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Abstract BaTiOj-based dielectric ceramics with grain
sizes of 100-120 nm were prepared by the chemical
coating approach and are promising for the application of
ultrathin multilayer ceramic capacitors. The doping effects
of Mg on the microstructures and dielectric properties of
the BaTiO3-based ceramics were investigated. The addition
of Mg was beneficial for inhibiting the grain growth and
improving sintering characteristics and improving the
dielectric properties and reliability of the nano-BaTiO;-
based ceramics. The highly accelerated lifetime test and
thermally stimulated depolarization current were employed
to study the resistance degradation and conduction mech-
anism of the Mg-doped BaTiO; ceramics. It was deter-
mined that the reliability characteristics greatly depended
on the Mg content. The addition of 2 mol% Mg was suit-
able for improving the reliability of the nano-BaTiOj3-
based ceramics, which is an important parameter for the
application of multilayer ceramic capacitors. However,
further increasing the addition amount of Mg decreased the
performance of the BaTiO3-based ceramics.
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Introduction

Multilayer ceramic capacitors used as passive components
are in high demand, driven by the surface mounting tech-
nology and portable device markets. At present, the
development trends of MLCCs are high capacity, minia-
turization, low cost, high reliability and high-temperature
stability [1, 2]. To achieve continuous cost-effectiveness of
MLCC:s, the base metal Ni electrode is considered to be a
promising substitute for the precious Pd—Ag electrode.
However, the base metal electrode MLCC (BME-MLCC)
green pieces must be sintered in a reducing atmosphere to
prevent the oxidation of the Ni electrodes, which will
inevitably introduce many oxygen vacancies (V') and free
electrons [3, 4], which can lead to the degradation of the
insulation resistance.

Avoiding the degradation of the insulation resistance has
necessitated compositional modifications. The effects of
doping with various oxides, especially the amphoteric rare-
earth oxides (e.g. Ho>" and Y1), have been extensively
studied by many researchers. It has been determined that
the doping of trivalent rare-earth ions and manganese ions
is effective in improving the reliability of BaTiO; dielec-
trics [5-7]. Hence, the addition of a donor or an acceptor
and the re-oxidation processes became the effective means
of preventing the degradation of insulation resistance and
to extend the service life of MLCCs [4, 8]. Among these
processes, the incorporation of Mg acceptors into BaTiO3
has the effect of fixing the positively charged oxygen
vacancies through ionic compensation. This compensation
suppresses electron generation and improves the insulation
resistance. However, these oxygen vacancies generated by
the incorporation of acceptor dopants are highly mobile at
moderate temperatures and high electric fields, resulting in
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time-dependent resistance degradation and reliability
problems of the dielectric layers, as follows.

MgoT‘—Ofngi + Vg + Oo. (1)

The doping effect of Mg has been intensively studied by
Yoon et al. [9-16], including the resistance degradation
behaviour, impedance spectra and thermally stimulated
depolarization current in acceptor Mg-doped BaTiO;. The
behaviour of the resistance degradation indicated that the
degradation rates increased with increasing acceptor Mg
concentration in both the coarse and fine-grain specimens.
The grain conductivity and the ionic transference number
were associated with an increase in the oxygen vacancy
concentration in the grain with the increase of the acceptor
Mg concentration for the same grain size series. However,
the grain size of the experimental samples is mainly con-
centrated in coarse-grained samples at the micron scale. As
we know, to meet the requirements for MLCCs being
smaller in size but providing large capacitance, the thickness
of the dielectric layers should be ~1 pum, and the grain sizes
of BaTiO3 ceramics should be approximately 100200 nm
or less to maintain sufficient reliability [17] and possess the
so-called ‘‘core—shell’’ structure to meet the requirements
for the temperature-stable characteristics of the capacitance
for MLCCs [18, 19]. Furthermore, one of the most general
directions for inhibiting resistance degradation is to decrease
the grain size and thus increase the number of effective grain
boundaries, which has a double Schottky barrier with higher
potential energy and width to limit the transport of the
oxygen vacancies across each boundary.

Therefore, researching the electrical and reliability
characteristics is urgently important for acceptor (Mg)-
doped nano-grained BaTiOs-based ceramics in X7R-type
ultrathin MLCCs applications. In this study, the X7R
specification of the Electrical Industries Association (EIA)
requires less than £15 % change of the capacitance from
the value at 25 °C in the range from —55 to 125 °C. In
particular, as the grain size decreases, the formation of the
“core—shell” structure becomes more difficult. To date,
there are few papers examining the reliability and insula-
tion resistance deterioration of MLCCs with ultra-fine-
grain BaTiO5 ceramic.

Thus, in the case of rare-earth and Mg co-doped nano-
BaTiOj3-based systems, other than at the sub-micron scale,
understanding the effect of the acceptor (Mg) on the
dielectric properties and reliability is important for con-
trolling the ceramic material formulation designed for
ultrathin layer X7R-type Ni-MLCCs. In this paper, fine-
grained X7R ceramics (100-120 nm) with a core—shell
structure were obtained by the chemical coating method
[20, 21] and sintered in reducing atmosphere. In particular,
the effects of the acceptor (Mg) concentration on the

microstructure, the dielectric properties and reliability of
the ceramics have been investigated.

Experimental procedure

To induce core—shell structures in BaTiOs-based ceramics,
the BaTiO; powders were modified by a wet chemical
coating approach, as described previously [20, 21]. The
starting commercial BaTiO; powders (Samsung Electro-
Mechanics Co. Ltd., Korea) with an average grain size of
80 nm (c/a = 1.0095) were ball milled in isopropanol for
16 h to obtain the well-dispersed BaTiO; suspending
slurry. Next, the inorganic solution and organic solutions
containing the additive elements were added into the slurry
to improve the dielectric properties of the BaTiO3 ceram-
ics. For the preparation of the inorganic solution, water-
soluble metal salts, including Mn(CH;COO), (99.8 %,
Beijing Finechemical Co. Ltd., Beijing, China), 0.3 mol%;
Mg(NO3), (99.8 %, Beijing Finechemical Co. Ltd., Bei-
jing, China), 0-6 mol%; Ca(NOj3), (99.8 %, Beijing Fine-
chemical Co. Ltd., Beijing, China), 0.8 mol%; Ho(NO3);
(99 %, Rare-chem Hi-tech Co. Ltd., Beijing, China),
0.5 mol%; and Y(NOsz); (99 %, Rare-chem Hi-tech Co.
Ltd., Beijing, China), 0.4 mol%, were dissolved in deion-
ized water. For the organic solution, 1.5 mol% tetraethy-
lorthosilicate (TEOS, SiO, >28.0 %, Beijing Finechemical
Co. Ltd., Beijing, China) was dissolved in a mixed solution
of ethanol and deionized water (ethanol:water = 3:1, by
volume). The molar ratios of these metal salts are relative
to the molar content of BaTiO;. Ammonia solution was
then added to adjust the pH value of the mixed slurry to 9.5
for the sufficient precipitation of the additive elements,
according to heterogeneous precipitation reactions (2) and

(3):
M"* + nNH; - H,O0 — M(OH), | 4+ nNH/ (2)

Si(OC,Hs), + 4H,0 — Si(OH), | +4C,H5OH. (3)

When the co-precipitation process ceased, the slurry was
dried and calcined at 450 °C for 2 h, and the coated
BaTiO; powders were finally obtained.

The coated powders were added with poly vinyl alcohol
(PVA) binders and pressed into discs 10 mm in diameter at
2 MPa. The pellets were subsequently sintered in a
reducing atmosphere (H,/N,/H,O, Po, = 10~ atm) by a
conventional sintering method (7 = 1210 °C for 2 h fol-
lowed by annealing in a weak oxidizing atmosphere at
Tieo = 1050 °C for 150 min).

The microstructures of the ceramics were characterized
by scanning electron microscopy (SEM, Leo-1530,
Oberkochen, Germany). The temperature dependence of
the dielectric constant and dielectric loss was measured
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from —60 to 150 °C (heating rate 2 °C/min) at 1 kHz and
an oscillation level of 1 Vrms using an impedance anal-
yser (Model HP4192A, Hewlett-Packard Company, Santa
Clara, California, USA) with a thermostat. The insulation
resistance (IR) of the samples was measured by a pA
meter (Model HP4140B, Hewlett-Packard Company,
Santa Clara, California, USA). The thermally stimulated
depolarization currents (TSDC) of the specimens were
measured using an electrometer/high resistance meter
(KEITHLEY 6517B; Keithley Instruments, Inc., Cleve-
land, OH, USA). Temperature data were collected by the
quatro temperature controller of Novocontrol Technolo-
gies (Montabaur, Germany). The specimens were initially
heated to a polarization temperature (7},) in the range of
150-325 °C. A DC electric field (E;,) was also applied on
the specimen for polarization, and E, was chosen at
270 V/mm. The polarization was maintained for 10 min
under a polarization temperature and DC polarization
field. The specimen was then rapidly cooled to an initial
temperature of —100 °C to freeze the polarized defects,
while the dc polarization field was still maintained as the
temperature decreased. By removing the E,, the elec-
trodes were short-circuited for 10 min to depolarize.
Thereafter, the sample was heated with a heating rate
(HR) of 5 °C/min to record the depolarization currents.
The experimental artefact in the system indicates that the
DC polarization electric field is defined as the positive
direction. Therefore, the depolarization currents were
negative, and the depolarizing current with changes in the
temperature curve is the TSDC spectrum.

Results and discussion

The samples with different Mg contents were named Mg-1
Mg = 0 mol%), Mg-2 Mg = 1 mol%), Mg-3
Mg = 2 mol%), Mg-4 (Mg =4 mol%) and Mg-5
(Mg = 6 mol%).

Microstructures

Microstructures for the BaTiOjz-based ceramic samples
doped with different acceptor Mg concentrations are shown
in Fig. 1. A rapid grain growth was observed in the Mg-
free sample Mg-1, with an average grain size of 1.03 um,
deteriorating the uniformity of the ceramics. When the
doping content of Mg increased, the grain growth was
inhibited to a certain extent in sample Mg-2, with highly
non-uniform grain distributions, and the average grain size
was 0.28 ym. When the Mg doping content further
increased, as for samples Mg-3, Mg-4 and Mg-5, the
average grain sizes (100-120 nm) were smaller, and the
distributions were narrower and more uniform than for
samples Mg-1 and Mg-2. In addition, with increasing Mg
content, the shrinkage percent of the sample increased, as
shown in Table 1. That is, Mg doping can affect the sin-
tering properties. Within a certain range, increasing the Mg
content can help promote the mass transfer of BaTiO; and
improve the density of the ceramics. Mg doping is useful in
promoting the sintering properties, and Mg can be the
optional sintering aid in preparing the BaTiOs-based
ceramic capacitors.

Fig. 1 The microstructures of the BaTiOs-based ceramic samples with various Mg contents; a Mg-1; b Mg-2; ¢ Mg-3; d Mg-4; e Mg-5

Table 1 Compositions and

properties of the BaTiOz-based Sample Mg content (mol%)

Shrinkage (%) Dielectric constant Loss

Resistivity (102 Q cm)

ceramic samples with various Meg-1 0

Mg contents at room

temperature Mg-2 1
Mg-3 2
Mg-4 4
Mg-5 6

13.97 1046 0.0131 0.26
16.33 1591 0.0105 3.46
16.93 2454 0.0053 1.73
17.17 2265 0.0061 1.67
18.07 2098 0.0075 1.65
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Figure 2 shows a set of XRD patterns of samples doped
with various amounts of Mg. All patterns show a desired
single perovskite phase, referring to BaTiO;, and no sec-
ondary phase was detected. However, the split in the XRD
peaks is more evident for samples Mg-1 and Mg-2 with a
larger grain size.

Dielectric response

The temperature dependence of the dielectric properties
(K-T curve) and the capacitance change based on the
capacitance at 25 °C (TCC curve) are described in Fig. 3.
There were sharp dielectric peaks for samples Mg-1 and
Mg-2. This signified that the core—shell structures did not
form perfectly, and the abnormal grain growth led to the
deterioration of the dielectric properties (lower dielectric
constant at room temperature, higher dielectric loss and
worse temperature stability) in the samples with both
normal and lower Mg content, as described in Table 1.

It was demonstrated by research in the literature that the
Mg ions play an important role in the formation of the
core—shell structure in the BT-MgO-Ho,05-based system,
and an appropriate amount of Mg was necessary for sup-
pressing the diffusion of Ho into the core [22]. Thus, for
sample Mg-1 without Mg and Mg-2 with a lower Mg
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Fig. 2 XRD patterns of the BaTiOs-based ceramic samples doped
with various amounts of Mg

Fig. 3 Temperature

content, it is difficult for them to form a core—shell struc-
ture, and the solid-state solution formed. For the three other
samples, Mg-3, Mg-4 and Mg-5, with a higher content of
Mg, the curves for the temperature dependence of the
dielectric properties are flat, all meeting the X7R specifi-
cation, indicating that the doping of the appropriate Mg
content is conducive to forming the “core—shell” structure
for improving the temperature stability of dielectric
ceramics. Additionally, the other three samples possess a
higher dielectric constant and lower dielectric loss (less
than 1 %), and as the Mg doping amount increases, the
dielectric constant is reduced, as described in Table 1.

Electrical properties

The insulation resistivity at room temperature for samples
with different Mg doping contents is shown in Table 1. The
insulation resistivity of the Mg-free sample is the lowest
because this sample has the largest average grain size. The
insulation resistivity of sample Mg-2 is the largest, which
may be related to the reduction of the average grain size
compared with Mg-1 and the lower acceptor doping con-
centration compared with the other three samples. The
insulation resistivity of samples Mg-3, Mg-4 and Mg-5 are
very similar because of the similar grain size compared
with samples Mg-1 and Mg-2. The small differences in the
insulation resistivity for the three samples may be caused
by the acceptor doping concentration, but the insulation
resistivity at room temperature seems to be insensitive to
the acceptor doping concentration in the nano-grained
samples.

It is well known that the oxygen vacancies generated by
the incorporation of acceptor dopants (Mg) are highly
mobile at moderate temperatures and under high electric
fields in the dielectrics, which causes a time-dependent
resistance degradation and reliability problems. Thus, the
time dependence of the insulation resistance of the
BaTiOj-based ceramic samples at a high temperature
(260 °C) under a direct current (DC) field of 1200 V/mm
was investigated. The highly accelerated lifetime test
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(HALT) was repeated several times to exclude data error.
The resistivity decreases at first and remains at a certain
value for an extended period of time. It was found that the
behaviours of the insulation resistivity for samples were
highly different from that at room temperature, and the
reliability characteristics greatly depended on the Mg-
doped content. As seen in Fig. 4, the insulation resistivity
of sample Mg-1 is always the highest, and the insulation
resistivity of sample Mg-2 is the second highest. As time
went by, there was no obvious tendency of the resistivity to
decrease.

At the beginning, the insulation resistivity of samples
Mg-3, Mg-4 and Mg-5 was highly similar to one another
and was the same as the results observed at room tem-
perature. However, the electrical properties of sample Mg-
5 started to deteriorate after 30 h, and the insulation
resistivity instantly dropped to below 10° Q cm. Many
studies have examined the degradation mechanisms of the
dielectric materials [4, 23-25]. It is generally agreed that
the insulation resistance degradation of dielectric ceramics
under simultaneous temperature and DC electrical field
stresses is caused by the electromigration of oxygen
vacancies towards the cathode due to their positive charge
with respect to the regular lattice. Sample Mg-5, with its
high acceptor concentration, produced more oxygen
vacancies and broke down quickly. With testing time of 80
h, the insulation resistance of the sample Mg-4 began to
slowly decrease and the reduce rate began to increase after
95 h. However, there was no tendency to reduce the
insulation resistivity for sample Mg-3.

To investigate further the effect of acceptor Mg doping
on the insulation resistance degradation behaviour, the
thermally stimulated depolarization current (TSDC) mea-
surement was adopted to identify the type of defects, such
as defect dipoles, trap charges, and space charges, and
determine the resistance degradation mechanism.

Figure 5 shows the TSDC measurement results of the
Mg-doped BaTiO3-based ceramics with various polarization
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= — Mg-2 i
2 —Mg-3 i
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]
]
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Fig. 4 Resistivity versus time of the BaTiO5-based ceramics measured
at an elevated temperature of 260 °C and a DC bias of 1200 V/mm
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temperatures (150-325 °C) and a fixed DC polarization field
of 270 V/mm. The polarization time is 10 min, and the
heating rate is 5 °C/min. As shown in Fig. 5a, b, the spectra
were dominated by the release of pyroelectric current
around the phase transition temperatures of BaTiO; for
samples Mg-1 and Mg-2. A second pyroelectric current peak
(pyro peak) was generated because of the ferroelectric—
paraelectric phase transition, and the peak position approx-
imately corresponded to the results of the K-T curves. After
further increasing the Mg content, the TSDC spectra
showed significant changes. Thus, the behaviours of the
TSDC could be influenced by the acceptor Mg content.

It is well known that the microstructure of X7R BaTiO5-
based ceramics often contains core—shell structures. In the
TSDC spectra of Ni-MLCCs, Morita et al. have assigned
the low- and high-temperature peaks to the release of the
pyroelectric current of the shell and the core, respectively
[26]. In this study, in samples Mg-3, Mg-4 and Mg-5, the
spectra are dominated by three pyroelectric peaks below
150 °C, and the pyroelectric peaks of the core and the shell
suggest that the ferroelectric phase can still be present and
polarized during the cooling steps. Above the Curie tem-
perature, the spectra are dominated by the o peak, which
may be related to defects with high activation temperatures
and the associated activation energies, such as oxygen
vacancies. The intensity of the o peak, which corresponds
to the thermally stimulated depolarization current density,
continues to increase with increasing polarization temper-
atures and the peak position, which corresponds to the
relaxation peak temperature (7,,), and migrates to a higher
temperature.

The maximum thermally stimulated depolarization cur-
rent peak density (Jiax) of « peak versus the polarization
temperature (7,) with different Mg contents is shown in
Fig. 5f. The figure shows that the increase of the TSDC
peak density (J,ax) corresponds to higher T, indicating
stronger polarization conditions in each specimen. For the
same Jiax condition, T}, decreases systematically with an
increase of the Mg content. In other words, an increase of
the Mg content results in an increase of J,x under the
same polarization condition. Therefore, the defect con-
centration corresponding to the thermally stimulated
depolarization current density increases with increasing
Mg contents.

It can be observed in Fig. Sc, d and e that there is an
increase of Ty,, corresponding to an increase of J.x, by
stronger polarization conditions, that is, higher Tp. Such
behaviour is a typical characteristic of polarization because
of space charge migration [27-29]. Thus, these TDSC
peaks are supposed to be associated with the relaxation of
oxygen vacancies after a spatial redistribution under the
polarizing field.
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Figure 7 shows the comparison of the J,,,x before and after
HALT with a polarization temperature of 275 °C. It can be
observed that the J,, after HALT showed a systematic
dependence on acceptor Mg concentrations. J,,,x increased
for samples after HALT with different acceptor Mg con-
centrations, but J,,x increased more heavily for samples
with higher Mg concentrations.

Temp. (°C)

Fig. 6 Thermally stimulated depolarization current (TSDC) of the
BaTiO3-based sample Mg-2 after 95 h HALT

Thermally stimulated depolarization current with a sin-
gle relaxation can be mathematically described by the
following equation [10, 13, 30, 31].
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E
J(T) = Cngs X exp (— ﬁ)

T
E
X exp —g/exp(—ﬁ>dT . 4)

To

In Eq. (4), J is the current density, C is the geometry
constant, s is a frequency factor that is related to the
material vibrational frequency, a denotes the heating rate
of measurement, n, is the concentration of trap charge
carriers, E is the activation energy, k is the Boltzmann
constant and T is the absolute temperature. Both sides of
Eq. (2) vary with the natural logarithm, and the obtained
equation may describe the peak region of the TSDC as a
general curve, as shown in the following equation [32].

J(T) E E E

—In [Const.] ~xr TP (m a k_T> ' ®)

Here, T, corresponds to the temperature of the current
peak on the TSDC spectrum. The activation energy, E,
which was associated with the relaxation process, can be
derived by fitting measured TSDC data to the universal
curve in Eq. (4).

Figure 8a shows the fitted activation energy E versus the
polarization temperatures (7,) for samples with different

-20
—3— before HALT
-8} —0— after HALT
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-8 L i 1 L L
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Mg content (mol%)

Fig. 7 Comparison of the TSDC peaks changing with acceptor Mg
concentrations for samples before and after HALT

Mg contents. Specimens Mg-1 and Mg-2 only show the
pyroelectric current peak, and thus, there is no corre-
sponding activation energy. For samples Mg-3, Mg-4 and
Mg-5, the activation energy values range from 0.75 to
0.94 eV. These values of the activation energy of the
oxygen vacancy relaxation are roughly similar to the lit-
erature data of titanate ceramics, where the values range
from 0.86 to 1.03 eV [28-30, 33]. According to the
movement characteristics of the relaxation peaks and the
activation energy values, these TSDC relaxation peaks are
considered to be from the space charge polarization due to
mobile oxygen vacancies. Contrary to the result of the
invariant values of approximately 0.9 eV, which is irre-
spective of the Mg concentration [13], the activation
energy decreased with increasing acceptor (Mg) concen-
tration at the same polarization temperature. It is likely that
the oxygen vacancy concentration in the specimen showed
a systematic dependence on the acceptor Mg concentration
in a relative broader acceptor Mg concentration range.
Thus, the activation energy decreased with increasing
acceptor (Mg) concentration.

The activation energy E for samples after HALT was
also fitted, and the fitted activation energy E versus the
polarization temperatures (7},) for samples with different
Mg contents is shown in Fig. 8b. After degradation, the
activation energy of all samples decreased with a different
amplitude at the same polarization temperature. The acti-
vation energy values range from 0.56 to 0.93 eV, and the
variation amount of the activation energy for sample Mg-5
was the largest. This result indicates that the defect con-
centrations increased in sample Mg-5, and the defects are
more likely to be polarized after HALT, corresponding to
an increase of the thermally stimulated depolarization
current, as mentioned above. Thus, the behaviour of a fast
resistance degradation process with an increase of the Mg
concentration observed in the HALT part is directly asso-
ciated with an increase of J,,, and a decrease of the
activation energy E in TSDC, which corresponds to an
increase of the oxygen vacancy concentration.

Fig. 8 Activation energy (a) 12 (b) 12
E versus po]arization Before HALT After HALT
temperature (7},) for samples L . B """ L
with different acceptor Mg 3 ? A v H 8
concentrations a before HALT S 08p--- | S a A . L] f; """"""" 47777
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and b after HALT RS 30_6_____A _______ A A
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Conclusions

Nano-grained BaTiO3-based dielectric ceramics (100-120 nm)
with core—shell structures were prepared by the chemical
coating approach. The microstructures and the reliability
characteristics strongly depended on the Mg doping con-
tent in the BaTiO3 ceramics. The addition of Mg is bene-
ficial for inhibiting grain growth and improving the
sintering characteristics. The sample with a high acceptor
concentration of 6 mol%, producing more oxygen vacan-
cies, degrades quickly, and an appropriate amount of
2 mol% Mg in nano-BaTiOs-based ceramics was beneficial
for improving the reliability. The results of the TSDC
spectra also indicate that the defect concentration increases
with the increasing of Mg contents. The behaviour of a fast
resistance degradation process with an increase of the Mg
concentration is directly associated with an increase of Jy,,x
and a decrease of the activation energy E in TSDC, which
corresponds to an increase of the oxygen vacancy con-
centration. The results of this experiment are significant for
designing the ceramic material formulation designed for
ultrathin layer Ni-MLCCs.
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