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The structural and dielectric properties of Eu-doped K0.5Na0.5NbO3 (KNN)
ceramics were investigated as a potential candidate for use in high-tempera-
ture capacitors with working temperature beyond 200�C. x-Ray diffraction
results showed that tetragonal and cubic structure distortions occurred for
low- and high-concentration doping, respectively. With increase of Eu content,
the dielectric anomaly of the tetragonal–cubic transition was depressed and
shifted to low temperature, while the temperature of the orthorhombic–
tetragonal transition remained unchanged. A dielectric relaxation associated
with oxygen vacancies was detected in the paraelectric phase region. The
activation energy of oxygen vacancies depended on the Eu concentration and
the defect compensation mechanism. KNN doped with 3 mol% Eu (KNN3Eu)
showed good dielectric temperature stability (±10%) with relatively high
permittivity (>1800 at 225�C) over the temperature range from 119�C to
495�C, representing a good starting point for development of high-tempera-
ture capacitor materials.
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INTRODUCTION

Capacitors are indispensable components in
modern electronic devices with important functions
such as filtering, snubbing, pulse discharge, voltage
smoothing, direct-current (dc) blocking, and power
conditioning. However, the requirements on capac-
itor materials demanded by industry are increasing,
with increasing demands on performance. High-
temperature electronics are of particular interest
for control units that can be used close to hot com-
ponents, being strongly desired in the defense,
aerospace, and automotive technology fields.1 In
such applications, electric components usually
operate under strict conditions but must maintain
good electrical properties and provide high reliabil-
ity at temperatures beyond 200�C. Doping of

BaTiO3 or BaTiO3 solid solutions often results in a
broadened dielectric peak while maintaining high
relative permittivity, as required, e.g., by Electronic
Industry Alliance X7R specifications (temperature
coefficient of capacitance within the range of ±15%
between �55�C and +125�C). However, the sharp
decrease in dielectric permittivity above 200�C
effectively limits the usefulness of these materials
at elevated temperatures.2 Therefore, new materi-
als with temperature-stable characteristics and
high relative permittivity are needed for high-tem-
perature applications.

Among lead-free systems, Bridger et al.3 reported
that 0.9Bi0.5Na0.5TiO3–0.1KTaO3 exhibited rela-
tively flat permittivity from 80�C to 260�C. Lim
et al.4 showed that BiScO3–BaTiO3–Bi0.5K0.5TiO3

displayed good electrical properties over a wide
temperature range. Materials with higher amounts
of K0.5Na0.5NbO3 (KNN) were found to exhibit high
electrostrictive constants and temperature-insensi-
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tive field-induced strain, being attractive for use in
high-precision positioning devices and other actua-
tors.5–7 The above-mentioned compositions include
more than six elements, making it difficult to con-
trol the compositional homogeneity of these ceram-
ics in commercial production. With regard to
potential applications, it is vital to incorporate fewer
than four kinds of raw material with reasonable
price.

We present the structural and dielectric proper-
ties of rare earth Eu-doped KNN ceramics. The
influence of Eu on the structure, permittivity, and
loss factor of KNN was investigated. To reveal the
origin of the giant dielectric loss and conductivity at
high temperatures, impedance spectroscopy was
carried out from 400�C to 600�C. We demonstrate
that KNN doped with 3 mol% Eu is a promising
dielectric for use in high-temperature applications
owing to its high dielectric permittivity over a broad
operational temperature range.

EXPERIMENTAL PROCEDURES

KNN ceramics doped with 0.0 mol%, 0.5 mol%,
1 mol%, 3 mol%, and 5 mol% Eu (denoted KNN0Eu,
KNN0.5Eu, KNN1Eu, KNN3Eu, and KNN5Eu,
respectively) were produced via a mixed oxide route
using reagent-grade oxides and carbonates. First,
analytical reagents (Sinopharm Chemical Reagent
Co., Ltd., China) Eu2O3 (99.99%), Na2CO3 (99.5%),
K2CO3 (99.9%), and Nb2O5 (99.95%) were mixed
according to the stoichiometric formula and ball-
milled in a planetary ball mill for 8 h at 350 rpm
using zirconia balls in ethanol. After drying at
100�C, the mixed powder was calcined at 850�C for
4 h, and subsequently ball-milled again for 8 h.
After drying, polyvinyl alcohol solution (PVA,
5 wt.%) was added to the powder as a binder. Pellets
of 12 mm diameter and about 2 mm thickness were
prepared under pressure of 80 MPa by uniaxial
pressing. Samples were sintered at 1110�C to
1150�C for 4 h in an Al2O3 crucible at atmospheric
pressure, sealed with powder of the same composi-
tion to minimize loss of volatile elements. Finally,
the sintered pellets were ground and polished for
measurement.

x-Ray diffraction (XRD) patterns of samples were
obtained using an x-ray diffractometer (PANalytical
X’Pert PRO) with Cu Ka radiation (1.54059 Å, step:
0.02�). Silver electrodes were coated on both sur-
faces of samples and fired at 600�C for 30 min for
electrical characterization. Dielectric measure-
ments were made isothermally, achieving thermal
equilibrium by leaving the furnace at the preset
temperature for 30 min. Data were recorded using a
computer-controlled impedance analyzer (Agilent
4294A), over a wide range of temperature (25�C to
550�C) and frequency (100 Hz to 1 MHz) with an
applied voltage of 500 mV. During cooling, im-
pedance spectra (Z¢ and Z¢¢ versus frequency) were
collected from 600�C to 400�C. The modulus M* was

calculated according as M* = M¢ + jM¢¢ = xC0Z¢¢ +
jxC0Z¢¢, where C0 is the geometrical capacitance.

RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of the Eu-doped
KNN ceramics. All the ceramics possessed a single-
phase perovskite structure with no secondary pha-
ses observed. This indicates that Eu3+ diffused into
the KNN lattice to form a solid solution. According
to Shannon’s effective ionic radius,8 Eu3+ (0.947 Å
for CN = 6 and 1.25 Å for CN = 12) is much larger
than Nb5+ (0.64 Å for CN = 6) but very similar to
Na+ (1.02 Å for CN = 12) and K+ (1.33 Å for
CN = 12). Considering the principle of crystal
chemistry, Eu3+ is suitable to enter the A site,
substituting Na+ or K+ ions to serve as a donor-type
dopant. All reflections were indexed based on the
pseudocubic unit cell. As shown in the enlarged
XRD patterns of the ceramics in the 2h range from
82� to 104� in Fig. 1b, KNN0.5Eu exhibited a typical
orthorhombic symmetry. As x was increased, two
reflections, (222) and (22�2), gradually broadened

Fig. 1. (a) XRD patterns of Eu-doped KNN ceramics, indexed with
pseudocubic Bragg reflection, and (b) enlargement near 100� for the
pseudocubic (222) and (22�2) Bragg peaks.
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and finally combined into one peak, indicating
tetragonal and cubic structure distortions at low
and high Eu substitution level, respectively.

Figure 2 provides the temperature-dependent
dielectric permittivity and loss factor of the
Eu-doped KNN ceramics from room temperature up
to 550�C. Two distinctive dielectric anomalies at
high frequencies can be discerned, being common
to KNN-based materials,9 suggesting that they
retained orthorhombic symmetry at room tempera-
ture. The dielectric anomaly at 200�C, known to
correspond to the orthorhombic–tetragonal phase
transition,10 is independent of the Eu content,
whereas the high-temperature dielectric anomaly
shifted from 350�C to 400�C with increasing Eu
concentration. It should be noted that a dielectric
anomaly near 300�C appears at low frequencies but
vanishes at high frequencies in Fig. 2a, being
attributed to space-charge polarization. The two
dielectric anomalies associated with phase transi-
tions are clearly seen for KNN0.5Eu (Fig. 2a) and
KNN1Eu (Fig. 2b), which are similar to pure KNN.
Meanwhile, the loss factor presents two small peaks
corresponding to the two phase transitions. The
intensity of the low-temperature dielectric anomaly

is higher than that of the high-temperature one for
KNN3Eu (Fig. 2c) and KNN5Eu (Fig. 2d). Fur-
thermore, the low-temperature dielectric anomaly
exhibits frequency dispersion, being one of the dis-
tinctive features characterizing ferroelectric relax-
ors. Moreover, the changes in the loss factor also
support the supposition that the samples have
relaxor characteristic.11 The high-temperature
dielectric anomaly is depressed and shifts to low
temperature. A possible reason is that the substi-
tution of Nb5+ by Eu3+ in the KNN lattice is
accompanied by the disappearance of long-range-
order ferroelectric domains and the formation of
nanoclusters for high concentration doping. Conse-
quently, the orthorhombic structure suffers signifi-
cant distortion with increasing Eu concentration,
although the two phase transitions are still present
above room temperature. This agrees with the XRD
results; i.e., Eu locates at the A site for low-content
doping but could enter the B site for high-content
doping.

Comparison of the plots of the investigated sam-
ples clearly demonstrates that high-concentration
Eu doping renders the permittivity values insensi-
tive to temperature. Here, the temperatures of the

Fig. 2. Dielectric permittivity and loss factor for (a) KNN0.5Eu, (b) KNN1Eu, (c) KNN3Eu, and (d) KNN5Eu at different frequencies.
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low- and high-temperature dielectric anomalies are
designated as TO–T (orthorhombic to tetragonal) and
TT–C (tetragonal to cubic). As mentioned above, TO–T

remained unchanged while TT–C decreased with
increasing Eu content, while both peaks are
depressed, as shown in Fig. 3. The reduction in
permittivity is responsible for the expansion of the
working temperature range and for the temperature
insensitivity. The feasibility of the studied materials
as high-temperature dielectrics was therefore fur-
ther quantified.

The permittivity normalized to the permittivity at
225�C (e/e225�C) at 1 kHz is plotted in Fig. 4. Dashed
and dotted frames indicate the operational ranges
with ±10% and ±15% tolerance, respectively. The
operational range of KNN3Eu increases from 136�C
to 455�C for ±10% tolerance to 119�C to 495�C for
±15%. Unfortunately, both the dielectric permit-
tivity and operational range decrease for KNN5Eu.
The deviation in the permittivity is a notable fea-
ture since the Electronic Industries Alliance (EIA)
permits ±15% deviation for commercially available
X7R capacitors, which are currently designated for
operation at elevated temperatures. Although lim-
ited to 125�C, the X7R material is advantageous at
low temperatures down to �55�C. In contrast, the
permittivity of the presented materials decreased
significantly when the temperature dropped below
TO–T. Therefore, as an X7R capacitor, it would be
beneficial to shift TO–T below room temperature by
chemical substitutions.

Before attempting such chemical substitutions,
the defect compensation mechanism should be
understood. Complex impedance spectroscopy is a
powerful technique to characterize many electrical
properties of a material. It is useful to evaluate the
contribution of the overall electrical properties in
the frequency domain due to migration of defect ions
in a polycrystalline material. The variation of the
normalized parameters M¢¢/M¢¢max and Z¢¢/Z¢¢max as a

function of logarithmic frequency measured at three
different temperatures is presented in Fig. 5. The
peak frequencies shift towards higher frequency as
one moves from Z¢¢ to M¢¢ for all samples at different
temperatures. The magnitude of the mismatch
between the Z¢¢ and M¢¢ peaks represents a change
of the apparent polarization.12 This difference in the
peak position of the normalized parameters pro-
vides evidence of short-range conductivity.13 Com-
pared with KNN0.5Eu (Fig. 5a), KNN1Eu (Fig. 5b),
and KNN3Eu (Fig. 5c), the curves of M¢¢/M¢¢max and
Z¢¢/Z¢¢max for KNN5Eu (Fig. 5d) clearly illustrate
that the polarization process is associated with
localized conduction of multiple carriers, revealing
the presence of multiple relaxation processes in the
material.

The relaxation frequency (x) at the apex of Z¢¢/
Z¢¢max (Fig. 5) is an intrinsic characteristic fre-
quency of ceramics. The activation energies of the
aforementioned dielectric response can be calcu-
lated from the relaxation time (x = 1/s). Relaxation
frequency plotted against reciprocal temperature
follows an Arrhenius law:

x ¼ x0 exp
�EH

kBT

� �
; (1)

where x0 is the preexponential factor and kB is the
Boltzmann constant. The activation energies EH

were calculated from the ln x versus 1/T data
shown in Fig. 6 as 1.27(2) eV, 1.29(0) eV, 0.98(2) eV,
and 0.53(5) eV for KNN0.5Eu (Fig. 6a), KNN1Eu
(Fig. 6b), KNN3Eu (Fig. 6c), and KNN5Eu
(Fig. 6d), respectively. The obtained activation
energies are similar to literature values,14,15 so the
dielectric relaxation that occurred in this tempera-
ture range should be related to movement of ionized
oxygen vacancies under the external alternating-
current (ac) electric field.16,17

Fig. 3. Dielectric permittivity of Eu-doped KNN ceramics at 1 MHz.
The temperatures of the low- and high-temperature dielectric
anomalies are TO–T and TT–C, respectively.

Fig. 4. Change in permittivity at 1 kHz (at 150�C) and illustration of
operational range for deviation of ±10% (green dashed frame) and
±15% (red dotted frame) for (a) KNN3Eu and (b) KNN5Eu (Color
figure online).
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Normally, dielectric materials contain a certain
density of localized charges, some of which may be
able to hop over many consecutive sites, ultimately
giving rise to dc conductivity, while others may be
restricted to shorter ranges, with the limiting case
of pairs of hopping sites. The rac = xC0ertan d of
all samples decreased with decreasing frequency
and became independent of frequency at low
frequency (not shown here). The direct-current
conductivity (rdc) can be obtained by extrapola-
tion of the low-frequency part. It is clearly
described by the so-called universal dielectric
response law:18

rac ¼ rdc þ Axs; (2)

where A and s (0< s< 1) are two temperature-de-
pendent adjusting constants. Equation 2 is typical
of thermally assisted tunneling between localized
states. The temperature dependence of rdc thus
obtained follows an Arrhenius law given by

rdc ¼ T�1r1 exp
�Edc

kBT

� �
; (3)

where r1 is the preexponential factor and Edc is the
activation energy of conductivity. Edc was calculated

as 1.01(1) eV, 1.09(9) eV, 0.89(8) eV, and 1.01(1) eV
for KNN0.5Eu (Fig. 6a), KNN1Eu (Fig. 6b),
KNN3Eu (Fig. 6c), and KNN5Eu (Fig. 6d), respec-
tively, from the ln Trdc versus 1/T plot in Fig. 6. The
activation energy is similar to that reported in lit-
erature.19–21 Consequently, the high-temperature
conductivity should be associated with long-range
hopping of oxygen vacancies.

Comparing the relaxation activation energy (EH)
and conductivity activation energy (Edc), the former
obviously depends on the Eu content, first increas-
ing then decreasing. The value of the thermal acti-
vation energy is related to the concentration of
oxygen vacancies. Na/K evaporation results in oxy-
gen vacancies in pure KNN, which induces intrinsic
oxygen vacancies as follows:22

K2O þ Na2O ¼ V 0
K þ V 0

Na þ V��
O þ 1=2Na2OðgÞ

þ 1=2K2OðgÞ ð4Þ

When Eu2O3 is added to KNN, it tends to occupy
the A site due to the similar ionic radius of Eu3+ and
Na+/K+. Therefore, donor compensation (Eq. 5)
could happen and thus restrain the oxygen vacancy
concentration. Consequently, the activation energy

Fig. 5. Logarithmic plot of normalized parameters (M¢¢, Z¢¢) for (a) KNN0.5Eu, (b) KNN1Eu, (c) KNN3Eu, and (d) KNN5Eu at different tem-
peratures.
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of oxygen vacancies will increase. The maximum
activation energy is presented by KNN1Eu.

Eu2O3 þ 2V��
O ¼ 2Eu��

Na þ 6O (5)

On further increasing the content of Eu, it locates
at the B site to substitute for Nb, which results in an
increase of oxygen vacancies (Eq. 6).

Eu2O3 þ Nb2O5 ¼ 2Eu0
Nb þ 2NbNb þ V��

O þ 16OO

(6)

The aforementioned compensation mechanism is
in agreement with the XRD results (Fig. 1) and the
temperature dependence of the dielectric permit-
tivity (Fig. 2). Consequently, for low-concentration
Eu doping, Eu enters the A site and restrains the
concentration of oxygen vacancies (Fig. 6), while the
dielectric anomaly of the tetragonal–cubic phase
transition is not depressed (Fig. 2a and b). However,
for high-level doping of Eu, it diffuses into the B site

to substitute for Nb and leads to structural distor-
tion. Additionally, the dielectric anomaly of the
tetragonal–cubic phase transition is depressed
(Fig. 3), which results in good dielectric tempera-
ture stability (Fig. 4). On the other hand, the con-
centration of oxygen vacancies will increase due to
acceptor doping (Eu substitutes for Nb) (Fig. 6).

CONCLUSIONS

Rare earth Eu-doped KNN ceramic compositions
for potential use in high-temperature dielectric
applications were developed. The compositions pro-
vided not only high dielectric permittivity but also a
wide operational temperature range. The dielectric
properties of the Eu-doped KNN ceramics depend on
the defect compensation mechanism; i.e., Eu enters
the A site for low-concentration doping but diffuses
to the B site for high-level doping. KNN3Eu is
suitable for development of high-capacitance, cost-
effective capacitors for high-temperature applica-
tions beyond 200�C.

Fig. 6. Temperature dependence of the most probable relaxation frequency obtained from the normalized imaginary part of impedance plots and
Arrhenius plot of dc conductivity for (a) KNN0.5Eu, (b) KNN1Eu, (c) KNN3Eu, and (d) KNN5Eu. Squares are experimental points, and solid lines
are least-squares straight-line fits.
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