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ABSTRACT

The conventional solid state processing of bulk Ti,Sm co-doped BiFeO3; ceramics typically
produces a complex micro-nanostructure which exhibits an effective decrease of the leak-
age conductivity. This same nanostructured configuration however confines the mobility of
the ferroelectric domains and in this way the potential piezoelectric response of the formu-
lated composition remains restrained. Hereby, a two-step doping strategy based on a simple
surface modification approach is proposed which eventually allows for suitably engineer-
ing the microstructural development of the material, leading to a coarsened configuration
where the conductivity is kept in low levels while the piezoelectric response is satisfactorily

released for practical purposes.
© 2019 SECV. Published by Elsevier Espana, S.L.U. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Desarrollo de una estrategia de dopado en dos etapas para liberar la
respuesta piezoeléctrica de ceramicas en volumen de BiFeO; co-dopado
con titanio y samario

RESUMEN

El procesamiento convencional en estado sélido de materiales ceramicos en volumen de
BiFeO; co-dopado con Ti y Sm, tipicamente produce una compleja micro-nanoestructura
que permite una reduccién efectiva de la conductividad eléctrica del material (corrientes
de fuga). Sin embargo, esta misma configuracién nano-estructurada también reduce la
movilidad de los dominios ferroeléctricos y por ello, la potencial respuesta piezoeléctrica
de la composicién formulada permanece confinada. En este trabajo se propone el empleo
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de una estrategia de dopado en dos etapas, basada en una sencilla aproximacién de modi-
ficacién superficial, con la cual es posible disenar y controlar adecuadamente el desarrollo
microestructural del sistema, dando lugar a un engrosamiento de la microestructura que

permite mantener la conductividad del material en bajos niveles al tiempo que libera satis-
factoriamente su respuesta piezoeléctrica.

© 2019 SECV. Publicado por Elsevier Espafa, S.L.U. Este es un articulo Open Access bajo

la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

In addition to its well-investigated multiferroic possibili-
ties, single phase BiFeO; also withstands as a promising
candidate for lead-free piezoelectric applications [1-4]. The
stereochemically active lone-pair electrons of Bi®* are respon-
sible for the displacement of these cations along the [111]
pseudo-cubic axis of the perovskite structure, bringing about a
non-centrosymmetric polarization which results in the piezo-
electric property [5-7]. However, although such displacements
of the A-sites are rather large (relative to the centrosymmet-
ric cubic perovskite structure), the obtained polarizations are
indeed too small in the pure BiFeO3 compound and so doping
becomes a compulsory option [8-12]. Rare earths are among
the most helpful dopants in this sense, since they can lead
to the formation of a morphotropic phase boundary (MPB)
when replacing the Bi3* ions in the A-sites [13-15]. Moreover, a
material in the vicinity of the phase boundary usually exhibits
significant physical responses in reaction to relatively weak
external stimulus [16-19]. Specifically, the isovalent substi-
tution of bismuth for samarium, Bi;_xSmyFeOs, can produce
a significant enhancement of the piezoelectric properties in
the compositional range 0.12 <x <0.16, where a polar-to-non-
polar MPB has been postulated by several authors [2,16,20-24].
Unfortunately, the incorporation alone of samarium cannot
completely suppress the intrinsic conductivity of the material
(high leakage current) and so the electromechanical proper-
ties of Sm-modified BiFeOs; bulk ceramics typically remain
inaccessible [25-27]. The simultaneous addition of titanium
may unblock this condition [28-31]. Upon Ti-doping a spe-
cific micro-nanostructure is generated within the BiFeOs3 bulk
material which is then composed by small grains of nanomet-
ric size separated by titanium-rich areas [32,33]. Just a limited
concentration of Ti** is incorporated into the perovskite crys-
tal lattice and the titanium-rich interfaces behave like highly
resistive layers, increasing the direct-current (dc) resistivity of
the whole material [32,34]. From the point of view of piezo-
electric functionality, there is however one limiting setback
in this scenario: the nanostructured configuration severely
impedes the mobility of the ferroelectric domains, hence lead-
ing to a low degree of polarization and a poor piezoelectric
response [35]. An intermediate situation in which such nanos-
tructure would be reasonably coarsened while preserving the
structural/electronic configuration of the formulated compo-
sition, would be ideal, and here is where processing becomes
a valuable tool: we can use processing to purposely engi-
neer the microstructure of the material and further capitalize
on its intrinsic properties. Aiming this goal, in this contribu-
tion we have devised a specific a two-step doping processing

approach that, by deliberately coarsening the microstructure
of the BiFeO3 co-doped system, allows for an effective domain
mobility while having a low conductivity, hence giving access
to a functional piezoelectric response.

Experimental procedure

Ceramic powders with nominal composition
Bio.sgSmo.leeolgsTio.osog'QQS (BSFTO hereafter) were pre-
pared using two different methodologies. In a first routine,
a conventional solid state process is practiced by mixing
the corresponding amounts of the oxide precursors, BiyOs3
(Aldrich, 99.9%), Fe,03 (Sigma-Aldrich, >99%), Sm,03 (Aldrich
99.9%) and TiO, (anatase structure, Sigma-Aldrich, >99%), and
subjecting them to 2h of attrition milling with YSZ (yttria-
stabilized zirconia) balls and ethanol as liquid medium. As
described elsewhere [36], the dried mixture is sieved under a
100 pm mesh and heated up to 800°C during 2h in order to
produce the synthesis of the perovskite phase. The obtained
solid is again milled to crush the as-formed agglomerates
and aggregates (as much as possible), and once dried it is
again sieved to render a loose powder ready for sintering.
The second methodology also starts from the standard solid
state routine, although the incorporation of the dopants is
produced in two steps. In a first step just the oxide precursor
of samarium is mixed (milled) with those of bismuth and
iron and heated at 800°C/2h for the synthesis of a nominal
Sm-doped BiFeOs; material. Like in the previous method
the obtained solid is fragmented with a new milling stage,
but once dried it is now dispersed in absolute ethanol. The
corresponding amount of titanium (IV) isopropoxide (Aldrich,
99.9%) is then dripped into the dispersion while stirring the
mixture with a high speed disperser (IKA Ultra-Turrax T25).
After 15min at 11,000rpm, the mixture is dried and sieved
(100 pm), yielding also a ready-to-sinter ceramic powder. This
second approach will produce a sort of titanium-rich coating
on the surface of the previously formed Sm-doped bismuth
ferrite particles, and as a straight consequence a different
grain growth evolution is to be expected. The FESEM and
TEM images in Fig. 1 evidence how this coating looks like
in the obtained powder, which hereafter will be referred as
BSFTO-m (m stands for surface modified powder).

Samples of the two powders were next sintered in the form
ofisostatically pressed pellets (¢ =0.8 cm, P =250 MPa). An opti-
mum density above 95% of the BiFeO3 theoretical density was
attained under the following sintering conditions: 925 °C dur-
ing 8h for the BSFTO powder and 1000°C during 2h for the
modified BSFTO-m material. Notice that in both compositions
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Big aggregate
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Fig. 1 - FESEM and TEM images of the BSFTO-m powder, right after the impregnation with titanium isopropoxide.
Individual particles, agglomerates and aggregates persisting after the previous milling step, are all fully coated by a thin

layer of the liquid Ti-precursor.

the sintering temperature is well-above the peritectic point
of pure BFO, but this never affects the distribution, purity
and/or stoichiometry of the crystallized phases. For compar-
ison issues, the following 3 reference compositions were as
well prepared applying the conventional solid state process:
undoped BiFeOs (BFO), Ti-doped BiFeO3 (BFTO) and Sm-doped
BiFeOs (BSFO).

The structural characterization of the sintered ceramics
was carried out by means of X-ray diffraction (XRD) mea-
surements on a Bruker D8 Advance diffractometer using
CuKa radiation; patterns were collected between 20=15° and
20=65°, in steps of 0.015° and with a counting time of
0.5s per step. The FullProf 2k program [37] and its graph-
ical interface WinPLOTR [38] were operated to refine the
experimental XRD data (Le Bail method). The densification
behavior of the sintered pellets was followed by measur-
ing the Archimedes density in water. The microstructure
of the samples was observed on polished and chemically
(aqg. diluted HCI) etched surfaces by Field Emission Scanning
Electron Microscopy (FESEM), using a Hitachi S-4700 micro-
scope equipped with EDS. Transmission Electron Microscopy
(TEM) was used to further characterize the synthesized pow-
ders, using a JEOL 2100F microscope (TEM/STEM) operating
at 200kV and equipped with a field-emission electron gun.
Grain size measurements were evaluated from the FESEM
micrographs by an image processing and analysis program
(Leica) that measures the surface of each BiFeO; grain and
transforms its irregularly shaped area into a circle of equiva-
lent diameter. The electrical characterization was carried out
on Ag-Pd electroded discs. Direct-current (dc) conductivity
measurements were performed at 220°C in a voltage range
between 20V and 200V, using a Keithley Model 2410 power

multimeter. The ferroelectric loops and the piezoelectric coef-
ficients d3; and ds; were determined by respectively using
a RT6000HVS hysteresimeter (Radiant technologies) and an
impedance analyzer (Agilent 4294A) with the resonance-anti-
resonance technique.

Results and discussion

The XRD characterization revealed an almost pure BiFeOs
composition for all the doped formulations after the sinter-
ing stage. Fig. 2 specifically shows the 26 region between 31°
and 33° for the undoped material and the two co-doped sam-
ples. For the parent BFO composition this area shows a double
hkl reflection profile which is attributed to the R3c rhombo-
hedral phase of BiFeOs, Fig. 2a. In the doped samples the
two Bragg peaks of the R3c phase have characteristically con-
verged into a single hkl reflection [22,33], coinciding also with
the entering of the Pbam orthorhombic symmetry of BiFeOs,
Figs. 2b and c. Both phases indeed constitute the mentioned
MPB of the Sm-doped BiFeOs formulation, which is conso-
nance with the Sm-content used for this study (x=0.12, i.e.
right in the edge of the reported MPB region [20-24]). The
refined cell parameters of the co-doped materials are listed
in Table 1, where they are compared with the undoped and
the mono-doped compositions of reference. These data con-
firm that whereas titanium is hardly incorporated to the
R3c lattice, samarium more easily gets into the perovskite
structure, leading to a considerable decrease of the primi-
tive cell volume. But moreover, the calculations also evidence
that at this point the processing routine has no major influ-
ence on the structural evolution of the materials, all the
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Fig. 2 - XRD patterns in the 31-33° 24 region for the (a) BFO, (b) BSFTO and (c) BSFTO-m sintered samples, showing the
presence of the rhombohedral R3c and the orthorhombic Pbam phases of BiFeOs.

Table 1 - Lattice parameters, volume of the R3c primitive cell and reliability factors for the five sintered samples, as
obtained from the Le Bail structural fitting of the corresponding XRD patterns.

BFO 5.575 (2) 13.860 (5)
BFTO 5.577 (2) 13.840 (5)
BSFO 5.567 (2) 13.780 (7)
BSFTO 5.58 (2) 13.69 (9)
BSFTO-m 5.57 (1) 13.77 (5)

373.05 (3) 5.9 10.3
372.75 (3) 3.8 5.4
369.85 (4) 48 6.6
369.1 (3) 9.5 18.0
369.7 (1) 6.6 10.0
| m
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Fig. 3 - Main microstructural features of the co-doped samples: FESEM image and grain size distribution of (a) the BSFTO
conventional sample sintered at 925 °C/8h and (b) the BSFTO-m sample sintered at 1000 °C/2h.

Sm-containing samples practically displaying the same lattice
parameters.

The FESEM images in Fig. 3 however evidence the
microstructural differences between the two tested proce-
dures. The conventionally processed BSFTO sample displays
the described micro-nanostructure which is obtained upon
Ti-doping, composed of uniformly dispersed nanograins with
a very narrow size distribution (average size around 50 nm,
Fig. 3a). As reported, this is a straight consequence of the
segregation of titanium to the grain boundaries, in a diffusion-
controlled process which leads to a solute-drag effect that
inhibits the growth of the BiFeO5; grains [32,39]. On the con-
trary, the surface modified BSFTO-m composition shows the
projected coarsened disposition in which the BiFeOs grains
have noticeably increased their size. The histogram depicted
inside the FESEM image of Fig. 3b also evidences a signif-
icantly broader grain size distribution, pointing even to a
bimodal-like tendency where most of the grains now display
an average size close to 1.2 microns, but larger grains of around
3 micros and beyond are also frequently observed. Visibly, the

modification introduced in the “standard” processing of the
material is behind this microstructural alteration, and it
should be attributed to the fact that the titanium being
incorporated in the second step is not accessing the pre-
synthesized powders in a homogeneous way. A plausible
mechanism is described as follows: In the BSFTO mate-
rial, the Ti-precursor is homogenously mixed with the other
precursors from the very beginning, and thus during the syn-
thesis stage it is well distributed all over the material. As
described, right after the synthesis a new milling process is
conducted that crushes the obtained solid into a mixture of
de-agglomerated particles, some persistent agglomerates and
some aggregates which cannot be broken during the milling
(not enough energy to fragment them). But even then, the tita-
nium is present everywhere in this BSFTO powder, i.e. in the
discrete units but also inside the agglomerates and the aggre-
gates of particles; hence, upon the subsequent sintering it can
efficiently inhibit the growth of the BiFeOs grains, segregating
to all the grain boundaries to exert the mentioned solute-
drag constraining effect [32,39], and eventually producing
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Fig. 4 - Schematic diagram illustrating the distinct microstructural evolution experienced by the two co-doped samples as a
consequence of the different incorporation of the Ti dopant (different processing route). The red coloration denotes a

Ti-enriched region (see further explanation in the text).

the observed nanostructure, Fig. 3a. In the surface modified
BSFTO-m material, however, no titanium is present during the
initial synthesis at 800°C/2h. It is later incorporated after the
re-milling stage, as a liquid that impregnates the fragmented
mixture of particles, agglomerates and aggregates (Fig. 1), and
so we can initially presume that we have no titanium in the
inner areas of those agglomerates and aggregates. Moreover,
the situation is not likely to change substantially during the
sintering, provided that titanium generally has a poor inertia
to diffuse [40]. Consequently, upon sintering, this worst (less
homogeneous) distribution of titanium trough the material
will allow many of the existing agglomerates and aggregates of
particles to freely densify without further inhibition, leading
to the anticipated coarsening of the microstructure in which
grains have unevenly grown up to two orders of magnitude,
Fig. 3b. The sketch depicted in Fig. 4 has been conceived to
better picture this distinct microstructural evolution of the two
co-doped compositions; as indicated, a red coloration is used
which highlights the differentiating Ti-enriched regions being
generated by the two processing routes under examination in
this study.

Fig. 5 shows the results of the dc conductivity measure-
ments performed on the two co-doped samples and compared
with the BSFO reference composition which contains no tita-
nium. These measurements were conducted by registering the
current density as a function of the (applied) electric field and,
as depicted, in all cases a linear behavior is observed within
the whole working range, which allows for assuming an ohmic
conduction in the three tested materials. The dc resistivity
values were then estimated from the slope of the straight
line obtained by a least-square fitting methodology, render-
ing resistivities in the range of 10* @ cm for the BSFO material,
107 Q@ cm for the BSFTO sample and 10° Q@ cm for the BSFTO-m
surface modified material. As discussed in the introduction,
doping only with samarium cannot completely suppress the

0.0016

0.0014 A

A BSFO
0.0012 v BSFTO
Z ¢ BSFTO-m

0.0010
&
g 0.0008 - A
<
= 0.0006 A .

»
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Fig. 5 — Evolution of the current density as a function of the
applied dc electric field (i.e., dc conductivity) for the BSFO,
BSFTO and BSFTO-m sintered materials.

intrinsic conductivity of BiFeOs, explaining why the BSFO
composition is by far the most conductive. The conductiv-
ity significantly decreases when the titanium is incorporated
to the starting formulation; quite largely for the convention-
ally processed BSFTO sample, and less pronouncedly for the
surface modified BSFTO-m material. The different size of the
BiFeOs perovskite grains is behind this dissimilar behavior.
In both samples the titanium segregates to the grain bound-
aries, which then behave as insulating barriers that control
the macroscopic conductivity of the material [32]. Indeed, the
formation of highly resistive layers by donor/acceptor inter-
facial segregation is the basis for important boundary-layer
devices (PTCR thermistors, internal boundary layer capacitors,
varistors), which exhibit the following relation between the
electrical behavior and the grain size: the conductivity rises as
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Fig. 6 - Piezoelectric coefficients d3; and ds3 for the BSFTO-m sample as measured by the resonance-antiresonance

methodology.

the grain size increases, provided this implies a lower amount
of (insulating) grain boundaries [41-44]. This is exactly the
relation that we observe in the BSFTO-m composition, which
has a coarsened microstructure (Fig. 3b) and, consequently, a
higher conductivity than the BSFTO conventionally processed
sample (Fig. 5). The point here is that this detrimental circum-
stance caused by the bigger size of the perovskite grains, may
simultaneously have a positive counterbalance in the mate-
rial’s piezoelectric possibilities, this being the main goal of
our investigation. The ferroelectric characterization of the co-
doped samples was then attempted by means of polarization
vs. electric field measurements, but no printable results were
obtained since the corresponding P-E hysteresis loops were
far from saturation. Subsequently, both samples were poled at
poled at 60kV/cm and 100°C and the macroscopic piezoelec-
tric response was assessed by the resonance-antiresonance
method. The obtained results are very conclusive: as expected,
the nanostructured configuration displayed by the BiFeOs
nano-grains in the BSFTO conventionally processed material
is a critical impediment for the mobility of the ferroelectric
domains, in such a way that no piezoelectric coefficients could
be measured for this sample; on the contrary, the bigger size
of the perovskite grains in the surface modified BSFTO-m co-
doped material allows for and increased domain mobility and
hence releases the postulated piezoelectricity of this co-doped
formulation, returning a ds; coefficient of 14-10"2C/N and a
dss of 2110712 C/N, as depicted in Fig. 6.

Conclusions

In summary, the two-step doping strategy here proposed to
produce bulk Ti,Sm co-doped BiFeOs ceramics, modifies the
conventional microstructural development of the material and
leads to a coarsened configuration that better capitalizes on
the benefits provided by the two dopants: a low conductivity
is yet preserved which results from the presence of titanium
at the grain boundaries, but, simultaneously, the incorpora-
tion of samarium into the big perovskite grains allows for an
enhanced domain mobility, subsequently releasing the piezo-
electric potential of this specific composition.
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