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Abstract
Al 3+-, V 3+-, Sc 3+-, In 3+- and Y 3+-ion-doped lead-free X-BaZr 0.15Ti 0.85O 3(X-BZT-15) ceramics were prepared with
the solid-phase reaction method. The crystal structure, micromorphology, and dielectric properties of the X-BZT-15
ceramics were studied. X-ray diffractometry shows that the prepared ceramics have a perovskite structure. Raman
spectroscopy shows that the doped ions of BZT-15 ceramics do not significantly change the vibration frequency of the
A 1(LO 3) mode, but have a greater impact on the new A 1 g mode. The unit cell volume first increases and then decreases
as the ion radius increases. When the doped ion radius is less than 0.0885 nm (Sc 3+), the substitution type of the doped
cation is B-substitution. When the doping ion radius is greater than 0.0885 nm (Sc 3+), the substitution type of the
doped cations gradually changes from B-site substitution to A-site substitution. Electron scanning microscopy shows
that the doping of Y 3+ and V 3+ can promote grain growth, and the doping of Sc 3+ can refine the grains. The doping
of Y 3+ can promote polarization, the doping of V 3+ can passivate the grain boundaries, and the doping of both ions
can promote the improvement of dielectric properties. The diffuseness of the phase transition shows that as the ionic
radius increases, the c value increases. The doped ions are Sc 3+, and the maximum value of c is 1.877. Then c decreases
as the ion radius increases.
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I. Introduction
Perovskite material is a crystalline material with ABO 3
structure. Owing to its complex spatial structure, it has
more physical properties. BaTiO 3 (BTO) is a typical perovskite material. It is often used in multilayer ceramic capacitors (MLCC), sensors, and memories mainly because
of its lead-free properties and its outstanding dielectric,
piezoelectric, and ferroelectric properties 1 – 3. However,
BTO ceramics are often modified for better application in
device manufacturing. The Curie temperature of unmodified BTO ceramic is 120 °C. The Curie temperature can
be reduced to room temperature by adjusting the doping
concentrations of Sr +4, Zr +4 and Sn +4 4 – 7. In addition, the
dielectric constant of pure BTO ceramics is usually in the
range of 1 000 to 3 000, and the dielectric properties can be
improved by means of structural design, optimization and
improvement of manufacturing processes. The modification of using Zr +4 to replace Ti +4 in BTO ceramics is more
common in existing research. The main reason is that Zr +4
and Ti +4 have similar ionic radii and the substitution type
of Zr +4 introduced into the crystal lattice is B-site substitution. Zr +4 and Ti +4 belong to the same main group in the
periodic table, and the radius of Zr +4 is also larger. Therefore, the Zr +4 enters the position of Ti +4 in the barium
*
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titanate ceramic, and the chemical structure is more stable. In addition, BTO ceramics have three phase transition
points of -90, 5 and 120 °C, and the three phase transition
points move closer to each other as the Zr +4 ion content
increases 8 – 11. The three phase transition points coincide
with each other when the Zr +4 ion content is 15 %. The
coincidence of the three phase transitions is conducive to
increasing the dielectric constant of the ceramic.
BaZr xTi 1-xO 3 (BZT) ceramics with a Zr +4 ion content of
15 % are conducive to the improvement of dielectric properties and have attracted the attention of many scholars.
Qitu Zhang et al. prepared Bi-doped BaZr 0.15Ti 0.85O 3 ceramics with the solid-phase reaction method, and systematically studied the effects of Bi ion doping on the dielectric
properties and breakdown strength of BaZr 0.15Ti 0.85O 3
ceramics. The results show that the doping of Bi ions
significantly reduces the dielectric loss and improves the
dielectric properties 12. Muhammad Asif Rafiq et al. prepared ZnO-doped BaZr 0.15Ti 0.85O 3 ceramics with the
solid-phase reaction method, and studied the effects of
different concentrations of ZnO doping in BZT ceramics
based on structure, dielectric, and impedance. The results show that with the increase of ZnO concentration,
the density increases and the grain size increases. Complex impedance spectroscopy revealed non-Debye type
relaxation phenomenon, revealing that this relaxation of
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dipoles is characterized by the jumping mechanism of
oxygen vacancies 13. Wanqiang Cao et al. prepared Nb 2O 5
doped BaZr 0.15Ti 0.85O 3 ceramics with the solid-phase reaction method, and studied the effect of Nb doping on the
dielectric properties of BZT ceramics. The results showed
that the color of the ceramic changed from blue to yellow
with the increase of the Nb 2O 5 content. The dielectric
constant increases with the increase of the Nb 2O 5 doping
content. When the Nb 2O 5 content is 0.10 mol%, the dielectric constant has the maximum value 14. In addition,
some reports have studied the influence of Yb, Gd, Al,
Cu, Fe and other ions on the dielectric and ferroelectric
properties of BZT ceramics 15 – 19. All studies have the
same trend that doping ions can promote grain growth
and improve dielectric properties. It is worth noting that
the optimal doping content is close to 1 mol%. However,
the effects of doping different X-ions on the properties of
BaZr 0.15Ti 0.85O 3 ceramics are rarely reported.
In this paper, BaZr 0.15Ti 0.85O 3 ceramics doped with
1 mol% of Al 3+, V 3+, Sc 3+, In 3+ or Y 3+ were prepared
by means of solid-phase reaction. The crystal structure, micromorphology and dielectric properties of
X-BaZr 0.15Ti 0.85O 3 ceramics were investigated.
II. Experimental Procedure
BaZr 0.15Ti 0.85O 3 ceramics doped with 1 mol% of Al 3+,
V 3+, Sc 3+, In 3+ or Y 3+ (denoted X-BZT-15, where X =
Al, V, Sc, In or Y) were prepared by means of solid-phase
reaction. The raw materials used are BaCO 3 (99.8 %),
TiO 2 (99.5 %), ZrO 2 (99.99 %), Al 2O 3 (99.99 %), V 2O 5
(99.99 %), Sc 2O 3 (99.99 %), In 2O 3 (99.99 %) and Y 2O 3
(99.99 %). Firstly, the raw materials were put into a nylon
ball mill tank and ball-milled for 24 h according to the molar ratio. They were then dried in an oven at 120 °C. The
sample material was then calcined at 1 150 °C for 12 h in
a crucible. 1 mol% of oxide was weighed and ball-milled
together with the above powder for 12 h. A green material
having a diameter of u = 10 mm and a thickness of d = 1 mm
was prepared under a pressure of 20 MPa, with 5 % PVA
as a binder. The ceramic green body was rapidly heated to
600 °C in a high-temperature box-type resistance furnace
and held for 0.5 h so that the PVA glue could be discharged
from the sample. Finally, the sample material was prepared
by holding at 1 350 °C for 2 h. The samples were polished
on both sides with silver paste and annealed at 600 °C for
15 min to complete the electrode fabrication.
An X-ray diffractometer was used to analyze the crystal
structure of the samples. The X-ray diffractometer device
model was an Ultima IV and the test range 20 ∼ 80°. The
Raman spectrum was measured with the 532 nm excitation
at room temperature, and the equipment model used was a
LabRAM HR. The density of the sample was measured according to the Archimedes principle. The microstructure
was measured by a field emission electron scanning microscope, a Japan Electronics JSM-7610F Plus. The dielectric
performance was measured with a Concept 50 wide-band
dielectric test system produced by the German company
Navocontrol Technologies.

Vol. 12, No. 1

III. Results and Discussion
Fig. 1 shows the X-ray diffraction pattern of X-BZT15 ceramic. In the figure, all ceramic samples have a perovskite structure, which proves that the cations enter the
crystal lattice well. It can be seen from the enlarged image
near 45 ° that the sample doped with Sc 3+ has a pseudo-cubic phase structure. In the figure, the diffraction peaks are
chaotic with the doping of different ions, but this is not the
case. The doped ions Al 3+, V 3+, Sc 3+, In 3+, and Y 3+ have
ionic radii of 0.0657, 0.078, 0.0885, 0.094, and 0.104 nm, respectively. As the ion radius increases, the diffraction peak
shifts to a lower angle when the doped ion radius is smaller than the Sc 3+ ion radius. As the ion radius increases, the
diffraction peak will move to a high angle when the doped
ion radius is larger than the Sc 3+ ion radius. Al 3+ has the
smallest ion radius of all the doped ions used. The ion radius of the doped ions gradually increases from 0.0657 nm
Al 3+ ions to 0.0885 nm Sc 3+, so the diffraction peak moves
to a small angle. The ionic radius of the doped ions in this
range is B-site substitution 20 – 21. When the ion radius of
the doped ions is larger than Sc 3+ and continues to increase, it is interesting that the diffraction peak appears to
move to a high angle. It may be that when the ion radius
is greater than 0.0885 nm (greater than the Sc ion radius),
this will cause partial A-site substitution 22 – 23. The A-site
substitution in BZT-15 ceramics gradually increases with
the increase of the doped ion radius.

Fig. 1: XRD patterns of x-BZT-15 ceramic samples and magnification of (200) diffraction peaks.

Fig. 2 shows the volume change and density curve of the
unit cell doped with different ions. In the figure, the cell
volume increases as the ionic radius increases. The unit cell
volume reaches its maximum when the doped ion radius
increases to 0.0885 nm (Sc 3+ ion radius). The unit cell volume decreases slowly when the doped ions are 0.094 nm
(In 3+ ion radius). When the doped ion radius is 0.104 nm
(Y 3+ ion radius), the unit cell volume drops abruptly. This
may be because there is a threshold value of doped ion
radius in BZT ceramics and the threshold value is near
0.0885 nm. The cell volume increases with the increase of
the doped ion radius and the substitution type is B-site
substitution when the ion radius of the doping element is
less than the threshold value. When the ion radius of the
doping element is greater than the threshold value, the cell
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volume of sample decreases as the ion radius of the doped
ion increases. Doped ions begin to appear as partial A-site
substitutions and the number of A-site substitutions increases with increasing ionic radius. This is the same as the
X-ray diffraction pattern in Fig. 1. It can be clearly seen
in the figure that doped V 3+ and doped Y 3+ have a larger density compared to other samples, while doping Sc 3+
and doping In 3+ are not conducive to the increase in sample density. The change of sample density is related to the
type of doped ions, but we think the main reason may be
the influence of doped ions on the morphology of crystal
grains. Later, we will observe the microstructure by means
of SEM to further analyze the density of the sample.

Fig. 2: x-BZT-15 ceramic unit cell volume curve and density curve.

Fig. 3 shows the Raman spectrum of the X-BZT-15
ceramic sample measured at room temperature. Three
bands with peak are typical in the BTO crystal structure,
which are A 1(TO 2) ∼ 265, A 1(TO 3) ∼ 521 and A 1(LO 3),
E (LO) ∼ 725 cm -1 24 – 25. The presence of characteristic
peaks can be seen in the figures. In addition, the peaks
B 1,E(LO+TO) near 295 ∼ 310 cm -1 are related to the
tetragonal-cubic phase of BZT ceramics. In addition, there
is a weak peak in BZT-15 ceramics at around 850 nm when
the dopant ion is Sc ion. A weak peak becomes a strong
peak when the doped ion radius is greater than the Sc ion
radius. Therefore, BZT ceramics doped with Sc ions may
have some tetragonal phases, and the polar axis is elongated as the radius of doped ions increases 26 – 27. This
corresponds to the XRD pattern of Fig. 1. A 1(TO 3) mode
is related to the ferroelectric phase transition and the longrange order of the dipole. It can be seen from the spectrum
that the doped Sc ion has the most intense Raman peak in
this mode.
Fig. 4 shows the enlarged map of A 1(LO 3) mode and the
map of the ratio of A 1(LO 3)/A 1 g. In order to better analyze the Raman spectrum, we split the spectrum and fit
it. Obviously, the new mode A 1 g appears next to the A 1
(LO 3) mode 28. In the picture, the vibration frequency of
the A 1(LO 3) mode did not show a large change with different ion doping. It shows that the doping of ions is not
sensitive to the bonding of oxygen octahedra. However,
after doping with different ions, the vibration frequency
of the A 1 g mode shows a greater change. The A 1 g vibra-
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tion frequency may be related to the polarization rate. In
related reports, the A 1 g vibration frequency decreases and
the polarization rate decreases 28 – 29. Samples doped with
Sc 3+ may have the lowest polarizability. In addition, the
ratio of relative strength of A l(LO 3)/A lg is usually used as
an indicator of ferroelectricity and polarization 30 – 31. In
the figure, the ratio of A 1(LO 3)/A 1 g relative intensity is
the smallest when doped with Sc 3+. Therefore, the polarization and ferroelectricity of BZT ceramics doped with
Sc 3+ may be the weakest. It can also be found in the figure that the A 1(LO 3)/A 1 g ratio of doped In 3+ and doped
Y 3+ is the largest, indicating that the polarization and ferroelectricity may be the strongest.

Fig. 3: Raman spectrum of x-BZT-15 ceramic measured at room
temperature.

Fig. 5 (a-e) shows the scanning electron microscope photograph of X-BZT-15 ceramic. It can be seen from the photos that all ceramic samples are dense, and the grains are full
and round. Fig. 5a is an Al 3+ ion-doped BZT-15 ceramic
sample. The average grain size of the sample is about 6 lm.
The grains of the sample are full, and the grain boundaries are clear. Fig. 5b is a ceramic sample doped with V 3+.
It can be seen from the figure that the grain size is large,
and the average grain size is about 10 lm. In addition, it
is clear in the photo that the originally angular grains are
surrounded by strips. The gaps between the grains may be
blurred or passivated by the strips, so that the ceramic sample is denser and corresponds to the density curve in Fig. 2.
Fig. 5c shows a photo of the microstructure of the Sc 3+ion-doped BZT-15 ceramic sample. It can be seen that the
grain size of this sample is the smallest of all the samples,
and the average grain size is only 1.5 lm. Fig. 5d shows a
photo of the microstructure of the In 3+-ion-doped BZT15 ceramic sample. It can be seen from the figure that the
average grain size is 6 lm. In the photo, it can also be seen
that the crystal grains have steep edges and are not round,
which may produce some holes and reduce the density.
Fig. 5e shows the Y 3+-ion-doped BZT-15 ceramic. It can
be seen from the photo that the grains are in close contact
and the grains fill the entire space, so fewer holes are generated. The average grain size of the samples is 8 lm. There
are ring textures on the surface of the grains, which may be
caused by the polarization of the sample.
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Fig. 4: The Raman spectrum of the BZT-15 sample is decomposed into A 1 (LO 3) and A 1 g patterns and the ratio curve of A1 (LO 3) and A1 g.

Fig. 5: SEM photos of x-BZT-15 ceramic (a) x = Al, (b) x = V, (c) x = Sc, (d) x = In, (e) x = Y.
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Fig. 6 shows the dielectric constant of X-BZT-15 ceramics as a function of temperature measured at 1 kHz. In the
figure, BZT-15 doped with Y 3+ and V 3+ has the largest
dielectric constant of all the ceramic samples. These two
doped samples have the same characteristics to increase
the dielectric constant. The average grain sizes of BZT-15
ceramics doped with Y 3+ and V 3+ are 8 and 10 lm, respectively. The grain size is larger in all samples. Large-grained
samples have fewer grain boundaries in the same volume.
More amorphous substances at the grain boundaries in
the sample are not conducive to improving the dielectric
properties 32 – 34. Secondly, it can be seen from the density
curve that the BZT-15 ceramic samples doped with Y 3+ and
V 3+ have a higher density, which is more consistent with
the density curve shown in Fig. 2. The increase in density
is beneficial to improving the dielectric properties 35 – 36.
These same reasons can increase the dielectric properties
of the sample. The difference is that the ring-shaped texture can be seen in Y 3+-ion-doped samples, which may be
caused by sample polarization. The sample polarization is
beneficial to improve the dielectric properties of the sample. V-BZT-15 ceramics can be seen to be surrounded by
strips around the grains. The presence of the strips may
have the effect of passivating grain boundary defects and
improve the dielectric properties of the sample.

Fig. 6: Temperature dependence of dielectric constant and loss of xBZT-15 ceramic.

It can also be seen from the dielectric temperature spectrum that as the ionic radius increases, the Curie temperature gradually decreases, and the ion radius of the doped
sample increases from 0.068 nm for Al 3+ to 0.104 nm for
Y 3+ and its Curie temperature decreases about 13 °C. First,
the Curie temperature is related to the ion radius. The oxygen octahedron is deformed or distorted due to the change
of doped ions. In the BZT ceramic system, the slope of the
oxygen octahedron has a greater effect on the Curie temperature 37 – 38. In addition, the grain size of the sample also has a certain effect. The Sc 3+ ion radius of Sc-BZT-15
ceramic sample is 0.0885 nm, which is between the V 3+ ion
and In 3+ ion radius. The Curie temperature should be lower than that of V-BZT-15 and larger than that of In-BZT15. However, the Curie temperature is slightly lower than
that of the In-BZT-15 sample. The grain size of Sc-BZT15 ceramics was sharply reduced after being doped with
Sc 3+. Similar reports have reported that the phase transi-
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tion temperature of ceramic samples is reduced when the
grain size is reduced 39 – 40.
Modified Curie-Weiss law fitting was used to analyze the
relaxation of different cation-doped samples. The modified Curie-Weiss law formula is described as follows 41 – 42:
1
(T -TC )γ
1
=
ε εmax
C
where e is the permittivity, and e max is the maximum permittivity in a variable temperature environment. T is the
temperature in a variable temperature environment. T c is
the temperature at the maximum dielectric constant. C is a
modified Curie-Weiss constant and c is a dispersion constant. When c = 1, the sample is a normal ferroelectric,
and when c = 2, the sample is a relaxor ferroelectric. The
value of c can be drawn from the relationship between
ln(1/e–1/e max) and ln(T-T c). Fig. 7 shows that the c value
of the doped Al 3+ is 1.569, and the c value increases gradually as the ion radius of the doped cation increases. When
the ion radius reaches 0.0885 nm (Sc 3+ ion), the value of
c is 1.877 to the maximum value, which is more consistent with the Raman spectrum reported. As the ionic radius continues to increase, the c value gradually decreases,
and when the ionic radius increases to 0.104 nm (Y 3+), the
c value decreases to 1.676. The doped ion radius can adjust the transition of BZT ceramics from standard ferroelectrics to relaxation ferroelectrics. In addition, the unit
cell parameters of the sample have a certain relationship
with the relaxation phase transition. When the ion radius
of the doped ions is 0.0885 nm (that is, Sc 3+), the unit cell
volume reaches the maximum, so the c is the largest.
Fig. 8 shows the curve of the dielectric constant of the XBZT-15 ceramic sample as a function of frequency measured at room temperature. It can be clearly seen from the
figure that Y-BZT-15 ceramic has the largest dielectric constant. The first reason may be that Y 3+ has a certain promoting effect on the increase of the dielectric constant of
the ceramic, which has been analyzed above. The second
reason is the effect of the Curie temperature on the dielectric constant. The test of X-BZT-15 ceramic is measured
at room temperature, and the Curie temperature of BZT15 ceramic doped with Y 3+ is closest to room temperature.
The Tc of In-BZT-15 ceramic is slightly larger than the Tc
of Y-BZT-15 ceramic, so the dielectric constant is slightly lower than that of the Y-BZT-15 ceramic sample. The
dielectric constant of Y-BZT-15 ceramics is greatly affected by frequency, while other samples are less affected by
frequency. This is because in the dielectric frequency spectrum, the interface polarization in the low frequency region plays a dominant role 22, 26. The Y-BZT-15 ceramic
sample fluctuates greatly in this frequency range, which
may be caused by a large interfacial polarization. Interfacial polarization in polarization is mainly caused by some
macroscopic polarizations, such as the interface between
grain boundaries, phase boundaries, and domain boundaries. Y 3+ generates more A-site substitutions in the crystal
structure, which distort the unit cell. More distortion may
cause internal stress in the crystal and promote the formation of interfacial polarization. Secondly, the ring-shaped
fringes produced by the crystal may also be related to interfacial polarization.
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Fig. 7: Plot of ln(1/e–1/e m) as a function of ln(T-T m) of x-BZT-15 ceramics at 1 kHz.

IV. Conclusions

Fig. 8: Frequency dependence of dielectric constant and loss of xBZT-15 ceramic samples measured at room temperature.

X-BZT-15 ceramics (x = Al 3+, V 3+, Sc 3+, In 3+, Y 3+) were
prepared with the solid-phase reaction method. Sc 3+ with
an ion radius of 0.0885 nm can be used as a limit. When the
doped ion radius is below 0.0885 nm (Sc 3+), the X-BZT15 ceramic sample will be replaced at the B site. The XBZT-15 ceramic sample will be replaced at the A site when
the doped ion radius is above 0.0885 nm (Sc 3+). The doping of Y 3+ and V 3+ can promote crystal growth and greatly
improve the dielectric properties of ceramic samples. The
relaxation phase transition of the BZT-15 ceramic sample
increases with the increase of the ion radius. The c reaches a maximum value when the radius of the doped ions
is 0.0885 nm (Sc 3+) and then the c is reduced. The Curie
temperature moves toward lower temperatures with increasing ionic radius. The doped ion radius increased from
0.068 nm(Al 3+) to 0.104 nm(Y 3+), and the Curie temperature decreased by 13 °C.
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