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ABSTRACT Since 2003, when the EuropeanUnion (E.U.) announced the restriction of hazardous substances
(RoHS), multiple efforts have been made to replace lead zirconate titanate (PZT) based piezoelectric
materials. However, despite these efforts, very few PZT alternatives have been found. The Lithium nio-
bate (LN) is one such lead-free piezoelectric material often used in acoustic applications due to its high
signal generation efficiency, high curie temperature, and high mechanical Q factor. However, LN is not
suitable for miniaturized applications because of its low dielectric constant and high electrical impedance.
In this paper, we aim to address the problem of the low-dielectric constant of LN while avoiding hazardous
PZT material. We propose to utilize 1-3 composites structure with LN and barium titanate (BT), which has
a high dielectric constant while controlling acoustic properties such as density, dielectric constant, sound
velocity. We also developed new LN-BT modeling to design piezoelectric composite with interdigital pair
bonding (IPB) technique, based on previous PZT-polymer 1-3 composite modeling. We verified that the
composite components are lead-free by examiningwith the scanning electronmicroscope (SEM)with energy
dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD). This proposed lead-free composite with
high-dielectric and lower electrical impedance is better suited for miniaturized applications.

INDEX TERMS Lithium niobate, barium titanate, piezoelectric composite material, constitutive
relationship, interdigital pair bonding.

I. INTRODUCTION
Since the early 2000s, legislations have been put world-
wide to restrict the use of certain Hazardous substances
in Electrical and Electronic Equipment (RoHS) such as
lead, cadmium, or mercury [1]. Despite these regulations,
the medical industry uses restricted materials through the
RoHS exemption clause (annex III and IV) due to a lack
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of alternatives. For example, medical ultrasound imag-
ing and the therapeutic system still manufacture transduc-
ers from lead-included material such as Lead Zirconate
Titanate (PZT). However, once high-performance lead-free
piezoelectric materials become available, RoHS exemp-
tions could potentially be eliminated, thus eliminating the
use of hazardous material. Researchers have been actively
searching high-performing lead-free piezoelectric materi-
als for clinical applications, such as Barium Titanate
(BT, BaTiO3), Potassium Sodium Niobate (KxN(1−x)N),
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TABLE 1. Properties of piezoelectric materials [3], [8]–[10].

or a pseudobinary ferroelectric system (1-x)Ba(Zr0.2Ti0.8)
O3-x(Ba0.7Ca0.3)TiO3 (BZT-100xBCT) [2]–[5]. Of these,
KNN has a high dielectric constant (ε), a high piezoelectric
coefficient (d33), and a high electromechanical coupling coef-
ficient (kt) compared to other lead-free piezoelectric materi-
als [5]–[8]. Thus, KNN has been well received by the industry
and researchers alike and has been applied to many applica-
tions such as piezoelectric motor, energy harvesting sensors,
or medical acoustic transducers. However, KNN has poor
temperature stability and insufficient densification, which are
the limiting factors for stable fabrication. For these reasons,
the wide use of KNN is still limited [9].

The Lithium Niobate (LN, LiNbO3) is a ferroelectric
material and has been in use for acoustic applications since
its ferroelectric properties were discovered in 1949 [10].
LN is widely used in various research and industrial appli-
cations [11]–[13]. The LN has not only high productivity
but also good kt values, high Curie temperature (Tc), and
high mechanical quality factor (Qm) [14], [15]. The high
Qm value allows the transmit sensitivity of the ultrasound
transducer to be improved for specific frequency bands. The
high Curie temperature makes it possible for it to be used in
extreme conditions requiring exposure to high-temperature
environments such as nondestructive testing (NDT) of the
heated metal or the system that require a high process tem-
perature [16]. However, the main limitation of LN is its low
dielectric constant characteristic, which causes high electrical
impedance when the material is miniaturized. As a result, it is
challenging to use LN for miniaturization applications such
as small piezoelectric sensors, multi-layer ceramic capaci-
tors, medical array transducers, etc. Thus, if LN can solve low
dielectric constant while keeping its numerous advantages,
it could become an alternative high-performance, lead-free
material that can replace PZT.

Various methods have been studied to improve the piezo-
electric performance of materials, and the representative
methods are to use composite structures combining multiple
materials with specific geometrical arrangements such as
0-3, 2-2, and 1-3 [17]–[20]. Combining LN and BT leads to a
higher dielectric constant composite. In this study, we aim to
overcome the low-dielectric shortcoming of LN by proposing
an LN-BT composite using a new 1-3 composite modeling
and interdigital pair bonding (IPB) fabrication method.

We also proposed new modeling suitable for the LN-BT
composite and compared the simulated and measured values

to validate the model. The previously proposed model to
evaluate the 1-3 composite performance using PZT and poly-
mer cannot be used for LN-BT composite since their crystal
structures have different constitutive equations [20], [21]. The
materials we used, LN and BT, have trigonal and tetrago-
nal structures at room temperature, respectively, and a new
modeling suitable for the crystal structure of LN and BT is
needed [22], [23].

For the fabrication of the proposed LN-BT 1-3 composite,
we used the IPB method with a solid LN plate and a solid BT
plate, enabling the composite to have a high dielectric con-
stant of BT compared to the dice-and-fill method [24], [25].
Since the dice-and-fill method requires high-temperature and
high-pressure processes, those conditions generally lead to an
adverse effect on piezoelectric properties, making it difficult
to achieve a high dielectric constant. We prepared multiple
samples with various volume fraction ratios andmeasured the
electrical impedance using an impedance analyzer. We also
obtained pictures of finished composites by a scanning elec-
tron microscope (SEM) and confirmed it has a perovskite
structure. In addition, we confirmed that the composite is
lead-free using X-ray diffraction (XRD) and energy disper-
sive X-ray spectroscopy (EDS). In the following few sections,
we will present details of our design along with results and
discussion.

II. MATERIALS AND METHODS
The newmodel to predict the characteristics of a piezoelectric
composite is based on the constitutive equation matrix of
LN-BT. The model also verifies the modified composite
material fabrication method, which guarantees a high dielec-
tric constant of the finished composite.

A. LN BASED COMPOSITE MODELING
The structure of the LN has threefold rotational symmetry
about its c axis and three mirror planes, and it is included in
the 3m point group (space group R3c) of the crystallographic
classification [23]. LN is generally classified into X-cut,
Y-cut, and Z-cut according to the cutting axis, and it is
expressed as (2110), (1100), and (0001) respectively by
Miller-Bravais indices. Since the Y-cut LN has a large amount
of surface charge compared to Z-cut and X-cut, it has a higher
kt value and can be used for an ultrasound actuator [26], [27].
However, Y-cut LN does not have a homogeneous struc-
ture, and the phase of Y-cut LN crystal generally has a
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FIGURE 1. The constitutive equation matrix for (a) tetragonal structure,
BT and (b) a trigonal structure, LN. C, e, and ε are elastic stiffness
constant, piezoelectric coefficient, and dielectric constant, respectively.

trigonal structure at room temperature. Thus, the previous
ceramic-based composite modeling, which uses the tetrago-
nal structure of ceramic and the constitutive equation of poly-
mer, was not suitable for LN-BT composite. The Y-cut LN
composite needs new modeling using a different constitutive
equation matrix for the simulation. Here we propose new
modeling for Y-cut LN using the ceramic-based composite
model and effective medium theory [18], [21].

FIGURE 2. The geometry and connectivity of a 1-3 composite sample.
Blue, yellow, and gray were LN, BT, and epoxy, respectively.

The newmodeling applies to a 1-3 piezoelectric composite
vibrating in the thickness mode. The geometry and connec-
tivity of a designed 1-3 composite are shown in Fig. 2. The
composite plate is on the X-Y plane, and the LN pillars are
aligned along Z-axis. We used a constitutive equation matrix
to relate stress (T ), strain (S), electric displacement (D) and
electric field (E) expressed in the Cartesian coordinate sys-
tem [28], [29]. We have made the following assumptions in
designing the model and are based on the previous modeling
practices [18], [21].

Assumption 1: The stress, strain, and electric field are
expressed independently on the two materials, LN and BT.
We consider total stress (T ) and total strain (S) divided into
stress (T L) and strain (SL) for LN, and stress (TC ) and strain
(SC ) for BT.

Assumption 2: The composite sample is large and suffi-
ciently thin.

Assumption 3: The same voltage is applied to LN and BT
parts. We assume that the electric fields of LN and BT are the
same if the thickness of the sample and applied voltages of
LN and BT are the same.

Assumption 4: Electrodes are deposited on both sides
of the plate in a direction parallel to the composite plate.
We assume that the electric fields (E1, E2) in the X and Y
directions are zero except the electric field (E3) in the vertical
direction of the electrode.

Assumption 5: The rods of LN and BT are connected by
epoxy and are assumed to oscillate at the same time. Even
though the magnitude of vibration is different depending on
the hardness and density of the material, it is assumed the
same because of the strong epoxy binding between the LN
and BT parts. We assumed that the strain in the vibration
direction of LN (SL3 ) and BT (SC3 ) are the same.
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Using Fig. 1 and assumptions 1-5, we reorganized consti-
tutive equations (1) and (2) for LN (superscript L) and BT
(superscript C), respectively.
Assumption 6: We assumed that the stresses of LN and BT

are the same in each direction of X and Y, and there is no
deformation because it is compensated by the interaction of
the strain of LN and BT.

Assumption 6 is expressed as equation (3), where v and v′

are the volume fraction ratio of LN and BT , respectively.

TC1 = T L1 = T1,TC2 = T L2 = T2

S1 = vS1C + v′S1
L
= 0, S2 = vS2C + v′S2

L
= 0

v′ = 1− v (3)

Substituting equations (1) and (2) into equation (3),
the relationship between S1 and S2 of LN and BT can be
derived and the result is shown in equation (4). The equations
to express the stress and displacement in the vibration direc-
tion, equations (5) and (6), can be obtained by substituting
equation (4) into TC3 and T L3 of equations (1) and (2) and are
shown below:
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FIGURE 3. The image for interdigital pair bonding fabrication process and structure. (a) interdigital diced materials and combination process, (b) after the
lapping process for the composite material, (c) repeat the process (a) and (b) vertically, and (d) 1-3 composite structure image fabricated by IPB.
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The equation for displacement can be also expressed as
shown in equation (7). We can then obtain the equation for
the dielectric constant and is shown in equation (8).
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We compared the derived dielectric constant using equa-
tion (8) against the measured value of the fabricated 1-3 com-
posite material to prove the validity of the equation.

B. IPB COMPOSITE AND FABRICATION
Since the proposal of piezoelectric material in 1981, various
composite structures, such as 0-3, 2-2, and 1-3 compos-
ite, and fabrication methods have been studied [17], [20].

The main purpose of the composite is to improve the per-
formance of piezoelectric material by adjusting the volume
fraction ratio of each component [30]. The most widely used
method to make the composite structure is the dice-and-fill
method, where several cuts are made to the piezoelectric layer
to have a series of kerfs using the dicing saw and fill those
kerfs with a filling epoxy. However, to make the LN-BT
composite using the dice-and-fill method, since LN is already
in a solid plate form, not only the BT needs to be uniformly
mixed with epoxy, but also the BT-filled composite requires
additional high-temperature and high-pressure sintering pro-
cess. Such fabrication is very difficult and does not guarantee
uniformity or high dielectric constant of LN-BT composite.
The IPB fabrication method was developed to improve the
volume fraction limitation of composite material caused by
physical dicing of the dice-and-fill method [24], [25]. In this
study, since there is no extreme fabrication condition in IPB
fabrication method, we can develop the LN-BT composite
that guarantees a high dielectric constant.

The LN and BT solid plates were prepared, and both plates
were lapped down to the preset thickness by the lapping
machine (PM6, Logitech Inc., U.K.). Appropriate kerfs were
made by the dicing process (DAD 3240, DISCO Inc., Japan)
depending on the pre-determined volume fraction ratio. After
aligning the kerfs of both plates not to interfere with each
other, we then combined both plates inter-digitally, as shown
in Fig. 3 (a). The kerfs were filled the with epoxy (Epo-Tek
301, Epoxy Technology Inc., MA, U.S.A.), and the samples
were cured at recommended temperature and humidity.While
bonding, we applied constant pressure over plates by using
weights and confirmed that consistent kerfs were generated
between posts during bonding utilizing a microscope. After
curing, the lapping down of top and bottom surfaces exposed
the 2-2 composite structure, as shown in Fig. 3 (b). A new
BT solid plate was then prepared and was diced in the same
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FIGURE 4. The SEM image for 1-3 IPB-based composite sample (a),
expanded image (b).

manner after rotating 90◦. Both diced plates were combined
inter-digitally, as shown in Fig. 3 (c), and the kerfs were filled.
After curing and lapping down the BT plate, 1-3 composite
material was finished, as shown in Fig. 3 (d).

III. RESULTS AND DISCUSSION
Weprepared 1-3 composite samples by using IPBwith the LN
volume fraction ratios of 50%, 60%, 70%, 80%, and 100%,
as shown in Fig. 3 (d). By fixing the physical dimension of
the composite samples at 8 mm x 8 mm x 0.3 mm, we set
the dielectric constant as the only determining factor of the
capacitance and observed the effect of different volume frac-
tion ratios on the dielectric constant, the capacitance, subse-
quently to the electrical impedance. We confirmed that the
finished composite had appropriate structure and connectivity
using SEM images (VEGA3 SBH, TESCAN Inc., Czech) as
shown in Fig. 4. In particular, the kerf between LN and BT,
filled by epoxy, was confirmed to be evenly spaced over
the entire sample, and samples have the same structure as
designed in Fig. 3 (a).

FIGURE 5. The graph of X-ray diffraction measurement result.

Although there are physical errors while dicing, the gaps
between interdigitated solid-state plates were same, and the
mechanical damages caused by the dicing process were
minimized on the contact surface, as shown in Fig. 4.
We performed XRD measurement for the fabricated LN-BT
composite sample and obtained the XRD pattern from the
area covering several LN pillars and BT inserts, as shown
in Fig. 5. These findings confirm that the sample has a

perovskite structure, and the IPB composite fabrication pro-
cess was successful in combining two different materials,
LN and BT. As per the standard JCPDS 20-0631, LN was
generally identified in the appearance of XRD pattern at 24◦,
33◦, 35◦, 40◦, 43◦, 48◦, 53◦, and 56◦ which corresponds to
(012), (104), (110), (113), (202), (024), (116), and (122),
respectively. Similarly, as per the standard JCPDS 05-0626,
BT was identified in the appearance of XRD pattern at 22◦,
31◦, 39◦, 45◦, 51◦, 56◦, and 66◦ which corresponds to (100),
(110), (111), (002), (210), (211) and (220), respectively.
As shown Fig. 5, the diffraction peak shows that LN has
trigonal structure and BT has tetragonal structure. However,
since it is a composite structure, the peak is not very sharp
and is slightly shifted.

The dielectric constant of fabricated sampleswasmeasured
using an impedance analyzer (E4990A, Keysight Inc., CA,
U.S.A.) at 1 kHz frequency. The measured and simulated
results are graphed and compared in Fig. 6. To obtain the
dielectric constant results for samples with various volume
fraction ratio, we first measured the capacitance value using
an impedance analyzer and then calculated the dielectric con-
stant and physical values, such as thickness and aperture size.
Based on equations between capacitance and dielectric con-
stant and the reference material data in Table 2, we graphed
the IPB composite simulation results in Fig. 6.

FIGURE 6. The graph for comparison between simulation result and
measurement result. Measurement frequency: 1 KHz.

From Fig. 6, we can confirm that the distribution curve
of the measured data and the simulation curve are simi-
lar. Previous studies show that the dielectric constant of
the 0-3 composite by BT and polyimide was increased by
10 to 15 at the 80%volume fraction ratio [31], [32]. Therewas
another case of increasing the dielectric constant by 20 from
0-3 composites of PVDF-TrFE and CaCu3Ti4O12 [33]. The
dielectric constant in our LN-BT composite was improved by
about 300 at an 80% volume fraction compared to the LN
plate. Our study also confirmed that the lower the volume
fraction of LN, the higher the dielectric constant achievable
and vice versa. Our proposed approach increased the dialec-
tric constant significantly, and we believe the main reason is
that the IPBmethod using a solid-state plate guarantees a high
dielectric constant.
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TABLE 2. Material properties for lithium niobate and barium titanate [22].

FIGURE 7. The measurement results for IPB-based composite sample and LN, and BTO samples. (a) BTO, (b) 50%, (c) 60%, (d) 70%, (e) 80% IPB-based
composite sample, and (f) LN samples. The meaning of percentage is the volume fraction ratio occupied by LN to the volume of all samples.

We measured the electrical impedance of IPB compos-
ites having LN volume fraction ratios of 50%, 60%, 70%,
80%, and 100% and presented the results in Fig. 7. Com-
paring the electrical impedance magnitude at 1 MHz, which
is the y-intercept of each graph, we can observe that the

electrical impedance magnitude of the IPB composite sample
is decreased as the volume fraction ratio of LN is reduced.
It demonstrates that the electrical impedance we were target-
ing was considerably improved by creating a 1-3 composite
with high-dielectric BT by IPBwithout changing the area and
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thickness. We also obtained the series resonance frequency
(fs) and the parallel resonance frequency (fp), which are fre-
quencies corresponding to the minimum impedance magni-
tude and maximum impedance magnitude, respectively, from
Fig. 7, and calculated the kt with equation (9) [34]. The kt for
the LN volume fraction ratios of 100 %, 80 %, 70 %, 60 %,
and 50 % were 0.48, 0.33, 0.23, 0.23, and 0.2, respectively,
and we observed that the kt value of IPB composite samples
decreases as the LN volume fraction decreases. However,
the kt value can be improved by optimizing the aspect ratio
of LN rods, which were not considered here.

k2t =

(
f 2p − f

2
s

)
f 2p

(9)

In addition, to demonstrate that the lead component
was not present in the IPB-based composite samples, EDS
(X-act, Oxford Instruments Inc., U.K.) was used to analyze
the included components in the samples. Table 3 shows the
results for three randomly selected points for the sample
in Fig. 4. Since the EDS equipped with a Beryllium (Be)
window cannot measure materials lighter than sodium atom,
the lithium atom, which is lighter than sodium atom, is not
observed in Table 3. Combining with the XRD measurement
results, it can be clearly seen that LN and BT are present in
the sample, while the lead element is not.

TABLE 3. Components of IPB composite measured by EDS.

One of the limitations of the designed composite is that the
electromechanical coupling coefficients of fabricated sam-
ples in this study were low. However, this limitation can be
overcome by optimizing the aspect ratio of LN rods and the
spacing between the rods, which we will be addressing in
a future study. In addition, The LN-BT composite results
presented here can be extended to a variety of combinations
of LN with other high dielectric constants materials, such as
calcium copper titanate. In addition, we expect that the results
of this study can be used in various applications. For exam-
ple, it can be used for (a) acoustic actuators and ultrasonic
motors using high Qm, (b) miniaturized transducers using
high-dielectric constant, and (c) pMUT (piezoelectric micro-
machined ultrasonic transducers) using MEMS fabrication
process.

In this study, since the dicing saw was used for the pat-
terning process, there was a physical limitation. However,
when it is combined with the MEMS fabrication process,
we expect that micro-patterns can be easily implemented,
and the efficiency can be improved. The advantages of our
composite, such as safety, compactness of packaging, and the
piezoelectric efficiency of lead-free composite, lend them-
selves to several medical applications, such as miniaturized
ultrasound transducers, implantable devices, and acoustic
energy transfer.

IV. CONCLUSION
With the increase in regulations restricting lead, the demand
for lead-free piezoelectric materials has been increasing.
LN is a commonly used lead-free material. However, it is lim-
ited for miniaturization application due to its low dielectric
constant and high electrical impedance. We overcome these
limitations of LN with LN-BT modeling, based on ceramic
composite modeling and IPB based composite. We used
solid LN and BT plates to guarantee the high dielectric
constant. We showed that the dielectric constant and elec-
trical impedance of the IPB-based composite material was
improved through analysis and results from the impedance
analyzer. We also confirmed that the lead component was
not included in IPB-based composite material by XRD and
SEM-EDS measurements. Thus, we believe the proposed
component would have a major role in designing lead-free
miniaturized medical devices in the near future.
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