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Controlled crystal growth of layered-perovskite thin films as an approach

to study their basic properties
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This article describes the current progress in thin bismuth layer-structured ferroelectric films
(BLSFs) including SrBi,Ta,0q and (Bi,La),Ti3O,, particularly those developed in the last ten
years. BLSF thin films can be applied to ferroelectric random access memories because of their
durable fatigue-free properties and lead-free composition. We will briefly introduce epitaxial thin
films grown on a variety of substrates. Because of the difficulty in growing single crystals of
sufficient size to characterize the ferroelectric behavior in specific crystal growth directions, we will
characterize epitaxially grown thin films to obtain basic information about the anisotropic switching
behavior, which is important for evaluating the performance of emerging materials. We will then
discuss the fiber-textured growth on the (111)Pt-covered Si substrates of SrBi,Ta,0q and Bi Ti;0,
thin films. Because we expect that the spread crystal orientation will affect the bit-to-bit errors, we
believe that the fiber-textured growth and the characterization technique for the deposited film
orientation are interesting from a practical standpoint. Another specific challenge of thin film growth
is the growth of a-axis-(polar axis)-oriented films. a-/b-axis-oriented films are characterized both
crystallographically and by electric hysteresis loop. The hysteresis performance was in accordance
with the volume fraction of the a/b domains; however, no evidence for 90° switching of the b
domain by an external electric field was obtained. The control of film orientation also allows
systematic studies on the effects of a structural modification and relation between spontaneous
polarization and Curie temperature, examples of which are given in this paper. After a short
description of the piezoelectric properties, we will conclude with a summary and the future
prospects of BLSF thin films for research and applications. © 2006 American Institute of Physics.

[DOLI: 10.1063/1.2337357]

I. INTRODUCTION

In 1950, Aurivillius reported on a series of layer-
structured crystals currently called bismuth layer-structured
ferroelectrics (BLSFs) or the Aurivillius family.l’2 Their most
distinctive structural feature is the intergrowth of the perovs-
kitelike slab (pseudoperovskite layer) and bismuth oxide lay-
ers along the c-axis. The chemical formula is widely de-
scribed as (Biy0,)**(A,,_1B,,03,:1)>"» Where A represents
the mono-, di-, or trivalent ions (Na*, Sr2*, Ba2*, Pb>*, Ca2*,
Bi3*, lanthanoid ions, etc.), B represents the tetra-, penta-, or
hexavalent ions (Ti**, V*, Ta>*, Nb>*, Mo®*", W, etc.), and
m represents the number of BOg octahedra in the pseudoper-
ovskite layer. Figure 1 shows the crystal structures of the
representative SrBi,Ta,0g (SBT, m=2) and Bi,Ti;O0,, (BIT,
m=3) BLSFs. Almost all BLSFs have orthorhombic symme-
try at room temperature (that of BiyTizO,, is strictly mono-
clinic). A variety of over 50 materials with different m num-
bers typically ranging from 1 to 5, or a combination of them,
have been reported and are considered to be ferroelectrics.
The spontaneous polarization (P,) originates from the rota-

YAlso at Institute of Solid State Research and CNI (Center of Nanoelec-
tronic Systems for Information Technology) Research Center Juelich,
D-52425 Juelich, Germany; electronic mail: t.watanabe @fz-juelich.de

YAlso at Precursory Research for Embryonic Science and Technology
(PRESTO), Japan Science and Technology Corporation (JST), Kawaguchi
332-0012, Japan; electronic mail: funakubo@iem.titech.ac.jp

0021-8979/2006/100(5)/051602/11/$23.00

100, 051602-1

tion and tilt of the octahedrons.’™® Interestingly, even-
m-numbered BLSFs only exhibit P, along the a-axis because
of the glide and mirror planes perpendicular to the b- and
c-axes, while odd-m-numbered BLSFs exhibit minor P,
along the c-axis and major P, along the ag-axis when the
glide planes are perpendicular to the b-axis. Some typical
BLSFs are listed in Table 1."*7%

In the early stages, BLSFs were investigated for use in
potential optoelectronic and piezoelectronic devices.”*
However, the number of these research materials dramati-
cally increased after the fatigue-free nature of SBT ferroelec-
tric capacitors coupled with Pt electrodes was discovered in
1995.%° The high-fatigue endurance of these capacitors in-
creased the write/readout cycles of ferroelectric random ac-
cess memories (FERAMSs) over 10'°. The lead-free composi-
tion is also advantageous for addressing environmental
issues, because Pb(Zr,Ti)O3 (PZT) is a promising potential
material for FeRAMs. In 1999, La-substituted BIT (BLT)
showed its fatigue-free nature together with two remarkable
advantages: a larger remanent polarization (P,) and a lower
crystallization temperature than those of SBT films.*® Al-
though the P, of BIT, 50 uC/ cm2,13 is the largest in BLSFs,
the bulk ceramics or BIT thin films are severely influenced
by deteriorating polarizationls’m’18 and fatigue failure,’”*
due to the pinning caused by defect (:ornplexesls’m’39 and the
domain structure.*’ Lanthanoid and/or higher-valent cation
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FIG. 1. (Color online) Schematic illustration of SrBi,Ta,0q (left, Z=4, m
=2) and Bi,Ti;0,, (right, Z=4,m=3) crystal structures, which show a half-
unit cell along the ¢ axis. The lattice parameters of SrBi,Ta,O, and
Bi,Ti;0,, are a=5.52237 A, b=5.52408 A, and ¢=25.02641 A and a
=5.44521 A, b=5.41118 A, and ¢=32.8432 A, respectively (see Refs. 7
and 8). Depending on the m number, the c-axis lattice parameter changes at
intervals of about 8 A, which corresponds to two perovskite units. The a/b
axis is parallel to the diagonal of the pseudoperovskites, so that the a/b axis
lattice parameters are approximately root two times the typical lattice pa-
rameters of perovskite materials, 4 A.

substitution for Bi and Ti sites in the pseudoperovskite layer
improve these defects. Recently, it was suggested that
Nd—or Pr-substituted BIT [BNT (Refs. 41-43) and BPT
(Ref. 44)] films exhibit a comparable large P, of more than
30 uC/cm? for PZT films.

On such background, the primary application considered
for BLSF thin films is the FeERAM. Again, the key advan-
tages of these materials compared to PZT are their environ-
mental compatibility and fatigue-free properties, while larger

TABLE I. Aurivillius family layer perovskites (Ln: lanthanoid).
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polarization is required for BLSFs to increase the device
density. In this review, we will discuss a variety of thin film
growths in Secs. II-1V, because the orientation of the indi-
vidual anisotropic crystals has a large impact on device per-
formance, irrespective of the application. In contrast to cube-
on-cube growth or growth in materials with a cubic/
tetragonal perovskite structure, such as the tetragonal
PZTIISrTiO3, the BLSF crystal structure is always very dif-
ferent from those of the bottom materials. Therefore, thin
film growth must be carefully investigated. Subsequently, we
will summarize the P, of BLSFs, including emerging mate-
rials as a function of the Curie temperature (T¢), in Sec. V to
survey the relative positions of the BLSFs in displacive fer-
roelectrics, followed by a brief report on the piezoelectric
properties. Finally, we will conclude with a summary and
describe some of the future applications for BLSFs.

Il. EPITAXIAL FILM GROWTH AND FERROELECTRIC
PROPERTIES

BLSF epitaxial films have been grown on single crystal
and epitaxially precoated substrates using conductive mate-
rials to characterize the structural and electric properties.45_73
Because of their structural simplicity, these films are suitable
for characterizing the anisotropic properties along a specific
crystal direction, such as the dielectric constant, piezoelectric
displacement, leakage current, fatigue endurance, and the
ferroelectric polarization.

Figure 2 shows typical x-ray diffraction patterns of epi-
taxially grown BLSF films grown on (100)SrTiOs,
(110)SrTiO3, (111)SrTiO;, and (101)TiO, single crystal sub-
strates using metalorganic chemical vapor deposition
(MOCVD), using SBT (m=2) and BIT (m=3) as examples.
The crystal orientations of BLSF films grown on the above
substrates can be described using the m number as follows:
(001), (112m+2), (10m+1)/(01m+1), and (100)/(010) ori-
entations, respectively. We confirmed the epitaxial growth
using x-ray pole figure measurements, as shown in Fig. 3. As

m 1 2 3 4 5
Bi,VOs s SrBi,Ta,0¢ Bi,Ti504, SrBi,Ti40;5 Sr,Bi4TisO g
Bi,MoOg CaBi,Ta,0q (Biy_,Ln)Tiz0, BaBi,TizOy5 Ba,Bi,TisO4g
Bi,WOq BaBi,Ta,0y Biy_,s3Tis_ V.0, PbBi,Ti,O 5 Pb,Bi,;Ti50 5
PbBi,Ta,0, Biy_»,3Ti5_ W, 01, CaBi,TiyOy5 BigTisFe,04g
Materials SrBi,Nb,0y (Bi,Ln),(Ti, V);0,, BisTizFeO5
CaBi,Nb,0q Bi,Sr,Nb,MnO,,_, Nay 5Bi; sTi,O5
BaBi;Nb,0, (Biy_,Sr,)(Ti3_,Nb,)Oy, Ko.5Bi35Ti,O5
PbBi,Nb,0q (Biy_,Ba,)(Ti;_,Nb,)O,
Bi;TiNbO,y (Biy_,Pb,)(Tis_Nb,)O,,
Bi;TiTaOy
m 1,2 2,3 3,4 0
Materials Bi,WO¢—Bi;Ti; sW 509 BisTi; sW(s09—Bi,Ti304, Bi,Ti;0,—SrBi,Ti,O 5 SrTiO;
Bi,WOg—Bi;TiNbOy BisTiNbOy—Bi,Tiz0, Bi,Ti;0,,-BaBi,Ti4,O5 BaTiO;
Bi,WO4—Bi,(Bi sNay s) NbOgy Bi;TiTaOg—BiyTiz0, Bi,Ti;0,,—PbBi,Ti;O;5 PbTiO4

Bi,WO,—Bi;TaTiO,

StBi,Nb,09—Bi,Ti;0,,
BaBi,Nb,0y—Bi;Ti;0,

Bi,Ti;0,,~(Nag sBig 5)BisTi,O 5
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FIG. 2. X-ray 26-6 scans of SrBi,Ta,0q (upper) and Bi,Ti;O,, (bottom) films, epitaxially grown on (a) (100)SrTiOs, (b) (110)SrTiOs, (c) (111)SrTiO;, and

(d) (101)TiO, single crystal substrates.

seen in Fig. 3, a set of four indexed diffractions grew from
one crystal domain. Hence, the pole figures reveal that the
films shown in Figs. 3(a)-3(d) had four-, two-, three-, and
twofold twin growths, respectively. (If we consider the ortho-
rhombic structure, the number of the twin growths doubles.)
Figures 4 and 5 show the high-resolution transmission elec-
tron microscopy (TEM) images of the interface between the
(001)SBTII(100)SrTiO5,  (116)SBTII(110)SrTiO5;,  and
(100)/(010)BITII(101)TiO,. Concerning the epitaxial BLSF
film growth on the SrTiO; substrates, the film orientation

FIG. 3. (Color online) X-ray pole figures measured for (a) (001), (b) (118),
(c) (104)/(014), and (d) (100)/(010)Bi,TizO, films shown in Fig. 2. The
fixed 26 angle corresponds to 117 Bi,TizO,.

descriptions differ from those of simple perovskites that were
epitaxially grown on SrTiO; substrates, while keeping their
structural coherency. However, the BLSF growth mechanism
on the SrTiO5 substrates is similar to those of simple perovs-
kites. The octahedrons in the pseudoperovskite layer also
establish a continuous structural network with the octahe-
drons in the substrate.”’*” Based on the misalignment of
the pseudoperovskite unit from the a-/b-axis of approxi-
mately 45°, the (001), (112m+2), and (10m+1)/(01m+1)
BLSF orientations were almost comparable to the (100)/
(001), (110)/(101), and (111) orientations of simple tetrago-
nal perovskites. The relationships between the crystal struc-
ture of substrates and the resultant film orientation were
summarized into an epitaxial growth map.70 The (100)/(010)
orientation that builds on long-range lattice matching is a
unique BLSF epitaxial growth. For details, see Sec. IV. The
(001), (112m+2), (10m+1)/(01m+1), and (100)/(010) crys-
tal growths were schematically drawn in Refs. 67 and 70.
To characterize the electric properties, we predeposited
conductive materials with similar crystal structures to the
substrate materials, such as SrRuO;, RuO,, and IrO,, onto
the single crystal substrates. Figure 6 shows the orientation
dependence of the polarization-electric field (P-E) hysteresis
loops measured for SBT or BIT films, epitaxially grown on
SrRuO;|ISrTiO5 substrates. The (116)SBT and (118)BIT
films exhibited a larger polarization than those of
c-axis-oriented films. This is because the major P, vector
along the a-axis is vertical to the applied electric field in the
c-axis films and does not contribute to the polarization along
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FIG. 4. High-resolution transmission electron microscopy images of the
(a) (001)SrBi,Ta,0yll(100)SrTiO; and (b) (116)SrBi,Ta,0yll(110)SrTiO;
interfaces.

the surface normal. The mirror plane perpendicular to the
c-axis of SBT (m=2, even) is responsible for the not polar-
ized c-axis-oriented film, as expected due to the structural
symmetry. From the saturation polarization (Pg,) given by
the y intercept of the tangent to the observed P-E hysteresis
loops, we can evaluate the P, (see Sec. V). The estimated P,
from the present epitaxial films well agreed with those of
high-quality bulk single crystals,67 so that the two-
dimensional stresses, e.g., misfit strain or thermal stress that
is a specific subject to ultrathin epitaxial films on substrates,
appeared to be relaxed by dislocations and stacking faults in
the present epitaxial films with more than 200 nm thickness.
The epitaxial growths on different single crystal substrates
and conductive layers are summarized in Table "

lll. FIBER-TEXTURED GROWTH AND FILM
ORIENTATION CHARACTERIZATION

With the increasing miniaturization or high integration
of devices, multicrystal orientations in ferroelectric thin films
have become a big issue. Ferroelectric grains with different
crystal orientations are responsible for microscopically inho-
mogeneous switching charges and can cause bit-to-bit errors
in the FeERAMs. To further increase device density, fiber-
textured growth of ferroelectric thin films on conventional
metal electrode layers and reliable characterization of the

J. Appl. Phys. 100, 051602 (2006)

Bi,;Ti,0,, film (a)
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FIG. 5. Transmission electron microscopy images of the (100)/
(010)Bi,Ti30,,11(101)TiO, interface projected to rectangular in-plane direc-
tions: (a) [100]/[010]Bi,Ti;0,, and (b) [001]Bi,Ti;0,,. Because of the two-
fold in-plane symmetry, the distinctive stacking of the pseudoperovskite and
(Bi,0,)** layers seen in (a) is not observed in (b), as seen from the rectan-
gular azimuth.

film orientation will be important techniques. Fiber-textured
growth implies a single crystal orientation without preferred
in-plane orientation and is often built on the local epitaxial
growth on the bottom crystal layer. Hence, the underlying
crystal must have a similar fiber texture with low mosaicity.

Based on epitaxial film growth on (111)SrTiO; substrate
studies,”*®" (10m+1)/(01m+1) fiber-textured growth is ex-
pected for BLSF films deposited on (111)Pt and (111)Ir,
which are conventional electrode materials. The film orien-
tation is usually characterized using a conventional x-ray
26-6 scan, while the identification and quantification of the
crystal orientations needs careful treatment because of the
extremely different diffraction capabilities of the diffraction
planes. For instance, the 112m+1 diffraction, which is the
strongest peak in powder diffraction patterns, gives a large
intensity to slightly incorporated (112m+ 1)-oriented grains
into the film, e.g., (117)BIT and (115)SBT. In contrast, a
subtle O1lm+ 1 diffraction (10m+1 is forbidden) reveals that
the major film orientation might be a (10m+1)/(01m+1)
orientation, even though the other diffraction peaks are
higher than O1m+ 1. Conventional x-ray 26-6 scans are lim-
ited to characterizing the film orientation only along the sur-
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FIG. 6. Polarization-electric field hysteresis loops observed for epitaxial (a)
SrBi,Ta,09 and (b) Bi,Ti;O;, films. (M) (116)SrBi,Ta,0y or
(118)Bi,Ti;0,, and (@) (001)SrBi,Ta,0q or (001)Bi,Ti;O,, films. The fre-
quencies of the triangular electric fields were 1 and 20 Hz for SrBi,Ta,0q
and Bi,Ti;O, films, respectively. The top circular electrode has a diameter
of Pt of 100 wum, deposited using e-beam vacuum evaporation.

face normal, so it is difficult to precisely estimate the orien-
tation if the structure factor of the corresponding diffraction
plane is very small. Therefore, an additional method that can
analyze the orientation not only along the surface normal but
also in other directions is helpful to determine the film ori-
entation and understand the impact of the crystal orientation
on the observed polarization.

Saito et al. applied x-ray reciprocal space mapping per-
formed using a 26-60 scan at a wide range of ¢ (sample
inclination angle normal to the scattering plane) to the SBT
films deposited on the (111)Pt layer to distinguish the SBT
phase with incorporated pyrochlore and fluorite phases and
to quantify the volume fraction of each film orientation.”®”’
Figure 7 shows the x-ray 26-0 patterns of a BLT thin film
prepared using MOCVD at 600 °C on a (111)Pt/Ti/SiO,/Si
substrate. Figure 8 shows the x-ray reciprocal space map-
pings measured for the film shown in Fig. 7. Figure 9 shows
the ¢-angle dependence of the intensity integration in a 26
pattern range from 29° to 31°, as shown in Fig. 8. This range
corresponds to around 117 BLT. At first glance, the film
shown in Fig. 7 might appear to have no preferred orienta-

J. Appl. Phys. 100, 051602 (2006)
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FIG. 7. X-ray 26-6 pattern of BLT thin film prepared using metal organic
chemical vapor deposition at 600 °C on a Pt/Ti/SiO,/(100)Si substrate.

tion because of the peaks originated from several diffraction
planes. However, Figs. 8 and 9 clearly demonstrate that the
film has a (104)/(014) preferred orientation. The ¢ angle and
the 117 BIT multiplicity under a representative orientation
assumption are listed in Table IIl. After dividing the peak
intensities of the 117 BLT at different ¢ by their multiplici-
ties, the resultant intensity ratio equals the volume fraction of
the crystal orientations. (117 BIT at surface normal, ¢=0°, is
not available for quantification of the film orientation.) Fo-
cusing the y-angle dependence of the strong 112m+1 dif-
fraction, the film orientation and the volume fraction can be
reliably evaluated. It is worth noting that a spot beam from a
point-focused x-ray tube can suppress the x-ray divergence
effect that occurs when the sample is inclined. A film without
a preferred orientation will show a 112m+1 diffraction at
a constant intensity, irrespective of . By optimizing the
experimental conditions for the bottom electrode and
BLSF films, we can obtain almost pure (10m+1)/
(01m+1)-oriented films.”® However, the fiber-textured
(10m+1)/(01m+1)-oriented film might still exhibit a micro-
scopic inhomogeneous switching charge, because almost no
polarization is expected for the (0lm+1) domain due to
the lack of polarization from the P, along the a-axis. Al-
though a fine (10m+1)/(0lm+1) domain structure is prob-
ably created inside the crystal, we cannot be sure that the
pure (0lm+1)-oriented grain penetrates the film toward the
film surface, thus worsening the homogeneity in the micro-
scopic switching charge. The 90° switching of the (0lm
+1)-oriented grains and the approach to optimally
(10m+ 1)-oriented films are interesting studies for increasing
device density. In Fig. 9, the density of a film deposited on
Ru/Si0,/Si is displayed for reference. The films grown on

TABLE II. Single crystal substrates and conductive bottom layer for epitaxial BLSF thin film growths.

Film orientation (001) (112m+1)  (10m+1)/(01lm+1)  (100)/(010) (110)
Single crystal (100)SITiO; (110)S1TiO; (111)SITiO; (10)TiO,  (100)LaSrAlO,
substrates (100)LaALO;  (100)NdGaO, (012)ALO;  (100)MgO
(100)MgO (110)MgO
(100)YSZ (110)MgALO,
(001)ALO,
Epitaxial (100)StRuO;  (110)StRuO;  (111)StRuO; (10RuO,  (001)RuO,
conductive layer (100)Pt (111)Pt (101)1r0,
(001)Lag 58ty 5Co05 (111)Lag 581y sCo0O5  (110)SrRuO;
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FIG. 8. (Color online) X-ray reciprocal space mapping, measured for the
same film shown in Fig. 7. (A) 111 and 220 Pt come from the (111)Pt. (H)
220 Si comes from the (100)Si.

the Ru/Si0,/Si substrates have (110), (111), and (100)/(010)
orientations, which are advantageous for large polarizations.
As of yet, we have not been able to identify a preferred
orientation. One reason for the multiorientations might be the
oxidized Ru layer surface with nonuniform orientations.

IV. CHALLENGES FOR A-AXIS-ORIENTED
FILMS

Ferroelectricity along a specific crystal direction has
been systematically investigated using various kinds of epi-
taxially grown BLSF films. However, direct characterization
of the ferroelectricity along the [100] direction, including the
polar axis, was limited to only bulk single crystals or thick
films over 10 um that were peeled from the substrates.*?>*
This is because there were no suitable bottom electrodes that
can overcome these difficulties for the in-plane long-range
lattice matching with a peculiar long ¢ axis. The lattice
matching required for the a-/b-axis-oriented BLSF thin film
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FIG. 9. y-angle dependence of the intensity integration at a 2 f-pattern range
of 29°-31°, as shown in Fig. 8.

J. Appl. Phys. 100, 051602 (2006)

TABLE III. Calculated ¢ angle and the multiplicity of 117 BIT for repre-
sentative film orientations.

Film orientation i angle for 117 diffraction (deg) Multiplicity
(100)/(010) 57 4
(110) 39, 90 2,2
(111) 33, 46, 86 1,1,2
(117) 0, 66, 79 .2,
(104)/(014) 36, 84 2,2
(001) 51 4
growth is several times longer than that of the

a-axis-oriented layer-structured
YBa,Cu;0;_, (¢c=1.17 nm) thin films.

If we obtain a-(/b-)axis-oriented BLSF thin films that
consist of metal-ferroelectric-metal structures, we can expect
(1) to obtain larger remanent polarization, which is a great
advantage for FeERAM applications, (2) to directly examine
the possibility of 90° domain switching believed to involve a
large piezoelectric strain caused by an external electric field,
and (3) to clarify the origin of the superior fatigue endurance
of the BLSFs [i.e., the contribution of the (Bi,0,)** layer
parallel to the applied electric field]. It will also be interest-
ing to see whether the a-axis-oriented BLSF thin films with
vertically stacked octahedrons capable of penetrating the film
thickness have good scalability. Furthermore, the sandwich
structure consisting of two (Bi,0,)?* layer parts and a
pseudoperovskite layer shows great promise for future appli-
cations, such as nanodot memories combined using a scan-
ning probe te:chnique:.79’80

So far, two kinds of bottom electrodes are suitable for
growing a-(/b-)axis-oriented films. One is (101)-oriented
rutile-structured oxide, such as RuO, and Ir02,68’69 and the
other is strained (110)SrRuO3.50’51 The conductive (101)-
oriented rutile-structured oxides can be grown epitaxially on
(101)TiO,, (012)Al1,05, and (110)Al,0; single crystal
substrates.”’ The a-/b-axis-oriented SBT (m=2), BIT, and
their modified derivatives (m=3) and SrBi,Ti;Os5 (m=4)
were epitaxially grown on the rutile-structured layer using
MOCVD.**™ Matsuda et al. reported that BPT films pre-
pared by chemical solution decomposition on the fiber-
textured (111)Ir layer showed a preferred a-axis orientation.
They suggest that the preferred a-axis orientation of the BPT
films arises from the surface (101)IrO, layer, which is attrib-
uted to the surface oxidation of the (111)Ir layer during the
pI‘OCCSS.44 Lee et al. grew epitaxially a-/b-axis-oriented
(Biz p5Lag75) T30, films using pulsed laser deposition on
stacked (110)SrRuO;11(100)-oriented yttria-stabilized
zirconiall(100)Si, and finally achieved pure a-axis-oriented
films by optimizing the experiment conditions.”*!

Figure 10(a) shows a cross sectional TEM image of an
epitaxial heterostructure of (100)/(010)BIT|(101)TiO, pro-
jected to [100]/[010]BIT. We clearly observed the stacking
structure of the bismuth oxide and pseudoperovskite layers
along the [001]BIT. For interfacial charge neutrality, the as-
sumed atomic alignments at the interface are the titanium
layer and the oxygen layer of the TiO, and BIT,
re:spectively.82 Figures 10(b) and 10(c) show selected-area

superconductor
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FIG. 10. (a) Cross-sectional high-resolution transmission electron micros-
copy image of an epitaxially grown (100)/(010)Bi,Ti;O,,11(101)TiO, inter-
face projected to [100]/[010]Bi,Ti;O,. The rectangle represents a one-unit
lattice of Bi,Ti;O;, (about 0.54 % 3.3 nm?). Selected-area electron diffrac-
tion patterns were projected to (b) [100]/[010]Bi,Ti;O,lI[101]TiO, and (c)
[001]Bi,Ti;0, I[010]TiO..

electron diffraction patterns projected to
[100]/[010]BITII[101]TiO, and [001]BITII[010]TiO,, re-
spectively. We observed two contrast patterns because of the
twofold in-plane symmetry of the epitaxial growth. The
transverse series of diffraction spots seen in Fig. 10(c) origi-
nated from the long c-axis lattice BIT parameter. From the
inverse Fourier transformed images of Fig. 10(c) filtered for
008 BIT/010 TiO, spots and 0014 BIT/020 TiO, spots, we
deduced reasonable lattice matching between the
a-/b-axis-oriented BIT film and (101)TiO, substrates to be

J. Appl. Phys. 100, 051602 (2006)
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FIG. 11. (Color online) X-ray wide-area reciprocal space mappings of epi-
taxially grown (a)  (100)/(010)SrBi,Ta,O4ll(101)TiO, and (b)
(100)/(010)Bi Tiz0,1I(101)TiO,. The horizontal direction is parallel to
[001]SrBi,Ta,04, [001]Bi,TizO,,, and [010]TiO,.

seven (101)TiO, units by one (100)/(010)BIT unit.%? Figures
11(a) and 11(b) show x-ray wide-range reciprocal space
mappings for a-/b-axis-oriented SBT and BIT films grown
on (101)TiO, substrates. The transverse distance to the next
spot corresponds to 2/c¢ and clearly demonstrates that the
c-axis of the SBT and BIT is parallel to the substrate surface.
Due to the shorter c-axis lattice parameter of SBT, the inter-
val of the horizontal series of diffraction peaks observed for
SBT is longer than that for BIT. These figures exhibit homo-
geneous a-/b-axis-oriented growths of SBT and BIT films
deposited on (101)TiO, substrates.

Figure 12(a) shows a conventional x-ray 26-6 scan for a
(BizsNdgs)(Tiz07V,03)012  (BNTV)  film  grown on
(012) Al,04 substrate precovered with conductive (101)RuO,
for the following P-E hysteresis measurement. The deposited
BNTYV film showed a-/b-axis orientation, and the volume
fraction of the a/b domains was estimated to be almost 1:1
for this specimen. A clear P-E hysteresis loop was observed
for the BNTV film, as seen in Fig. 12(b). These films exhib-
ited no behavior characteristics to the 90° domain switching
of the b domain caused by the strong electric field. In com-
mon with the a-/b-axis-oriented SBT and BNTV films
grown on the rutile-structured bottom electrodes, the ob-
served polarization changed with the volume fraction of the
a/b domains in the films.”*** Careful investigation is still
required to determine the possibility of the 90° domain
switching of the b domain. Chu er al. suggested a negligible
polarization clamping of the 90° a/b domains.** An almost
identical P-E hysteresis loop was observed after 1.6 10'°
polarization switching, as shown in Fig. 12(b). Although the
contribution of the oxide electrodes that improve ferroelec-
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FIG. 12. (a) Conventional x-ray 26-6 scan of epitaxially grown
(100)/(010)(Bi3 sNdg 5)(Ti3 97V ,03)O 12l (101)RuO, [ (012)Al,0;  and  (b)
polarization-electric field hysteresis loops of a Pt/(100)/(010)(Bi;sNdy )
X (Tiz97V,03)O0 1211 (101)RuO, 1(012) Al,O5 structure before (solid squares)
and after (open squares) 1.6 X 10'° switching cycles measured using a 20 Hz
triangular wave. We performed a fatigue test using 100 kHz rectangular
pulses at the same amplitude used for the hysteresis measurement.

tric fatigue resistance® was not verified, a high-fatigue resis-
tance was confirmed for the a-/b-axis-oriented films®® and
the pure a-axis-oriented film.”

V. SPONTANEOUS POLARIZATION ESTIMATION

The largest acceptable P, for BLSFs is 50 uC/cm?, re-
ported for a BIT single crystal.]3 However, no reasonably
large polarization was observed in the BIT thin films, except
for epitaxial films prepared at high temperaturf:s.67 The BIT
films prepared on Pt-covered substrates show fatigue
failure.>”*® To overcome these drawbacks, lanthanoid and/or
higher-valent cation substitutions for BIT that compensate
for the defect complexes have been extensively
investigated,51>16:18.1936.38.41-44

At the same time, the lanthanoid substitutions for BIT
were accompanied by a continuous decrease in TC.86’87
Therefore, the lanthanoid substitutions may sacrifice the
original large P, of the parent BIT, because the P, reported
for displacive ferroelectrics are generally inclined to TC.88
Understanding the relationship between the P, and T of the
BLSF system, including BIT-based materials, is invaluable
for future material research. However, such systematic study
is limited because bulk single crystals often form into a lat-
eral plate with large a-/b-plane facets due to their aniso-
tropic crystal growth nature. Consequently, characterization
of the electric properties along the c-axis is easy, but it is
difficult along the a-/b-axis. In addition, Bi,O5 used as flax
for bulk single crystal fabrication affects the composition.

J. Appl. Phys. 100, 051602 (2006)
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FIG. 13. Polarization-electric field hysteresis loops measured using 20 Hz
triangular waves for (110)(Bi,_,Nd,)Ti;O,, films epitaxially grown on
(001)RuO,[1(001)TiO, substrates.

Alternatively, epitaxially grown films can be used to
probe the P,. The P, along the c-axis can easily be evaluated
using c-axis-oriented epitaxial films, while there are various
ways to explore the P along the a-axis in combination with
other characterizations. For instance, the P, estimation from
(10m+1)/(01m+1)- or (100)/(010)-oriented films needs a
volume fraction of both orientations. Furthermore, 90° do-
main switching will be the next concern. This issue could be
ignored for (hh1)-oriented films, such as (112m+ 1)-oriented
ones, but the P, along the c-axis will still be necessary for
the estimation. To simply estimate the P, along the a-axis,
(110)-oriented films might be a reasonable choice under the
assumption of full polarization switching by an external
field. Excluding characterization of the domain volume frac-
tions and the possibility of 90° domain switching, the P
along the a-axis can be evaluated by multiplying the ob-
served P, by root 2.

Figure 13 shows the P-E hysteresis loops observed for
the (110)-oriented (Biy_,Nd,)(Ti;.97V03)O;, films. This Nd-
substituted BIT is an emerging material with good potential
as a lead-free alternative because of the large polarization
and piezoelectric field-induced strain.” Although the BIT
film revealed an opened hysteresis loop for the strong elec-
tric field caused by the large leakage current, the Nd-
substituted films exhibited clear hysteresis loops.

On the basis of Py, and the T characterization using
Raman spectroscopy,90 the P,(P,)-T relationships of a vari-
ety of ferroelectrics and the modified BIT are summarized in
Fig. 14. The Py(P,) of the BLSFs appears to be roughly
linked to the Ty The Py(P,) of (Bisaslagqs)Tiz0, (T
~400 °C), 32—38 uC/cm?, is always higher than that of
SBT (T=~355-400 °C), 20-22 uC/cm?. Interestingly, an
almost comparable magnitude of P,(P,) as that of the parent
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FIG. 14. Py(P,)-T relationships in various displacive ferroelectrics. The
closed symbols were cited from Ref. 88. (@, O) Perovskite family, (A)
tungsten bronze family, and (M, OJ) Aurivillius family. (a) Bi,TizO, single
crystal (P,) (Ref. 14), (b) BaBi,Ti,O,5 single crystal (P,) (Ref. 14), (c)
Ba,Bi,TisO g single crystal (P,) (Ref. 14), (d) Pb,Bi,TisO,g single crystal
(P,) (Ref. 14), (e) SrBi,Ti,O;s single crystal (P,) (Ref. 91), (f) (118)
X (Bijpslags5)Tiz0, epitaxial film (P,) (Ref. 72), (g) (100)
X (Bij,sLlag 75)Ti30,, epitaxial film (P,, T-=400 °C was assumed concern-
ing the film composition) (Refs. 50 and 87), (h) (Bis 5sLajgs)Tiz0;, single
crystal (P,, T-=325 °C was assumed concerning the single crystal compo-
sition) (P,) (Refs. 87 and 92), (i) (100)/(010)Sr,sBi,,Ta,0y epitaxial film
(P, T¢=400 °C was assumed concerning the film composition) (Refs. 7 and
69), (j) (116)SrBi,Ta,0y epitaxial film (P, T-=300 °C was assumed con-
cerning the film composition) (Refs. 7 and 60), (k) SrBi,Ta,O single crystal
(P,) (Ref. 93), (1) (100)-fiber-textured (Bis 7Pry3)Tiz0, film (Pg,) (Ref. 44),
(m) (110)(Biy_,Ti)Ti;O, epitaxial films (P,) (Ref. 43), (n)
Bi,Ti;O,,—BaBi,Ti;O;s single crystal (P) (Ref. 24), (o)
(001)Pb(Zr 35Tig5)O5 epitaxial film (Pg,) (Ref. 94).

BIT is evaluated for BIT films modified using a small
amount of lanthanoid (x<0.5), or a superlattice structure, in
spite of the reduced 7. This means that the behavior of the
P(P,) observed for the modified BIT is the result of multiple
changes in the structural properties, e.g., pinning, the ionic
displacement, and the dielectric stiffness affected by the sub-
stitution. Meanwhile, the results, the estimated P, of some
BIT-based materials slightly exceeding 50 wC/cm?, might
indicate that the intrinsic P, of a perfect BIT is larger than
the conventional value. As can be seen for SBT,7’95 a substi-
tution or solid solution that increases the 7~ of the BIT may
enhance the P,. Modifying the BIT with another element or
compound will allow us to develop a lead-free material with
higher P;.

VI. PIEZOELECTRICITY

Microelectromechanical systems (MEMSs) that use
ferroelectric films as the driving part are another promising
applications. As with FeRAMs, PZT-related ferroelectrics
have been widely studied for MEMS applications because of
their large piezoelectric coefficient and technical compatibil-
ity with Si. Even though some Pb-based perovskites contain
costly substitution elements or are inadequate for single crys-
tal preparation, their applications expand when they are in
film form. However, the issue of environmental compatibility
described previously is not addressed in this application. On
the other hand, the BLSF’s high T and lead-free composi-
tion are favorable for piezoelectric applications.

J. Appl. Phys. 100, 051602 (2006)
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FIG. 15. (a) Polarization-electric field hysteresis and (b) field-induced strain
(S-E) loop observed for a 1.5-um-thick epitaxial (110)(Bijs4Ndy46)
X(Tip97V03)012 film grown on a (001)RuO,l[(001)TiO, substrate. We
used atomic force microscopy equipped with 100-nm-thick Rh-coated con-
ductive cantilever (k=15 N/m). The Pt 100 um diameter top electrodes
were predeposited using e-beam vacuum evaporation. The measurement fre-
quencies were 2 and 1 Hz for (a) and (b), respectively. For the S-E loop
measurement, we recorded the Z displacement of the piezoelectric scanner
to keep the reflected laser position constant in the photodetector.

Based on a phenomenological equation d=2Q¢,&(,P,E
(d, Q, €,, &, Ps, and E are the displacement, electrostrictive
coefficient, relative dielectric constant, dielectric constant of
vacuum, spontaneous polarization, and the electric field, re-
spectively), larger displacement is expected in materials with
larger P,. Maiwa et al reported that a 1-um-thick
(Biz »5Nd(75)Tiz0;, film prepared on a Pt/TiO,/SiO,/Si
substrate shows a larger relative dielectric constant and po-
larization than those of (Bij,sLag7s)Tiz0,, and BiyTiz0,,
so that the (Bis,sNdy75)Ti30;, film exhibits a larger dis-
placement and piezoelectric constant d;3=38 pm/ v.¥ Figure
15 shows a P-E hysteresis loop and a field-induced strain
(S-E) loop measured for a 1.5-um-thick (110)(Bi; s4Ndg46)
X(Tir97V003)01,  film, epitaxially grown on a
(001)RuO,1(001)TiO, substrate using atomic force micros-
copy equipped with a conductive cantilever. The P, and the
relative dielectric constant were 35 uwC/cm? and 330. The
field-induced strain at 330 kV/cm was almost 1.3X 1073,
and the effective ds; calculated from the gradient of the
S-E loop was 44 pm/V. The largest BLSF piezoelectric d3;3
constant reported so far is 60 pm/V for a 1.5-um-thick
(Biz oPry ) Ti30, film.”® These values, d33=40—60 pm/V,
are much larger than those of BIT ceramics, d;3=20 pm/ A
indicating that the lanthanoid substitution enhanced the pi-
ezoelectric performance of the parent BIT. The reported pi-
ezoelectric d3; constant for the modified BIT films ap-
proaches those of PZT films, while the effect of the
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substitution, crystal orientation, geometry, and the character-
ization method on the observed piezoelectric properties has
not yet been fully clarified for BLSF films.

Vil. SUMMARY AND PROSPECTS

In the last decade, a tremendous number of studies have
been undertaken for BLSFs for FeRAM applications because
of the beneficial fatigue- and lead-free environmental com-
patibility. Thin films were grown on a variety of substrates
until the polar-axis-oriented growth on the conductive layer
is achieved. We confirmed fiber-textured growth on the
(I11)Pt layer. However, the fiber-textured (10m+1)/
(0lm+1) orientation may exhibit microscopic inhomoge-
neous switching charges. Another progress is the improve-
ment to the defect-related failures of the Bi Ti;O,, crystal
using lanthanoid and/or higher-valent cation substitutions.
Substitution or a solid solution is necessary to improve the
fatigue endurance and take advantage of the potentially large
P, of the parent Bi,Tiz0,, just like PbTiO5-based materials.
Reports on the P, and d53 for modified BiyTi;O;, continue to
increase, while further investigations are required to better
understand the size effect, the squareness of the P-E hyster-
esis loops, and piezoelectricity, related to the domain struc-
ture and dynamics.

Compared to the ferroelectric properties, the magnetic
and piezoelectric properties of BLSFs are virtually unex-
plored. However, to expand the future applications of
BLSFs, these properties will become very important. For ex-
ample, BLSFs that contain Mn or Fe in the pseudoperovskite
layer are expected to show multiferroic properties. Addition-
ally, the piezoelectric properties of relaxor BLSFs are inter-
esting. While it is well known that relaxor-type ferroelectrics
show large electrostriction, similar studies have not been per-
formed for BLSFs. By combining the recent progress in film
orientation control and substitution techniques, we may be
able to modify these properties.
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