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Abstract

This article reviews the studies on bismuth layer structured ferroelectrics
(BLSFs), focusing on the most widely reported strontium bismuth tantalate niobate
SrBiy(Ta, Nb),0y (SBTN) and bismuth titanate Bi/Ti;0;; (BIT) systems. Through
partial substitution or doping, the crystal structure, microstructure and electrical,
dielectric and ferroelectric properties of BLSFs could be appreciably modified. In
addition, the crystalline orientation, grain size effect, and post-annealing effects on the
ferroelectric properties are discussed.
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1. Introduction

Ferroelectrics have attracted research interests for several decades for their potential
use as nonvolatile random access memories with fast access time and low power
consumption [1-2]. The earlier research focus was on the isotropic perovskite
ferroelectrics such as barium titanate [3]. Pb(Zr, Ti)O; (PZT) gradually emerged as a
promising candidate for this application as it has very high remnant polarization (P,) [4-
6]. Doping effects on both A site and B site of PZT systems were extensively studied
[7-11]. However, the problem of fatigue, e.g., the P, values drop sharply after 10° ~ 10°
read-write cycles, has been reported as main obstacle for PZT to be used commercially
as a high-density nonvolatile memory material [12-13]. In the 1950s, Aurivillius first
reported a new family of bismuth layer structured ferroelectrics. BLSFs compounds are
generally represented by the following formula

(Bi202)* (A 1BnO3mr1)” (1)

where A = Bi1, Pb, Na, K, Sr, Ca, Ba, rare earths; B = Ti, Nb, Ta, Fe, Mo, W, Cr; and m
is a natural number from 1 to 8 or a fraction such as 2.5 or 3.5 [14-17]. BLSFs have
started to attract more research interest because of their promise for better reliability
behavior [18-20]. Among these layered ferroelectrics, the SrBiy(Ta, Nb),Oy (SBTN)
system has been considered one of the most promising candidates for nonvolatile
ferroelectric random access memories (FeERAMSs), because of its lack of fatigue after >
10" read-write cycles, and because it is more environmentally friendly (no lead).
Mihara et al. published a comprehensive paper comparing the ferroelectric properties of
SrBi;Ta;0¢ (SBT) and the PZT system [21]. Figure 1 shows the comparison of
normalized P, values versus cycle numbers in the two systems [21]. They explained that
the advantages of the SBT system over PZT were due to less space charge and inherent
domain motion (2 dimensional) in SBT. Another mechanism for this fatigue free
property of SBT is from the microstructure point view. A polarization switching
mechanism was proposed for explaining fatigue free properties based on the existence of
antiphase boundaries (APBs) in SBT. During polarization reversals, new polarization
domains nucleate not only at the interface between electrode and ferroelectric capacitors
but also at APBs. Providing these extra nucleation positions in the domain switching
process helps to realize the polarization reversals in SBT [22-23]. However, the SBTN
system also suffers from rather low P, and high processing temperature [24]. Another
widely studied system is BIT because of its high P, value [25-26]. But BIT does not
have the fatigue-free behavior of the SBTN system. The structures of SBTN and BIT
are shown in figure 2.

Similar to isotropic perovskites, layer structured perovskites do not have a close
packed crystal structure, thus permitting a wide variety (in terms of types of ions and
amount) of cations to substitute for either A or B or both ions. Although doping or
substitution in perovskite ferroelectrics has less dramatic effects on physical properties
than that found in conjugated polymers and semiconductors, doping has been proven to
be an effective way adjusting / improving the ferroelectric properties of SBTN and BIT
systems. The doping or substitution could be in the bismuth oxide layer and/or in the
perovskite-like units (A or B sites). One example of a more complex substitution is the
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Figure 1. The relative remnant polarization (P - P,.) of PZT and SBT as a function of number of
switching cycles. The capacitance area was 20x20 um?, and the electric field of pulses during
fatigue was 283 kV/cm. From C. A. P. Araujo et al. [21]. Reprinted by permission from Japanese
Journal of Applied Physics.
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Figure 2. Lattice structures of SBTN (A) and BIT (B).

formation of mixtures of BLSFs compounds with different m values, such as SBTN
(m=2) and StBi Ti;O;5 (m=4) [27]. In this review, we are focusing mainly on the SBTN
and BIT systems. The discussions will include the substitution of A and B sites, and
bismuth ions in the buffer oxide layer. Besides substitution/doping effects, we will also
discuss the influence of microstructure, such as orientation and grain size effect, and
annealing process on the properties of SBTN and BIT systems.
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2. Substitution and doping effect

One good example of the doping effect is the electrical conductivity of insulating
polyacetylene polymer, which could increase more than 10 million times after adding
bromine or iodine [28], and this discovery opens the door of studies and applications of
electrically conductive polymers. Doping in pure silicon results in an increase of room
temperature electrical conductivity of 5-6 orders of magnitude with ~1ppm level boron
[29]. Similar approaches were widely adopted in the research of oxides such as in
superconductors [30] and ferroelectrics [31]. Strictly speaking, doping means the ions
used for replacement and to be replaced have different chemical valences, while
substitution 1s for same valence ion substitution [31]. Same valence substitution and
different valence doping effects in BLSFs will be discussed separately below.

2.1. Same valence substitution
2.1.a. A site ions substitution

In the SBTN system, the A site ions are strontium (Sr;”) ions. Similar ferroelectric
systems with other possible A site ions, such as PbBi;Nb,Oq was reported by Smolenskii
et al. [32]. However, the existence of lead vacancies due to its high volatility made lead
substitution unattractive. Naturally, strontium ions might be substituted by their same
group elements such as calcium (Ca®*) or barium (Ba®") ions. Newnham et al. reported
the structure of 10 at% of Sr** substituted by Ba*" in SBT with lower Curie temperature
and reduced distortions in the perovskite units [33]. Properties of barium incorporated
SBT thin films were also reported [34-35]. (NagsBig5)Bi,NbyOy is also reported as a
BLSF with sodium and bismuth ions co-substituting Sr** because both Bi*" and Na* ions
have similar ionic radius with Sr** [36]. We studied the (Ca,Sr;_,)Bi;Nb,Og (CSBN) and
(Ba,Sr, 5)Bi;Nb,Oy (BSBN) ceramics with x up to 0.3 [37-38]. XRD analyses indicated
single-phase layer structured CSBN and BSBN were formed within the composition
ranges studied. The Curie temperatures change linearly with various substitution content
(see figure 3). However, the Curie temperatures extrapolated from figure 3 for
BaBi;Nb,Oy and CaBi,Nb,Og, ~90 °C and ~ 910 °C, are quite different from their
reported vales, ~200 °C [39] and ~ 620 °C [40], respectively. With the constraints
imposed by the bismuth oxide layers, the observed linear relationship at low substitution
levels of BSBN and CSBN may not be able to continue throughout the entire
composition.

Figure 4 shows that the dc conductivity of SrBi;Nb,Oy (SBN) is decreased with
increasing concentrations of calcium and barium. For a single phase material with a
homogenous microstructure, the electrical conductivity, ¢, depends on both the
concentration and mobility of charge carriers and can be described by the following
equation [41]:

o = nqut = (A/T)exp(-E/kT) )

where n is the concentration of charge carriers, q, the number of charges per charge
carrier, |L, the mobility of charge carriers, A, a temperature-independent constant, E,, the
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Figure 3. Curie temperature vs. Ca/Ba substitution content in SBN.
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Figure 4. DC conductivity of Ca substituted (a) and Ba substituted (b) SBN ceramics.

nominal activation energy per charge carrier, k, the Boltzmann’s constant and T stands
for temperature. Judging from the activation energy values (table 1), the migration of
oxygen vacancies could be responsible for the conduction [42-44]. However, it is not
clear why the activation energy increases with both barium and calcium substitution. It is
known that the Ba-O bond (~ 562 kJ/mol) [45] is stronger than, but the Ca-O bond (~402
kJ/mol) [45] is weaker than, the Sr-O bond (~ 426 kJ/mol) [45], so the bond strength
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Table 1. DC conductivity and activation energies of SBN and doped samples. X stands for the
atomic percentage of substituting ions Ca*" and Ba®* in SBN.

Sample E ;(eV) o4 at 500 °C (S/cm)
SBN (X=0) 1.13 ~4.84 x 107
CSBN (X=7.5%) 1.37 2 A2 10°
BSBN (X=5%) 1.27 ~2.09 x 10°°

cannot explain the change of nominal activation energy. However, the nominal
activation energy is a combination of the formation energy of oxygen vacancies (the
charge carriers) and the diffusion activation energy. It is possible that the distortion of
crystal structure induced by substitution contributes to the increase in the nominal
activation energy for the migration of oxygen vacancies.

BIT has a higher remnant polarization than the SBTN system and a similar or even
lower coercive field. However, the BIT system suffers from fatigue problem, which
may result from bismuth vacancies pinning the dipole switching. Another concern is
the multivalence state of Ti ions might contribute to the fatigue problem [27]. Park et
al. first reported the partial substitution of A site bismuth (Bi’") ions with lanthanum
(La3+) and claimed excellent fatigue behavior after 100 cycles for Bisjslag 75T140:,
(BLT) films [46] (see figure 5). Their work suggests that even though bismuth oxide is
also very volatile (comparable to lead oxide), suppressing bismuth and oxygen
vacancies by partially substituting Bi’" in perovskite-like layers with La’* could
greatly improve the reliability behavior since defects in the perovskite-like units are
more critical than those in the (Bi,0,)*" layers. The fatigue-free properties of the
SBTN system also corroborate the hypothesis since bismuth loss is very likely to
happen during processing. This further suggests that the influence of multivalence
titanium ions in BIT is less significant than bismuth vacancies. Ding et al. used a -
similar mechanism they proposed in the SBT system [22] to explain the fatigue free
property of lanthanum doped BIT: when the lanthanum doping reaches 0.75 (18.75
at%), antiphase boundaries (APBs) start to form while no antiphase domains exist in
undoped BIT based on TEM results. These APBs could supply extra nucleation
positions for the domain switching process and help make the BLT fatigue free [23].
Besides lanthanum, other rare earth lanthanide ions such as neodymium (Nd**) and
samarium (Sm’") substitutions for bismuth in BIT are also reported [47-49]. The
substituted Biy,Nd,Ti;0;, forms a solid solution with up to 50 at% neodymium
substitution (x=2). Sol-gel derived thin films of Bi; 54Ndg 4sTi301, on a Pt substrate and
post-annealed at 700 ° C show high remnant golarization (P, = 25 uC/ecm®). Besides
larger remnant polarization (2P, ~ 49 uC/cm®), highly ¢ oriented Bis ;5Smg gsTi30;
(BSmT) thin film capacitors show little change both in the switching polarization and
in the non-switching polarization up to 4.5 x 10'° read/write cycles. This would make
BSmT a very promising candidate for nonvolatile memories.
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Figure 5. Results of the fatigue tests at 1MHz: P-E hysteresis loops for the Au/BLT/Pt/Ti/SiO,/Si
films before (filled circles) and after (open circles) being subjected to 3 x 10'° read/write cycles
(a); Variation of Py, Py, -Pg., and -P, versus number of cycles (b). The “-Pg,” and “-P,;” denote a
switching polarization and linear non-switching polarization, respectively, when a negative read
voltage is applied to the capacitor. From T. W. Noh et al. [46]. Reprinted by permission from
Nature (Vol 401: 682) copyright (1999) Macmillan Publishers Ltd.

2.1.b. B site ions substitution

Tantalum and niobium ions have the same valence state (+5) and very similar ionic
radius (~ 68pm), which might be the reason for formation of continuous solid solution of
SBTN system. According to figure 6, with the introduction of niobium ions into SBT,
the same layered structure and almost same lattice constants are retained, but both the P,
and B, values increase [27]. The changes might result from the different
electronegativity between tantalum (1.5) and niobium (1.6) [50]. However, how this
difference would result in such dramatic change in the niobium/tantalum systems, such
as the T, of Sr,Ta,07 being about 1000 °C lower than that of Sr;Nb,0, [51], still remains
unclear. The lower Ec property is possibly the reason that SBT films attracted more
interest than SBN. The same good fatigue resistance performance was recorded for
SBTN across the entire region of Ta/Nb ratios [27].
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Figure 6. Remnant polarization (represented by 2P,) and coercive field (2E,) of the SrBiy(Ta,.,,
Nb,),0s films. 2P; and 2E, were calculated using hysteresis curves measured at + 6V. From C. A.
P. Araujo et al. [27]. Reprinted by permission from Japanese Journal of Applied Physics.

Vanadium substitution in the SBTN systems proves to be an effective approach for
improving the ferroclectric properties of the material [52-57]. Pentavalent vanadium ions
have much smaller ionic radius (~58pm) than that of Ta> or Nb** (~68pm). Possibly due
to its small radius, a full substituted layer structured perovskite compound SrBi,V,0s
(SBV) could not be formed [53]. However, the same single-phase layer structure could
be kept with vanadium substitution up to ~ 30 at% in SBN. Figure 7 shows the lattice
constants change over the various vanadium substitution levels [38]. Both a and ¢
constants appear to stay more or less constant with small substitution and then decrease
linearly when the vanadium content exceeds 15 at%. The changes were explained by
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Figure 7. Lattice constant change over vanadium doping content.
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smaller ionic radius of vanadium and the constraint effect from the bismuth oxide layers.

Although the lattice constants tend to shrink with smaller center ions substituted in
perovskite like units, the bismuth oxide layers tend to prevent the shrinkage until a
critical doping concentration is reached. With vanadium substitution, the sintering
temperature of SBTN ceramic system was found to be lowered ~200-300 °C, as
vanadium oxide has a low melting point, which also explains the fact that vanadium
oxide is commonly used as sintering aid for lower temperature sintering ceramics [58-
59]. More importantly, the dielectric and ferroelectric properties were significantly
enhanced by vanadium substitution. Figure 8 shows the dielectric constants of
SrBiy(V,Nb;_),09 (SBVN, x = 0-0.3) as a function of temperature at a frequency of 100
kHz. The Curie temperature increases almost monotonically with the increasing
vanadium content (see figure 9). Around 10 to 15 at% of vanadium substitution, the
maximum dielectric constant value €, is about 40 % higher than that of undoped SBN.
Further, the P-E hystereses of SBVN were measured at 178 °C for SBN and 150 °C for
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Figure 8. Dielectric constant measured at 100 kHz versus temperature for various vanadium
doping content in SBN.
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Figure 9. Curie temperature vs. vanadium substitution content in SBN.
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the two SBVN samples with a Sawyer-Tower. circuit at 10 Hz (Figure 10). Table 2
summarizes the peak dielectric constants, P, E. values of SBVN system. With ~ 10 at%
vanadium substitution, the P, of SBN increases from ~ 2.8 to ~ 8 },LC/(:m2 while the
coercive field E. value decreases from ~ 63 to ~ 50 kV/cm. Combined with the low
sintering temperature, SBVN could be a very promising candidate for future high-
density FeERAM devices. As discussed above, the lattice constants do not change much
with up to 15 at% vanadium substitution, the “rattling space” of center ions could be
significantly enlarged with much smaller vanadium ions. Higher T, values also suggest
that the stability and polarizability of SBN is strengthened by vanadium doping. The
smaller coercive field might also be due to the substitution with smaller ions making the
switch of polarization easier. Similar with CSBN and BSBN, SBVN ferroelectrics also
show lowered dc conductivity than that of SBN (see figure 11). Vanadium substituted
SBT, SrBiy(V, Ta),0y (SBVT) films with deficient strontium and extra bismuth were
also reported [60]. With partial substitution of vanadium for tantalum around 7.5 at%,
the remnant polarizations (2P;) of Sry¢Bi;3Ta; 55V0.150s, SBVT films annealed at 800 °C
increased to ~ 30.5 puC/em? from ~ 18.1 uC/ecm’ for Sr-deficient SBT films. Such a
significant enhancement of remnant polarization is attributed mainly to the enlarged

—_
(8]

s

Polarization (;,LC!cmz)
5 & o « o

-156 ;
-150 100 -50 0 50 100 150

E (kV/cm)

Figure 10. P-E hysteresis curves for SBN (*, at 178 °C), with 5 at% vanadium (O, at 165 °C) and
with 10 at% vanadium ([, at 165 °C).

Table 2. The peak dielectric constants, P, E, values of SBVN system. X stands for the atomic
percentage of substituting ions V°* in SBN.

Sample Emax (100kHZ) P, (uC/em?) E. (kV/cm)
SBVN (X=0) ~ 700 3 63
SBVN (X=5%) ~ 1140 3.5 40

SBVN (X=10%) ~ 1040 8 50
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“rattling space” due to the substitution by smaller vanadium ions. Similarly, with SBVT

ceramics [57], the leakage current density of Sr-deficient SBT films were appreciably
reduced with vanadium substitution up to ~ 7.5 at%. Further, the incorporation of a
limited amount of vanadium into the layered structure was found to have no noticeable
influence on the fatigue resistance of Sr-deficient SBT (see figure 12). Besides the
SBTN system, enhanced dielectric and ferroelectric properties of BaBi4Ti;0y5s (BBT)
single crystal is also reported with partial substitution of titanium by vanadium [61].
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Figure 11. DC conductivity of 5 at% vanadium substituted SBN ceramics.
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Figure 12. Fatigue behavior of Sty gBi, 3(Ta,V,)Oo films with an applied voltage of 6V at 1 MHz.
From Chen et al. [60]. Reprint permission from Journal of Applied Physics.

2.2. Different valence ions doping
2.2.a. A site ions doping

One widely reported advancement in improving SBTN system properties is to have
a strontium deficiency compensated with excess bismuth [62]. Bi** jons is used as
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dopants for A site ions Sr** since they have similar ionic radii, ~131pm for Bi*" and
~140pm for Sr** [41]. The doping of bismuth on strontium site favors the center ions
displacement [63], which might account for the remnant polarization enhancement in
SBTN films with a strontium deficiency and excess bismuth (see figure 13). This
doping effect also results in a higher T, in the SBT system, which implies improved
stability and polarizability of the perovskite structure [64]. Ding et al. studied this effect
from the microstructure point of view. In their work, it cannot be confirmed that the
excess Bi substitutes for Sr in the whole structure to enhance the distortion in TaQOg
octahedra, leading to the larger ferroelectric polarization. However, it is confirmed from
their TEM results that the excess Bi and the deficient Sr can decrease the stacking fault
density and control the form of the stacking faults, which could account for the
improvement of ferroelectric properties [65].
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Figure 13. P-E hysteresis curves of SBT (x/y/2.0)/Pt/Ti films. From Atsuki et al. [62]. Reprint
permission from Journal of Applied Physics.

A disadvantage of SBTN with Sr deficiency and excess bismuth is possible
degradation of fatigue resistance (~ 10% loss after 10 cycles in SrogBi;3Ta,0y films
[60]), while stoichiometric SBTN films show excellent fatigue properties [66]. However,
there is also a report showing that Sty ;Bi; 3Ta,0, films annealed at 700 °C or 800 °C had
no appreciable P, changes after 10" cycles [67]. Excess bismuth is also reported to be
effective in promoting the fluorite phase to the bismuth layer structure [68]. The
comparison between the films with Sro;Bi,Ta;09 and Sry;Bi, sTa;Oy suggests that too
much bismuth might degrade the film leakage resistance [69]. A possible explanation is
that bismuth might accumulate at grain boundaries in the form of bismuth oxide or even
metallic bismuth (especially after reductive environment annealing), which makes the
film quite leaky.

2.2.b. B site ions doping

Cations with a higher valence state were also exploited to dope in the B sites of SBN
crystal. For example, SBN ceramics doped with tungsten oxide, with a composition of
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Sry4x Biya3(Wx Nbj_)20g, with x ranging from 0 to 0.2 (20 at%) were prepared by solid-
state reaction sintering [70]. Compared to Nb>" (~69 pm), W®" has higher valence state
and smaller ionic radius (~64 pm) at the same coordination number (CN) of 6. XRD
spectra show that single phase layered perovskites were formed when the doping content
of tungsten was below 2.5 at%, but some extra peaks appear in samples consisting of
more than 5 at.% tungsten, indicating possible formation of unknown secondary
phase(s). Compared to vanadium substitution (single phase being kept at least up to ~30
at% [52]), tungsten has a much lower solubility in SBN, though the ionic radius of
tungsten ions is closer to that of pentavalent niobium ions than that of pentavalent
vanadium ions. It is not known why tungsten has a lower solubility, but it is possible that
the higher valence state (6+) of tungsten will influence the stability of the crystal
structure of SBN ferroelectrics. Fig. 14 shows the dielectric constants as a function of
temperature for SBWN ceramics consisting of 0, 1, 2.5 and 10 at.% tungsten, determined
at a frequency of 100 kHz. It is clear that tungsten doping resulted in increased peak
dielectric constants and lowered Curie points.
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Figure 14. Dielectric constant measured at 100 kHz versus temperature for various tungsten
doping content in SBN.

Table 3 summarizes the P-E hysteresis results of the SBWN samples measured at
room temperature with x = 0, 0.025, and 0.1 respectively. The remnant polarization
increases significantly from approximately 2P, = (P - P.) = 4.4 uC/cm’ for SBN to 2P,
= 12.6 pC/cm’ for 2.5 at% doped SBWN, and to 2P, = 60 uC/em’ for 10 at % doped
SBWN. The coercive field, 2E., first remains at ~160 kV/cm for SBWN up to 2.5 at%
tungsten, and then increases to ~240 kV/cm with 10 at% tungsten doping (Figure 15).

The polarization could be analyzed by the relation [71]:
B =%,V (3)

where Py is polarization, q is the electrical charge of the centering cation, Ax is the
displacement of the center ion, and V is the unit cell volume. Larger electrical charge (q)
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Table 3. P-E hysteresis results of the SBWN samples measured at room temperature. X stands for
the atomic percentage of doping ions W®* in SBN.

Sample P, (nC/cm?) E. (kV/cm)
SBWN (X=0) 2.2 80
SBWN (X=2.5%) 6.3 80
SBWN (X=10%) 30 120
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Figure 15. Remnant polarizations and coercive fields of Sri4,Bis.oqa{(WxNb,,),0y ferroelectric
ceramics.

and/or larger charge displacement (Ax) would result in larger polarization, assuming the
same cell volume. In the SBWN system, XRD results indicated that there was no
noticeable shift of XRD peaks with tungsten doping, suggesting no appreciable change
in the lattice constant of the SBN perovskite crystal. Therefore, the size difference and
the valence difference of tungsten and niobium ions would play important roles. The
higher ionic charge of W® would contribute to the increase of ferroelectric polarization.
Since W® has a smaller ionic radius, it may also have the similar effect as enlarging
“rattling space” to SBN system. However, according to the dielectric properties
measurement, an increased amount of tungsten doping resulted in a reduced Curie
temperature, which implied decreased stability of the perovskite structure. The decrease
of Tc suggests that the higher dielectric constant peak and P, may not be due to higher
polarizability, which happens in vanadium substitution through increased “rattling
space” inside the oxygen octahedra. The higher valence state of tungsten might have a
stronger influence on polarization than its size. The increased coercive field may be due
to the high valence state of tungsten ions, which may contribute to an increased barrier
for dipole switching. In general, the substitution of alternative cations in isotropic
perovskite ferroelectrics would have the effect of restricting domain wall motion, and
thus result in an increased coercive field [41]. It is possible that small amount of
tungsten cations (2.5 at%) did not significantly change the potential energy to rattle from
one position to another inside the oxygen octahedron. However, with higher doping
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content (10 at%), the higher ionic charge effect might be dominant and lead to the sharp
increase of the coercive field. Figure 16 shows that after tungsten doping, the DC
conductivity decreases significantly compared to the SBN. Similar with other doping
systems, the activation energies of tungsten-doped sample are also higher than undoped
SBN samples. It is not clear what the exact mechanism is for the reduction of DC
conductivity with tungsten doping. Although the weaker W-O (~ 672 kJ/mol) [45]
chemical bond compared with that of the Nb-O bond (~703 kJ/mol) [45] permits easier
formation of oxygen vacancies the higher valence state of W" may effectively suppress
the formation of oxygen vacancies and, thus, reduces the electrical conductivity.

Vanadium and tungsten doping in BIT have very similar results as to those in
SBTN. Lanthanum substituted BIT (Bijjslag5T130,,) improves fatigue properties of
BIT but lowers the T, and increases the E.. Another way to enhance the intrinsic
ferroelectric properties in BIT is to dope higher valence cations on Ti*" sites in
perovskite units. Noguchi et al. reported to have enhanced P, values up to ~ 20 pC/cm’
in BIT through vanadium and tungsten doping [72]. Higher valence ions (V>* or W®")
doped into BIT is believed to suppress the formation of oxygen vacancies, and result in a
significant decrease in VBi’>-Vg = complexes which are believed to act as effective
pinning sites in BIT [72].
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Figure 16. DC conductivity versus temperature: ¢ (SBN); (2.5 at% SBWN); x (10at% SBWN).

2.2.c. ABO; type doping

To further improve dielectric and especially piezoelectric properties, doping effects
were exploited in some more complex isotropic systems, such as Pb(Mg, Nb)O; (PMN)-
PbTiO3 (PT), PbTiO; (PT)-BiFeO; and BaTi05-BiFeO; etc [73-75]. Ko et al. proposed a
series of BLSF-nABO; to adjust the perovskite units of BIT system. Bi4Ti;O4-BiFeO,
was formed to add one extra perovskite slab between the (Bi,0,)** layers. As a result,
the ¢ axis of BIT expands and the oxygen octahedra in the perovskite layers becomes
less constrained by the bismuth oxide layers [76]. With a small doping content, the
original single phase BLSF structure (including the number, m) could be retained.
BiFeO;-SBN with Fe** doping for Nb>* was reported to have significant enhancement of
dielectric properties with a composition of 0.3BiFeO;-0.7SBN [77]. The single phase of
layered structure could be formed with the composition as xBiFeO;-(1-x)SBN (SBFN, x
ranging from 0 to 0.3). The Curie points of SBFN shift to higher values with a high
BiFeO; content. 0.3BiFe0;-0.7SBN exhibits a maximal dielectric constant of ~ 1.84 x 10°
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at its Curie point of ~ 750 °C measured at 10 kHz. Considering the similar lattice
dimensions to SBN, the extremely large dielectric constant of 0.3BiFeO3-0.7SBN may
be attributed to the enlarged rattling space by the introduction of smaller ions, Fe**. In
addition, the addition of BiFeO; improves the sinterability of SBN ceramics.

Bi,Si0s (BSO) has also been studied for its doping effect in BLSFs. Although BSO
does not belong to ABO; type compounds, it possesses a bismuth layer structure with a
crystallization temperature as low as 400 °C [78]. Kojima et al. reported BSO doping in
BIT, SBT and PZT films by sol gel processing [79]. With doping of BSO, the mixture
films were crystallized at 500 °C. The high temperature XRD results show that at 400 °C
there are only BSO phase crystallization peaks and at 500 °C both phases appear. When
temperature reduces to room temperature, the BSO peaks disappear and only BIT peaks
remain. This suggests that BSO phase transforms to bismuth layer perovskite during
cooling and a single phase, silicon doped Biy(Ti, Si);0;,, is formed. XPS results also
show that the Si 2p state in BSO-BIT film shifts up about 1.5 eV, suggesting that the
coordination number of most Si increases from 4 to 6 to form SiOg octahedra. However,
it was generally known that the Si-substituted crystals with perovskite structure are
found only in the mantle of the earth because the ionic radius of silicon is too small to
form a perovskite structure at atmospheric pressure [80]. This proposed phase transition
is further attributed to the huge stress generated by the thermal expansion difference
between BSO and BIT during cooling, which is high enough to form the SiOg octahedral
structure. With doping of BSO, BIT films keep the same square shaped P-E loop and P,
values as pure BIT, but with fatigue free properties up to at least 10'® switching cycles as
compared with up to ~10® cycles of undoped BIT films [81]. In addition, the films show
very little degradation after annealing in N, atmosphere with 3 % H2 at 400 °C for 10
min, which is a significant improvement on hydrogen immunity for BIT system (see
figure 17). Further, it was found that BSO is effective in improving the surface
morphology and in lowering the crystallization temperature of SBT and PZT films.
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Figure 17. Variation of P-V hysteresis curves of a BSO-BIT capacitor. Solid line for initial and
closed squares for after fatigue test of 10'® switching cycles at 100 kHz; cross for after hydrogen
immunity test at 400 °C. From Ishiwara et al. [79]. Reprinted by permission from Japanese Journal
of Applied Physics. :
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2.2.d. [Bi,0,]*" layer doping

The Bi,0O, sheets in layer structured perovskites were considered unalterable [25].
Millan et al. reported the substitution of Bi** in [Bi,0,]*" layers by cations such as
Pb**, Sb**, Sn* or Te*" [71,82-83]. They first tried to dope Pb>" into Bi,O, layer of
SBN because Pb** has similar ionic size and same 6s® lone pair electrons as Bi’*.
Through solid-state reaction, it was demonstrated that not only is the substitution into
Bi,0, layer possible without destroying the basic crystal structure, but also the entire
SrBiy.xPb,Nb;Og.,» (0= x £2) solid solution could be formed. The introduction of
larger Pb** into Bi,0, sheets of SBN leads to a monoclinic distortion, probably due to
the presence of oxygen vacancies in order to retain the charge neutrality. Smaller Sb*>*
and Sn** were also able to replace Bi*" in SBN, forming single phase SrBi,. Sb,Nb,Og
and SrBi;.,Sn,Nb,0g., (0< x <1). Both Sb** and Sn** have the same 5s lone pair of
electrons, which might lead to the same amount of doping limit into SBN. When doped
more than 50 at%, a second phase starts to appear. This might be due to possible lattice
mismatch strain generated by the rearrangement of the (Bi, Sb),0, or (Bi, Sn),0,.
Possessing same 5s° lone pair electrons, Te** can also be doped into the Bi,O, layer of
SBN. To keep the charge neutrality, the lower valence ions sodium or potassium were
co-doped into A site for strontium. These dopings cause the appearance of additional
peaks in the dielectric constant versus temperature curve and lower Tc values [71].

3. Microstructure adjustment

3.1. Orientation engineering

The inherent layered structures of SBTN and BIT naturally result in strong an-
isotropic properties, such as polarization and conductivity. The spontaneous polarization
‘along the c-axis is blocked by the bismuth oxide layers, so the spontaneous polarization
(Ps) vector lies within or very close to a-b plane. According to Newnham et al., there
would be no Ps along the ¢ axis when there are an even number of perovskite units
between the bismuth oxide (Bi,0,)** layers, which is attributed to the mirror symmetry,
so that the spontaneous polarization of the individual BOg octahedra cancels each other
out [25]. This probably explains that for the SBTN system with m = 2, c-oriented films
were reported to have shown no or little remnant polarization [84]. Because of this
anisotropy, the randomly oriented Sr-deficient SBN films have larger remnant
polarization than c-axis oriented stoichiometric SBN films [85]. Desu et al. reported that
they got preferable results (reasonably large P, with small E;) in c-oriented SBN film
deposited on (111) Pt electrodes [86]. This suggests that the P vector in SBTN might not
be strictly perpendicular to the ¢ axis. Through sol gel processing, Wu et al. also made ¢
oriented SBN films on (100) SrTiO; single crystal substrates [87]. Besides ¢ orientation,
(116) and (103) oriented SBT films could be grown on buffered silicon (100) substrates
[88]. Bi3TaO, was reported to be an effective seed layer in obtaining a (or b) oriented
SBT films that have higher remnant polarizations [89]. Varying the Sr source is reported
to be effective in controlling the ¢ or a(b) orientation in Sry;Bi, 3T2,0y films prepared by
chemical solution deposition (CSD) [90].
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BIT films made by MOCVD have the tendency to be c-axis oriented [91]. Extra
amounts of bismuth were reported to be helpful in obtaining c-oriented BIT films.
Another report of c-axis oriented BIT films on platinized silicon substrate was made by
first spin-coating with a 10 at% Bi-rich solution and annealing at 800 °C to get a highly
c-axis oriented seed BIT film. On this seed layer, BIT films spin-coated using
stoichiometric solution show high c-axis orientation and extremely flat surface [92].
Through adjusting baking conditions, lanthanum substituted BIT films with (117) and
(001) orientations are prepared by CSD on Pt/T10,/S10,/Si(100) substrates [93]. Low P,
and E. values were obtained for c-oriented BIT films. Such morphology and properties
make c-oriented films preferable choice for fabrication of Metal - Ferroelectrics -
Insulator -Semiconductor (MFIS) structures or devices because the coercive field is very
small. It is interesting to note that c-oriented films of SBTN and BIT both show not only
smaller P, but also smaller E.. Smaller P, is due to the polarization vector direction and
the smaller E, might come from pure 180 degree domain walls, which result in no
internal stress during domain motion.

3.2. Grain size effect

Yamaguchi et al. reported that c-oriented BIT films with small grain size show
superior properties over large grain sized films: larger P,, lower leakage current, higher
break down strength, etc. [94]. Films annealed at high temperature (large grain size)
have decreased c-axis lattice constants, with better crystallinity [95]. The lattice change
was attributed to the smaller thermal expansion coefficient of silicon than that of BIT. It
was postulated that the lattice constants shrank more along the c-axis than along the a-
axis [95]. This suggests that the decreased P, might be due to smaller displacement along
the c-direction. For very thin films (~ 100 nm thick or less), smaller grains tend to be
favorable due to lower leakage current and better reliability [18]. High breakdown
voltage of thin films with fine grains could be due to the homogeneous microstructure
with small sized defects. However, the films with large grains have better crystallinity
and, thus, produce better P-E hysteresis. One model for thin ferroelectric films size effect
is the domain structure transition from multi-domain predominance to single domain
predominance when the grain size shrinks to a critical value [96]. The single-domain
predominated grain is very stable under an external field, which would make the domain
nucleation quite difficult and lower down the domain wall mobility. For example, SBVT
films have higher P, with 800 °C annealing as compared to 700 °C annealing [60]. Sr-
deficient SBT, Sr,Bi,,Ta,0o (0.70x01.0, 2.002z02.6), films show enhanced P, with a
decreased strontium content, which is also explained by increased grain size [62].
Aizawa et al. reported that SBT films annealed by a face-to-face setup (two film
samples, one covering another with the pre-dried film sides sticking together during final
annealing) also showed enhanced ferroelectric properties due to large grains [97]. Zhu et
al. further pointed out that the size effect of BLSFs thin films (0.8SBT-0.2Bi3TiNbOy)
was mainly determined by the grain size instead of the thickness in the range of 80-500
nm since the large difference between the lattice constants of @ and ¢ in the BLSFs
causes anisotropic grain growth and the grain growth is not limited by the film thickness.
[98]. However, large grained SBT films may be obtained with inferior performances also
due to the interface effects after processing at high temperatures. It is reported that the
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higher substrate temperature in pulsed laser deposition of SBT films was used to induce
grain growth. However, the topology of the top electrode (Al) and the interface between
SBT and SiO, becomes rough [69] and this roughening increases the local electric field
and results in high leakage current in the SBT films.

In bulk ceramics, the grain size effect on dielectric properties in SBN and SBVN
were also studied [99]. It was found that generally the large grained samples yield high
maximal dielectric constants (€,,,) at Curie temperatures, in which the large grain size
was achieved by prolonged sintering up to 10 hours. However, samples with further
extended sintering up to ~ 20hrs show lower €, with even larger grain size (figure 18).
Bismuth-layered compounds such as Bi,VOss (BIV), Bi;TiNbOy (BTN) and BIT show
increased dielectric constants with either increased grain size [100] or film thickness
[101]. It was suggested that these materials contain a thin layer of a Bi-rich and low
dielectric constant substance at grain boundaries. For large grained films, the thickness of
grain boundary layers has been observed to decrease, along with a corresponding decrease
in the total volume of grain boundary phase. This gives a large value of the dielectric
constant as the grains increase in size. A similar mechanism likely causes the dielectric
constants of SBN and SBVN to increase with sintering time increases up to 10 hours.

Lattice defects are known to affect the dielectric constant through the suppression of
domain formation [102]. Thus, the dielectric constant decreases as the number of
defects increases. This is another possible explanation for the increase in dielectric
constant with increasing sintering times up to 10 hours, as lattice defects are removed
during prolonged annecaling. However, it is not clear why the extended sintering (20 hrs)
would decrease the €., values in SBN and SBVN ceramics. One possible explanation is
that more oxygen vacancies were generated by Bi,O; loss during prolonged sintering.
This also suggests that although grain size is an important factor affecting dielectric
properties of BLSFs, other factors such as defects and chemistry (e.g. change of valence
state) should also be taken into consideration.
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Figure 18. Dielectric constants verses sintering time for both SBN and SBVN samples, measured
at a frequency of 100 kHz. Included in this figure are both the peak and room temperature values.

4. Annealing

Annealing is very important in the preparation of BLSFs. In principle, there are two
annealing processes. One is referred to as pre-annealing, which is to remove residual
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organic species by heating the samples to elevated temperatures, but lower than sintering
temperatures, prior to sintering. Another is post-annealing after sintering to further
improve the crystallinity, release possible stress and remove oxygen vacancies.

4.1. Pre-annealing in sol-gel coating

Carbon residues are known to play an important role in crystallization process of
films made by sol-gel processing and chemical solution deposition (CSD). Low carbon
contents in the films can be easily removed through oxidation and benefit the
crystallization of the films. Ma et al. reported garnet films of Bi;Dy,FesO;, (BDF)
prepared using a so-called modified Pechini process, in which ethylene diamine
tetraacetic acid (EDTA) rather than citric acid (CA) acted as a chelating agent. The
results of analysis on crystallization characteristics of derived BDF films showed that
efficient removal of organic compounds and carbon residuals by pre-annealing before
the firing process was vital to the formation of a single-phase crystalline garnet [103].
This process is also found effective in the preparation of BLSFs films. SBT films were
reported with better dielectric and ferroelectric properties using alkoxides as precursors
whose carbon number in each organic ligand is 4 or less [68]. Usually the thermal
gravity (TG) curve could be used to determine the pre-annealing temperature. The pre-
annealing temperature should be higher than the temperature at which weight loss more
or less stops, which suggests the removal of organic compound and carbon residues.
Besides temperature, the pre-annealing atmosphere is also important in getting rid of
carbon residues during the preparation of BLSF films. SBT films prepared by CSD first
calcined at a low oxygen partial pressure in a mixture of N,/O, and then crystallized in
N, did not form the SBT phase structure. Thermal desorption mass spectrometry (TDS)
shows that the carbon content of the film calcined in deficient O, is higher than that
calcined in rich O, [104].

4.2. Post-annealing effect

Similar to pre-annealing, atmosphere could play an important role in the post-
annealing. The influences of three types of annealing atmospheres on BLSF films were
reported, such as oxidizing (air or O,), reducing (H;) and neutral (Ar or N,), though
annealing in air or oxygen is most widely reported. Kodama et al. shows that 600 °C
annealing in O, atmosphere after deposition of SBT film could improve the retention
characteristics of MFIS structures [105]. It was revealed that the O, annealing could
reduce the surface roughness of the SBT film. The annealing improves crystallinity of
the films and decreases the oxygen vacancies in SBT, and thus leads to fewer traps and
lower space charge density [105]. Annealing in O, gas at a high pressure is also reported
to be effective for the formation of c-axis oriented BIT films with a smooth surface and
improved electrical properties [106]. In contrast to annealing at ambient oxygen,
degradation of electrical properties by annealing in ambient hydrogen remains a big
challenge for the integration of FeRAMs [107]. The bismuth oxide in SBT films could
be reduced to metallic bismuth by H, annealing and leads to high leakage current [108].
Hydrogen annealing may result in more serious degradation in properties of BIT than
SBTN since BIT has more bismuth sites. The second annealing at 800 °C in O,
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atmosphere (after H, annealing) could lower the leakage current of SBT films by
oxidizing the metallic Bi and reducing the oxygen vacancies. Similar with hydrogen
annealing, structural and compositional analyses suggest that some Bi atoms in the SBT
films become free of oxygen due to annealing in argon gas for short periods at 700 °C.
After argon annealing, a second annealing (oxygen) also at 700 °C yields similar
structure with 800 °C annealed SBT films [109].

Besides the films, post annealing also has an appreciable influence on the electrical
properties of bulk BLSF ceramics. The influences of O, and N, annealing on the
dielectric properties of SBVN ferroelectrics were studied [110]. After sintering at 950 °C
for 2 hrs in air, samples were annealed at 800 °C for 3 hrs in O, or N,. With O,
annealing, the Curie point of the SBVN ferroelectrics shifted to higher temperatures and
the peak dielectric constant increased more than 30 % (figure 19). However, no change
in the Curie point was found with N, annealing. Furthermore, O, annealing was found to
reduce significantly both the dielectric constant and loss tangent of the SBVN
ferroelectrics at frequencies below 1000 Hz at room temperature. Figures 20 and 21 are
the dielectric constant and tangent loss of SBVN ferroelectrics as functions of frequency,
ranging from 20 Hz to 1 MHz at room temperature. Change of dielectric constants and
tangent loss is attributed to the change in the valence states of vanadium ions in SBVN
ceramics when subjected to O, and N, annealing. The experimental results imply that
some V** ions, which are compensated by the formation of oxygen vacancies, existed in
the SBVN ferroelectrics prior to O, annealing. When V*" are incorporated into the
SBVN layered perovskite structure by substituting Nb>*, oxygen vacancies would be
created. Using Kroger-Vink notation: '

2VO0, =2V, +400 +Vo - 4)

where V' represents V¥ occupied Nb®' site with one effective negative charge and
VO represents an oxygen vacancy with two effective positive charges. Both Vy,’ and
VO are potential charge carriers, and possible contributors to space-charge polarization.
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Figure 19. Temperature dependence of dielectric constants of SBVN samples with O, annealing,
without annealing and with N, annealing measured at 100 kHz .
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V* jons could be oxidized to V>* with O, annealing, which resulted in improved
dielectric properties. However, due to the low concentration of vanadium ions, XPS
analyses did not produce any direct evidence supporting or refuting this possible
explanation, particularly those with a tetravalent state.

Post-annealing temperature has a noticeable influence on dielectric and ferroelectric
properties. When the annealing temperature was very low, the Sry;Bi;3Ta,09 films
prepared by CLD showed no spontaneous polarization after annealing at 650 °C, and
ferroelectric properties were obtained only when the films were annealed higher than
700 °C [111]. The squareness of the P-E loops (ratio of remnant polarization over
saturation polarization, P/P,) was further improved after the samples were annealed at
800 °C. The difference in the samples annealed at different temperatures was attributed
to the crystallinity and crystal grain size confirmed by microscopy. In the mean time,
too high post annealing temperature may induce more oxygen vacancies in the films. Shi-
Zhao et al. reported the variations in the level of ferroelectric fatigue of Sr),BiyyTa;Oq
thin-film capacitors with Pt electrodes as a function of the heat-treatment temperature
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[112]. The ~220 nm SBT thin films were spin.coated on Pt/Ti0,/Si0,/Si substrate and
crystallized at 800 °C. The post-annealing temperature varied from 800 to 950 °C was
found to barely affect P-E hysteresis results. However, the samples annealed at 900 and
950 °C showed serious ferroelectric fatigue after ~108-10° switching cycles, whereas the
sample annealed at 800 °C showed fatigue-free behavior up to 10'® cycles. This behavior
appeared to have a close relationship with the loss of oxygen from the SBT layer during
high temperature annealing.

Furthermore, not only the amount of vacancies but also their distributions could
have essential influences on ferroelectric properties. Therefore, the post annealing at
temperatures above T, could be used to redistribute the existing vacancies in the system.
Noguchi et al. found that quenching might help keep the random distribution of the
vacancies and thus improve the electrical properties of the BIT [72]. Tan et al. reported
that the vacancies accumulated near domain boundaries could cause domain pinning, and
thus reduce P, of the potassium doped PZT samples [113]. The influence of domain
pinning could be reduced by the random distribution of vacancies.

5. Summary

With appropriate doping or substitution, electrical, dielectric and ferroelectric
properties of layer structured perovskite ferroelectrics can be significantly enhanced or
modified. It was further demonstrated that the properties are strongly dependent on the
grain size, preferential crystal orientation, and annealing conditions.
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