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Bizzs5Lag75_xEryTi3012 and BiszsLag75Tis_xEryOq,_5 ceramics were prepared and studied in this work in
terms of dopant-induced phase and microstructure development as well as dielectric response. The
results show that introduction of Er3* tends to reduce the materials’ sintering temperature and average
grain size. Moreover, it was noted that in these systems the substitution site of this dopant is controlled
by valence state and ionic radii mismatch effects. In particular, even when a nominal substitution of Ti**
is conceived, here it is found that Er3* also incorporates at the (Bi,La)3* sites. These and other interest-
ing concluding remarks from this work, including Er3* tolerance, were possible only after comparing,
especially, the X-ray diffraction results and the intrinsic ferroelectric characteristics extracted from the
dielectric measurements.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Bismuth titanate (Bi4Ti30q3, BIT) is a ferroelectric material
belonging to the Aurivillius family, and consists of (Bi»0,)2* sheets
alternating with (BiTi301¢)2~ perovskite-like layers stacked along
the crystallographic c direction [1,2]. Like other ferroelectric mate-
rials, BIT has a wide potential application in the electronic industry,
which includes the manufacture of capacitors, memory devices as
well as electrical and optical sensors. Doping ferroelectrics with
foreign cations has been normally explored with the purpose of
trying to improve given dielectric and/or optical properties from
such materials, depending on the applications envisaged. This is
the case of doping partially BIT with rare earths at the Bi3* sites
(homovalent-like substitution) and/or higher-valent cations at the
Ti** sites (heterovalent-like substitution) [3-12]. Research on the
La3*-doped BIT (Big_xLaxTizO12, BLT100x) system has been partic-
ularly intense, from both experimental and simulation viewpoints
[3,6,9,13], due to the finding that La3* effectively improves the
fatigue endurance of BLT with respect to BIT materials, especially
for x=0.75 [3]. Accordingly, La3* incorporation in the BIT lattice
reduces content of the oxygen vacancies that contribute to ferro-
electric fatigue owing to a strong interaction with domain walls.

We recently conducted a comprehensive study of this BLT
system in terms of La3*-assisted sintering and microstruc-
ture development, La3* tolerance, long-range structural and
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electrical properties [14]. With respect to foreign cation toler-
ance, for instance, it was shown by combining structural and
electrical measurements that the solubility limit (x; ) of La3* into BIT
to form second phase-free BLT materials is located slightly above
x=1.5, in contrast to an earlier value of x =2.8 from the literature
[15,16]. The present work is intended to further advance this study
by choosing to dope the BLT system (starting from the BLTO75 com-
position) with Er3* at either the (Bi,La)3* or the Ti** sites, with the
purpose of exploring the correlation between important charac-
teristics such as (micro)structure development, Er3* solubility and
resulting ferroelectric properties. To the best of our knowledge,
comprehensive works exploring the effect of Er3* on these charac-
teristics in BIT-based ceramic materials are scarce in the literature.

2. Experimental procedures

Er3*-doped BissLag75Tiz012 (BLTO75) ceramics were prepared via the con-
ventional solid-state reaction method. Nominally, the systems considered to be
produced were Bi3_25L30_75,XE1’XTi3012 (BLEXT) and Big_zsL30_75T13,XE1’X012,5 (BLTEX),
with x=0.02, 0.04 and 0.06, hereafter denoted as BLEO2T, BLEO4T and BLEOG6T,
on the one hand, and BLTEO2, BLTEO4 and BLTEO6, on the other hand. Starting
from high-purity raw materials (from Alfa Aesar): Bi;03 (99.5%), La;03 (99.999%),
Er,03 (99.9%), and TiO, (99.9%), the powders were weighted in the appropriate
stoichiometric amounts, mixed and ball-milled for 36 h in polyethylene vases while
dispersed in isopropyl alcohol. The mixed powders were calcined at 860°C for
6h, and then ball-milled again for 12h in the aforementioned plastic recipients
with isopropyl alcohol. After drying, these powders were pressed into disk-shaped
samples and then sintered at 1115°C for 2 h, after various heat-treatment tests.
Following the results on optimal sintering conditions of the BLT materials previ-
ously reported in Ref. [14], the BLTO75 samples were also sintered at 1195°C for
2h (hereafter denoted as BLT075*). The density of these ceramics was measured
by the Archimedes method. Moreover, the crystalline structures of these materials
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Fig. 1. XRD patterns of the calcined (a) BiszsLag7s_xErxTisO12 (BLEXT) and (b)
Biz25Lag 75 Tiz_xEryO;,_s (BLTEX) powders. Both graphs include the XRD results from
the calcined BLTO75 powder. All these patterns show peaks corresponding to a phase
isostructural with BigTizOq2 (JCPDS: 35-0795). For BLTEO4 and BLTEO6, additional
low-intensity phases isostructural with Bi,O3 (JCPDS: 74-1375) and/or La,TiOs
(JCPDS: 75-2394) were identified.

were characterized by X-ray diffraction (XRD) using a Rigaku-Rotaflex RU-200B
diffractometer (50 kV x 100 mA) with Cu Koy (A =1.5405 A). Also, scanning electron
microscopy (SEM) observations of the ceramics were performed using a Zeiss
DSM960 microscope. The latter was fitted with fully automated equipment for
quantitative energy-dispersive X-ray spectroscopy (EDS) analysis. Electrical mea-
surements of the ceramic samples were conducted in a Solartron SI 1260 impedance
analyzer at selected frequencies in the 1 Hz-1 MHz range, over a wide temperature
range from 25 to 600°C, and using Pt electrodes. From these measurements,
parameters such as dielectric permittivity and Curie temperature were evaluated.

3. Results and discussion

Fig. 1 shows the room-temperature XRD patterns of the BLT075,
BLEXT and BLTEx powders calcined at 860°C for 6h. For the
undoped BLTO75 powder, a single BIT-like phase was detected.
The same result applies for the BLEXT system (Er3* nominally
introduced at the La3* sites), as seen in Fig. 1(a). Meanwhile, the
XRD spectra corresponding to the BLTEx system (Er3* nominally
incorporated at the Ti** sites) were free of secondary phase for
x=0.02, but showed additional Bi; 03 and/or La;TiOs (L2T1) phase
for x > 0.04, Fig. 1(b). An important observation in the latter case

98 |

96

(%)

94
92

Prelat.

90

88 / —&— BLEXT
—O—BLTEx

86 |-

0.00 0.01 0.02 0.03 0.04 0.05 0.06
Er¥ content (x)

Fig. 2. Dependence of the relative density (prear) Of the BisasLagzs_xEryTizO12
(BLEXT) and Bis5Lag 75 Tis_xEryOq,_g (BLTEX) ceramic samples (sintered at 1115°C
for 2 h) upon variation of Er3* content. The horizontal dashed line is merely a ref-
erence indicating the density value of the BLT075* sample sintered at 1195°C for
2h.

(BLTEx system) is that, after calcination, the powders resulted in
slightly to significantly agglomerated, with increasing Er3* con-
tent, while changing their coloration from light-yellowish brown to
dark-yellowish brown. These effects are here considered to involve
the melting of Bi,O3 (one of the two possible secondary phases
detected for x>0.02 in the XRD patterns presented in Fig. 1(b))
expected to occur at a temperature as low as 820°C [17]. The melt-
ing point of L2T1 is located at a much higher temperature, close
to 1700°C [18]. In Fig. 1(b), in fact, the XRD peak intensity corre-
sponding to the Bi; O3 phase, presumed to likely be the dominant
phase (compared to L2T1, if any) is seen to increase with rising Er3*
concentration.

With respect to the thermal conditions to achieve the materials’
optimal sintering and densification, it is important to remember,
from the preceding work [14], that BLTO75 samples were heat-
treated at 1195°C for 2h to obtain high-density bodies (95% of
its own XRD-derived theoretical density, TD=7.688 g/cm?3). This
also applies to the BLTO75* ceramic samples prepared here. In
contrast, any attempt to produce the BLEXT and BLTEX ceram-
ics at these sintering conditions, or at even higher temperatures
(up to 1280°C for 2 h), only led, in both systems, to second phase
formation (consisting of Er,TiOs, E2T1, and/or L2T1, according to
XRD measurements) and poor densities towards the highest sin-
tering temperatures tested [19]. Conducting that systematic study
allowed to consider the conditions of 1115°C and 2h as bet-
ter ones for producing relatively high- to high-quality ceramics.
Fig. 2 illustrates the behavior of the materials’ relative density
(prelat) With increasing Er3* content. Densities corresponding to
the doped materials reached values ranging from 93 to 97% (of
BLTO075 TD), remaining higher than the value of 88% TD obtained
for the undoped BLT075 ceramics. Full understanding of the density
behaviors observed in this figure required, however, the analysis of
other results from this work, as will be discussed later. In any case,
Er3* appears to reduce the energy barrier associated with cation
diffusion during sintering and densification of these materials. That
is, as the optimal sintering of high-density undoped BLT075 sam-
ples occurs around 1195 °C(BLT075* ceramics, averaging about 95%
TD) [14], it can be thus stated that Er3* actually reduces the sin-
tering temperature of this system. Recently, a study on V>*-doped
BIT ceramics (with V>* substituting for Ti**) showed an analogous
dopant-induced sintering trend [7].

Fig. 3 shows the room-temperature XRD patterns collected
from the BLTO075% BLEXT and BLTEx ceramic samples after
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Fig. 3. XRD patterns of the sintered (a) BiszsLag7s_xEryTi3sOq2 (BLEXT) and (b)
Bis2sLag75Tis_xErxOq,_5 (BLTEX) ceramic samples. For reference, both graphs
include the results from the high-density BLTO75* ceramic sample. All these patterns
show peaks corresponding to a phase isostructural with BisTi3 01, (JCPDS: 35-0795).
For BLTEO4 and BLTEO6, again, additional low-intensity phases isostructural with
Bi, 03 (JCPDS: 74-1375) and/or La, TiOs (JCPDS: 75-2394) were identified.

sintering at 1195 °C for 2 h, for the undoped material, and 1115°C
for 2h, for the Er3*-doped BLT075 materials. These XRD spectra
are similar to those shown in Fig. 1, with persistence of traces
from Bi, O3 (seemingly major) and L2T1 (if any) phases for the
BLTEx ceramics, for x >0.04 (Fig. 3(b)). These results are appar-
ently indicative that, while Er3* is totally soluble in the BLT075
system when being nominally incorporated at the La3* sites (at
least up to x=0.06), this does not seem to be the case when trying
to introduce Er3* at the Ti%" sites, as a XRD-associated solubility
limit would be proposed to occur for x=0.02. Considering that the
secondary phase involves Bi; 03 and/or L2T1, the proposition of a
partial incorporation of Er3* also at the (Bi,La)3* sites for x>0.02 is
hereby straightforward for the BLEXT system. Indeed, this obser-
vation should apply as well for x=0.02 (BLTE02 sample), as its
calcined powder also resulted slightly agglomerated and with a
light-yellowish brown color (ascribed to Bi; 03 melting), different
from the original, comparatively deagglomerated and white-like
BLTO75 calcined powder. This is comprehensible if considering,
from the valence state viewpoint, that the substitution of (Bi,La)3*
by Er3* should normally be first expected with respect to the sub-
stitution of Ti%*.

In terms of preference, the above incorporation trend of Er3* at
the (Bi,La)3* sites is also predictable from the viewpoint of stress
energy minimization in the BIT structure during doping, by com-
paring the ionic radii (IR) of the foreign versus host cations. For

Er3* introduction at the (Bi,La)3* sites, with a twelve-coordination
number, it applies that IR(Er3*)=1.22A, while IR(Bi3*)=1.40A
and IR(La**)=1.36A [20], implying that AIR(Bi-Er)=0.18A and
AIR(La-Er)=0.14 A. This substitution event is expected to produce
stress effects significantly lower than incorporation of Er3* at the
Ti4* sites, with a six-coordination number: IR(Er3*)=0.89A and
IR(Ti**)=0.61A [20], implying that AIR(Er-Ti)=0.28 A. From this
analysis and the above observations (including coloration trend),
it is possible to conclude that, even when nominally prepared so
as to substitute Ti%*, Er3* cations also incorporate at the (Bi,La)3*
sites for all the BLTEx compositions. Regarding the BLEXT sys-
tem, substitution of La3* by Er3* remains in total accordance with
the predictable result from both valence state and energy stress
viewpoints, the final materials resulting apparently free of second
phase, at least within the detection limit of the XRD technique
(about 5 wt%).

Fig. 4 illustrates the SEM micrographs from the dense BLT075%,
BLEO2T, BLEO6T, BLTEO2 and BLTEO6 ceramic samples. BIT ceram-
ics are known to normally show plate-like grains. According to Ref.
[14], when introduced into the BIT system, La3* has the trend of
gradually transforming these grains to a spherical form, as well
as promoting a grain growth inhibition process. In the present
work, we chose to characterize the microstructure morphology
of these ceramic materials by estimating the average aspect ratio
R=alb of the grains [21] (see indication of a and b exemplified in
Fig.4(a)). Accordingly, R>1 and R= 1 represent the formation trend
of, respectively, plate-like and spherical-like grains. For BLT075%,
on the one hand, the estimated value of aspect ratio was R=2.8.
For the doped materials, on the other hand, R varied slightly but
sensitively from about 1.5 to 2.1, for the BLEXT system, and signifi-
cantly from about 2.3 to 4.2, for the BLTEx one, while varying x from
0.02 to 0.06. From these results and a direct comparison between
the images illustrated in Fig. 4, it is concluded that the presence
of Er3* has the effect of favoring a decrease of the aspect ratio of
the plate-like grains in these materials, besides causing an evident
decrease in the materials’ final average grain size, that is, except for
BLTEOG (Fig. 4(e)) when compared with BLTO75 (Fig. 4(a)), the jus-
tification being given below. Together with the fact that R from the
BLTEx materials is greater than that from the BLEXT ones, the sub-
stantial increase of R with rising Er3* in this BLTEx system should
arise from the development of liquid phase-assisted sintering, most
likely involving, as proposed above, the low-temperature melting
of Bi03. As well known from the literature on sintering of mate-
rials, presence of a liquid phase generally promotes grain growth,
by the occurrence of cations dissolution, mass transport and re-
precipitation processes [22,23].

Fig. 5 illustrates the temperature dependence of dielectric per-
mittivity (¢) measured in these BLTO75*, BLEXT and BLTEx ceramic
materials at 1 MHz. As expected for ferroelectrics, the curves show
dielectric peaks that correspond to the ferro- to para-electric phase
transition occurring at the Curie temperature (T¢), followed by a
monotonous decrease of permittivity above T, in accordance with
Curie-Weiss law prediction. For all these materials, the behaviors
of T, and maximum permittivity, &, = & (T¢) upon variation of Er3*
are shown in Fig. 6. The decrease of T, and ¢, in the doped mate-
rials, with respect to undoped BLT075%, may be accounted for by
considering that Er3* should reduce the ferroelectricity strength
of such materials. Getting further insights into the characteris-
tics of these materials requires, however, a close interpretation
of the T, and &, variations between samples within each BLEXT
or BLTEx system. According to the XRD results shown in Fig. 3(a),
for instance, there was presumably no solubility limit of Er3* into
BLT075, when this foreign cation was incorporated at the La3* sites,
at least over the composition range studied here (up to x=0.06).
However, according to Fig. 6(a), T, from these BLEXT ceramics
decreases from x=0 to x=0.02, but remains thereafter constant
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BLT075
(a) (b)

Fig. 4. SEM micrographs of the sintered (a) BLTO75%, (b) BLEO2T, (c) BLEO6T, (d) BLET02 and (e) BLET06 ceramic samples. The grain morphology-associated a and b lengths,
indicated in (a), were used to estimate the aspect ratio R=a/b for each sample (see text).

(for x>0.02). As T, is an intrinsic property of ferroelectric mate- formation by XRD, a fact attributable to the equipment’s sensitivity
rials, the direct conclusion is the existence of a tolerance limit of limitation.
Er3* when substituting La3* into BLTO75 up to x=0.02, that is, irre- At this stage, we chose to proceed with the analysis of the results

spective of the non detection in this (BLEXT) system of second phase from the EDS measurements performed in this work. Table 1 shows
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ceramic samples. For reference, both graphs include the results from the high-
density BLTO75* ceramic sample.

the nominal and experimental relative values of the grain-bulk
chemical elements of direct concern, as detected in the Er3*-doped
BLTO75 materials. For BLEXT, values of the La/Er ratio suggest,
within the (relatively low) margin of error of the measurements and
compared with the behavior that would be expected from the nom-
inal composition, almost unchanged concentrations of Er3* and La3*
in these materials for x > 0.02, in good agreement with the infor-
mation of an unchanged value of T, as extracted from the dielectric
study. In practice, during sintering, the excess of Er3* should most
likely segregate at the grain-boundary interfaces. The results pre-
sented earlier are truly instructive, provided that they show how
simple measurements, like the electrical ones conducted in this
work, may result in even higher sensitivity than XRD measure-
ments for detecting solubility limit and second phase formation
in ferroelectric-like materials. Indeed, this observation also applies
to the BLTEx ceramic materials studied in this work. That is, looking
again at Fig. 6(a), the values of T, corresponding to these materi-
als incessantly decrease with rising Er3* content, contrasting with a
presumed solubility limit of Er3* occurring for x = 0.02, according to
the XRD results (Fig. 3(b)). The above T, behavior instead suggests
that, up to at least x=0.06, Er3* continuously incorporates into the
BLTEX lattice. This observation agrees well with the EDS results pre-
sented in Table 1, showing a continuous variation of the Ti/Er ratio
in these materials. Accordingly, it is reasonable to conclude that,
even when conceived to incorporate at the Ti#* sites, Er3* also sub-
stitutes (Bi,La)3*, certainly because of valence state similarity (3+)
and lower ionic radii mismatch: AIR (Bi-Er)=0.18 A and AIR(La-
Er)=0.14A, while AIR(Er-Ti)=0.28 A. This fact should account for
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Fig. 6. Dependence of the (a) Curie temperature (T.) and (b) maximum permittiv-
ity (em) of the sintered Biss5Lag75_xErxTizO12 (BLEXT) and Bis z5Lag 75 Tis_xEryOq5_g
(BLTEX) ceramic samples upon variation of Er3* content. In both cases, the data for
x=0 correspond to BLTO75*.

the detection of second phase formation in this system (Fig. 3(b)),
not directly linked here, however, to a given solubility limit.
These findings help to further advance analysis and discussion,
in acorrelative fashion, of the results presented in Figs. 2,4 and 6(b).
Starting from the oxides mixture formulation (OMF) of, for instance,
BLEXT: OMF=1.625Bi,03 +(0.375-x/2)La;03 +(x/2)Er,03 +3TiO>,
the compositional formula after sintering (CFAS) of the cor-
responding samples should be proposed as follows. For
x=0.02, CFAS = Bi3'25 Lag 73 El‘opzTigO]z, this composition
representing that of maximum solubility (x=x;) of Er3*
into this system. For x=0.06, for example, stoichiomet-
ric calculations based on the above fact allow to estimate
that CFAS = 0.945Bi355Lag 73Erg g2 Tiz 012 + $2(Bi,Er), where
2(Bi,Er)=0.0891Bi,03 +0.0206Er,03 represents the excess
of Bi** and Er3* cations (given in terms of their corresponding
oxides). In the case of a full mixture tolerance between these oxides

Table 1

Nominal versus experimental relative values of the grain-bulk chemical elements of
concern for the BissLag75_xEryTi3 012 (BLEXT) and Biszs5Lag 75 Tis_xEryOq;_g (BLTEX)
ceramic samples (La/Er and Ti/Er ratios, respectively), as extracted from repeated
EDS measurements.

X La/Er in BLEXT Ti/Er in BLTEx
Nom. Exp. (£7) Nom. Exp. (+£9)
0.02 36.5 42 149 141
0.04 17.8 31 74 80
0.06 115 36 49 55
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during sintering, the above cation excess would involve the for-
mation of two phases, i.e., 2(Bi,Er)=0.0411ErBiO3 +0.0685Bi,03.
For the BLTEx samples, simultaneous insertion of Er3* at both
Ti** and (Bi,La)3* sites renders difficult to accurately predict
their compositional formula after sintering. Nevertheless, over
the composition range of total solubility, the corresponding
oxides mixture, 1.625Bi»03 +0.375La;03 +(3-x)TiO, +(x/2)Er, 03,
should lead to the synthesis of materials with the
(Bi,La,Er)4(Ti,Er)304,_g5 + €2(Bi,La) formula, with the possibility
of L2T1 (second phase) formation being accordingly discarded
(stoichiometry viewpoint).

In terms of final properties, different contributing effects
may be anticipated from the aforementioned phase development
facts. First, the presence of the secondary phases, with normally
spherical-like grains, embedded into a BIT-based matrix, with typ-
ically plate-like grains, is expected to cause a decrease in the
materials’ final density (porejar), as seen in Fig. 2 for the BLEXT
samples, for x > 0.02, and the BLTEx ones, from x=0.02 to 0.04. Sec-
ond, the excess of Bi, O3 should account for the increase in aspect
ratio (R) observed in all these samples with increasing Er3* con-
tent (Fig. 4), due to the development of a Bi,Os-associated liquid
phase-assisted sintering mechanism [22,23]. Third, provided their
non ferroelectric nature, these secondary phases are also supposed
to lead to a decrease in the materials’ permittivity (¢m,;) with ris-
ing Er3* content (Fig. 6(b)), that is, besides recognizing that such a
result should also involve, of course, the deleterious effect from a
decrease in the materials’ density (0rejat), Fig. 2, as found elsewhere
[24,25]. For the BLTEx system, in fact, the behavior of maximum
permittivity (&5, ) for x > 0.02 (Fig. 6(b)) shows to nearly follow the
behavior of the materials’ density (Fig. 2). In particular, the develop-
ment of a Bi; 03 liquid phase-assisted sintering, as suggested above,
should in this case account for the observation of higher density
and, hence, permittivity values (Figs. 2 and 6(b), respectively) even
for x=0.06. For the BLEXT system, the effect of the materials’ den-
sity improvement associated with liquid phase-assisted sintering,
as could be expected [22], was not observed here (Fig. 2), prob-
ably due to the quite low quantity of the Bi;O3 secondary phase
involved, as proposed and discussed above.

3.1. Conclusions

Bi3.25L30.75_xEI'XTi3O]2 and Bi3‘25La0.75Ti3_XErx012,5 ceramics
were prepared and studied in this work. It was noted that Er3*
tends to reduce both materials’ sintering temperature and average
grain size. By comparing X-ray diffraction, SEM, EDS and dielec-
tric results, the other important conclusions arising from this work
can be summarized as follows: (a) the incorporation site of Er3*

in these ceramic materials is regulated by valence state and ionic
radii-associated stress energy effects; (b) Er3* shows a tolerance
limit of about x=0.02 when introduced into the system so as to
nominally substitute La3*; (c) when introduced in the system so as
to substitute Ti%*, Er3* also incorporates at the (Bi,La)3" sites, a fact
that promotes second phase formation not directly linked to a given
solubility limit; and (d) the strength of the dielectric properties of
these materials shows to include effects from both substitution site
and materials density.
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