P M OV A f+ (T%%)  Jin Hong Choi

EAEES-O A 201749 H 25 H

i p'e 44 ['Study on the development of BiFeOs-based |ead-free piezoelectrics
(BiFeOs & ~— R & L7 IESnEBARDOBFIZBE T H0F50) |

BiFeO; (BFO) has attracted much attention due to its very high Curie temperature (T¢) (=820 C),

large spontaneous polarization (~100 uC/cm?) and multiferroic properties. While it is expected to have a
wide range of novel applications, the ds3 piezoelectric coefficient of BFO is as low as ~20 pm/V in spite of
the excellent properties. Furthermore, difficulty in preparation of single phase by a ceramic process and a
large coercive field of above 10 kV/mm restrict the applications to piezoelectric fields.
Therefore, various BFO-based solid solutions, such as BiFeOs-BaTiO;, BiFeOs-(Bi,K)TiO;,
BiFeO3-(Bi,Na)TiOs, BiFeO3-BiCo0s;, and BiFeOs-ReFeO; (Re=rare-earth) have been investigated to solve
these issues. Although extensive studies have been carried out using ceramics and thin filmsin recent years
to enhance the piezoelectric properties at morphotropic phase boundary (MPB), the dz; coefficient remains
at around 100 pm/V.

(BipsKos)TiOs (BKT) is the promising end-member to make solid solution with BFO, which has
rhombohedral structure (R3c), because it has a high T¢ (=370 “C) and tetragona structure (P4mm). The
solid solution of BFO and BKT is expected to have a MPB between ferroelectric phases and to have a high
ferroelectric and a piezoelectric activity. For this reason, the crystal structure and the electrical properties of
BFO-BKT solid solutions have been of interested in recent years. It has been reported that dense BFO-BKT
ceramics was prepared by using nanosized (~100 nm) powder and showed alarge P, of ~50 pC/cm? and a
moderate electromechanical coupling factor (ks3) of ~0.35 with temperature stability up to 300 “C.
(BiosNaos)TiOs (BNT) has ferroelectricity with a P r of ~35 pC/cm? at room temperature, a
high Tc (~ 320 “C) and a rhombohedral symmetry (R3c). It was reported that the BFO-BNT

system, which has rhombohedral structure throughout the composition, have the dss*



piezoelectric coefficient above 180 pm/V. This might be a new approach towards the
development of high performance piezoelectric thin films, because the piezoelectric response
is significantly enhanced without using MPB. These results are explained by the
manipulation of the lattice distortion.

In this thesis, to investigate the ferroelectric and piezoelectric properties of the
BFO-based solid solutions, the thin film growth of the BFO-BKT and BFO-BNT binary
system was presented. To understand the effect of substitution of BKT and BNT on the phase
development, the surface morphologies and the dielectric, ferroelectric, and piezoelectric
properties were discussed. This thesis consists of six chapters, and the outline of each chapter
is described below.

In chapter 1, a short overview of the properties and current issues of BFO is provided.

In chapter 2, the effects of sintering conditions on the phase development and
ferroelectric properties of BFO ceramics were investigated. The BFO ceramics were prepared
by conventional solid-state reaction method. A pinched polarization electric-field (P-E) loop
was observed in the sample sintered at high temperature for a short period (820 °C for 1
hour) because the domain wall motion is prohibited by a large amount of ionic defects such as
oxygen vacancy. The BFO ceramic sintered at low temperature for a long period (760 ‘C for 6
hours) displayed well-saturated P-E loop, which suggests the decrease of the defect. The
decrease in the polarization by ac electric field cycling, which is fatigue, was observed in the
sample sintered at 760 “C for 6 hours. The fatigue by ac field cycling was started after the
initial state increase in the polarization due to the depinning process in the sample sintered
at 820 “C for 1 hour.

In chapter 3, multiple dielectric relaxations were observed in (1-X)BFO-xBKT

(BFO-BKT). Temperature-dependent dielectric relaxations of BFO-BKT lead-free
piezoceramics were investigated via impedance spectroscopic techniques. Regardless of the
compositions, the dielectric maximum temperatures exhibit a frequency-dependent dispersion,
origination from a Debye relaxation due to the presence of oxygen vacancies.
It was also observed that there exist local dielectric maxima due to the relaxation of polar
nanoregions (PNR) as a shoulder on the lower temperature side. The onset temperature for
the Debye-type relaxation decreased with decreasing BKT content, gradually overlapping
with the low-temperature dielectric dispersion from the relaxation of PNR. It was proposed
that the role of BKT in the BFO-BKT system is to enhance the random fields that favor a
relaxor state and to suppress the Debye-type relaxation of oxygen vacancy related dipoles.

In chapter 4, the growth of 0.6BFO-0.4BKT thin films by rf-sputtering deposition was

investigated. The (100)-oriented films with perovskite were grown on (100)-oriented LaNiOs



(LNO) bottom electrodes at substrate temperatures of 475-575 “C. It was found that the
lattice constant of the films decreases with increasing growth temperature. Moreover, the
films deposited below 505 °C show a dielectric permittivity of ~600 and a loss tangent of 0.02
at 1 kHz, whereas the films deposited above 540°C show large frequency dispersion. It
appears that these results are caused by A-site deficiency. Although ferroelectricity was
observed at the growth temperatures of 475 and 505 “C, the piezoelectric properties response
was obtained only at 505 “C. The obtained results suggest that BKT has an effect to reduce
the growth temperature.

In chapter 5, the effect of BNT substitution on the phase development and ferroelectric and
piezoelectric properties of BF films were investigated. Pure BFO and 1-xBFO-xBNT thin films with
x=0.05 were grown on LNO/S substrate by co-sputtering method. All films showed (100) orientation due
to the (100) texture growth of LNO. It was found that BFO-BNT films showed better ferroelectric and
piezoel ectric properties than the BFO films deposited under the same condition, especially at the deposition
temperature of 450 °C. The addition of small amount of BNT (x=0.05) to BF films increases the dielectric
constant to ~480. The piezoelectric coefficient (dszarv)) Of the BF-BNT film deposited at 450 °C is ~100
pm/V, which is comparable to the best value of BFbased films with substitutions of other perovskite or
rare-earth elements. Therefore, BFO-BNT is promising material for the development of lead-free
piezoelectric films with potential for low temperature growth.

In chapter 6, the results obtained in this study were summarized. It is indicated that the electrical
properties of pure BFO and BFO-based materias differ depending in the manufacturing process of the
sample. Especially, it seems that low temperature preprocess appears to offer a solution to the fundamental

problems of BFO to obtain enhanced electrical properties for both ceramic and thin films.
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