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Abstract: Recent advances in perovskite ferroelectrics
have fostered a host of exciting sensors and actuators.
Defect engineering provides critical control of the
performance of ferroelectric materials, especially lead-
free ones. However, it remains a challenge to quantita-
tively study the concentration of defects due to the
complexity of measurement techniques. Here, a feasible
approach to analyzing the A-site defect and electron in
alkali metal niobate is demonstrated. The theoretical
relationships among defect concentration, conductivity,
and oxygen partial pressure can be established based on
the defect chemistry equilibria. The type and concen-
tration of defects are reflected through the conductivity
variation with oxygen partial pressure. As a result, the
variation of defect concentration gives rise to defect-
driven interfacial polarization, which further leads to
distinct properties of the ceramics. e.g., abnormal
dielectric behavior. Furthermore, this study also suggests
a strategy to manipulate defects and charges in per-
ovskite oxides for performance optimization.

Introduction

Perovskites are widely used in cutting-edge electronic
devices, including photovoltaics,[1] optoelectronics,[2] and
piezoelectrics. Ferroelectric perovskites belong to the most
important ferroelectrics because of their favorable charac-
teristics, i.e., spontaneous polarization and domain
switchability.[3] Defect engineering has been a powerful
approach for modulating the properties of perovskite
materials,[4] including ferroelectric perovskites.[5] For in-
stance, defect engineering has been frequently employed to
lead zirconate titanate (PZT) to produce high piezoelectric-
ity and low mechanical and dielectric losses.[6] A-site
deficiency in alkali metal niobate, e.g., sodium niobate and
potassium sodium niobate (KNN),[7] can form local hetero-
geneity and thus giant piezoelectricity. In addition, oxygen
vacancies can greatly improve the electrical transducer
efficiency of many ferroelectric materials because of their
hardening effect.[6c, 8] Therefore, an in-depth understanding
of the nature of defect formation and its impact on the
properties of materials is the key to promoting the flexibility
of defect engineering.
Some defects (A-site vacancies or oxygen vacancies) can

intrinsically form in ferroelectric perovskites, including PZT,
KNN, and sodium bismuth titanate (BNT), during the
sintering process because of the volatilization of A-site
elements.[9] Technically, controlling performance through
manipulating the defect concentration is not straightforward.
Due to the electroneutrality condition, introducing a
charged defect always creates an additional oppositely
charged defect.[9a] Another problem is that the quantitative
analysis of defects in ferroelectrics is still challenging where
electrical properties are sensitive to the defect concentra-
tion. Thus, developing methods for quantitatively character-
izing defects is an important research topic in defect
engineering. Numerous techniques are available to obtain
the qualitative information, e.g., radio spectroscopy (i.e.,
electron spin resonance (ESR) and nuclear magnetic reso-
nance (NMR)),[10] positron annihilation lifetime spectro-
scopy (PALS),[11] impedance spectroscopy,[6a,12] X-ray photo-
electron spectroscopy (XPS), photoluminescence[13] and
transmission electron microscope (TEM).[9a] These charac-
terizations are frequently used to study the defects in
ferroelectric perovskites. Among these approaches, XPS,
UV/Vis, ESR, NMR, and PALS are often used to analyze
defects, such as oxygen defects, and polyvalent ion defects
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(e.g., Mn ion defects, Fe ion defects, etc.). However, they
can only be used for qualitative analysis and are applicable
to limited types of defects.[14] Impedance spectroscopy is an
indirect measurement approach and is often used in defect
analysis of PZT, BNT, and barium titanate,[12] which is also a
qualitative method.[6a] TEM can directly observe the defects
but the irradiation of a high-energy electron beam could
potentially damage the sample and introduce artefacts.[7a,b,15]

The stringent requirements of thickness and orientation of
samples further limit its application to microanalysis at the
nanoscale.[16] In quantitative microanalysis, a universal
problem is how to obtain reliable and accurate results under
the condition of small geometric changes.[17] So far, it is still
difficult to analyze the profound impact of defects for the
lack of an effective and universal macro defect analysis
method.
KNN and BNT, are promising environmentally-benign

candidates for piezoelectrics to replace the hazardous PZT.
Interestingly, the mature defect engineering approach
successfully applied to PZT fails in the KNN and BNT
systems, especially A-site defects. A-site defects are sup-
posed to increase domain wall mobility through softening
effect in PZT-based ceramics and further promote the
piezoelectric response of the material.[18] A-site defects can
change the stress conditions of the BNT-based ceramics,
inducing a structure with enlarged interplanar spacing.[19]

Similar results have also been reported in KNN systems,
with Wang reporting an enhanced d33 of 324 pC/N through
A-site element doping and Liu announcing a thermostable
d33* of 320 pm/V through intrinsic defect engineering
recently.[20] Liu and Wu further presented that the local
heterogeneity introduced by A-site defects in niobium-based
perovskites could significantly boost the piezoelectric per-
formance of these materials.[7a,b] Undoubtedly, the perform-
ance of ferroelectrics can be further optimized with a better
understanding of in-depth analysis of A-site defects. For
BNT, it could nevertheless be revealed that a complex
interaction of defect couples is responsible for the deviation
from the expected behaviors.[21] However, the current under-
standing of the influence of defects in niobium-based ferro-
electric perovskites is far from satisfactory. Many phenom-
ena in KNN are still not well understood, such as
conductivity mechanism, narrow sintering window, abnor-
mal dielectric behavior, and poor stability.[22] Investigation
of defects in KNN is meaningful to fundamental scientific
research and beneficial to industrial development. In the
present study, we propose a feasible approach to evaluate
the intrinsic defect in the KNN bulk sample and then
analyze defect-driven polarization that affects the dielectric
behavior of materials. Prototypical KNN with different
compositions, i.e., (Na0.52K0.48)NbO3 (i.e., KNN) and stoi-
chiometric Na-excess (Na0.535K0.48)NbO3 (denoted as KNN-
Na), prepared by hot pressing are systematically investi-
gated. First, a theoretical defect chemistry concentration as
a function of oxygen partial pressure (denoted as the
Brouwer diagram) is provided, which serves as a good
reference for the semi-quantitatively determination of dom-
inating defect types and their concentrations. The impe-
dance spectra of KNN and KNN-Na are then compared

based on their Brouwer diagram, suggesting the n-type
conducting mechanism in these materials. Moreover, we
show that such an understanding of defect chemistry is
sufficient for analyzing some defect-related experimental
phenomena in KNN, e.g., dielectric anomalies. This paper
investigates the effect of defect concentrations on the
polarization of ferroelectric perovskites, suggesting a new
concept and method for understanding the polarization
mechanism of ferroelectricity from the perspective of
defects.

Results and Discussion

Theoretical analysis of defect chemistry. By solving a
combination of defect equilibria with a reduced electro-
neutrality condition, we can evaluate the defect chemistry
diagram of ABO3 as a function of oxygen partial pressure
(pO2), as shown in the Brouwer diagram in Figure 1a,

[23] and
Supporting Information Note. In this model, the chemical
valence of A is assumed to be 1, and B is considered not
volatile. Generally, the Brouwer diagram can be classified
into three sections with respect to the reduced electro-
neutrality conduction, i.e., low (range I), medium (II), and
high pO2 (range III).

[24] Since conductivity is linearly propor-
tional to the defect concentration when the temperature is
stable, it is reasonable to measure the conductivity to infer
the dominating defect type concerning the conductivity, see
Supporting Information Note. For example, a negative slope
of � 1/4 in range II would indicate that electrons are the
dominant charge carriers.
The Brouwer approximation of the electroneutrality

condition does not precisely describe the actual behavior
during the transition between different ranges. The relation-
ship between defect concentration and pO2 is no longer
linear, as shown in Figure 1a inset. In addition, mixed
conductance is often observed due to the presence of
electronic and ionic charge carriers. Based on Figure 1a, the
prediction of conductivity as a function of pO2 can be
constructed, which is Figure 1b. Assuming that two ABO3:
A1� xBO3� y and A1� 2xBO3� z (x is the A-site vacancy concen-
tration. y and z are oxygen vacancies concentration), where
A-site vacancies are low (A1� xBO3� y) and high (A1� 2xBO3� z),
respectively. The difference in stoichiometry leads to differ-
ent starting defect chemistry and hence different behavior
towards pO2. A1� xBO3� z is donor doped compared to
A1� 2xBO3� z, leading to the shift to the right, as shown in
Figure 1c. k1 is the conductivity slope of A1� xBO3� y in high
pO2. k2 is the conductivity slope of A1� 2xBO3� z in low pO2. k3
is the conductivity slope of A1� xBO3� y in low pO2. It can be
found that jk1 j = jk2 j < jk3 j . Thus, we can compare their
conductivity slopes for two ABO3 with different A-site
defect concentrations to judge the difference in their defect
concentrations. The electron concentration of A1� xBO3� y
(k3) is obviously higher than that of A1� 2xBO3� z (k2).
Application of the defect chemistry in KNN. A-site

defects are common in KNN materials due to the volatiliza-
tion of alkali metals, which is the reason for their large
variation of performance. Herein, we designed two ceramics,
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KNN and KNN-Na. The impedance spectra are measured at
700 °C at a medium pO2, as shown in Figure 2a and b.
Conductivities are calculated from the impedance spectra
measured as a function of pO2 and summarized in Figure 2c.
Linear fitting is performed for both data groups, which
results in a good fit, as shown in Table S1. Negative slopes
of � 0.19 and � 0.22 are obtained for KNN and KNN-Na.
The negative slopes close to � 0.25 suggest that the electron
is the dominating conducting mechanism. The slope differ-

ence between KNN and KNN-Na agrees well with the
expected trend from the defect chemistry diagram. In
range II, the conductivity will be affected by the higher ionic
conductivity of KNN, but the slope will be almost un-
affected, as shown in Figure S1. The more negative slope in
KNN-Na can be seen as a result of more electrons and fewer
A-site vacancies, as illustrated in Figure 1c. The molar ratio
of the three elements is determined by ICP tests of K, Na,
and Nb elements, as shown in Figure 2d. The actual

Figure 1. Brouwer diagrams in ABO3 (the chemical valence of A is 1 and B is not volatile) and its application method. a) Theoretical relationship
between defect concentration and pO2 with the Brouwer approximation. The inset illustrates the actual functional relationship. b) Prediction of
conductivity as a function of pO2, when the change of conductance depends mainly on electrons and holes. kmin is the minimum value of the slope,
which is larger than � 1/4. c) The relationship between conductivity and pO2 under different A-site vacancy concentrations. The change of A-site
vacancy concentration causes the shift of the curve. k1, k2 and k3 are the slope for A1� xBO3� y at high pO2, A1� 2xBO3� z at low pO2, and A1� xBO3� y at
low pO2.

Figure 2. Comprehensive properties of KNN and KNN-Na. Complex impedance plots for a) KNN and b) KNN-Na at different pO2 (pO2=10� 1 to
10� 4 bar at 700 °C), c) lg σ as a function of lg (pO2) for KNN and KNN-Na, d) A-site content corresponding to unit Nb atom by inductively coupled
plasma mass spectrometry, e) Polarization loops of KNN and KNN-Na measured under 10 Hz, f) Unipolar strain curves of KNN and KNN-Na
measured at 1 Hz.
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composition is shown in Table S2. Both samples were non-
stoichiometric. The ratio of A-site to B-site ions is lower in
KNN (0.96) than in KNN-Na (0.97). Figure 2e shows the
hysteresis loops of KNN and KNN-Na. The smaller EC in
KNN-Na can be ascribed to the weak pinning effect due to
the fewer A-site vacancies. Figure 2f shows unipolar strain
curves of KNN and KNN-Na. The piezoelectric strain
coefficient (d33) of KNN and KNN-Na are 240 and 320 pm/
V, respectively. The reduction of A-site defects in KNN-Na
is responsible for the significant increase in d33. Macroscopic
electrical properties can be remarkably affected by intrinsic
defects.
Anomalous dielectric behavior (ADB) and defect-driven

polarization. Figure 3a, b depict the temperature-dependent
dielectric spectra of the two samples. The dielectric proper-
ties exhibit an abnormal peak in KNN-Na (around 250 °C)
above the orthorhombic-tetragonal (O� T) phase transition
temperature, whereas the same peak or ADB is absent in
KNN. The dependence of ADB on defect concentration can
be revealed by manipulating the latter: KNN-Na is annealed
in an oxygen environment at 850 °C for 6 h and aged for 24 h
after cooling, as shown in Figure S2a. From Figure 3c, the
ADB peak disappeared after annealing. During the oxygen
annealing process, defect reactions occur in the material:

2V0A þ V
��
o þ
1
2
O2 $ 2V

0
A þO

x
O þ 2h

� (1)

V��o þ
1
2
O2 þ 2e

0 $ OxO (2)

Heat treatment in air was carried out to eliminate the
influence of other factors except oxygen vacancies in the
annealing process, as shown in Figure S2a. ADB does not
disappear but weakens (Figure S2b). Annealing in air leads
to a decrease in oxygen vacancies, which should be
correlated with the ADB decrease. The grain size of KNN-
Na did not change significantly after O2 annealing (see
Figure S3), suggesting that the change of ADB is caused by
the defect concentration rather than the grain size. The
permittivity of ferroelectric perovskites is determined by
polarization.[9a,25] Due to the kinetics of the polarization
process, the polarization relaxations are subject to frequency
(see Figure S4). The temperature dependence of dielectric
permittivity of KNN-Na was tested at 100 Hz, 1 kHz,
10 kHz, 100 kHz, and 1 MHz, as shown in Figure 3d. It can
be found that the permittivity of KNN-Na is significantly
affected by frequency in the temperature range of ADB
(ADBT). ADB occurs at low frequencies and vanishes at
high frequencies (i.e., 100 kHz, 1 MHz). The permittivity of

Figure 3. Anomalous dielectric behavior and verification of interfacial polarization. Temperature dependence of dielectric properties for a) KNN and
b) KNN-Na. c) Comparison of the temperature dependence of relative permittivity for KNN-Na before and after O2 annealing. d) Temperature
dependence of relative permittivity for KNN-Na in different frequencies. Nyquist plot of e) KNN and f) KNN-Na at 575 °C. Schematics (g), (h), and
(i) depicting the individual components constituting the permittivity profile in a) KNN, b) KNN-Na, and c) KNN-Na after the O2 annealing,
respectively.
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KNN-Na, corresponding to frequencies of 50 Hz–1 MHz, at
the ADB peak temperature (250 °C) and the onset temper-
ature (200 °C) were further studied, as shown in Figure S4.
The permittivity of KNN-Na changes significantly at low
frequencies, implying the underlying mechanism is interfa-
cial polarization.
The anomalous dielectric peak intensity changes with

frequency, i.e., from 100 Hz to 10 kHz. Nyquist plots of the
pO2-dependent impedance of KNN-Na and KNN at 700 °C
(Figure 2a and b) readily suggest different electrical re-
sponses of KNN-Na compared with KNN. Two semicircles
can be seen for KNN-Na, meaning two electrical processes
are present, while only one is present for KNN. The second
process in KNN-Na most likely resulted from interface
polarization. However, the partial pressures used in such
experiments are below 0.1 bar. It is, therefore, necessary to
use impedance data from measurements in air to compare
the second process within a frequency range around ADB.
Such result at 575 °C is depicted in Figure 3e and f,

respectively. For both samples, two different semicircles

and, thus two resistive responses can be seen. Their
respective high to low-frequency arc capacitance values
were extracted using two serial R-CPE circuits (R=

resistance and CPE=constant phase element) which ad-
equately described the electric and dielectric values
(Table S3).[26]

A high-frequency semicircle (4×10� 10 F) and a low-
frequency small semi-circle (1.6×10� 8 F) can also be
detected this time for KNN (Figure 3e). The capacitance
value in the range of 10� 10 F can be attributed to bulk
ferroelectric capacitance.[11] The higher capacitance suggests
a space charge polarization response. For KNN-Na, the
respective high and low-frequency arc capacitance values
are 6.5×10� 10 F and 3.6×10� 9 F, respectively. The first
response can also be attributed to bulk ferroelectric
capacitance and is almost identical to KNN. Frequencies of
119 Hz and 1264 Hz, which are annotated in Nyquist plots of
KNN-Na (Figure 3f), lie within the second semi-circle
response at low frequencies. These frequencies are equiv-
alent to the frequencies in which the ADB is observed in

Figure 4. Phase transition. In situ temperature-dependent synchrotron radiation XRD patterns for a) KNN and b) KNN-Na, which were
characterized at 2 °C intervals. c) Peak position of (200), (020) in (a), (b) and intensity ratio (I(020)/I(200)) from RT to ADBT. d) Raman peak position
of V1, V5 in KNN, KNN-Na from RT to ADBT. V1 is stretching mode, and V5 is bending mode.
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KNN-Na (the frequencies of 100 Hz, 1 kHz, and 10 kHz in
Figure 3d).
At high frequencies, the space charges cannot follow the

change of the field and hence do not induce polarization.
This confirms that the 100 kHz and 10 MHz responses in
KNN-Na showed no anomalous peak in permittivity (Fig-
ure 3d). For the KNN, no ADB can be observed in the
whole frequency range, even though there is an interfacial
response in this sample. It even has a higher capacitance
than the one for KNN-Na. The impact of electrical
responses does not only depend on the capacitance but also
on the resistance in parallel to it. The resistance of the
interface process for the KNN-Na is much higher than for
KNN. This puts the transition from the bulk to the interface
response right into the range from 100 Hz to 10 kHz.
Furthermore, this transition region shifts to higher frequen-
cies in KNN (Figure S5a and S5b). Eventually, this causes
the large frequency and temperature-dependent peak, which
we call ADB.
We expect that the interfacial polarization is caused by

the charge accumulation along the interface in the material
under the electric field. To verify this, temperature-depend-

ent P-E loops of KNN and KNN-Na were measured, as
shown in Figure S6. Below the ADBT region, the ferro-
electric properties are hardly affected. However, in the
ADBT region, the leakage phenomenon is obvious. The
variation of EC and Pr with temperature is obvious, as shown
in Figure S7. This may be caused by the defect that causes
the interfacial polarization to move under the high electric
field at 10 Hz. Schematics depicting the individual compo-
nents constituting the permittivity profile, as shown in
Figure 3g–i. They correspond to the permittivity near the
ADBT region of Figure 3a–c, respectively. There is no
interfacial polarization in Figure 3g, and the change of the
permittivity is caused by the O� T phase transition. With the
reduction of A-site vacancies, there is a response of
interfacial polarization in Figure 3h. After the O2 annealing,
the interfacial polarization response disappears, as shown in
Figure 3i.
The polarization behavior is also affected by phase

structure and chemical bond strength,[25,27] however, these
are not the factors causing ADB here. This is shown by
investigating the phase structures at different temperatures
(from room temperature (RT) to ADB-temperature range

Figure 5. Microstructure comparison. a) Overview of comprehensive properties of KNN and KNN-Na, including relative permittivity at O� T
temperature (ɛO-T) and 250 °C (ɛ250 °C), a distance of grain (Dg) and domain (Dd), an interplanar distance of (100) (d(100)) and (020) (d(020)). The SEM
imagey of the domain of b) KNN and c) KNN-Na. The SEM imagey of the grain of d) KNN and (e) KNN-Na. Domain and grain Size distributions
are demonstrated in the insets of (b), (c), (d), and (e) with the average grain sizes marked above. The grain contrast is obtained by chemical
corrosion. Grain size can be most realistically reduced. TEM images of (f) KNN and (g) KNN-Na. SAED pattern of (h) KNN and (i) KNN-Na.
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(ADBT)), as seen in Figure 4a–c, and Figure S8. It can be
noted that both samples possess the pure perovskite
structure.[27] Figure 4d compares the chemical vibration
modes at different temperatures (from RT to ADBT) for
the two samples. Besides, it can be found that the peak
positions of V1 and V5 vibrations of the two samples are
identical (see Figure S9 and S10) indicating that the
chemical bond and atomic vibrations of the two have no
significant difference.[28]

Figure 5a–c, show that the domain sizes of KNN and
KNN-Na are similar. As shown in Figure 5a, d, e, and
Figure S3, the effect of grain sizes on the ADB is limited. In
addition, the morphologies of the shape of domains inside
the grains of the two samples are similar (regular herring-
bone-like ferroelectric domains), in agreement with the
TEM results shown in Figure 5f and g. The interplanar
spacing (100) of KNN-Na in the selected area electron
diffraction (SAED) is slightly larger than that of KNN, while
(020) is smaller than KNN, as shown in Figure 5a, h and f,
implying that the excess Na suppressed the A-site vacancies
and causes weak lattice distortion. Therefore, the ADB
observed in KNN-Na can be exclusively related to the
defect-driven interfacial polarization.

Conclusion

A new frame for analyzing defects was derived from defect
chemistry calculations. By measuring electrical conductivity
and oxygen partial pressure, the defect concentration in
perovskite oxides can be semi-quantitatively analyzed. This
approach is applicable for A-site defects that are hard to
study by other measurement methods. An in-depth study of
the polarization mechanism in potassium sodium niobate
was performed, showing that the interfacial polarization
indeed resulted from the defect accumulations. This ap-
proach can also be used for other perovskite oxide systems,
which can potentially improve our understanding on defects
in such systems and benefit functional ferroelectric perov-
skite design.
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