto the front side of the ceramic to form the 
matching layer. After curing, the silver epoxy was lapped 

down to λ/4 thickness at 25 MHz. Fig. 2(b) schematically 
depicts the transducer structure.

A similar approach was taken to fabricate PVDF (Mea-
surement Specialties Inc., Wayne, PA) and 1-3 composite 
transducers with diameter/thickness of the active elements 
1.8 mm/28 μm and 3 mm/50 μm, respectively. For these 
transducers, the Teflon ring was replaced with brass tubes 
fitting onto UHF connectors, their backing layers were 2 
mm thick made of Epotek 301, and matching layers were 
not required due to their low acoustic impedance.

B. Electrical Impedance Measurement

Fig. 3(a)–(b) depict the impedance and phase angle 
spectra of the KNN-LS-LT transducer before and after ap-
plying a matching layer. The calculated thickness coupling 
coefficient of the transducer was 0.40, which was in good 
agreement with that shown in Table I. This indicated that 
the piezoceramic regained its piezoelectric properties af-
ter repoling. The transducer was analyzed using the 1-D 
KLM model (PiezoCAD; Sonic Concept Inc., Woodinville, 
WA). The model included 2 mm thick Epotek 301 as back-
ing material, 115 μm thick KNN-LS-LT ceramic, and λ/4 
thick silver epoxy with Z = 6 MRayls. Table III compares 
the measured and modeled impedance and phase angle 
of transducer with and without matching layer. A good 
agreement was observed between the predicted and mea-
sured values. Fig. 3(c) shows the impedance and phase 
angle spectra of the 1-3 PZT composite disc with 3 mm 
diameter. At 25 MHz, the impedance and phase angle of 
the composite are 11.1 Ω and 61.7°. Using a clamped di-
electric constant equal to 296 and a composite thickness 
equal to 50 μm, the calculated impedance of 17.2 Ω was in 
close agreement with the value measured. Although easily 
detectable for 200 μm thick composites, the detection of 
resonance and anti-resonance frequencies were not achiev-
able for 50 μm thick composites. This was attributed to 
the effect of PZT fiber aspect ratio (diameter/height) on 
the composite thickness coupling coefficient and vibration 
modes of PZT fibers and epoxy matrix. The PZT fiber 
aspect ratios were 0.125 and 0.5 for 200 μm and 50 μm 
thick composites. According to the results of analytical 
analyses verified by experimental measurement that was 
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Fig. 2. Schematic representation of (a) the processing steps involved in the fabrication of the transducer and (b) the 25 MHz transducer structure.



carried out by Hossack and Hayward [80], the ceramic 
aspect ratio played an important role on the thickness 
coupling coefficient of 1-3 composites as well as the vibra-
tion modes of PZT pillars and their surrounding polymer. 
It was realized that, for composites with ceramic volume 
fractions less than 50%, increasing the pillar’s aspect ratio 
would reduce the effective kt and longitudinal sound veloc-
ity. In addition, this was accompanied by difficulty in the 
detection of the thickness resonance and anti-resonance 
frequencies as the aspect ratio increased.

C. Ultrasonic Properties

The pulse-echo response of the transducer was mea-
sured using a conventional pulse-echo method in water at 
room temperature, shown in Fig. 4(a). The transducers 
were shock excited by a standard pulser (Model 5800PR; 
Panametrics, Waltham, MA) while its output voltage was 

set to 60 V, employing a variable attenuator. The echo 
waveforms were recorded from a polished glass plate (10 × 
10 × 2.5 cm3) by a digital oscilloscope (LeCroy 9354TM; 
Chestnut Ridge, NY). The frequency spectrum of the 
transducer echo response was obtained using the fast Fou-
rier transform (FFT) function of the oscilloscope. The 
center frequency (fc), maximum frequency (fmax) and the 
low and high frequencies (fL and fH, respectively) at –6 dB 
points were then obtained from the calculated 2-way re-
sponse spectrum. For the burst excitation, the pulser was 
replaced with a function generator (HP8116A; Hewlett-
Packard, Santa Clara, CA) and the variable attenuator 
removed, shown in Fig. 4(b). The transducers were excited 
with a 25 MHz, 1-cycle sine wave at 16 Vp-p. The insertion 
loss was measured as described in [81] and using the setup 
shown in Fig. 4(b) with 25 MHz, 10-cycle sine wave burst 
at 16 Vp-p, with 50-Ω coupling of the LeCroy oscilloscope. 
The reflected echo waveforms were then recorded from a 
polished glass plate by the LeCroy oscilloscope in 1-MΩ 
coupling.

Fig. 5 shows the time echo responses and associated fre-
quency spectra of the KNN-LS-LT transducer, with and 
without matching layer. As expected, the transducer with-
out matching layer had a very narrow –6 dB bandwidth 
and long –20 dB pulse length with a center frequency of 
~25 MHz, as shown in Fig. 5(a)–(b). The silver epoxy 
matching layer significantly improved the performance of 
the transducer by widening the bandwidth and shortening 
the pulse length, as shown in Fig. 5(c)–(d). As shown in 
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Fig. 3. The impedance and phase angle spectrums of the KNN-LT-LS transducer (a) before and (b) after putting silver epoxy matching layer onto 
the gold front electrode; (c) the impedance and phase angle spectrums of the 1-3 PZT composite disc.

TABLE III. The Measured and Modeled Impedance and Phase 
Angle of KNN-LS-LT Transducer with and without Matching 

Layer. 

Property

Ceramic with BL only
Ceramic with BL and 

ML

PiezoCAD Measured PiezoCAD Measured

Z (Ω) 20.47 18.7 31.56 33.5
Phase angle (°) −73.7 −72.7 −77.0 −69.9

Note: BL: backing layer; ML: matching layer

Fig. 4. (a) Pulse/echo excitation and (b) burst/echo excitation setups.



Table IV, the center frequencies, –6 dB bandwidths, and 
–20 dB pulse lengths of the transducer measured with a 
mono-cycle pulse and one cycle sine wave burst shown 
in Fig. 5(e)–(f) were similar. The measured 2-way inser-
tion loss of the transducer with matching layer after com-
pensation for the attenuation in water (2.2 × 10−4 dB/
mm.MHz2) [12] and transmission in glass plate (24% loss 
measured at 25 MHz) was –21.03 dB. In comparison, the 
bandwidth and insertion loss of KNN-LS-LT transducer 
were similar to those (72% and −19.5 dB, respectively) of 
22 MHz transducers made of LiNbO3 [24].

Fig. 6(a)–(b) depict the shock-excited time responses 
and frequency spectra of the PVDF transducer with the 
center frequency, compensated insertion loss, and –6 dB 
bandwidth of 24.5 MHz, –39.5 dB, and 108%, respective-
ly. The acoustic impedance (~4 MRayls) of PVDF was a 
close match to that of water and thus wide −6 dB band-
width was expected for this transducer material without 
matching layer.

The shock-excited time responses and frequency spectra 
of the 1-3 PZT fiber/polymer composite are shown in Fig. 
6(c)–(d). The measured center frequency, compensated in-
sertion loss, and –6 dB bandwidth were 24 MHz, −34 dB, 
and 118%, respectively. Li et al. [30] achieved 118% −6 dB 
bandwidth and –29.3 dB insertion loss for a focused 31 
MHz transducer with 1-3 piezocomposite made of doped 

lead titanate fibers. The transducer did not have a quarter 
wavelength matching layer, and its piezocomposite con-
tained 68 vol.% fibers whose diameters were 35 μm. Meyer 
et al. [27] reported –6 dB bandwidth and insertion loss of 
89% and –21 dB, respectively, for an unfocused 30 MHz 
1-3 composite transducer. The composite had 45 vol.% 
lead lanthanum zirconate titanate (PLZT) fibers whose 
diameters were 17 to 30 μm in diameter. Furthermore, the 
deposition of λ/4 thick matching layer (parylene C) did 
not have a remarkable effect on insertion loss but broad-
ened the bandwidth. In this work, the measured acoustic 
impedance of the 200 μm thick 1-3 PZT fiber composites 
was ~11 MRayls. This would mean a matching layer with 
acoustic impedance in the range of 3.7 to 4 MRayls had to 
be used on the front face of the 50 μm thick composite for 
optimum performance (wide bandwidth and short pulse 
length). Achieving 118% bandwidth without employing a 
matching layer could thus be attributed to lower acoustic 
impedance of the thin composite. As explained earlier, 
Hossack [80] demonstrated that in 1-3 composites with 
low ceramic volume fraction, the sound velocity decreased 
with the increase of pillar’s aspect ratio. Because the 
density did not change with reducing the thickness, the 
product of density and lower sound velocity could yield 
composites with lower acoustic impedance. This in return 
would result in a better acoustic match between the com-
posite and the medium (water).

VI. Conclusions

Lead-free KNN-LS-LT ceramics were prepared under 
controlled atmosphere to prevent the exposure of initial 
raw materials to humidity. The ceramic powder was cold 
isostatic pressed into discs and sintered under an oxygen 
flow rate of 80 cm3/min. As-sintered bodies had sharp-
cornered cubic grains with uniform size distribution of 3 
μm. The acoustic properties of a commercially available 
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Fig. 5. The time and frequency domain spectrums of the KNN-LS-LT transducer (a)–(b) shock excitation: with backing and without matching layer; 
(c)–(d) shock excitation: with backing and matching layer; and (e)–(f) burst excitation: with backing and matching layer.

TABLE IV. Measured Parameters of 25 MHz KNN-LT-LS 
Transducer with and without Silver Epoxy Matching Layer 

(ML). 

Parameter/Condition

Shock Excitation Burst 
Excitation With MLWithout ML With ML

fL (MHz) 21.72 16.89 16.80
fH (MHz) 28.10 35.77 35.00
f0 (MHz) 25.16 26.30 25.90
−6 dB bandwidth (%) 27.38 71.80 70.30
−20 dB pulse length (ns) 376 125 124



silver epoxy (DuPont 422N) were characterized in fre-
quency range of 5 to 25 MHz. Although the longitudinal 
sound velocity and acoustic impedance did not change, 
the acoustic attenuation of this silver epoxy increased lin-
early with frequency. In comparison, the acoustic attenu-
ation extrapolated to 30 MHz was almost one order of 
magnitude lower than those reported in the literature for 
other commercially available silver epoxies. In addition 
to being a good candidate as a matching layer, its high 
acoustic impedance and moderate attenuation also makes 
this silver epoxy a suitable material as a backing layer.

Three different transducers with center-resonant fre-
quency of 25 MHz were fabricated using cold isostatically 
pressed KNN-LS-LT ceramic, 1-3 PZT fiber composite, 
and PVDF film. Although at frequencies above 20 MHz 
single-element transducers are commonly made with pre-
focused piezoelectric elements or focused lenses, in this 
study, the transducers fabricated had flat active piezoelec-
tric materials. The acoustic characterization of the trans-
ducers demonstrated that a wideband transducer with low 
insertion loss could be obtained employing the nonlead 
KNN-LS-LT ceramic. In comparison, the insertion loss of 
the lead free ceramic transducer was much smaller than 
those made with 1-3 PZT composite and PVDF film, 
which was attributed to the electrical impedance of the 
ceramic transducer being much closer to 50 Ω and having 
a higher thickness coupling coefficient.
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