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Abstract

To meet the needs of future multilayer ceramic capacitors (MLCCs), a low sintering temperature,
higher capacitance and thinner dielectric layers are necessary. To achieve this goal, an appropriate
sintering agent and appropriate doping technique must be developed to reduce the sintering temperature
and optimize the ceramic’s microstructure. In this study, we researched the effect of Li,O-SiO, (Li-Si-O)
and how it is added on the dielectric properties of the Ba(Zry Tiy¢)Os-based ceramics. The dielectric
constant increased significantly by adding Li-Si-O step by step, but decreased with addition in a one-
step. The dielectric constant increased first and then decreased with the increasing of Li-Si-O content,
and reached a maximum of 18942 at 0.10 wt% Li-Si-O, and the temperature-capacitance characteristic
(TCC) of the samples with a Li-Si-O content less than 0.20 wt% met the Y5V standards. The Li-Si-O
reduced the sintering temperature of the Ba(Zr, Tiy¢Os-based ceramics to 1100 °C, and the dielectric
constant first increased and then decreased with increasing sintering temperature increasing.
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1. INRODUCTION

There is a growing demand for MLCCs
due to the rapid development of surface-
mount technology and growing need for
portable equipment in the -electronics
industry [1]. The main development trend
for MLCCs is toward higher capacitance,
smaller size, and lower cost. The properties
of Y5V ceramics are defined by the
Electronic Industries Alliance; the “Y”
denotes a low temperature limit of -30 °C,
the “5” denotes a high temperature limit of
85 °C, and the “V” denotes an allowable
capacitance variation range from +22% to -
82%. These ceramics are of increasing
importance to the rapidly growing
electronics industry owing to their good
dielectric  properties over a wide
temperature range and their high
permittivity [2,3]. BaTiOs-based ceramics

have shown high potential for Y5V
ceramics, but BaTiOs-based ceramics are
generally sintered at 1350 °C to obtain
sufficiently, dense materials, and a noble
metal such as Pd must be used as the
internal electrodes at that temperature. To
reduce the production cost, a suitable
sintering agent is usually added to reduce
the sintering temperature of the ceramics
and to allow the possibility of using a base
metal such as Ni as an internal electrode
[4,5]. The sintering temperature of
(Ba,Sr)TiO; thin films was reduced from
1350 °C to 900 °C by doping with Li,
indicating that the Li was prone to form a
liquid phase during sintering [6]. Li ions
are also an important liquid sintering
additive for BaTiO; ceramics. Li,O-SiO;
has a low melting point and can form a
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eutectic mixture in a proper ratio, they
could form a eutectic mixture at about
900°C [7]. This suggests that they can
easily form a liquid phase and promote the
densification of ceramics at a low sintering
temperature [8].

To date, the traditional solid-state
method has been commonly used to
prepare nonhomogeneously doped Y5V-
type ceramics [9]. Wang et al. [10,11] used
Sm or Yb to modify barium zirconium
titanate and developed a YS5V-type
dielectric material with a room temperature
dielectric constant greater than 23,000
using a traditional multi-step solid phase
method, but the homogeneity of the
powders was poor. Wang et al. [12]
synthesized Ba(Zry Tip9)O3-Zn-Nb cer-
amics by means of a sol-gel process with a
maximum dielectric constant (gn.x) greater
higher than 20,000. As an alternative to
these previous methods, researchers have
used wet chemical routes, such as
precipitation method [13], hydrothermal
method [14], and sol-gel process [15,16],
to prepare BaTiOs-based nanopowders.
Unfortunately, the nanopowders used as
Y5V-type precursors have complicated
compositions, and the first two methods
require a washing step that is difficult to
control at a production scale. In contrast,
the sol-gel process does not require this
step and easier to control. This approach
also permitted the use of a relatively low-
temperature process that avoids
contaminating the materials and offers
better sintering performance than that of
the traditional solid-state method [17].
Therefore, it’s necessary to develop an
appropriate method is significant to
prepare Y5V ceramics with a high
dielectric constant and a low sintering
temperature.

In the present study, we prepared Li-Si-O
doped Bag¢Zry;TiO3-based ceramics with
high permittivity and good temperature
stability that are capable of meeting the
current demand for Y5V-type MLCCs to
support device miniaturization in the
electronics industry. We also compared the

effect of the sintering agent content and
how it was added on the dielectric
properties of the ceramics.

2. EXPERIMENTAL PROCEDURES
2.1. Synthesis

Synthesis  of  Ba(ZryTig9)O3-based
nanopowders using a Li-Si-O sintering
agent by the one-step method: we
synthesized Ba(ZryTip9)O3; nanopowders
modified with Cu, Nb, Zn, Mn, and Ce
dopants element using the sol-gel process.
The precursor reagents were
Ba(CH3COO)2, Ti(C4H90)4, Zr
(NO3)4'5H20, ZI’I(CH3COO)2'2HQO, Ce
(NO3)3'6H20, Cu(CH3COO)2'H20 and
Mn(CH3COO);-4H,0 and they were all
analytical-grade = chemicals (with a
minimum purity of 99%) obtained from the
Shanghai Chemical Reagent Factory
(Shanghai, China). H3[Nb(O,)4] solutions
were prepared according to the method
reported by Das and Pramanik [18]. The
overall procedure for the synthesis of the
Ba(Zry 1 Tip9)Os-based nanopowders was
as follows: we dissolved a stoichiometric
quantity of Ti(C4HyO)s was dissolved in a
mixture of absolute ethanol (10 mL) and
acetic acid (15 mL), with constant stirring
using a magnetic stirrer for 1 h at room
temperature to form a uniform Ti(C4HyO)4
solution. Next, Zr(NOs)s-5H,O, Zn(CHj
COO0),-2H,0, Ce(NOs3);-6H,O, Cu(CH;C
00),-H,0, Mn(CH3C0OO0),-4H,0, Ba(CHj3;
COO),;, H3[Nb(O2)4], Si(OCyHs)s and
CH;COOLi were dissolved in deionized
water (50 mL). Finally, the freshly
prepared solutions were slowly added into
the above mentioned Ti(C4HoO)4 solution
and stirred vigorously for 2 h at room
temperature to form a homogeneous
transparent sol. Gelling was performed on
the resulting transparent sol for 40 min in a
water bath at 60 °C, followed by aging for
12 h. The xerogels acquired after this step
were then dried at 80 °C for 12 h. The
xerogels were calcined at 900 °C for 2 h to
produce the Ba(ZrjTip9)Os3-based nano-
powders.
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Synthesis of the Li-Si-O nanocomposite:
we weighed a certain amount of
Si(OC;Hs)4 and CH3;COOLI at a ratio of 2
Li to 1 Si. We then mixed the Si(OC,Hs)4
with C,HsOH to get solution A, and added
the CH3COOLI solution to solution A drop
by drop, with continuous stirring, to obtain
a transparent sol. The sol was aged for 12
h, and dried for 8 h at 80 °C, then the dry
Li-Si-O nanocomposite was obtained after
calcining at 600 °C for 2 h.

Synthesis  of  Ba(Zry 1 Tig9)O3-based
nanopowders by  adding  Li-Si-O
nanocomposite by the step-by-step
method: we prepared the Ba(Zry Tig9)Os3-
based nanopowders by the sol-gel method
described earlier in this section, then
mixed the Ba(Zry 1 Tip9)Os-based
nanopowders and Li-Si-O nanocomposite
(at Li-Si-O rates ranging from 0.0 to 0.8
wt%) by ball milling.

Preparation of the ceramics: the
nanopowders were then compressed into
pellets (8 mm in diameter and 6 mm in
thickness) under a uniaxial pressure of
about 6 MPa. These pellets were sintered
in air at 1100 °C for 2 h. Finally, the
sintered discs were polished, and a silver
paste was applied to both sides of each disc
for the dielectric measurements.

2.2. Characterization

The phase identification was performed
by means of X-ray diffraction
measurements (XRD; D8  Advance,
Bruker, Frankfurt, Germany) at room
temperature using Cu Ka radiation
(1.54059 A). The morphology of the
ceramic samples was characterized using a
field-emission scanning electron
microscope (FE-SEM; Model JSM-5800,
JEOL, Tokyo, Japan). Dielectric properties
were measured using an LCR meter
(Model = HP4284A, Hewlett-Packard
Company, Santa Clara, California, USA)
controlled by a computer. The testing
temperature was controlled between 60 °C
and 150 °C under test conditions of 1 kHz
and 1 Vrms, with a heating rate of 2
°C/min.

3. RESULTS AND DISCUSSION

3.1. Effect of the Addition Way of Li-Si-
O on the Phase Composition,
Microstructure and Dielectric Proper-
ties of the Ba(Zr,Tip9)O3-Based Y5V
Ceramic
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Figure 1. XRD patterns for the

Ba(Zr.1Tipg)Os-based  ceramics — with
different methods of Li-Si-O doping: (a)
Li-Si-O-free; (b) step by step doping; (c)
one-step doping.

Figure 1 shows the XRD patterns of the
Ba(Zro1Tip9)Os-based  ceramics  with
different Li-Si-O doping way. All samples
had a cubic perovskite structure indexed
based on JCPDS file number 31-0174. No
obvious second phase was present when
the Li-Si-O was added step by step.
However, Ba;SiOs appeared when the Li-
Si-O was added in one step. That may
because the excess Si ions easily enter into
the lattice of Ba(Zr¢ Tip9)O3, where they
produce a secondary phase Ba;SiOs when
the Li-Si-O is added in one step; in
contrast, the Li-Si-O remains amorphous at
the grain boundary when it is added step
by step [19].
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Figure 2. SEM images of the
Ba(Zry. Tip.9)Os-based  ceramics  with
different methods of Li-Si-O doping: (a)
Li-Si-O-free; (b) step by step doping; (c)
one-step doping.

Figure 2 shows the SEM images of the
Ba(Zry.1Tip9)Os-based ceramics created
using the different Li-Si-O doping
methods. The grain size of the ceramics
prepared by both methods increased
compared to the ceramic without Li-Si-O.
This probably resulted from the formation
of a liquid Li-Si-O liquid phase during the
sintering process, which promoted the
process of dissolution and precipitation,
thereby making the grains grow [20,21].
The ceramics prepared by adding the Li-
Si-O step-by-step were denser than those
prepared with one-step addition, and their
grain size (about 2.5 pum, Table 1) was
smaller than the grain size achieved with
one-step addition (about 3.1 um, Table 1).
This may be because more Li-Si-O can
inhibit grain growth at the grain boundary.
However, more Li and Si ions can enter
into the lattice of BaTiO; with one-step
addition, thereby producing a secondary
phase that reduced densification of the
ceramics.
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Figure 3. Temperature dependence of the
dielectric constant: (a) Li-Si-O-free;

(b) step-by-step doping; (c) one-step
doping.

Figure 3 shows the temperature
dependence of the dielectric constant of the
ceramics created with different methods of

Li-Si-O doping over a temperature range
from -30 °C to 85 °C. The maximum
dielectric constant (emax) and dielectric
constant at room temperature (g;) of these
samples are listed in Table 1. The results
indicated that doping Li-Si-O step by step
can significantly improve the dielectric
properties of the Ba(Zry Tig9)O3-based
ceramics, whereas the one-step doping
degraded the dielectric properties. This
may be due to Li-Si-O staying at the grain
boundary during sintering process to form
a liquid phase by the step by step doping.
Early in the sintering process, the Li-Si-O
played the role of sintering agent, whereas
late in the sintering phase, it played a
modified role [22], which is conducive to
the preparation of dense ceramics, thereby
significantly improving the dielectric
properties of the ceramics. However, with
one-step doping, the sintering agent
entered into the lattice, changing the
distribution of doping ions in the original
powder, and instead of improving the
density, it degraded the dielectric
properties of the ceramic. Therefore, the
choice of how to add the sintering agent
doping way is significant.

3.2 Effect of Content of the Li-Si-O on
the Phase Composition, Microstructure
and Dielectric Properties of the
Ba(Zr.1Tiy9)Os-Based Y5V Ceramic
Figure 4 shows the XRD patterns of the
Ba(Zro.1Tip9)Os-based  ceramics  with
different Li-Si-O contents added step by
step. Regardless of the Li-Si-O amounts,
the main phase of all the Ba(Zry Tig)O;3-
based ceramics was a perovskite phase.
The peaks for the tetragonal-phase in the
XRD were indexed based on JCPDS file
number 05-0626. Small amounts of
Ba;SiOs and LigZrO¢ phases appeared
when the Li-Si-O content was 0.6 wt% or
higher, which may be due to the
development of a rich Li and Si ions phase
in the molten glass accumulating at the
grain boundaries of the Ba(Zr(Tip9)O3
ceramics; that phase participated in the
migration of the grain boundary and
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vacancy diffusion that occurred at the grain phase [23].

boundaries, thereby producing a secondary

Table 1. Performance parameters of the ceramics produced by different Li-Si-O doping
methods. €y, maximum dielectric constant; &,, room-temperature dielectric constant.

Li-Si-O Density o Average grain
doping method (g/em’) Emax &(25°C) size (um)
Non-doping 5.267 7818 7560 1.8
step by step doping 5.909 18942 18897 2.5
one-step doping 5.454 6173 6107 3.1
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Figure 4. XRD patterns of the Ba(ZrTip9)Os-based ceramics with different Li-Si-O
contents: (a) 0 wt%, (b) 0.04 wt%;, (c) 0.08 wt%;, (d) 0.10 wt%, (e) 0.20 wt%, (f) 0.60 wt%;
(g) 0.80 wt%.

Figure 5. SEM images of the Ba(Zry,1Tiy9)Os-based ceramics with different Li-Si-O contents:
(@) 0 wt%, (b) 0.04 wt%, (c) 0.08 wt%,; (d) 0.10 wt%, (e) 0.20 wt%, () 0.60 wt%, (g)

0.80wt%.

b
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Figure 5 shows the morphology of the
Ba(Zry1Tip9)Os-based  ceramics  with
different Li-Si-O contents. The relative
densities of the samples with 0.0, 0.04,
0.08, 0.10, 0.20, 0.60, and 0.80 wt% Li-Si-
O contents were 5.267, 5.402, 5.756,
5.909, 5.885, 5.834, and 5.813 g/cm’,
respectively. Thus, the density first
increased and then decreased with
increasing Li-Si-O content. The grain size
gradually increased with increasing Li-Si-
O content, and the grains became blurry as
the Li-Si-O content reached 0.80 wt%. The
Li-Si-O sintering agent shows great clearly
influenced the densification behavior and
sintering temperature. During sintering
process, Li-Si-O melts and forms a liquid
phase that spreads across the surface of the

phase occupies regions with a higher
energy configuration such as smaller
grains and pores to reduce the total energy
of the ceramic system [24]. During a
subsequent stage of sintering, after the
liquid layers touch and merge the grains
rearrange, leading to a more compact
structure as a result of the forces induced
by the capillary liquid bridges among the
small grains [25]. The effect of the wetting
action of the liquid phase improves the
efficiency of mass transfer, and permits a
lower sintering temperature for the Li-Si-
O-doped Ba(ZryTig9)O; ceramics. The
secondary phase that appeared at 0.60 wt%
Li-Si-O (the red circles in Fig. 5f) as the
increase of Li-Si-O content, which was
consistent with the XRD results.

Ba(Zry1Tip9)O3 particles. The melting
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Figure 6. Temperature dependence of the dielectric constant of Ba(ZryTip9)Os-based
ceramics with different Li-Si-O contents.
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Table 2. Main Properties of the Ba(Zr,Tiy¢)Os-based ceramics with different Li-Si-O
contents. Abbreviations: tand, dielectric loss; €nay, maximum dielectric constant; €, room-
temperature dielectric constant, Tc, Curie temperature; TCC, temperature-capacitance

characteristic.
Li-Si-O content Ta?S - £(25°C) | TelC TCC (%)

(Wt%) (25°C) -30°C | Tc | +85°C

0 0.05% 7818 7560 34 -58.70 | 3.41 | -53.08

0.04 0.08% 14127 12527 34 -76.25 | 12.77 | -65.18

0.08 0.09% 16289 14897 34 -79.78 | 9.34 | -69.74

0.10 1.00% 18942 18897 35 -79.38 | 20.52 | -60.33

0.20 1.10% 18348 17507 35 -80.18 | 34.28 | -63.11

0.60 0.09% 15524 14315 37 -78.29 | 37.00 | -69.78

0.80 0.08% 13392 9641 37 -75.08 | 26.39 | -60.67
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Figure 6 shows the temperature
dependence of the dielectric constant of all
the samples with different Li-Si-O contents
over the temperature range from -30 °C to
85 °C. The main properties of these
samples are listed in Table 2. The
dielectric constant increased first and then
decreased with increasing Li-Si-O content,
reaching a maximum of 18942 at a Li-Si-O
content of 0.10 wt%. This can be explained
by the increasing densification of the
ceramics after adding Li-Si-O, which also
increased the dielectric constant. That
constant then decreased as the Li-Si-O
content increased further, which could be
caused by the development of secondary
phases at high Li-Si-O contents [26]. The
most important result is that the
temperature-capacitance characteristic
(TCC) of the samples with a Li-Si-O
content less than 0.20 wt% met the Y5V
standards. The Li-Si-O content had no
significant effect on the Curie temperature
(Tc), although the ceramics exhibited a
slight shift to a higher Curie temperature at
high Li-Si-O wt%. On the one hand, the
Li" and Si** ions stay near the grain
boundaries and rarely enter the lattice. On
the other hand, the coarser grains of the
ceramics produced at high Li-Si-O wt%
and the appearance of a secondary phase
with the added glass would decrease
internal stresses among the grains, thereby
increasing Tc [27]. In addition, the
dielectric loss increased first and then
decreased with increasing Li-Si-O content,
which may relate to changes in the porosity

of the ceramics.
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Figure 7. Temperature dependence of the
dielectric constant of the Ba(Zry Tip.9)O3-
based ceramics with the same Li-Si-O
content (0.10 wt%, added continuously)
produced at different sintering
temperatures.

Figure 7 shows the temperature
dependence of the dielectric constant of the
Ba(Zry.1Tip9)Os-based ceramics with the
same Li-Si-O content (0.10 wt%) at
different sintering temperatures. The
dielectric constant of the ceramics
increased first and then decreased with
increasing sintering temperature, and the
sintering temperature could be reduced to
1100 °C without decreasing the ceramic’s
performance. Thus, adding an appropriate
Li-Si-O content can effectively reduce the
sintering temperature and improve the
dielectric properties of the
Ba(Zr.1Tip9)Os-based ceramics.

4. CONCLUSION

We studied the effect of how the Li-Si-O
was added on the dielectric properties of
the Ba(ZryTig9)Os-based ceramics. We
found that the dielectric constant of the
ceramics increased significantly when the
Li-Si-O was added step by step, but
degraded when it was added in one-step.
The dielectric constant increased first and
then decreased with increasing Li-Si-O
content, and reached a maximum of 18942
at a Li-Si-O content of 0.10 wt%. The TCC
of the samples with a Li-Si-O content less
than 0.20 wt% met the Y5V standards. The
Li-Si-O reduced the sintering temperature
of the ceramics to 1100 °C, and the
dielectric constant increased first and then
decreased with increasing sintering
temperature.  Therefore, adding an
appropriate amount of Li-Si-O step by step
to the Ba(Zrg1Tip9)O3-based ceramics can
effectively improve their  dielectric
properties and reduce the sintering
temperature.
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