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ABSTRACT

Bismuth ferrite is a potentially interesting lead-free piezoelectric material for use in high-temperature applications due to its high Curie
temperature. However, the high coercive field and high leakage currents of pure BiFeO; (BFO) prevent reaching its theoretical performance
level. The classic approach to tailoring piezoceramic properties to their desired use conditions is the use of doping. In this work, we produce
bulk BFO piezoceramic by the conventional sintering method with single element doping with cobalt (0.125-3 at. %) or titanium (1-5 at. %)
and dual doping (Co and Ti added simultaneously). Cobalt doping reduces the required field for poling and also increases the leakage
currents. Titanium doping reduces the leakage currents but destroys the piezoelectric properties as the coercive field strength cannot be
reached. However, when both elements are used simultaneously at their appropriate levels (0.25 at. % each), a piezoelectric ceramic material
is obtained, requiring a low field for full poling (9 kV/mm) and showing excellent room temperature performance such as a ds;; =40 pC/N,
a dielectric constant in the region of 100 and dielectric losses less than 1%.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0091768

I. INTRODUCTION

For a long time, piezoelectric sensors have been regarded as
the most efficient devices for measuring pressure, acceleration, and
stress at room temperature. For example, piezoelectric ceramic
sensors offer significant advantages over other non-destructive
testing methods, such as low cost, ease of operation, and the ability
to conduct in-operando measurements," but this advantage disap-
pears when the sensor is exposed to high temperatures. The wide-
spread use of piezoelectric ceramics in various applications has
become possible due to property tuning via the use of donor or
acceptor dopants.” Currently, most piezoelectric sensors are based
on a modified PZT with the chemical formula: PbZr,Ti;_,O3,
which is one of the most widely studied systems from a fundamen-
tal and functional point of view but is also a system with no high-
temperature application potential. PZT is a perovskite ferroelectric
with a cubic symmetry above its Curie temperature and with tetrag-
onal, monoclinic, or rhombohedral distortion in the polar state at
lower temperatures, depending on its composition.” The ferroelec-
tric or piezoelectric characteristics of the PZT can be tuned toward
“hard” or “soft” characteristics by proper doping. The terms “soft”

and “hard” PZT ceramics refer to the minimal field required to
achieve a permanently poled state, which in itself depends on the
mobility of dipoles or domains, as well as the behavior of polariza-
tion and depolarization. “Soft” PZTs are obtained by doping with
donor ions such as La*> and W*® (for site A) and Nb*>, Sb*®
(for site B), which leads to the creation of vacancies at site A in the
lattice.” The characteristic features of attractive poling elements are
those leading to a relatively high mobility of the domain walls and,
as a consequence, a “soft” ferroelectric behavior (easily polarizable).
The advantages of “soft” PZT materials are, thus, their large piezo-
electric charge constant, moderate dielectric constant, and high
coupling factors, which makes them interesting for actuators,
sensors such as conventional vibration sensors, ultrasonic transmit-
ters, and receivers for flow or level measurements, electroacoustic
applications such as sound transducers and microphones.” “Hard”
PZT is doped with acceptor ions such as K*', Na*' (for site A) and
Fe'®, Al*>, Mn"™ (for site B), creating oxygen vacancies in the
lattice.” Such PZT materials can be subjected to high electrical and
mechanical stresses, without a change in performance, hence
showing good stability. This makes “hard” PZT materials suitable
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for high power and high-frequency applications. Other advantages
of “hard” PZT ceramics are a moderate dielectric constant value,
large piezoelectric coupling factors, and low dielectric losses, which
facilitate their further use in the resonant mode only with low
internal heating of the component. “Hard” PZT-based piezoelectric
elements are used in ultrasonic cleaning, ultrasonic processors, bio-
medical fields, transducers, hydroacoustic technologies, etc. The
large difference in physical properties between “soft” and “hard”
groups is mainly due to the contribution of the motion of the
domain wall®” and not so much to a change in the crystal lattice
values. However, the mechanisms of hardening and softening are
not fully understood.

Irrespective of the doping element used to tune the properties
of PZT-based piezoelectric sensors, their maximal operating tem-
peratures are around 260°C or lower due to the intrinsic PZT
transformation temperature and the modest effect of doping at that
temperature range.” Therefore, considerable efforts are now aimed
at developing new (i.e., non-PZT based) materials that can satisfy
the growing demand for piezoelectric elements with an operating
temperature in the range of 350-600°C. One such material is
BiFeO; (BFO), with an exceptionally high Curie temperature, T,
of 825°C” and the added benefit of having a lead-free composition.
This high Tc makes BFO an ideal candidate for use as a high-
temperature lead-free piezoceramic." Unfortunately, research on
the bulk ceramics of BFO has not been very successful and did not
demonstrate a high piezoelectric coefficient. This was largely due to
the problems of electrical leakage and phase purity, which created
difficulties in realizing the potential of bulk bismuth ferrite.

As with PZT, one of the ways to solve these problems is to tune
the properties of bismuth ferrite by doping. Macroscopic hardening of
the ferroelectric behavior of BFO doped up to 3at.% by Co was
recently shown by Makarovic et al.'’ In this work, it was shown that
the assumptions about p-type conductivity are correct and the main
reason for hardening is an increase in the concentration of Cop.-Vo
pinning centers. This mechanism has clear parallels with those in
acceptor doped (“hard”) PZT. Continuing the analogy with PZT, it
can be assumed that doping with donors such as Ti*" should lead to
the softening of BFO piezoelectric ceramics due to a decrease in the
concentration of pinning centers. No increases in piezoelectric proper-
ties and softening were shown for Ti-doped BFO, but only a decrease
in tan & with an increase in the amount of Ti substitution, and this is
explained by the assumption that Fe** ions (the predominant cause of
high tan § in BFO) were not formed due to Ti doping.' "'

To study the mechanisms of hardening and softening of BFO
ceramic, two types of dopants, cobalt and titanium, were chosen.
Cobalt concentrations of 0.125, 0.25, and 0.5 at. % were chosen since
the concentration of cobalt close to 0.2at. % leads to an improve-
ment in the ferroelectric and insulating properties of ceramics.''>"*
Higher dopant concentrations up to 3 at. % Co have also been tested
to ensure that there is an upward trend in conductivity. During the
study, it was noticed that doping with cobalt reduces the required
poling field to obtain piezoelectric properties in BFO.

To investigate the effect of donor doping on the piezoelectric
properties of BFOs, titanjium concentrations from 1 to 5 at. % were
chosen. When studying the insulating properties of BFO doped
with titanium, at higher titanium concentrations, the leakage cur-
rents are steadily increasing,' """

ARTICLE scitation.org/journalljap

Also, the effect of dual doping of cobalt and titanium is inves-
tigated and the concentration of doping, in this case, was selected
based on the best results of previous experiments. The study has
shown that dual doping, with the right concentration selection,
allows us to combine the positive effects of separate dopants.

Il. EXPERIMENTAL

BiFeO; samples were prepared by a conventional solid-state
reaction using analytical grade commercially supplied raw materials:
Bi,05 (99.99% purity), Fe;03 (99.95% purity), TiO, (99.99% purity),
and Co,0; (99.9% purity). All powders were weighed and grounded
separately before mixing. Cobalt doping levels were varied between
0.125 and 3 at. %. Titanium doping levels were varied between 1 and
5at. %. Based on the results of Co- and Ti-doped systems, dual
doping levels were chosen as 0.25-0.25, 0.5-0.5, and 0.25-1at. %
Co-Ti. The grinding and mixing processes were performed in iso-
propanol using yttria-stabilized ZrO, balls. The particle size distribu-
tion composition of the milled powder is in the range of 0.5-1 um,
according to the scanning electron microscope (SEM) images. The
powders were dried and calcined at 775°C for 1h and at a heating
rate of 600 °C/h. Then, the calcined powders were reground, granu-
lated by mixing with 2 wt. % QPAC 40 binder, and uniaxial pressed
into disks (13mm in diameter and 1 mm in thickness) under
200-250 MPa. The pellets were sintered at 800-850°C for 1h,
depending on their composition. Sintering temperatures were
optimized to achieve the best density for a fixed sintering time of 1 h.

Scanning electron microscope (SEM) images of the fracture
surfaces were taken using a Jeol JSM-7500F field emission scanning
electron microscope. Prior to the SEM measurements, a thin
(15 nm) layer of gold was deposited on the sample. Grain size mea-
surement was based on SEM images and the manual evaluation of,
typically, 25 grains. To determine the phase purity of various
BiFeO; systems, x-ray diffraction studies with Cu Ko radiation at
room temperature were done using a Rigaku Miniflex 600 diffrac-
tometer. Given the absence of open porosity, the density was deter-
mined by Archimedes’ method in an aqueous medium.

Polarization—-electric field hysteresis loops were measured at
room temperature by a Radiant precision ferroelectric analyzer at
5Hz and up to 110 kV/cm (4-5 kV depends on the sample thickness
and dielectric strength of samples). For this, gold electrodes were
deposited on the ceramics by the magnetron sputtering method. The
samples were poled under a DC electric field of 60-110kV/cm for
20 min in silicone oil at room temperature (due to the risk of electri-
cal breakdown at higher temperatures). The electrical properties of
piezoceramics were measured at room temperature using an Agilent
4263B LCR meter at 1 kHz and 1V, while the piezoelectric proper-
ties were measured using a PM300 Berlincourt-type piezometer from
Piezotest with a static force of 10N and a dynamic force of 0.25N
peak-to-peak with a sinusoidal excitation at 110 Hz.

I1l. RESULT AND DISCUSSION
A. Microstructure

Figure 1 shows SEM images of BFO ceramics, pure and doped
with cobalt, titanium, or both, with relative densities reported as
well. Macropores are absent in all obtained ceramics. As can be
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seen from Fig. 1(a), low concentrations of cobalt (up to 1 at. %)
negatively affect the density of ceramics and increase the average
grain size. At higher concentrations, the density of the ceramic
increases with respect to the undoped BFO.

0.25 at% Co.
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In contrast, low concentrations of titanium reduce the grain
size, while high concentrations of Ti negatively affect the density of
the ceramic [Fig. 1(b)]. This effect might be associated with an
increase in the concentration of oxygen vacancies, which is

Relative density (%)

Theoretical density - 8.32 g/cm®

3aty Ti

FIG. 1. SEM images of fracture
surface and relative density in compari-
son to pure BFO ceramic of represen-
tative (a) Co-doped, (b) Ti-doped, and
(c) dual-doped BFO samples.

8

Relative density (%)
8

& 8 8 8 ®

Cobalt-Titanium doped samples

Theoretical density - 8.32 g/cm?

ar 0.5 at% Co-
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FIG. 2. (a) X-ray diffraction pattern of sintered BiFeO3 ceramic with different dopants and concentrations and (b) unit cell parameters of their R3c structure in hexagonal

representation obtained by Rietveld refinement.

reported to favorably affect the sintering and growth of ceramic
grains.“’

Figure 1(c) shows the microstructure in dual-doped samples.
The effect of titanium on the microstructure of the samples domi-
nates over the effect of cobalt since the grain size decreases in the
same way as in the case of doping with titanium only.

B. Crystal structure

Figure 2(a) shows selected x-ray diffraction patterns of BiFeOs
ceramic powder doped by Co, Ti, or both. All materials crystallize
in the form of a rhombohedral perovskite structure with space
group R3c. According to the result of Rietveld’s refinement (Fig. 1S
in the supplementary material), all systems are practically free of
secondary phases. The concentration of the secondary phases of
undoped BFO is below 2wt.% and even lower for the doped
systems. The addition of these dopants does not affect the crystal
structure, which is reflected in the absence of obvious changes in
lattice parameters shown in Fig. 2(b). The differences in peak
intensity between the various samples can be attributed to texturing
and the differences in grain size for differently doped samples.

C. Ferroelectric

. . . 3
As shown in many other works on bismuth ferrite,' !>

undoped bismuth ferrite has a high coercive field and demonstrates
a pinched ferroelectric loop. In our case, as shown in Fig. 3, the fer-
roelectric loop is clamped and only opens when a high field of
120kV/cm in combination with a high temperature is reached.
This may be due to an increase in the mobility of defects at ele-
vated temperatures. A pinched hysteresis loop is often observed
when the state of a ferroelectric domain wall is characterized by
random internal electric fields. In our case, this may be due to the
high oxygen vacancy content which forms defective dipoles.
Ferroelectric hysteresis loops for pure and cobalt-doped
ceramics are shown in Fig. 4(a). All loops, except for pure BFO,
have a pinched shape characteristic of BFO ceramics.'™'* The

addition of cobalt in our case does not lead to the hardening of
BFO, as happens in the case of PZT, but rather leads to the oppo-
site effect.

Figure 4(b) shows that the leakage currents increase with an
increase in the cobalt concentration, which can also be associated
with an increase in the concentration of oxygen vacancies. Several
published experimental and theoretical studies demonstrate that
unmodified BFO-based ceramics exhibit p-type (Fe') conductivity
when sintered in the air.'>'*"*' According to a recent defect chemi-
cal model,” an increase in electrical conductivity in the range of
0.125-3 at. % Co [see Fig. 4(b)] can be explained by an increase in
the concentration of electron holes (Fe* *). Samples with a doping
concentration of 1.5 and 3 at. % Co show electrical breakdown at
fields above 10 kV/cm. The results show that Co acts as an acceptor

T T T T T
6 - _
4 i
o
§
o 2 .
2
c
S o .
T
N
8 2 -
[o]
g
4 i
.6_ .

T T
-100 -50 0 100

Field (kV/cm)

50

FIG. 3. Ferroelectric hysteresis loops of pure BFO ceramic samples at two
temperatures.
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FIG. 4. (a) Ferroelectric hysteresis loops and (b) leakage current density of Co-doped BFO ceramic samples.

dopant according to the defect response in Eq. (1), where the Co**
acceptor replacing the Fe** position in BFO is supposed to com-
pensate for the charge with oxygen vacancies (V3°),

2C00 — 2Co'pe + 208 + V§*. 1)

Considering that the concentration of V* is closely related to the
valence state of Fe, an increase in the concentration of Vj* due to
doping with Co will increase the p-type conductivity.

Leakage currents and ferroelectric loops of titanium-doped
samples are shown in Fig. 5. For all concentrations, the loops do
not open, not even for the highest field values of 150-160 kV/cm.
If we consider the softening and hardening mechanisms inherent
in PZT, we would expect to see the opposite result when doping
with a donor such as titanium. But as we can see, all ferroelectric

a) T T T T T T T
1,5 1 _
o 1,04 -
E ——1a i
?i 054 ——2at%Ti .
2 ——3at%Ti
L 004 | ——5at%Ti b
©
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[e]
o
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b) 10% T T
103 [ pure BFO 3
«E —1at%Ti
S 10°4 |——2at%Ti 3
< ——3 at% Ti
%’ 1064 |—5at%Ti 4
C
()
©
€
o
5
(&
1070 T T

and piezoelectric properties disappear. Leakage currents for the
Ti-doped samples decrease until reaching a minimum at 2 at. % Ti
concentration and then increase back with a subsequent increase in
Ti concentration (until 5at. %) but still lower than the undoped
samples. This may be the result of a significant reduction in oxygen
vacancies and the prevention of Fe** formation. Consequently, the
dominant charge compensation mechanism in Ti*" doped BFO is
the filling of oxygen vacancies,' although the creation of some Fe**
ions or Fe** vacancies cannot be ruled out. Oxygen and iron ions are
usually immobile at room temperature. Ionic conduction supported
by the field can be due to the transfer of electrons between neighbor-
ing Fe’" and Fe’* ions in a strong field so that the Fe** ions actually
jump forward against the applied field.

The above results may be further evidence that oxygen vacan-
cies are the main cause of high leakage current in undoped BFO,

0 10 20 30
Field (kV/cm)

FIG. 5. (a) Ferroelectric hysteresis loops and (b) leakage current density of Ti-doped BFO ceramic samples.
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FIG. 6. (a) Ferroelectric hysteresis loops and (b) leakage current density of Co-Ti dual-doped BFO ceramic samples.

and doping with higher valence ions reduces DC conductivity.
However, this result can also be associated with a change in the
microstructure since the grain size decreases with titanium doping,
which can also lead to a decrease in conductivity.

Ferroelectric loops and leakage currents of samples doped
with cobalt and titanium are shown in Fig. 6. At low concentrations
of titanium and cobalt, it is possible to combine the positive
aspects of both dopants: a decrease in the coercive field, due to
cobalt, and a decrease in leakage current, due to titanium. With an
increase in the titanium concentration, the leakage currents
decrease even more but this also leads to a strong increase in the
coercive field. For a sample with 0.5-0.5 at. % Co-Ti, it can be seen
that the effect of cobalt to increase conductivity dominates over the
effect of adding titanium.

D. Piezoelectric

Table I shows the piezoelectric and electrical properties of
undoped and doped BFO samples. All samples were polarized at
the maximum field (Ep) at which no electrical breakdown occurs
yet. As always, the piezoelectric properties of materials are depen-
dent on their insulating properties, which limit the maximum
poling field that can be applied.

Thus, the low piezoelectric properties of undoped BFO can be
explained by the high coercive field and the inability to reach it due
to high leakage currents. Increasing the temperature during poling
greatly increases the risk of electrical breakdown and cannot be
used due to the damage to the samples. As we can see, with an
increase in the concentration of cobalt, due to an increase in
leakage current, the dielectric strength of the material also
decreases, which leads to a decrease in the maximum field E, that
can be applied. However, at low concentrations of cobalt, this did
not interfere with successful polarization of the ceramics and led to
a piezoelectric coefficient of 43 pC/N being achieved for samples
with 0.25 at. % Co.

On the other hand, doping with titanium at low concentra-
tions increases the dielectric strength of the samples in compari-
son with that of undoped BFO. But even with polarization at
130kV/cm, piezoelectric properties were not obtained. With a
subsequent increase in the concentration of titanium, the dielec-
tric strength still decreases but at higher concentrations compared
to cobalt.

The results obtained are inconsistent with the typical behavior
of piezoelectric ceramics upon doping with donors and acceptors
and demonstrate opposite results, such as softening upon doping
with a donor and hardening upon doping with an acceptor. In this
regard, the results with samples doped with cobalt are of particular
interest since, despite the fact that leakage currents inevitably
increase, the piezoelectric properties increase significantly.
However, with a further increase in the concentration of cobalt, the

TABLE I. Summary of piezoelectric and electrical properties at room temperature.

E, ds3 €, tan &
Composition (kV/em)  (pC/N) (=) =)
BFO 100 9 80 0.005
BFO 0.125 at. % Co 60 40 70 0.008
BFO 0.25 at. % Co 60 43 80 0.017
BFO 0.5at. % Co 60 36 80 0.033
BFO 1.0 at. % Co 30 80 0.166
BFO 1.5at. % Co 10 100 0.458
BFO 3.0at. % Co 10 130  0.939
BFO 1at. % Ti 130 1 100  0.006
BFO 2at. % Ti 110 1 110  0.006
BFO 3 at. % Ti 60 110  0.007
BFO 5at. % Ti 60 115  0.007
BFO 0.25-0.25 at. % Co-Ti 920 40 95 0.009
BFO 0.25-1 at. % Co-Ti 90 2 100 0.014
BFO 0.5-0.5 at. % Co-Ti 90 5 100 0.018
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piezoelectric constant again decreases to zero, because we cannot
impose a polarization field higher than the coercive field. An
increase in piezoelectric properties by doping BFO with Co can be
described as a softening of piezoelectric ceramics and a decrease in
the coercive field, which some authors associate with an increase in
the mobility of domain walls with an increase in their conductiv-
ity,”> whereas Ti doping, which reduces all types of conductivity
and the grain size of the ceramics, leads to a result where the coer-
cive field increases even more, which completely destroys the effec-
tive piezoelectric properties.

Dual doping with cobalt and titanium, while maintaining the
effect of reducing the required field to obtain piezoelectric proper-
ties, also reduces the dielectric loss of the resulting ceramic. The
proposed explanation is that cobalt presumably binds oxygen
vacancies near the domain walls, increasing their conductivity,
and, hence, mobility, whereas titanium evenly distributed through-
out the sample reduces the overall conductivity of the BFO. By
optimizing the concentration of both dopants, we managed to
achieve a piezoelectric constant of 40 pC/N with dielectric losses
below 1%.

These results show that the correct manipulation of defects in
the BFO ceramics allows the tuning of piezoelectric and electrical
properties, which in the future may allow the use of these ceramics
at elevated temperature conditions, given its high Curie tempera-
ture—in case the high electrical conductivity at high temperatures
can be mitigated.

IV. CONCLUSION

In this work, we studied the effect of doping BFO with cobalt
and titanium on the electrical conductivity and piezoelectric prop-
erties. We found that doping with cobalt leads to a decrease in the
coercive field of the piezoelectric ceramic and an increase in electri-
cal conductivity. This effect is presumably associated with an
increase in the concentration of oxygen vacancies due to the accep-
tor nature of doping. The decrease in the coercive field of piezocer-
amics makes it possible to achieve the maximum possible
piezoelectric constant in the region of 43 pC/N with a relatively
small polarizing field in the region of 60 kV/cm.

Doping with titanium leads to a decrease in conductivity,
which can be explained by a decrease in the concentration of
oxygen vacancies. Also, doping with titanium significantly reduces
the piezoelectric properties of BFO.

Dual doping with cobalt and titanium combines the positive
effects of both dopants, such as a decrease in the coercive field for
polarization, and an increase in the insulating properties of the
material. When both elements are used simultaneously at their
appropriate levels (0.25 at. % each), a piezoelectric ceramic material
is obtained that requires a low field for full poling (90kV/cm)
and shows excellent room temperature performance such as a
d33 =40 pC/N, a dielectric constant in the region of 100 and dielectric
losses less than 1%.
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SUPPLEMENTARY MATERIAL

Rietveld’s refinement results and the grain size of pure and
doped BFO samples can be found in the supplementary material.
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