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Abstract
Defect chemistry that results in the thermal processing of dielectric and piezo-
electric films, crystals and ceramics ultimately controls the properties and
long-term performance of materials and devices. This paper reviews several
thermochemical defect reactions using important perovskite base composition
dielectrics including Pb(Zr,Ti)O3, (Na,K)NbO3, (Bi0.5Na0.5)TiO3‒BaTiO3, and
Ca(Hf,Ti,Mn)O3. Within this group of perovskite-based functional materials, we
note ways the point defects can be formed to create non-stoichiometric compo-
sitions changing the overall cation-to-anion ratios during the synthesis process.
These reactions can be developed with the loss of volatile species such as metal
and oxygen ions. The relative concentrations of these can impact the over con-
ductions in terms of the mixed contributions of ionic conductivity from the
oxygen vacancies and the electronic conductivity, along withmicrostructure and
properties in some cases.

KEYWORDS
defects, dielectric materials/properties, lead-free ceramics, piezoelectric materials/properties,
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1 INTRODUCTION

Dielectric and piezoelectric ceramics are an important
group of materials that are prepared with thermal energy
and produced in both thin films and ceramics. Under the
thermal processes, materials can undergo crystallization,
densification, or grain growth.1–3 Under these processing
conditions, the point defect species and their concen-
trations are formed and attempt to equilibrate with the
temperature and the atmospheres.4–6 The processing time
and temperature, along with the grain size and sample
size, also determine the diffusional mechanisms of these
processes, and so the time at a specific temperature will
determine the defect concentrations and spatial distri-
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bution of these defects within the material. Given these
dynamic changes, it is important to understand the many
ways in which a material can be processed and to develop
the underlining defect chemistry that impacts the resulting
electrical properties. These properties reflect the elasto-
dielectric nature of the material, and they vary with time,
temperature, stress, electric field, and frequency.
Point defects are a natural thermodynamic occurring

process, and in all materials, there are intrinsic defect reac-
tions that maintain the stoichiometry through Schottky
or Frenkel reactions. The Schottky reaction gives a bal-
ance of the metal and oxygen vacancies in accordance
with the cation-to-anion ratios of the composition. This
stoichiometric ratio is also maintained with the Frenkel
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reactions, as the crystal structure has sufficient space
to permit cations (or anions) to occupy interstitial posi-
tions. With the perovskite and its close packed structure,
the Schottky defects are important. These reactions are
present and will be in equilibrium with other reactions
that are non-stoichiometric and these change the cation-
to-anion ratio within the perovskite and are the focus of
this review.7–9,10–12
Many of the important perovskite materials of interest

for dielectric and piezoelectric applications have composi-
tions with species that are volatile. The perovskites have
the nominal formulation of ABO3, with the A-site having
a 12-fold coordinated sites and the B-site having octahedral
coordination. In the processing of such materials in single
crystal growth, calcination of powders, sintering powders
into dense ceramics or driving crystallization with thin
film deposition, there is also a loss of volatile elemen-
tal species. These volatiles can be metal and/or oxygen
species. Therefore, the defect chemistry in the dielectric
and piezoelectric materials can have a major impact on
the properties and long-term performance of these mate-
rials in devices. The objective of this review is to provide
some recent insights in understanding of the point defects
that can change in the sintering process are of primary
importance in designing such materials.13,14
Within the thermal processing environment, these

volatile species undergo sublimation from the solid phase
to the gas phase, which can leave an incongruent compo-
sitional stoichiometry relative to the intended engineered
composition. An equilibrium vapor pressure is set up and
corresponds to the pressure reached when a condensed
phase is in equilibrium with its own vapor. This corre-
sponds to the rate at which the sublimation from the
ceramic matches the rate of deposition of its vapor phase
back into the solid. The most volatile metallic species that
can make up the compositional design will be an impor-
tant contributor to the non-stoichiometric chemistry. The
most volatile metallic species are in different parts of the
periodic table; the volatile metal species in the transition
metals from groups 11 and 12 include elements such as Cu,
Zn, Ag, and Cd and from groups 13, 14, and 15 include Ga,
Sn, Pb, Bi, and Sb, and the alkali metal elements Li, Na,
K, Rb, and Cs. Therefore, any of these elements in a com-
position will lead to non-stoichiometry under the thermal
processes.15,16
For A-site with highly volatile species relative to more

stable cations in the B-site of the perovskite, ABO3 can
have the following reactions:

(AO) (BO2) (s) ↔ 𝑥 (AO) (g) ↑ +(AO)1−𝑥 (BO2) (s) (1)

or

(AO) (BO2) (s) ↔ 𝑥 (AO1−𝑛) (g) ↑ +
𝑛

2
O2 (g) ↑

+A1−𝑥BO3−(𝑥+𝑛) (s) (2)

Equation (1) considers the volatile AO species with a
congruent associative loss and Equation (2) considers the
dissociative volatility based on an A-site metal suboxide,
respectively. An associative reaction maintains the stoi-
chiometric ratio of the metal to oxygen ratio, whereas the
dissociative reaction involves a reduction to a suboxide
with the volatile metal species, and the release of the oxy-
gen species. In either case, this A-site volatile leads to
an A-site-deficient chemistry relative to the B-site, so we
will generate metal vacancies on the A-site and oxygen
vacancies on the anion site.
In contrast, if the higher volatility is associated with

the B-site relative to the A-site, we can have the following
reactions:

(AO) (BO2) (s) ↔ 𝑥 (BO2) (g) ↑ + (AO) (BO2)1−𝑥 (s)

(AO) (BO2) (s) ↔ 𝑥 (BO2) (g) ↑ +AB1−𝑥O3−2𝑥 (s)
(3)

or

(AO) (BO2) (s) ↔ + (AO) (BO2)1−𝑥 (s)

+ 𝑥 (BO2−𝑛) (g) ↑ +
𝑥𝑛

2
O2 (g) ↑ (4)

In addition to the cation volatility, the oxygen anion is
also a volatile component that can lead to a reduction or an
oxidation reaction with respect to sintering and annealing
atmospheres, as given in Equations (5) and (6).

O×
O
↔

1

2
O2 (g) + V⋅⋅

O
+ 2e′ (5)

1

2
O2 (g) + V⋅⋅

O
↔ O×

O
+ 2h⋅ (6)

So, in all these general cases, there is a non-
stoichiometry developed with generation of metal and
oxygen vacancies associated with the sublimation of the
volatile species. Equations (5) and (6) must also be consid-
ered with volatile reactions such as Equations (2) and (4).
Below, we will consider these specific non-stoichiometric
effects with the thermal processes in a variety of important
dielectric and piezoelectric perovskite materials. We will
consider these materials under both air and low partial
pressure sintering or annealing. These changes and the
underlying defect chemistry impact the overall conduc-
tivity, which is made up of both ionic and electronic
conductivity mechanisms, so-called mixed conduction. In
the perovskite discussed here, the ionic conduction results
from themigration of oxygen vacancies, and the electronic
contribution is mostly through the thermal excitation,
with the large activation energy of the resistivity across
the bandgap from the valence band and donor or acceptor
levels to appropriate conduction band. Although there
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are different mobilities, concentrations, and activation
energies, these collectively contribute to the electrical
impedance and they can be experimentally determined
from the impedance spectroscopy measurements.17–20
Other, electrical properties are also impacted from these
changes in point defect concentrations, and these can
limit the overall performance of these dielectric and
piezoelectric materials and components.21–24
Above, we have discussed the possibility to form point

defects under the thermal processing, and after the genera-
tion of defects, there can be re-oxidationwith the uptake of
oxygen to remove the oxygen vacancies. This re-oxidation
occurs at intermediate temperatures particularly on cool-
ing in a furnace.25,26 For the remaining oxygen vacancies,
there can be additional dynamics with respect to the elec-
trostatic interaction. So, at low temperatures (around room
temperature), there is a Coulombic interaction between
the opposite charges on the oxygen vacancies and accep-
tor centers including metal vacancies. This interaction
creates defect complexes, and these act as defect dipoles
that can interact and perturb the ferroelectric polariza-
tion and domain wall dynamics. With decreasing thermal
energy, the electrostatic attraction can form various con-
figurations with both nearest and next-nearest neighbor
interactions and form defect associations or distribution
defect dipole complexes. At higher temperatures or under
an electric field, these defect complexes can dissociatewith
the oxygen vacancy moving away from the acceptor point
defect centers. These acceptors can be with A-site dopants
such as Na and K and B-site dopants can be with Cu, Fe,
and Mn in Pb(Zr,Ti)O3 (PZT) or other systems. Details of
these dopant interactions and the Coulombic interaction
between the volatile species of oxygen and metal vacan-
cies are available in references.27–30 These and other papers
point out the complexities of these associated defect con-
figurations. So, at low temperatures, there are association
interactions that can occur and develop local stabilization
of spontaneous polarization in the ferroelectric state. This
then inhibits the rotational motion of spontaneous polar-
ization in the ferroelectric domain (domain wall pinning
effect). In ferroelectrics with aging, ferroelectric domain
wall motion is suppressed and results in lower dielec-
tric losses and reduced piezoelectric properties.31–33 These
locally trapped oxygen vacancies can be observed by vari-
ous techniques, such as electron paramagnetic resonance
and thermally stimulated current to understand the disso-
ciation and reorientation processes.30,34,35 Further insight
into these associations can bemodeledwith first-principles
calculations of the coordination of defect complexes with
lead vacancies and oxygen vacancies as reported in PbTiO3
system.36
Since O2‒ ions and their associated vacancies move

slowly at room temperature, the aging process in ferro-

electrics takes several days, weeks, and months to com-
plete. The aging is more advanced when the temperature
is raised to 200◦C (>Curie temperature 120◦C−130◦C in
BaTiO3, for example)26 under solid-state sintering; sam-
ples are typically air-cooled from the firing temperature
to room temperature at about 5◦C/min, a rate used to
avoid leaving residual stress inside the sample. In con-
trast, when samples are rapidly cooled from the firing
temperature to room temperature, the oxygen vacancies
are not compensated and are locally “frozen” to room tem-
perature. This rapid cooling throughout the intermediate
temperature regimes, gives a process called “quenching.”
The quench limits the kinetics of the re-oxidation, but
it can also limit the formation of associated defect pairs.
As an example, when quenching a hard-type Pb(Zr,Ti)O3
from the firing temperature to room temperature, oxy-
gen vacancies cannot move to the proximity of acceptor
defects centers; therefore, the defect dipoles concentra-
tions are at a minimum. This is why the aging process is
time sensitive to the dielectric and piezoelectric properties.
This aging process typically relates to the defect dipoles
stabilizing the spontaneous polarization of the ferroelec-
tric materials.37,38 Recently, in textured hard piezoelectric
materials, it was demonstrated that heating these materi-
als above the Curie temperature and then doing a rapid
quench in water results in a quenching process that has
large number of dissociated and randomized defects.39
Then, on polingwith an external electric field, the domains
more easily realign and high levels of domain alignment
can be obtained, giving high piezoelectric coefficients and
high mechanical quality factors in piezoelectric materi-
als. Therefore, the strengths of hard and soft piezoelectric
ceramics can be combined in a unique process in which
defects and their associations are considered.

2 EXAMPLES OF DIELECTRIC AND
PIEZOELECTRIC CERAMICS

Belowwewill consider specificmaterials and point out the
most volatile species and the basic defect chemistry in each
case.

2.1 Pb(Zr,Ti)O3 case

In sintering, PZT without control of the PbO atmosphere
results a loss of PbO, which can impact the grain size, den-
sity, intergranular PbO secondary phases, and electrical
properties. Sintering of PZT in anO2 atmosphere enhances
the formation of the A-site vacancy (V′′

Pb
) in the per-

ovskite structure, which in turn impacts properties such as
increasing the dielectric constant, elastic compliance, and
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the piezoelectric coupling factor of the sintered body.40–42
On the other hand, sintering in N2 atmospheres leads
to the enhanced formation of the oxygen vacancy (V⋅⋅

O
).

The ferroelectric and piezoelectric properties are influ-
enced from this stoichiometric change. With increasing
[V⋅⋅

O
], the mechanical quality factor and coercive field both

increase.41 There is also limited grain growth, so size effect
can also support the piezoelectric coefficient and relative
permittivity.41 To counter the loss of PbO, either excess PbO
can be batched into the materials prior to sintering, but
the most effective method is to use source powders of PbO
and ZrO2 to control the PbO activity in the sintering atmo-
sphere. The components of both Pb and O are volatile at
calcination and sintering temperatures, and at these tem-
peratures, the Zr and Ti equilibrium vapor pressures are
very low. To maintain and control the stoichiometry in
such compositions with such different vapor pressures it is
important to minimize the departures from stoichiometry.
To control the PbO activity, kiln furniture or crucibles that
have already been “seasoned” with PbO and source pow-
ders are used. This is to make sure that there is limited loss
of the PbO from the PZT samples as the PbO activity will
equilibrate with all these surfaces in the thermal process-
ing environment. Earlier, Atkin and Fulrath and Holman
and Fulrath determined the activity of PbO in the PZT sys-
tem via an experimental thermodynamic study.13,43 These
researchers were performed over different phase mixtures
and different Zr/Ti ratios. It was found that the lead oxide
activity varies with the Zr/Ti ratio, and PbZrO3 as a source
powder is the easiest to decompose; therefore, it is the best
source for increasing the a(PbO). As later pointed out by
Kingon and Clarke, absolute control of a(PbO) is difficult
and best controlled with respect to the sintering environ-
ment that is set up.44–46 There have been several important
processing studies that are used to control the densification
and lead stoichiometry in PZT ceramics.5–28
The loss of PbO during the sintering process was in

accordance with the following reaction:

Pb
×
Pb + O×

O
→ V′′

Pb
+ V⋅⋅

O
+ PbO ↑ (7)

At high temperatures, we expect there to be a com-
pensation and the concentration of the oxygen and metal
vacancies are balanced under the electroneutrality con-
dition from the Brouwer approximation47,48 such that:

2
[
V′′
Pb

]
∼ 2

[
V⋅⋅
O

]
(8)

The mass action Equation (7) becomes:

𝐾 =
[
V′′
Pb

] [
V⋅⋅
O

]
a (PbO) (9)

On cooling in a furnace with an air atmosphere, for
example, there is an uptake of oxygen into the ceramic via
Equation (6).
This then changes the ionically compensated defect

chemistry to an electronic compensation of the metal
vacancy concentration with an electronic hole concentra-
tion. Therefore, the compensation can be approximated as,
and sometimes this is known as super oxidation process:

2
[
V′′
Pb

]
∼ p (10)

Therefore, when processing PZT, we have to be aware
with that there are dynamic changes in the PbO loss and
the re-oxidation on cooling during the sintering process,
which rewrites the controlling defect chemistry.40,49–53
Earlier, Donnelly et al. demonstrated in situ changes

in impedance spectroscopy measurements of Nb-doped
PZT with different oxygen and lead oxide atmosphere
(Figure 1). Note that when a buried capacitor structure is
used, as shown in Figure 1D, we can elucidate the nature
of the conductivity and monitor the rate-limiting process
of the PbO volatilization. This multilayer configuration
also limited artifacts from short-circuit effects at the sides
of the dielectric layer that can occur with a simple par-
allel plate capacitor structure.54–57 The equivalent circuit
and impedance and admittance spectroscopy data repre-
sentation could be monitored at elevated temperatures, as
shown in Figure 1.
Figure 1A shows the equivalent circuit that effectively

has three parallel rails, the first being the capacitance, the
second being the electronic conduction, and the third is
an ionic rail with a Warburg element and double layer
capacitance. A Warburg diffusion element (𝑍W) has a
constant phase of 45◦ and with a magnitude inversely
proportional to the square root of the frequency. This
third rail represents the ionic diffusion of the oxygen
vacancies and their accumulation to form ionic space
charge with the blocking metal electrodes. Under this
condition, there are two relaxation conditions associ-
ated with each of the carrier types; therefore, we can
separate out the electronic and ionic conductivity, in
either the Cole‒Cole plot in impedance or admittance
representations shown in Figure 1B,C. Figure 2A shows
the time evolution of the admittance Cole‒Cole plot for
Pb1‒0.5x[(Zr0.53Ti0.47)1‒xNbx]O3 (x = 0.0075) buried capaci-
tor annealed at 700◦C for 5, 10, and 32 h, respectively. Prior
to the measurement, the buried capacitors are annealed
in a PbO source to minimize the metal vacancy con-
centration, and then within an air atmosphere at 700◦C,
there is an increase in the ionic conductivity accompa-
nied by a decrease in the electronic conductivity, which
means that we are losing the hole concentration. Figure 2B
shows the summary of the impact of annealing and the
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A. RANDALL et al. 7925

F IGURE 1 (A) An effective equivalent circuit used to model mixed conduction with ion blocking electrodes; (B) simulated impedance
spectrum; (C) simulated admittance spectrum. Reprinted with permission. Copyright 2010 AIP Publishing.55 (D) Schematic of the Pb(Zr,Ti)O3

(PZT) fabricated into a multilayer with embedded electrodes (Reprinted with permission. Copyright 2012 IEEE).47

donor doping dependences on the mixed electronic and
ionic conductivity. At the initial air annealing, the ionic
conductivity rapidly increase and the electronic conductiv-
ity decrease, as shown in Figure 2A. Note that, the increas-
ing Nb concentration suppresses the p-type behavior due
to the charge neutrality, as shown in Figure 2B. When the
annealing atmosphere is changed to the reduced atmo-
sphere, in contrast, the amount of [V⋅⋅

O
] can be increased via

the approximation of [V⋅⋅
O
] ≫ [V′′

Pb
], which can be occurred

with Equation (5).47,48 At the same time, further suppres-
sion of the p-type conduction can be explained with the
charge neutrality caused by Equation (5). Interestingly,
after the second PbO annealing, the defect chemistry is
reset and follow the same trend in the air and N2 anneal-
ing, as explained above. In the case of cooling down in air,
the increased [V′′

Pb
] is substituted by 2p, which is called

re-oxidation.
In low 𝑝O2 annealing with nitrogen, this increases the

oxygen vacancy concentration, but shows the loss of the
PbO at a reduced rate. With the nitrogen anneal there is a
loss of oxygen to increase, but this is to be in equilibrium
with the mass action reaction Equation (9), and in doing,
it will suppress the metal vacancy formation and reduces
the rate of the volatility reaction.
So, the PZT ceramics can have their non-stoichiometry

impacted within three processing variables of the PbO
atmosphere, the oxygen partial pressure, and the tempera-
ture with respect to cooling, heating, and holding times.
Metastable states can occur concerning the processing;
therefore, in designing these processes all these above
reactions need to be carefully considered.

2.2 NaNbO3 and (Na,K)NbO3 cases

These ceramics are of interest for new high-voltage‒high-
temperature dielectrics and lead-free piezoelectric
materials.58–60 In the sintering of these materials, the
volatile species are alkali metals, namely sodium, potas-
sium, and oxygen. Therefore, fast sintering methods that
limit the volatility such as two-step sintering, hot press,
spark plasma sintering, and cold sintering have been
successfully applied.61–65 The volatility as determined
from the equilibrium vapor pressures in the NaNbO3 and
(Na,K)NbO3 of the alkali metal oxide species is lower than
that in the Pb(Zr,Ti)O3 case. As has been determined by
a comprehensive investigation by Malič et al., the equi-
librium pressures were experimentally quantified with a
Knudsen effusion mass spectroscopy method. The data
across multiple perovskite systems are summarized in
Figure 3.66,67 The Knudsen cell methodology is described
by Popovič et al.67
As can be noted in Figure 3, the alkali oxides and PbO

vapor pressures are relatively high, but when contrasted
with mixtures of oxides and the perovskite or other
oxides, the vapor pressures can be significantly reduced.
In comparing the PZT + ZrO2, which is typically used
as a very good PbO source powder for controlling the
a(PbO), this is still at a much higher vapor pressure
than the alkali oxide-based perovskite with K and Na
losses. We also note that comparatively the vapor pressure
of KNbO3 is greater than that of NaNbO3 by about an
order of magnitude. We would expect that NaNbO3 will
have less vacancies than those in KNbO3 in a sintering
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7926 A. RANDALL et al.

F IGURE 2 (A) Variation in the admittance Cole‒Cole curve as a function of annealing in air at 700◦C. (B) The extracted electronic and
ionic conductivities of Pb(Zr,Ti)O3 (PZT)‒xNb buried capacitor structures as a function of annealing time at 700◦C (lines are simply guides for
the eye). The electronic transition between different 𝑝O2

conditions occurs in seconds at this temperature and is simply represented as a step
change here. Carrier concentrations are calculated using mobility values from literature. Reprinted with permission. Copyright 2011 AIP
Publishing.54

process. The NaNbO3 and (Na,K)NbO3 volatility reaction
is given by:

2 M×
M + O×

O
↔ M2O ↑ +2V′

M
+ V⋅⋅

O
(11)

where the M indicate alkali metals, Na and K. To
realize the alkali volatilization effect on (Na,K)NbO3
ceramics, Nishiyama et al. demonstrated the impact of
an intentional annealing in air on a sintered body.68
The intentional annealing at 1000◦C of stoichiometric
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A. RANDALL et al. 7927

F IGURE 3 Equilibrium vapor pressures and their temperature
dependences data for various volatile oxides.66

Li-modified (Na,K)NbO3:(Li0.06Na0.52K0.42)NbO3 resulted
in the electrically andmechanically hardening, which was
considered as being the result of the volatilization of A-site
alkali metals species such as Li2O, K2O, and Na2O. In this
case, V′

A
was partially replaced with the excessive amount

of Li+ that came from the Li2SiO7 glass phase formed with
Li2CO3 and SiO2 sintering aids. Although it is difficult
to analyze the volatilization amount quantitatively and
is still controversial in some papers,69–71 it is noteworthy
that the alkali volatilization has a depth profile as reported
elsewhere.68,72 As seen in Figure 4, the Curie temperature
of the intentionally annealed Li-modified (Na,K)NbO3
came back to the as-sintered value after the polish off
about 75 µm from both sides of the disk sample. This depth
profile will be beneficial for multilayered piezoceramics in
terms of the design flexibility of the piezo-active area from
the surface shown in Figure 5A,F.73
All the same, base NaNbO3 and (Na,K)NbO3 without

a flux or liquid phase additive are still difficult to sinter
to high densities in air, but they can be sintered in low
partial pressures of oxygen.66,67,74–78 As an example, the
sintering of NaNbO3 in air and under reducing conditions
can greatly impact density, microstructure, and dielectric

and piezoelectric properties. Details of the experimental
methods are found in Shimizu et al.78
From the observations in Figure 6, we noted that

sintering under low partial pressures of oxygen (𝑝O2
∼10−10 atm at peak temperatures between 1240◦C and
1275◦C) results in higher relative densities of NaNbO3
than sintering the same powders in air between 1250◦C
and 1325◦C. The microstructure also shows high resid-
ual pores in the lower density with air-fired NaNbO3
ceramics.
Although the focus of this paper is mostly regarding

the non-stoichiometry of important dielectric and piezo-
electric materials, other reviews cover these comparisons
concerning microstructure differences. There are essen-
tial connections between the non-stoichiometry and the
microstructure evolution and this is discussed in part. For
further details, we recommend a review by Malič et al.
Here, it is pointed out that for alkali niobate materials the
nature of the densification and microstructure evolution
are an important feature of this family of materials that is
impacted with the sintering atmosphere.66 Alkali niobate
ceramics sintered in air have limited densification with a
high level of porosity. This issue is linked to rapid grain
growth in the early stage of sintering, which leads to a
skeletal microstructure for the air sintering case. As noted
by Fisher et al., the sintering atmosphere can impact both
the densification and grain boundary morphologies and
provide a means to control of the densification and grain
shape.79 In the case of BaTiO3, Jung et al. showed a reduc-
tion in the grain boundary roughness when sintered at low
oxygen partial pressures.80 This phenomenon suppresses
the rapid grain growth and therefore balances the densifi-
cation and grain growth kinetics such that higher densities
and more uniform grain structures occur. The observa-
tions are known but the complex relationships between
the sample surface non-stoichiometry, liquid-phase sin-
tering aids, and the surface stoichiometry of the grain
boundary are still only qualitatively connected through
structure‒property‒process relations and require further
research.
Despite the fact that the volatility and the partial pres-

sures are lower in the NaNbO3 than the PZT ceramics,
these materials are very sensitive to the sintering process.
In sintering at lower partial pressures, the concentration
of oxygen vacancy and metal vacancy can be suppressed,
as we noted in PZT. After sintering at low 𝑝O2 , we can
re-oxidize with a thermal annealing in oxidizing atmo-
sphere with partial pressures ranging from 𝑝O2 ∼ 10−6 atm
and above. This enhances the resistivity and improves the
dielectric losses, and the high-field ferroelectric and piezo-
electric properties. Figure 7 shows the difference between
the polarization and strain hysteresis of the NaNbO3 sin-
tered in the low partial pressures and air atmospheres,

 15512916, 2024, 12, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.20080 by Pennsylvania State U
niversity, W

iley O
nline Library on [21/01/2025]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



7928 A. RANDALL et al.

F IGURE 4 (A) Temperature-dependent permittivity change of the post-annealed (Li,Na,K)NbO3 piezoceramics. (B) The magnified view
of the permittivity changes around polymorphic phase transition temperature 𝑇PPT. (C) The temperature at the maximum permittivity 𝑇m as
the phase transition from tetragonal to cubic is indicated. In addition to the post-annealing dependence of the permittivity, the result for 8 h
annealed sample, which was polished by 75 µm from both side of the surface is shown.68

with the superior properties being associated with the low
partial pressure cases.
It is important to note that NaNbO3 is a material that

has a degenerate phase mixing of a ferroelectric and anti-
ferroelectric phase, sometimes known as P and Q phases,
respectively. The P phase is the antiferroelectric phase
with a space group symmetry (𝑃𝑏𝑚𝑎) and the Q phase
has a space group (𝑃21𝑚𝑎) that coexist in the undoped
cases. We do not observe the double hysteresis associated
with the antiferroelectric phase as the applied field tran-
sitions the antiferroelectric P phase into the ferroelectric
phase, and there is no back switching to the antiferroelec-
tric phase, so we observe the ferroelectric square hysteresis
loop. Forming solid solutions and lowering the so-called
Goldschmidt tolerance factor has proven to be an effective
strategy to develop antiferroelectric behavior and elimi-
nate the ferroelectric. Details of these solid solutions are
discussed elsewhere.81–83 The important point to note here
is we observe higher remanent polarization in the low
𝑝O2 sintered atmospheres than in air-fired materials. Like-

wise, the electromechanical strain and the applied electric
field hysteresis show so-called butterfly loops, with higher
strains in the low 𝑝O2 sintered atmospheres relative to the
air-fired NaNbO3 ceramics.

2.3 (Bi0.5Na0.5)TiO3 and
(Bi0.5Na0.5)TiO3–BaTiO3 cases

These perovskite compositions, which are based on
(Bi0.5Na0.5)TiO3 and (Bi0.5Na0.5)TiO3–BaTiO3 are also of
interest as lead-free piezoelectric materials and possible
dielectrics for capacitors.84–86 In the (Bi0.5-xNa0.5)TiO3,
Bi-deficient stoichiometries have shown remarkably high
ionic conduction for the oxygen vacancies.87–89 So, for
these series of materials, the piezoelectric and dielectric
applications will require close attention to the poten-
tial electromigration of the oxygen vacancy that can lead
to time-dependent breakdown under direct current bias
fields in the applications. This means that the volatility
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A. RANDALL et al. 7929

F IGURE 5 (A) Schematic illustration of the multilayered structure of (Li,Na,K)NbO3 with Ag/Pd inner electrode. Observation area of
scanning electron microscopy (SEM) (B–D) and digital microscope (E) is shown. (B and C) Secondary-electron images of a cross-sectional
plane of the multilayer measured by the SEM. (D) Grain structure on the piezoelectric layer of the multilayer using a backscattering emission
image. (E) Grain size distribution on the sample surface. (F) Dark-field image of the edge of the multilayer actuator obtained with the digital
microscope. Reprinted with permission. Copyright 2022 AIP Publishing.73

F IGURE 6 Scanning electron microscopy of a thermally annealed surface to determine the microstructure of NaNbO3 sintering at a low
partial pressure of (A) oxygen (𝑝O2

∼10−10 atm) and (B) in air atmospheres. (C) Comparison of the relative densities of NaNbO3 ceramics
sintered at different temperatures under low partial pressures and air atmospheres. Reprinted with permission. Copyright 2014 John Wiley
and Sons.78
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7930 A. RANDALL et al.

F IGURE 7 Comparison of the (A) polarization–electric field and (B) strain–electric field hysteresis loops of the NaNbO3 sintered in air
and low 𝑝O2

atmospheres. Reprinted with permission. Copyright 2014 John Wiley and Sons.78

of the Bi and O species in the sintering process is also an
important consideration. For example, Figure 3 shows that
the higher vapor pressure is associated with the Bi relative
to the K volatility for (Bi0.5K0.5)TiO3, and the Bi volatility
is on the scale of the lead volatility of the PZT materi-
als. In the (Bi0.5Na0.5)TiO3–BaTiO3, we have demonstrated
that Bi2O3 excess and quenching in the final stages of sin-
tering impact the defects and the associated ferroelectric
properties.90,91 The excess Bi2O3 oxide content, the calci-
nation temperature, the final sintering temperatures and
time are all sensitive to varying the point defect content,
microstructure, and ferroelectric properties.
Note that, in the (Bi0.5Na0.5)TiO3 system, non-

stoichiometric compositions such as with A-poor or
B-rich compositions lead to grain growth,92–95 which
is in contrast to that of PZT96 and (Na,K)NbO3

97 sys-
tems. Also grain growth is suppressed in PZT41 and
(Na,K)NbO3

76,79,98 under reduced atmosphere, whereas
the (Bi0.5Na0.5)TiO3 system shows a slight grain growth.99
The rationale for these differences is not well understood
at this time. From a stoichiometry‒property perspective,
it is also noted that the non-stoichiometry controlled
and sintering atmospheres affect some important phys-
ical properties such as the ionic conductivity and the
depolarization temperature 𝑇d. In the articles of both
Seo et al. and Qiao et al., there is a higher 𝑇d with the
Bi-deficient composition BNT-6BT.92,95 Although these
trends are explained with only oxygen vacancies, this is
not completely proven. A greater non-stoichiometry that
drives an exsolution reaction results in high BT (BNT-BT)
as will be shown later.
The Bi2O3 volatility reaction in the (Bi0.5Na0.5)TiO3

system is given by:

2Bi
×
Bi + 3O×

O
→ 2V

′′′

Bi
+ 3V⋅⋅

O
+ Bi2O3 ↑ (12)

At high sintering temperatures, this leads to an ioni-
cally compensated condition. Similar to the PZT case, there
can also be an oxygen uptake from the air atmosphere
in the furnace and this compensates with an electronic
hole compensation. So, with loss of Bi and O species, we
would expect an increase in ionic conductivity. A surpris-
ing and informative example is sintering times of a batched
Bi-deficient by 1.2% for 0.85(Bi0.5Na0.5)TiO3−0.15BaTiO3
compositions.100 These are then sintered for different
times at a temperature of 1200◦C with 5◦C/min heating
and cooling rates. The sintering hold times vary between
20, 120, and 600 min. Through impedance measurement
there are orders of magnitude differences over the differ-
ent sintering times, with the real component of impedance
increasing with time. That is at first sight a very sur-
prising observation as this means that the conductivity is
decreasing. Figure 8 shows electrical characteristics with
impedance in the highly Bi-deficient densified materi-
als, and these are also compared to a stoichiometrically
batched composition. We note that the stoichiometric
batching will have some impact from the volatility but not
at the concentration levels of the deficient batched case.
The effect is large and we noted that the 20- and 120-min
sintering times of the 0.85(Bi0.5Na0.5)TiO3−0.15BaTiO3
Bi-deficient are having very small levels of resistances
due to the high ionic conduction. By the time the sin-
tering hold time is 600 min, the impedance almost
matches the stoichiometrically batch samples, which indi-
cates that there has been a re-equilibration of the defect
chemistry that controls the conductivity of the mate-
rial. This would imply that the change is reducing the
concentration of Bi vacancies and compensating oxygen
vacancies.
As mentioned above, a dielectric property parameter

impacted by Bi2O3 loss is the depolarization temper-
ature, 𝑇d. This 𝑇d is the phase boundary between the
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A. RANDALL et al. 7931

F IGURE 8 (a and b) Impedance from sintering temperature of 1200◦C as function of sintering time for different holds between 20 min,
2 h, and 10 h for a Bi-deficient 0.85(Bi0.5Na0.5)TiO3−0.15BaTiO3. Real part of the impedance increasing with longer times and after 10 h and
approaches the impedance of a shorter time stoichiometrically sintered ceramic. Reprinted with permission. Copyright 2023 John Wiley and
Sons.100

low-temperature normal ferroelectric phase and the
relaxor ferroelectric phase and gives a dielectric anomaly
at the 𝑇d. The normal ferroelectric phase has a tetragonal
symmetry of 𝑃4𝑚𝑚, and at 𝑇d, there is a transition to a
pseudocubic symmetry. For this case, the 𝑇d is sensitive
to various parameters such as drops with sintering time
in the 1.2% Bi-deficient solid solution, from ∼236◦C in
20 min to ∼226◦C in 120 min to ∼210◦C in 600 min. Note
that, the cooling rate from the sintering temperature was
always 5◦C/min; therefore, it can be ruled out thermal
stress effect onto 𝑇d.101,102 Additionally, the stoichiometric
0.85(Bi0.5Na0.5)TiO3−0.15BaTiO3 is exactly 210◦C.103
Taking into consideration that [V⋅⋅

O
] tends to stabilize the

polar nano-regions resulting in the increase in 𝑇d,92,95
the observed decrease in 𝑇d during the holding time
at sintering process should also be corresponded to the
decrease in the amount of [V⋅⋅

O
].

From a transmission electron microscopy study, it is
found that there is a secondary phase that continues to
increase with the sintering hold time, and this is the for-
mation of a BaTi2O5 phase (Figure 9A). This suggests that
in the sintering process, we exceed the non-stoichiometric
defect concentrations within this solid solution. So, an
exsolution reaction occurs in the sintering of this solid
solution, and the non-stoichiometry changes as we lose
Bi and O in accordance with Equation (12), and when
it exceeds a critical concentration of defects in the solid
solution, 𝑋c (Equation 14).
The deficient non-stoichiometric solid solution is given

by y = 0.15 for the case in-hand:

(1 − 𝑦)
(
Na0.5Bi0.5−𝑥⊡𝑥

)
TiO3−1.5𝑥⊡1.5𝑥 − 𝑦BaTiO3 (13)

When 𝑥 ∼ 𝑥, it is not in equilibrium, so it drives the
following exsolution reaction of the solid solution and it

changes the composition of the perovskite phase and forms
a secondary phase:

(1 − 𝑦)
(
Na0.5Bi0.5−𝑥c⊡𝑥c

)
TiO3−1.5𝑥c

⊡1.5𝑥c
− 𝑦BaTiO3 →

{
(1 − 𝑦)

(
Na0.5Bi0.5−𝑥c⊡𝑥c−𝛿∕(1−𝑦)

Ba𝛿∕(1−𝑦)

)
TiO3−1.5𝑥c

⊡1.5𝑥c−𝛿∕(1−𝑦)
− (𝑦 − 2𝛿) BaTiO3

}
+ 𝛿BaTi2O5 (14)

The formation of the secondary phase, BaTi2O5 effec-
tively reduces the Ti content and partially increases the
Ba content in the perovskite phase. With the exsolution
reaction creating a renormalization of the composition,
and this will have an impact on the ferroelectric properties
from the starting composition with 15 mol% BaTiO3.
On reducing the BaTiO3 mol% from 15%, there is initially

a monotonic decrease in the 𝑇d, and as it approaches the
morphotropic phase boundary at ∼10 mol% BaTiO3 there
is an asymptotic reduction in 𝑇d, as indicated in Figure 9B.
On the basis of the renormalization of the BaTiO3 after the
10-h sintering time, the exsolution is equivalent to approxi-
mately 0.88(Bi0.5Na0.5)TiO3−0.12BaTiO3 with the BaTi2O5
second-phase formation, the δ ∼ 0.015 in considering
Equation (15).
As covered in earlier studies, the donor and accep-

tor doping can also impact the manner in which
the 0.85(Bi0.5Na0.5)TiO3−0.15BaTiO3 compensates for
different atmospheres with sintering and secondary
annealing.103,105 It is clear that there are a number of
degrees of freedom in which the (Bi0.5Na0.5)TiO3–BaTiO3
system compensates the non-stoichiometry and each
scenario has to be carefully considered with system-
atic variation of dopants, Bi2O3 excess and deficient
composition, atmosphere, and sintering temperatures.
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7932 A. RANDALL et al.

F IGURE 9 (A) Transmission electron microscopy (TEM) image of the 600 min sintering hold time with the growth of the BaTi2O5

phase with the exsolution decomposition of the Bi-deficient 0.85(Bi0.5Na0.5)TiO3−0.15BaTiO3. Reprinted with permission. Copyright 2023
John Wiley and Sons.100 (B) The phase diagram of the (Bi0.5Na0.5)TiO3–BaTiO3 ferroelectric phases with temperature as a function of BaTiO3.
Reprinted with permission. Copyright 2021 John Wiley and Sons.104

2.4 Mn doping of dielectrics and
compensation: Ca(Hf,Ti,Mn)O3

Manganese is one of themostwell-knowndopants because
it effectively suppresses the conductivity of electroceram-
ics. Despite of its popularity, the mechanism how Mn
suppress the conductivity from the view point of the mul-
tivalence metal is often overlooked. In this review, where
the example of A-site volatility and redox reactions with
oxygen was a dominant focus, we also wish to remind
the reader that the doping with multivalence metal for
dielectric and piezoelectric materials is also an impor-
tant factor in different sintering and cooling atmospheres.
Ca(Hf,Ti,Mn)O3 dielectric material is gathering a lot of
interest as a class I capacitors that can operate at high
temperatures and under high electric fields for power
electronic applications.106–108
Manganese is a classical compositional additive that can

be added into dielectric formulations that aids in increas-
ing the resistivity and improving reliability. The valence
of Mn is very sensitive to temperature and oxygen partial
pressures, as shown in Figure 10A.109,111 Manganese is a
multivalent ion depending on oxygen partial pressure and
temperature, with Mn3+ and Mn4+ being in the expected
valence states when fired in air.112–114 The defect reactions
for the oxidation of Mn2+, Mn3+, and Mn4+ are as follows:

2Mn′′Mn + 2V⋅⋅
O
+
1

2
O2 → 2Mn′Mn + V⋅⋅

O
+ O×

O
(15)

2Mn′Mn + V⋅⋅
O
+
1

2
O2 → 2Mn×Mn + O×

O
(16)

Upon cooling to room temperature, the Mn is expected
to be transitioned to Mn4+ if it is sintered in oxidizing
conditions. The concentration of compensating oxygen
vacancies that resulted from Mn3+ at high temperatures

will then minimized, thus reducing the ionic conductivity
in Ca(Ti0.795Mn0.005Hf0.2)O3, as shown in Figure 10B.115
In air sintering composition with Ca(Ti0.8Hf0.2)O3 and

Ca(Ti0.795Mn0.005Hf0.2)O3, there is a large difference in the
impedance Cole‒Cole plots, which is due to the Mn oxi-
dation suppressing the ionic conduction. There are two
major relaxations: the first relaxation corresponds to the
sum of ionic and electronic, and the second relaxation
is related to the blocking of the oxygen vacancies at the
electrode to provide an ionic polarization that is repre-
sented by a ceramic‒electrode interface. We can see that
the impedance spectra of Mn-doped sample have sup-
pressed the ionic relaxation to just the single relaxation,
and this is controlled by the electronic conductivity and the
capacitance. With the higher resistivity with the Mn dop-
ing and this limits the high field losses and provides higher
breakdown strength with greater temperature stability, as
shown in Figure 11. Characteristic breakdown strengths
were also obtained using Weibull statistics, in which the
breakdown strengths are ranked in increasing order and
the median rank (MR) of the data is calculated as:

MR =
𝑗 − 0.3

𝑁 + 0.4

where j is the rank and N is the total number of samples.
The characteristic breakdown strength is then determined
from the zero–intercept of ln(E) versus ln[ln{1/(1 – MR)}],
as shown in Figure 12. The Weibull modulus, which deter-
mines the degree of variation in the data set, is determined
from the slope of the linear trend line. From this data,
the difference in temperature dependence between the two
materials and the high-voltage‒high-temperature benefits
associated with Mn doping in this system can clearly be
seen.
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A. RANDALL et al. 7933

F IGURE 10 (A) Manganese oxide phases as a function of partial pressure and temperature. Reprinted with permission. Copyright 2005
John Wiley and Sons.109 (B) Schematic of the Mn multivalent states bases on thermodynamic constants in Mn-doped perovskites (assuming
similar constants to SrTiO3).110

F IGURE 11 Impedance spectra plotted in the form of Cole‒Cole plots from 600◦C to 700◦C for (A) Ca(Ti0.8Hf0.2)O3 and (B)
Ca(Ti0.795Mn0.005Hf0.2)O3, and (C) an equivalent circuit for the impedance response with mixed ionic and electronic conduction. Reprinted
with permission. Copyright 2011 John Wiley and Sons.115

3 SUMMARY AND PERSPECTIVES

This paper provides a number of examples of the impor-
tance of understanding relationship between the atmo-
sphere used in the thermal processing of dielectric-based
functional ceramics and the defects and their compen-
sation mechanisms to create non-stoichiometric compo-
sitions. In particular, in the cases discussed we largely
focused on compositions that can be volatile with high
vapor pressures, such cases are of particular importance in
Pb, Bi, and alkali metal-based piezoelectric ceramicsmate-
rials. The volatilization can also be impacted by lowering
the partial pressure of oxygen at the sintering atmo-
sphere, which can slow the metal cation volatilization, but
increase the overall oxygen vacancy concentration; there-
fore, a lower temperature re-oxidation step is needed to
limit these concentrations. The cooling in a furnace can
also lead to a transition from an ionically compensated

defect concentration with the loss of the cations and oxy-
gen, and then on cooling in an air atmosphere there is an
uptake of oxygen through the re-oxidation reaction, which
can lead to an electronic compensation of themetal vacan-
cies that are created at the higher sintering temperature.
The rate of this transition and change in compensation
depend on the atmosphere, the cooling rate, and the size
of the components.
In materials such as NaNbO3 and (Na,K)NbO3 there

are advantages in the sintering at low partial pres-
sures, with better control of the densification, grain size,
and electrical properties with sintering at lower partial
pressures and then re-oxidizing at higher 𝑝O2 at lower
temperatures. Note that, even in the case of air firing,
the multilayered structure with protecting layers enclos-
ing piezo-active layers with a certain margin of about
75 µm can rule out the effect of the alkali volatilization
effect.
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7934 A. RANDALL et al.

F IGURE 1 2 Comparison of the Weibull plots of electrical
breakdown strength in (A) Ca(Ti0.8Hf0.2)O3 and (B)
Ca(Ti0.795Mn0.005Hf0.2)O3. Reprinted with permission. Copyright
2011 John Wiley and Sons.115

The defect chemistry of (Bi0.5Na0.5)TiO3‒BaTiO3 is very
complex with many degrees of freedom controlling the
non-stoichiometry. Here, we demonstrated that if we batch
the initial chemistry with Bi deficiency and then with
extended sintering times, the impedance increased con-
trary to the expected cases, which should increase with the
Bi andO losses. The reason for this observation is that there
is an exsolution reactionwith a secondary phase formation
of BaTi2O5, which effectively increase the Ba content to
partially compensate for the unstable V′′′

Bi concentrations.
Finally, we also considered an example of Mn doping in a
linear dielectric. In particular, the advantage of Mn dop-
ing is having sufficient time to re-oxidize the multivalent
states to a neutral Mn×Mn by re-oxidation and minimizing
the oxygen vacancy concentration.

All in all, there are many other aspects of control-
ling the defect chemistry of a given material, but the
examples given here illustrate the importance of think-
ing through the basic material composition and its
impact on the sintering process. It is hoped that with
these insights, researchers will have a better understand-
ing of the processing‒property relations in functional
ceramics.
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