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In this paper, the effects of O2 and N2 sintering atmospheres on the physical phase and microstructure of BSIT ceramics were
investigated by using In3+-doped BST ceramics as the research object. And then the dielectric properties of the ceramics in
the frequency range of 20Hz-300000 Hz were investigated by constructing ceramic capacitors. The results show that the
ceramic sintered in N2 atmosphere has a denser morphology and a higher dielectric constant of 862 compared with the ceramic
sintered in O2 atmosphere, and the dielectric loss is reduced by about 39% in the high frequency stage.
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Introduction

Ferroelectric materials have a wide range of
applications in microwave tuners [1], dynamic random
memories (DRAMs) [2], surface acoustic wave devices
[3], phase shifters [4] and other devices due to their
superior dielectric, piezoelectric, ferroelectric, thermoelectric
and optoelectronic properties. Typical ferroelectric
materials currently available are PbZrxTi1-xO3(PZT),
(Pb,La)(Zr,Ti)O3(PLZT), (Pa,La)TiO3(PLT), PbTiO3,
BaTiO3 (BT), barium strontium titanate ((Ba,Sr)TiO3,
BST), SrBi2Ta2O9(SBT), etc. Among them, perovskite
ABO3 type BST is a complete solid solution formed by
mixing and sintering two materials, barium titanate and
strontium titanate, which combines the advantages of
both materials and is a ferroelectric material with high
dielectric coefficient, strong voltage nonlinearity, low
loss and high stability, with the spontaneous polarisation
common to ferroelectrics, they are used in a wide range
of applications such as capacitors and semiconductor
storage [5-7]. However, the high dielectric loss of BST
materials leads to the shortened service life and
deterioration of the performance of capacitors and
other areas, and how to reduce the dielectric loss while
maintaining a suitable dielectric constant (300 < εr <
1500) [8] is a hot topic of current research. The
commonly used modification method is doping, such
as doping with MgO, La2O3, CaSnO3 and other oxides
to improve the dielectric properties of BST [9, 10] to
improve their dielectric properties in high temperature

and high voltage environments. Lin [11] used CaSnO3

to dope modify BST dielectric ceramics. When the
doping amount of CaSnO3 was varied from 1.5 wt% to
8 wt%, the dielectric constant of the BST dielectric
ceramic samples first decreased, then increased and
then decreased, and the dielectric loss first decreased
and then increased, and the lowest dielectric loss was
0.069 at a doping concentration concentration of 6
wt%. Jia [12] found that the doping of MgO and La2O3

significantly reduced the dielectric constant and losses
of BST materials by doping them with MgO and La2O3

and testing them using the capacitance method. Also
by changing the preparation process such as sintering
temperature [13], addition of sintering aids [14], dopant
concentration [15], etc. By varying the sintering
temperature of the BST ceramics, Jing [16] found that
the BST ceramics calcined at 950 °C had the highest
densities, a high dielectric constant of 7676 and a
dielectric loss of 0.01. Li [17] prepared BST-BZN
complex phase ceramics with good dielectric constant
temperature stability using 10 wt% Bi2O3-ZnNb2O6

(BZN) as a sintering aid.
The structure and electrical properties of ceramics are

also related to the sintering atmosphere, For example,
the dielectric constant of BT ceramics sintered in an
inert protective atmosphere was significantly improved
by Duan [18]. Zhang [19] studied the effect of sintering
atmosphere on the properties of SBT ferroelectric
ceramics and found that SBT ceramics sintered in an
oxygen atmosphere had greater polarization strength
and lower coercivity field, which effectively improved
the ferroelectric properties of SBT ceramics,and the
crystal structure of ceramics prepared under different
sintering atmospheres may also be very different [20].
The results of theoretical studies give that the ambient
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atmosphere affects the formation energy of O2- vacancies
[21]. Therefore, changing the sintering atmosphere
during the preparation of ceramics is expected to
change the concentration of oxygen vacancies and
cation vacancies in the ceramics, thus changing their
electrical properties. In combination with the above,
many factors can affect the structure and properties of
BST ceramics, but relatively few studies have been
reported on the effect of sintering atmosphere on the
crystal structure and dielectric properties of BST-based
ceramics. In our previous work, we investigated the
effect of In2Se3 doping on the dielectric properties of
BST ceramics, and the results showed that In2Se3 doping
can reduce the dielectric loss of BST. Therefore, this
experiment further investigated the changes in the
physical phase structure and surface morphology of the
ceramics by sintering with two atmospheres, N2 and
O2; the effect of sintering atmosphere on the dielectric
properties of the ceramics was investigated by preparing
ceramic capacitors, in order to obtain a suitable
sintering atmosphere and high dielectric and low loss
BSIT ceramics.

Experimental Procedure

Preparation of In3+-doped BaxSr1-xTiO3(x=0.6) ceramics
by sol-gel method:C4H6BaO4 and C4H6O4Sr were
dissolved in deionized water and labeled as solution A.
C16H36O4Ti and In2Se3 were dissolved in ethanol and
glacial acetic acid for mixing and labeled as solution B.
Solution A was added drop by drop to solution B,
stirred to form a more stable purple-black sol, and then
left to age for 24 hours and dried at 85 °C for 6 hours
in a constant temperature drying oven to form a dry
gel. Then calcined at 800 °C under O2 atmosphere to
obtain 2.5% In2Se3@BST powder, added 5 wt% PVA
and pressed into circular blanks of 10 mm diameter
under 10 Mpa pressure. Finally, the BSIT ceramics
were produced by sintering in different atmospheres
(O2, N2) for 4 h at a sintering temperature of 1300 °C
and cooling to room temperature with the furnace
(noted as sample 1 and sample 2). The electrodes were
first made by printing silver paste on both sides of the
ceramic sheet at 800 °C to obtain BSIT ceramic
capacitor samples.

X-ray diffraction (XRD) characterization by Cu Kα
radiation on an X-ray diffractometer (XRD-7000S,
Shimadzu, Japan) and morphology and microstructure
of BSIT ceramics by field emission scanning electron
microscopy (SEM) (JSM-7800F, Oxford, UK); The
thickness and diameter of the samples were measured
first, and then the capacitance and loss factor of the
samples were tested at frequencies from 20 Hz to
30,0000 Hz using an automatic component analyzer
(TH2818, Le yi Electronics Co. Ltd. China), and the
thickness and diameter of sample 1 and sample 2 were
measured separately using vernier calipers first; The

relative dielectric coefficients εr and the tangent of the
dielectric loss angle tanδ of the samples at the same
temperature at different frequencies and at the same
frequency at different temperatures are calculated
according to Equations (1) and (2):

(1)

(2)

In formula: h is the thickness of the sample (cm); C
is the capacitance of the sample (pF); D is the dielectric
loss factor; Φ is the area of the sample; ε air dielectric
constant is equal to 1.

Results and Discussion

Ceramic crystal structure and physical phase analysis
Fig. 1 shows the XRD patterns of BSIT ceramics and

BST ceramics sintered in N2 and O2 calcination
atmospheres. As can be seen from the figure, the
ceramics obtained by sintering in both atmospheres did
not change the composition of the main crystalline
phase, the amount of doped In3+ did not reach the
dissolution saturation of In3+ in BST, and thus no
second phase was generated, In3+ completely enters the
perovskite lattice, a=3.965 Å. It suggesting that different
sintering atmospheres do not affect the change in the
physical phase of BST-based ceramics.However, the
intensity of the (110) diffraction peak and other peaks
of sample 2 was significantly higher than that of
sample 1, indicating that the nitrogen atmosphere was
more favorable for BST crystallization.

Surface morphology analysis of ceramics
Fig. 2 and Fig. 3 are the EDS energy spectra of

ceramics sintered under two different sintering atmospheres.
It can be seen that the elements are uniformly distributed
on the surface of the samples, but the distribution of
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Fig. 1. XRD patterns of BSIT ceramics and BST ceramics sintered
after calcination with N2 and O2 calcination atmosphere.
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elements on the surface of sample 2 is more dense,
indicating that the particles of sample 2 are closely
connected and the surface is more dense; there is no Se
element in both samples, and the analysis suggests that
it is because the sintering temperature of the ceramics
is too high, resulting in the volatilization of Se elements.
Fig. 4 shows the SEM images of the ceramics (sample
1) sintered under O2 and N2 atmosphere. From the

figure, it can be seen that the surface grain morphology
of both samples is basically spherical. The microstructure
of sample 1 is loose, there are obvious holes, the
interface between the grains is blurred, the size is
small, the average diameter is 315.16 nm, the porosity
is high, while the microstructure of sample 2 is denser,
the porosity is low, the grain shape is regular and
angular, the grain boundary is clear and flat and

Fig. 2. EDS plot of ceramic samples sintered under O2 atmosphere.

Fig. 3. EDS plot of ceramic samples sintered under N2 atmosphere.

Fig. 4. SEM images of ceramic samples sintered under O2 (a) and N2 (b) calcination atmosphere.
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continuous distribution, the size shows a trend of
increasing, the average diameter is about 569.35 nm.
The surface grain size of the two samples is different
because the radius and valence of In3+ are different
from Sr2+ and Ba2+. In order to maintain the valence
balance, certain vacancies must be generated, and the
appearance of vacancies back to cause lattice distortion,
lattice distortion to consume a certain amount of
energy, but the solute sub-condensation on the grain
boundaries with defects do not need to consume
energy, so the ions into the BST are easy to deviate in
the grain boundaries or near the grain boundaries,
resulting in its microscopic surface unevenness. This
leads to the unevenness of the microscopic surface.
However, due to more oxygen vacancies in the N2

atmosphere, a reaction (3) occurs:

(3)

This leads to an increase in vacancy concentration
during the sintering process, resulting in an increase in
the ion diffusion rate and the formation of BSIT
ceramics with a uniform and dense structure. Therefore,
the N2 environment can promote the growth of ceramic
grains and enhance the sintering activity of ceramics,
thus improving the surface densities of ceramics.

Analysis of the dielectric properties of ceramics
Fig. 5 shows the variation of the dielectric constants

of sample 1 and sample 2 between the test frequencies
of 20 Hz and 300000 Hz. It can be seen from the figure
that the dielectric constants of both samples 1 and 2
largely show a decreasing trend with increasing frequency
and the stability increases with frequency, but the
dielectric constants of the ceramics in N2 atmosphere
are higher than those in O2 atmosphere. This is due to
the higher oxygen vacancy concentration under N2

atmosphere, which increases the atomic diffusion rate
during the sintering process and enhances the structural
homogeneity and densities of the ceramics, which is
consistent with the results obtained from SEM maps.

The stability of the dielectric constant in the high
frequency band was determined by calculating the
variance of the dielectric constant for frequencies
greater than 50,000 Hz. The variance was 7.3 for
sample 1 and 2.84 for sample 2, it can be seen that
ceramics sintered in N2 atmosphere are more stable in
the high frequency stage. The dielectric loss is about
0.014 for sample 2 and 0.023 for sample 1 in the high
frequency stage, so the dielectric loss of the BSIT
ceramics sintered in N2 atmosphere is reduced by about
39% in the high frequency stage compared to the O2

sintering atmosphere.
Fig. 6 shows the variation of the dielectric loss of

sample 1 and sample 2 between the test frequencies of
20 Hz and 300000 Hz. The dielectric constant decreases
monotonically with frequency, and the dielectric loss
tends to decrease first and then increase with increasing
frequency, with an extreme value at a certain frequency.
These properties are consistent with the frequency
characteristics of the medium with relaxation polarization
and cross-conductivity, indicating the presence of ion
relaxation polarization and leakage currents in the BSIT

Oo
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Fig. 5. Dielectric spectra of ceramic samples under different
sintering atmospheres.

Fig. 6. Dielectric loss spectra of ceramic samples under different calcination atmospheres (a) Low frequency stage; (b) High frequency stage.
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ceramic samples. This is due to the high concentration of
crystal defects caused by the volatilization of Se2+ ions
and the formation of oxygen vacancies at high
temperatures, the concentration of relaxation ions is
high, and the polarization mechanism is dominated by
space charge polarization and ion relaxation polarization.
When the frequency is higher, the space charge
polarization and ion relaxation polarization are not
established in time, the dielectric constant decreases
and the loss increases. However, in the low frequency
stage, the dielectric loss of sample 2 is higher than that
of sample 1, probably because at low frequencies, the
molecules and ions in the medium move relatively
slowly and are more restricted by the lattice, so it is
difficult for the medium molecules to deflect rapidly
under the action of the electric field, resulting in the
conversion of energy into heat, which results in a larger
dielectric loss, and because the particle size of sample
2 is larger than that of sample 1, the molecules and
ions move further and slower, so the dielectric loss of
sample 2 is higher than that of sample 1. In the high
frequency stage, the dielectric loss of sample 2 is lower
than that of sample 1 because: as the frequency
increases, sample 2, which has a denser surface, forms
stable molecular and ion movement channels inside
compared to sample 1, which has a higher surface
porosity, and the concentration of oxygen vacancies is
higher in the N2 atmosphere, and the high temperature
The volatilisation of Se2+ generates cation vacancies
that complex with oxygen vacancies and weakly linked
electrons are bound by the cation vacancies, leading to
a reduction in leaky conductivity flow and smaller
losses.

Summary

The BSIT ceramics obtained by sintering under N2

and O2 atmospheres were all of single chalcogenide
structure, and the internal grain morphology was closely
arranged round particles. The sintering atmosphere has
a large effect on the densities and dielectric properties
and dielectric losses of BSIT ceramics. The conclusions
are as follows: 

(1) In3+ doping has a greater influence on the microscopic
morphology of BST ceramics, and the N2 atmosphere
allows In3+ to better enter the perovskite lattice, which
is more conducive to promoting the grain growth and
uniform distribution of ceramics, reducing microscopic
defects and improving the densities.

(2) Compared with O2 atmosphere, BSIT ceramics
sintered in N2 atmosphere have higher dielectric constant,
lower dielectric loss, and better stability at high
frequencies in the frequency range of 20 Hz-30,000
Hz.

Unlike the previous more complicated process
conditions such as changing the dopant type, adding
firing aid, and sintering temperature, it provides a low-

cost and feasible solution for the preparation of low-
loss dielectric ceramics by simply changing the sintering
atmosphere. In the following research, the sintering
process will be attempted using other gases (like Ar) to
investigate how other sintering atmospheres will change
the structure of the ceramics, in addition to combining
the sintering atmosphere with other processes such as
doping, adding sintering aids and changing the sintering
temperature, and will be extended from a single
chalcogenide ceramic material to other types of functional
ceramic materials. In terms of characterisation, we will
no longer limit ourselves to the dielectric properties of
ceramics, but will also investigate their electrical
insulation, ferroelectricity and magnetic properties in
order to produce highly reliable ceramics that will meet
the needs of future devices.
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