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Abstract: In this work, the solid solution between polar BiFeO, (BFO) and non-polar SrTiO, (ST) with the composition 0.7BFO-0.35T
has been prepared by mechanochemical activation-assisted synthesis with particular emphasis on the characterization and control
of the electrical conductivity of the resulting ceramics. According to X-ray diffraction analysis and scanning electron microscopy the
incorporation of ST into BFO minimizes the formation of secondary phases, typically formed during the synthesis of unmodified BFO.
The as-sintered ceramics exhibited a high electrical conductivity, which was suppressed by post-annealing in N, atmosphere. However,
this approach showed two major drawbacks: i) re-oxidation of samples and thus increase in their conductivity when annealed in air
to elevated temperatures (up to ~450 °C) and ii) increased conductivity by application of high electrical fields, resulting in a strong
leakage-current contribution to the measured polarization-electric-field hysteresis loops. For these reasons, in order to reduce the
conductivity, we propose here an alternative approach, i.e., doping with MnO.,. Using the doping, the specific conductivity has been
decreased and did not deteriorate when the samples were heated in air to elevated temperatures. Unlike in the case of N -annealed
samples, in the doped samples, saturated ferroelectric loops with negligible leakage-current contributions have been measured,
revealing a coercive field of E_~80 kV/cm and a remanent polarization of 2P ~100 uC/cm?.
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Kontrola elektricne prevodnosti v feroelektricni
keramik: 0. 7BiFeOB-0.35rTiO3 z Zganjem v
dusikovi atmosfert in dopiranjem z Mn

Izvlecek: V tem prispevku smo z mehanokemijsko aktivacijo pripravili trdno raztopino med polarnim BiFeO, (BFO) in nepolarnim
SITiO, (ST) s sestavo 0.7BFO-0.3ST, pri cemer je bil poseben poudarek na karakterizaciji ter kontroli elektri¢ne prevodnosti pripravijene
keramike. Glede na rezultate rentgenske praskovne difrakcije in vrsti¢ne elektronske mikroskopije, vgradnja ST v BFO zmanjsa
koncentracijo sekundarnih faz v keramiki, ki sicer tipi¢no nastajajo pri sintezi nemodificiranega BFO. Tako pripravljena BFO-ST keramika
je pokazala visoko elektricno prevodnost, ki pa je bila uspesno zmanjsana z naknadnim zganjem pri 750 °C v atmosferi N, Kljub temu
je ta pristop pokazal dve pomanijkljivosti: i) ponovno oksidacijo ter posledi¢no povecanje elektri¢ne prevodnosti vzorcev, po tem ko so
bili na zraku izpostavljeni povisanim temperaturam (~ 450 °C) ter i) povecanje prevodnosti pri visokem elektricnem polju, kar se odraza
v velikem prispevku enosmernega elektri¢cnega toka k izmerjeni histerezni zanki polarizacije v odvisnosti od elektri¢cnega polja. Zaradi
navedenih razlogov, smo se za zmanjsevanje prevodnosti odlocili za alternativni pristop, tj. dopiranje z MnO,. Z uporabo tega pristopa
je bila specifi¢na prevodnost zmanjsana in se ni spremenila po segrevanju vzorcev na zraku pri povisanih temperaturah. Za razliko

od vzorcev zganih v atmosferi N, je bil v zankah dopiranih vzorcev razviden zanemarljiv prispevek prevodnosti materiala; vrednost
koercitivnega polja je bila E_~80 kV/cm, remanentne polarizacije pa 2P ~100 uC/cm’.

Klju¢ne besede: feroelektrik; BiFeO_-SrTiO; elektri¢na prevodnost
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1 Introduction

Bismuth ferrite, BiFeO, (BFO), is of interest due to its
ferroelectric and antiferromagnetic properties at room
temperature and due to its high Curie temperature
(~820 °C), which make BFO a prime candidate for high-
temperature piezoelectric applications [1]. The practi-
cal use of BFO has, however, been limited by several fac-
tors, including: i) the difficulty to prepare single-phase
BFO in bulk form without the presence of secondary
phases, which is related to the thermodynamic phase
instability of BFO at the temperature range of ceram-
ics processing, ii) the high electrical conductivity due to
the mixed valence state Fe*/Fe3*/Fe?* and iii) the high
coercive field for ferroelectric domain switching [2].
One method to suppress the formation of secondary
phases, improve the electrical insulation and maintain
a relatively high Curie temperature is the incorpora-
tion of other ABO, perovskites, such as PbTiO3 (PT)[3],
CaTio, (CT)[4], BaTiO, (BT)[5] and SrTiO, (ST)[6], in solid
solutions with BFO. Pseudo-binary BFO-ABO, solid so-
lution systems between BFO and other perovskites is
also of great interest because of the possibility of in-
ducing a morphotropic phase boundary (MPB) where
piezoelectric properties are enhanced [7].

It has been shown in several cases that BFO-based solid
solutions still exhibit high electrical conductivity. As a
result, additional methods to improve the electrical
insulation are required. In BFO, which is a p-type con-
ductor, one such method is the annealing of the ceram-
ics in an inert atmosphere with low partial pressure of
oxygen, e.g., N, [8]. Another method is chemical dop-
ing with, e.g., La, Ga, Ti and Mn [5, 9-11]. In particular,
Mn doping has been shown to be highly effective in
improving the electrical resistivity of BFO-BT ceramics.

Among the BFO-based solid solutions, the solid solu-
tion between polar BFO and non-polar ST has been
less investigated with little literature data regarding its
electrical and electromechanical properties [6, 12, 13].
The dielectric and magnetic properties of this system
as well as the potential to exhibit an MPB between a
polar and non-polar phase, for which a large piezoelec-
tric response has recently been predicted [14], make
this solid solution system particularly interesting.

The aim of this work was to prepare a BFO-ST solid so-
lution in the rhombohedral (ferroelectric) region of the
phase diagram reported by Fedulov [6] with the com-
position containing 70 mol% of BFO (0.7BFO-0.3ST),
and to measure the dielectric and ferroelectric proper-
ties. Dense ceramics with minimum amount of inho-
mogeneities were prepared by an alternative process-
ing method, i.e., mechanochemical activation-assisted
synthesis. In particular, the effect of post-annealing in
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nitrogen and Mn doping on the electrical conductivity
was investigated.

2 Experimental work

2.1 Synthesis of the solid solution

The solid solution with the composition 0.7BiFeO,-
0.3SrTiO, (0.7BFO-0.3STO) was prepared by mecha-
nochemical activation-assisted synthesis using Bi,O,
(99.999%, Alfa Aesar), Fe,O, (99.998%, Alfa Aesar), TiO,
(99.8%, Alfa Aesar) and SrCO, (99.994% Alfa Aesar) as
starting powders. After being separately milled in an
absolute ethanol, the powders were weighed accord-
ing to the stoichiometric ratio in a 35 g mixture and ho-
mogenized in a planetary mill (Retsch PM 400, Retsch,
Haan, Germany) at 200 min™ for 4 h in absolute ethanol.
The mixture was then dried and high-energy milled in
a Fritch Pulverisette 7 Vario-Mill (Fritsch GmbH, Idar-
Oberstein, Germany) for 40 h in an 80-ml tungsten car-
bide vial, filled with 14 tungsten carbide milling balls
with diameters of 10 mm. The disk rotational frequency
and the vial-to-disk rotational frequency were set to, re-
spectively, 300 min and -2 (the negative sign denotes
the opposite directions of the rotations of the vial and
the disk). After the high-energy milling, the mixture
was re-milled in a planetary mill in an absolute etha-
nol at 200 min™ for 4 h. Finally, the powder was dried,
pressed into pellets with 150 MPa of uniaxial pressure
and sintered in air at 1025 °C for 2 h using a heating/
cooling rate of 5 °C/min.

2.2 Post-annealing in Wz

In order to reduce the electrical conductivity of the
samples, the sintered samples were post-annealed in
N, atmosphere. The samples were annealed in a nitro-
gen gas flow (N, 4.6, Messer) at 750 °C for 1 h with a
heating/cooling rate of 2 °C/min.

2.3 Mn doping

0.1 wt% of pre-milled MnO, (99.9%, Alfa Aesar) was
added to the activated (high-energy milled) powder.
The mixture was homogenized in a planetary mill with
absolute ethanol at 200 min™ for 4 h. The powders were
then pressed into pellets and sintered in air at 1025 °C
for 2 h using a heating/cooling rate of 5 °C/min.

2.4 Characterization of the sintered ceramics
The relative geometric density of sintered ceramics was

determined using the theoretical density of 0.7BFO-
0.3ST solid solution (7.40 g/cm). This theoretical den-
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sity was evaluated based on the theoretical density
of individual perovskites, i.e., BFO (8.34 g/cm) and ST
(5.12 g/cm), and their volume proportion in the solid
solution.

The phase composition of sintered ceramics was de-
termined using X-ray powder diffraction (XRD) analysis
(PANalytical X'Pert PRO diffractometer with CuKa, ra-
diation). The XRD patterns were recorded in a 26-range
from 20° to 78° with a step of 0.016° and an acquisition
time of 100 s. The microstructure of sintered ceram-
ics was examined by field emission scanning electron
microscope (FE-SEM, JSM-7600F, Jeol) equipped with a
LINK ISIS 300 (Oxford Instruments, Abingdon, U.K.) en-
ergy dispersive X-ray spectrometer (EDXS).

For characterization of electrical properties, the sin-
tered pellets were thinned to ~0.2 mm, polished and
electroded with Au by sputtering. The dielectric per-
mittivity and loss tangent as a function frequency were
analyzed in the range 10%-102% Hz using a HP4284A
impedance analyzer (frequency range 10°-10? Hz) and
Kistler charge amplifier (frequency range 10>-102 Hz).
High-electric-field polarization and strain hysteresis
loops were measured by applying to the samples single
sinusoidal electric-field waveforms using an aixACCT
TF 2000 analyzer equipped with a laser interferometer.

3 Results and discussion

3.1 Phase composition

Figure 1 shows the XRD patterns of 0.7BFO-0.3ST solid
solution along with the end members of the solid so-
lution (BFO and ST) for reference. The XRD pattern of
0.7BFO-0.3ST confirms the presence of the perovskite
phase with no detectable secondary phases. By close
inspection of the peaks of BFO and ST belonging to
the {11 1}pc (pc denotes pseudo cubic notation) family
of crystallographic planes (Figure 1 inset), it can be ob-
served that BFO exhibits a pronounced {11 1}pc splitting
to (11 1)pc and (111)pc peaks due to the rhombohedral
unit-cell distortion, while ST exhibits a single (111) peak
because of its cubic structure. Relative to BFO, BFO-ST
exhibit a much weaker {11 1}pc peak splitting, indicat-
ing that the structure is probably still rhombohedral
but with a decreased lattice distortion (rhombohedral
angle closer to 90°, where 90° corresponds to cubic lat-
tice)

With respect to BFO, all perovskite peaks of BFO-ST are
shifted towards higher 26 angles, indicating a contrac-
tion in unit cell volume by the addition of ST to BFO.
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Figure 1: XRD patterns of BFO, ST and 0.7BFO-0.3ST
solid solution. The inset on the right side of the figure
shows an enlarged view of the peaks belonging to the
{1, family of crystallographic planes.

3.2 Microstructure

The microstructure and phase composition of the sin-
tered ceramics were investigated by FE-SEM (Figure 2).
The ceramics exhibit a dense microstructure, consis-
tent with the measured relative density (p ) of ~97%.
The chemical homogeneity of the rhombohedral
perovskite matrix phase was investigated using EDXS
analysis performed on 14 randomly selected points.
The standard deviations calculated over all measure-
ments for Bi, Fe, Srand Ti were 0.7, 1.2, 1.9 and 2.1 %, re-
spectively. The uncertainty of a standard-less EDS anal-
ysis was reported to be +5% relative [15]. These results
show that the deviations within the analyzed sample
are smaller than the uncertainty of the method, indi-
cating the homogeneous distribution of the elements.
However, a closer inspection of the microstructure (see
the inset in Figure 2) revealed small, submicron sized

Figure 2: Backscattered electron SEM micrograph of
sintered 0.7BFO-0.3ST ceramics. The inset on the right
side shows inhomogeneities (marked with arrows).
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chemically inhomogeneous inclusions, the concentra-
tion of which is evidently insufficient to be detected by
XRD, since the ceramics was identified as single phase
using XRD analysis (Figure 1).

3.3 Dielectric properties

The real part of the complex dielectric permittivity ('),
the dielectric loss tangent (tand) and the real part of
the complex electrical conductivity (') were studied as
a function of frequency for the 0.7BFO-0.3ST ceramics.
The real part of the electrical conductivity ¢' for each
frequency data point was calculated from the mea-
sured imaginary dielectric permittivity (¢,”) and fre-
quency m using equation (1):

" "
O'=WE\E, (M

where g is the permittivity of vacuum.

Four different samples have been analyzed: i) as-sin-
tered (undoped) ceramics (o), which was ii) post-an-
nealed in N, at 750 °C (o), and iii) additionally annealed
in air at ~450 °C after the N, annealing (e) and iv) Mn-
doped ceramics (V).

The as-sintered ceramics (Fig. 3, o) exhibit two relax-
ations in the measured frequency range, observed as
two step-like features in €' within the frequency range
10'-10° Hz, which are accompanied by two peaks in
tand.These relaxations result in high apparent €' values
at the low frequency limit (€'>10° below 102 Hz). Such
relaxation behavior in BFO has been earlier attributed
to either Maxwell Wagner-like or polaron hopping con-
duction mechanisms [2], both in principle related to
the elevated electrical conductivity of the ceramics.

After the sintered 0.7BFO-0.3STceramics were annealed
in N, the dielectric relaxations were largely suppressed
(Fig. 3, o). From the frequency dependent g, it is pos-
sible to estimate the specific electrical conductivity (0,
using further expansion of equation 1 into equation 2:
o'=0,+weE," )
where €,” is the imaginary part of the dielectric per-
mittivity related to dielectric (or polarization) losses.
At low frequencies, if the term weE,” is sufficiently
small, ' in principle reaches a plateau and o, can be
estimated as o' = 0. Even though this plateau in o' has
not been reached in the as-sintered (Fig. 3¢, o) and N,-
annealed (Fig. 3¢, o) samples, the lower values of ¢' of
the last-mentioned sample in the low-frequency range
indicate a reduction of the electrical conductivity, pos-
sibly related to the reduction of Fe** to Fe** ions during
N,-annealing as earlier reported for BFO. [8] However,

after the same sample was annealed at ~450°C in air,
the dielectric relaxation was again observed. Therefore,
the results suggest that the sample re-oxidizes during
annealing in air, meaning that the annealing in N, has
limited practical implications in reducing efficiently the
electrical conductivity of BFO-ST.

Similar as in the case of N,-annealing, Mn doping sup-
pressed the dielectric relaxation originally observed
in the as-sintered and undoped sample, resulting in a
similar €}, tané and @' In a strong contrast, however, the
electrical conductivity and the associated relaxation of
this doped composition did not deteriorate after the
sample was heated in air at ~450°C (not shown).
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Figure 3: a) Room-temperature real part of complex di-
electric permittivity ('), b) dielectric loss tangent (tand)
and ¢) real part of complex electrical conductivity (c')
as a function of frequency for 0.7BFO-0.3ST as-sintered
ceramics (o), annealed in N, at 750 °C (o) and addition-
ally annealed in air at 450°C (e), and doped with MnQO,
(V).

3.4 Ferroelectric pr()perti(es

The polarization-electric-field (P-E) hysteresis loops of
0.7BFO-0.3ST ceramics annealed in N, and doped with
Mn are shown in Figure 4. The loops were measured at
room temperature at 120 kV/cm and frequency of 100
Hz and 10 Hz for the annealed and the doped sample,
respectively. The test frequencies were different be-



M. Makarovic¢ et al; Informacije Midem, Vol. 46, No. 3(2016), 154 — 159

cause the N,-annealed ceramics experienced high
leakage currents and dielectric breakdown at test fre-
quencies below 100 Hz. Despite the difference in the
test frequency, the comparison of the loops can still be
used to achieve a qualitative assessment of the differ-
ent high electric-field behavior of each ceramic. The P-E
loop of the N_-annealed sample is not saturated and
shows high leakage-current contribution, evidenced
by the rounded shape of the loop. On the contrary, the
P-E loop of Mn-doped sample shows approximately
saturated loops, signified by the sharp corners at the
maximum and minimum electric fields, with the coer-
cive field E_~80 kV/cm and remanent polarization 2P,
~100 pC/cm?. The inset on the right side of the figure
shows the loops for the corresponding samples at 10
kV/cm. By comparing the loops of the N, annealed
sample at 10 kV/cm and 120 kV/cm it can be observed,
that there is an abrupt increase in conductivity at high
electrical fields, which results in strong leakage-current
contribution to the measured polarization-electric-
field loops (rounded loop in Fig. 4).

1
120

Polarilzation [uC/em’]

—annealed in N,
—- Mn doped

Electric field [kV/em]

Figure 4: Room temperature P-E loops of 0.7BFO-0.3ST
ceramics annealed in N, and Mn doped measured at
120 kV/cm. The inset on the right side shows P-E loops
of the same samples measured at 10 kV/cm.

4 Conclusions

In the present report, ceramics with composition
0.7BFO-0.3ST were prepared by mechanochemical
activation-assisted synthesis, with high chemical ho-
mogeneity and high bulk density. The as-sintered
samples exhibited high electrical conductivity, which
was successfully suppressed by i) post-annealing of the
sintered samples in a nitrogen flow or ii) doping with
Mn. However, the exposure of the annealed samples
to elevated temperature in air resulted in re-oxidation
of the samples and consequently re-gain of the high
electrical conductivity. In addition, the P-E loops of
post-annealed samples showed increased conductiv-
ity at high electrical fields, resulting in leakage-current
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dominated P-E loops. In contrast to the post-annealing
in N, atmosphere, the doping with Mn has been proven
as an efficient method to reduce the electrical conduc-
tivity in this system. As expected, the conductivity of
Mn-doped samples did not deteriorate when heated in
air to elevated temperatures. The P-E loops were satu-
rated with £_~80 kV/cm and 2P _~100uC/cm?.
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