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Multilayer ceramic capacitor (MLCC) 

production and sales figures are the highest 

among fine-ceramic products developed in 

the past 30 years. The total worldwide pro-

duction and sales reached 550 billion pieces 

and 6 billion dollars, respectively in 2000. 

In the course of progress, the development 

of base-metal electrode (BME) technology 

played an important role in expanding the 

application area. In this review, the recent 

progress in MLCCs with BME nickel (Ni) elec-

trodes is reviewed from the viewpoint of 

nonreducible dielectric materials. Using in-

termediate-ionic-size rare-earth ion (Dy2O3, 

Ho2O3, Er2O3, Y2O3) doped BaTiO3 (ABO3)-

based dielectrics, highly reliable Ni-MLCCs 

with a very thin layer below 2µm in thickness 

have been developed. The effect of site oc-

cupancy of rare-earth ions in BaTiO3 on the 

electrical properties and microstructure of 

nonreducible dielectrics is studied systemati-

cally. It appears that intermediate-ionic-size 

rare-earth ions occupy both A- and B-sites in 

the BaTiO3 lattice and effectively control the 

donor/acceptor dopant ratio and microstruc-

tural evolution. The relationship between the 

electrical properties and the microstructure of 

Ni-MLCCs is also presented.
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1. Introduction
Recently, in mobile electronic equipment 

such as cellular phones and personal com-

puters, trends toward miniaturization, higher 

performance, and lower electric power con-

sumption have become increasingly promi-

nent. Integration and miniaturization into 

chips of passive components such as capaci-

tors, inductors, and resistors used in these 

pieces of equipment have also been accel-

erated. Conventionally, single-layer ceramic 

capacitors such as disk and cylindrical-type 

capacitors have been primarily used. How-

ever, the use of multilayer ceramic capacitors 

(MLCCs) prevails nowadays, because of their 

properties of high capacitance with small size, 

high reliability, and excellent high-frequency 

characteristics.1) Figure 1 shows a change 

in the global shipment of MLCCs in the past 

ten years, compared with shipments of cel-

lular phones and computers.2) The quantity 

of shipment of MLCCs has grown at an an-

nual rate of about 15% due to the rapid in-

crease of the production of cellular phones 

and computers, and the demand will further 

increase in the future. The case size of MLCC 

also has been reduced every year. The current 

mainstream Electrical Industry Alliance (EIA) 
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Fig. 1. Change in production volume of MLCCs in the world (after EIA WCTS 
data2)).

Fig. 2. Example of MLCC application in LSI circuit.
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case size is 0603 (1.6 by 0.8 mm2) for general 

electronic equipment and EIA0402 (1.0 by 0.5 

mm2) for mobile equipment. The MLCC with 

EIA0201 (0.6 by 0.3 mm2) case size is also 

being put into practical use. Furthermore, as 

shown in Fig. 2, the use of large-capacitance 

MLCCs of 1 to 100µF is rapidly expanding in 

several circuits for LSI, replacing tantalum ca-

pacitors and aluminum electrolytic capacitors 

which have been primarily used. The MLCC, 

as shown in Fig. 3, has a structure in which 

many dielectric layers and internal electrodes 

are alternately stacked and the internal elec-

trodes are connected in parallel. The capaci-

tance C of the MLCC is represented by 

C = ε r · ε 0 · (n – 1) · s /t, (1)

where s is the overlap area of internal elec-

trodes, n is the number of the internal elec-

trode layers, ε r is the relative dielectric con-

stant (K) of the dielectric ceramic, t is the 

thickness of the dielectric layer, and ε 0 is the 

dielectric constant of free space.

Thus, requirements for achieving large-

capacitance MLCCs with small size include 

using higher K value of a dielectrics, thin-

ning of dielectric layers, increasing number 

of stacked layers, increasing overlap area of 

internal electrodes, and 

improving stacking preci-

sion. MLCCs were fab-

ricated by the following 

method. Sheeting and 

printing methods are used 

in practice for forming 

the dielectric layers. An 

electrode paste of fine in-

ternal electrode powder is 

applied by screen-printing 

onto a dielectric green 

sheet. A predetermined 

number of printed sheets 

are stacked, pressed, and 

cut into pieces. After burning out the binder, 

the chips are fired. In order to sinter both the 

ceramic and electrode, it is important to con-

trol sintering shrinkage behavior of each ma-

terial and the firing conditions.

Conventional MLCCs based on BaTiO3 

(ABO3) have been fabricated with noble met-

als such as platinum (Pt) or palladium (Pd) as 

internal electrodes which can be fired with 

dielectrics in air at 1300°C or higher. With 

an increased number of stacked layers due 

to miniaturization and higher capacitance of 

MLCCs, the proportion of the electrode cost 

to the overall cost increases steeply. Thus, a 

cost reduction of the internal electrodes has 

been intensively investigated for reducing the 

cost of MLCCs.

Methods for reducing the internal elec-

trode cost are classified into 1) use of silver 

(Ag)–Pd alloy electrodes having a high Ag 

content (more than 70%) to achieve low-

temperature sintering of the dielectrics and 

2) use of base metals such as nickel (Ni) and 

copper (Cu) as internal electrodes by using 

a nonreducible dielectric that can be fired in 

a reducing atmosphere. Table I shows the 

physical properties and price ratio of various 

electrode materials for MLCCs. Table II sum-
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Fig. 3. Cut-away view of multilayer ceramic capacitor.

Table I. Physical properties and price ratio of various electrodes.

Metals Melting point(°C) Resistivity(mΩ) Firing atmosphere Price ratio

Ag 961  1.62 Air 3

Cu 1080  1.72 Reducing 1

Ni 1453  6.9 Reducing 1

Pd 1552  10.4 Air 80

Table II. Typical ceramic dielectric materials for MLCCs with several EIA specifications.

EIA designation Class Temp. range (°C) Temp.–cap. 
change (%) K value up to BT content (%) Other dopants Grain size (µm)

NPO(C0G) 1 –55 to 125 ±30 ppm 100 10–50 TiO2, CaTiO3, Nd2Ti2O7 1

X7R(BX) 2 –55 to 125 ±15 4,000 90–98 MgO, MnO, Nb2O5, CoO 
Rear-earth <1.5

Z5U 2 10 to 85 +22, –56 14,000 80–90 CaZrO3, BaZrO3 3–10

Y5V 2 –30 to 85 +22, –82 18,000 80–90 CaZrO3, BaZrO3 3–10
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marizes several ceramic dielectric materials 

for MLCCs in the EIA specifications.

For low-temperature-fired BaTiO3-based 

dielectrics, addition of a low-melting-point 

glass component and addition of LiF have 

been investigated.3–8) The problem in these 

materials is their low K value due to the addi-

tion of the low-melting-point additives which 

have low K. Around the end of the 1980s, 

Burn et al.9) developed high K value Y5V 

and X7R dielectrics which can be fired below 

1100°C by the addition of a BaO–ZnO–B2O3

–SiO2 glass component and are compatible 

with a 70% Ag–30% Pd electrode. The typi-

cal K values for Y5V and X7R materials were 

15000 and 3000, respectively.

Other dielectrics that can be sintered at 

low temperatures below 1100°C, i.e., Pb-

based complex perovskite materials having 

higher dielectric constants than BaTiO3, have 

been intensively studied since the 1980s. The 

Pb-based complex perovskite dielectrics are 

ferroelectric materials discovered by Smolen-

skii et al.10) in the 1950s and have a perovskite 

structure like BaTiO3. The materials are repre-

sented by a general formula Pb(B’,B’’)O3 

where Pb occupies the A-site and multiple 

cations having different valences occupy the 

B-site. Since Yonezawa et al.11) developed a 

Pb(Fe1/3W2/3)O3–Pb(Fe1/2Nb1/2)O3 -based mate-

rial for MLCCs for practical applications, 

Pb(Mg1/2W1/2)O3, Pb(Mg1/3Nb2/3)O3 and 

Pb(Zn1/3Nb2/3)O3-based dielectrics have been 

intensively investigated for practical applica-

tions.12–16) These dielectric materials, which 

can be sintered below 1000°C, enable the 

use of Ag–Pd alloy electrodes having high sil-

ver contents, and exhibit excellent electrical 

characteristics, for example, a K value for the 

Y5V characteristic of 25000 or more with sat-

isfactory dc bias characteristics.

As another method for reducing elec-

trode costs, replacement of the Pd electrode 

with base metal electrodes composed of Ni 

or Cu has been intensively investigated for 

practical applications in the 1980s. Ni and Cu 

are easily oxidized in air at high temperatures. 

Hence, the dielectric materials must be fired 

in a reducing atmosphere. However, conven-

tional dielectrics are readily reduced under 

such a firing condition and become semicon-

ductive as represented by 

BaTiO3 + xH2  BaTiO3–X + xH2O (2)

OO  1/2O2(g) + VO
•• + 2e’. (3)

Therefore, for BME applications, it is im-

portant to develop nonreducible dielectrics 

that can maintain high insulation resistance 

after firing in a reducing atmosphere. In the 

case of use of Cu electrodes, low-tempera-

ture sintering below the melting point of Cu 

(MP=1080°C) is required in addition to non-

reducibility.

In the second half of the 1990s, a sudden 

rise in Pd prices has accelerated non-use of 

Pd as internal electrodes, and concern about 

environmental contamination by lead (Pb) 

compounds in electronic components has 

rapidly promoted the use of base metals such 

as Ni and Cu in low-cost MLCC development. 

With progress in fabrication technology of 

thin sheets and development of nonreduc-

ible dielectrics capable of using inexpensive 

Ni in internal electrodes, the production of 

Ni-MLCCs has markedly increased with a fo-

cus on large-capacitance products. During 

the past decade, the thickness of the dielec-

tric layer has reduced from 10µm to about 2

µm, and MLCCs composed of 500 or more 

laminated layers have already been mass-

produced. Figure 4 shows the cross-sectional 

view of an EIA 1812 case size (4.5 by 3.2 

mm2) X7R 100µF Ni-MLCC. At present, 50% 

or more of MLCC products with high capaci-

tance use Ni electrodes, and the share of the 

Ni-MLCCs will further increase in the future. 

In this paper, we will describe the develop-

ment of nonreducible dielectrics suitable for 

thin-dielectric-layer Ni-MLCCs with large 

capacitance and also present the electrical 

properties and reliability of Ni-MLCCs. Some 

of the future perspectives of BME MLCCs are 

also discussed.

2. Development of Nonreduc-
ible Dielectrics for Ni-MLCCs

The study on BaTiO3-based nonreducible 

dielectrics for producing Ni-MLCCs was initi-

ated by Herbert17) in the early 1960s. Up to 

the 1970s, the development of nonreducible 

dielectrics was mainly achieved by the addition 

of acceptors such as MnO and Cr2O3.18–20) As 

shown in eq. (4), it is considered that conduc-

tion electrons are trapped by the acceptors 

so that the decrease in insulating resistance is 

suppressed. 

MnTi’’ + VO
••  (MnTi’’VO

••)* (4)

In the 1980s, Sakabe et al.21) found that 

nonreducible BaTiO3-based dielectrics were 

obtained by including a small amount of ex-

cess BaO in the BaO/TiO2 ratio and by the 

addition of CaO. They reported that a small 

amount of CaO dissolved into the TiO2 site 

under the condition of A-site excess, and CaO 

acted as an acceptor similar to MnO.22,23) On 

0.5mm
Fig. 4. Cross sectional view of 
EIA 1812 case size (4.5 by 3.2 
mm2) X7R 100µF Ni-MLCC. Di-
electric layer thickness = 1.8 µm, 
number of layers = 700.
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the other hand, Desu24) reported that non-

reducibility of BaTiO3 was enhanced by the 

formation of Ba2TiO4 grain boundary phases 

instead of CaO working as an acceptor.

Dielectrics that are stable against firing 

atmospheres by A-site excess and addition 

of acceptors such as MnO have been devel-

oped and their practical applications have 

been intensively investigated.25) However, 

BaTiO3-based materials with excess A-site ex-

hibit poor sinterability and the resulting chip 

components exhibit poor humidity resistance. 

Therefore, by adding a Li2O–CaO–SiO2 glass 

component having a high insulation resis-

tance under a reducing atmosphere, we26,27) 

developed low-temperature sinterable non-

reducible BaTiO3-based dielectrics that can 

be sintered at a relatively low temperature of 

about 1200°C and had K values comparable 

with that of conventional Pd electrode mate-

rials, and mass production of Y5V and X7R 

Ni-MLCC was started in the second half of 

the 1980s.

However, these materials based on the 

addition of acceptors exhibit an extremely 

short life property of insulation resistance at 

high temperatures and high electric fields 

compared with conventional MLCCs using 

Pd electrodes.28) Hence, further thinning of 

the dielectric layers is difficult in view of reli-

ability. Various models have been proposed 

to explain the mechanism of the degradation 

of the insulation resistance of the dielectrics. 

They may be classified into 1) grain boundary 

model29,30) (High electric field across the grain 

boundaries generated by a Maxwell-Wagner 

polarization leads to a local dielectric break-

down process.), 2) reduction model31–34) (The 

pile up of electromigrated oxygen vacancy at 

the cathode leads to reduction of the ceram-

ics towards to the anode.), and 3) de-mixing 

model35,36) (By electromigration of oxygen 

vacancies, the enrichment of oxygen vacan-

cies near the cathode and depletion near the 

anode leads to the enhancement of the elec-

tronic charge carrier concentration between 

the electrodes resulting in the pn junction 

formation.) These models assume that the 

oxygen vacancies are an essential part of the 

degradation process. Thus, in the case of the 

acceptor-doped nonreducible dielectics, it is 

considered that a large insulation resistance 

degradation rate is due to the generation of 

the oxygen vacancies by the acceptor dopant 

as shown in eq. (4). On the other hand, it is 

well known that degradation of insulation re-

sistance of dielectrics in a high electric field 

strongly depends on the donor-to-acceptor 

ratio of the added components.37) 

Fujikawa et al.38) developed nonreducible 

BaTiO3-based dielectrics containing Y2O3 and 

MnO in 1986. However, the role of Y2O3 was 

not clear. In the early 1990s, we had an inter-

est in rare-earth elements having ionic radii 

between those of Ba and Ti ions and which 

can be dissolved in both the Ba and Ti sites, 

and investigated the effects of the addition 

of various rare-earth elements to nonreduc-

ible A-site excess BaTiO3 dielectrics containing 

MgO and a Li2O–CaO–SiO2 glass component, 

as shown in Table III.39–43) Table IV shows 

ionic radii of Ba, Ti, rare-earth elements, and 

Mg taken from Shannon’s table.44) In the 

table, ion radii of Dy, Ho, Y, Er, and Yb in 12 

coordinates are obtained by extrapolation 

from the relationship between the coordina-

tion number and the ion radius. The ionic 

radius of a rare-earth element decreases by 

lanthanide contraction as the atomic number 

increases. Takada et al.45) reported, based on 

the measurement of equivalent electrical con-

ductivity at high temperatures that rare-earth 

elements dissolve in both the A- and B-sites 

depending on the A/B ratio in BaTiO3. In ad-

dition, by computer simulation of energy of 

lattice defects, Lewis and Catlow46,47) report-

ed that rare-earth elements having intermedi-

ate ionic radii can dissolve in both the A- and 

B-sites. The rare-earth elements are believed 

to act as a donor when they dissolve in the 

Ba site or as an acceptor when they dissolve 

in the Ti site, as represented by 

Ba site: R2O3  2RBa
• + VBa’’ + 3OO (5)

Table III. Dielectric ceramics materials for BME-MLCCs.

Designation Base material Additive

X7R(BX) (Ba1.02Mg0.01)O1.003(Ti0.99Zr0.01)O3
La, Nd, Sm, Gd, Dy, Ho and Er oxides (0 to 2 at.%)
Li2O–SiO2–CaO glass (0.5 wt%)

Y5V (Ba0.948Ca0.05Mg0.005)O1.003(Ti0.86Zr0.14)O3
La, Nd, Sm, Gd, Dy, Ho and Er oxides (0 to 2 at.%)
Li2O–SiO2–CaO glass (0.5 wt%)

Table IV. Effective ionic radii of various elements. (The ionic radii of Dy, Ho, Y, Er and 
Yb ion in 12 coordinate are based on the relationship between coordination number 
and effective ionic radius based on Shannon's table.44))

Ion
Ionic radius (Å)

6 coordination 12 coordination

Ba2+ 1.610

Ti4+ 0.605

Mg2+ 0.720

La3+ 1.032 1.360

Sm3+ 0.958 1.240

Dy3+ 0.912 *1.255

Ho3+ 0.901 *1.234

Y3+ 0.900 *1.234

Er3+ 0.890 *1.234

Yb3+ 0.868 *1.217
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Ti site: R2O3  2RTi’ + 2OO + VO
••. (6)

We found that samples containing rare-

earth elements exhibited significantly im-

proved life characteristics when cooling be-

low 1000°C in a firing process was carried 

out in a weakly oxidizing atmosphere not 

causing oxidation of nickel electrodes. Fig-

ure 5 shows a comparison of the results of 

a highly accelerated life test (HALT) at 350V 

and 165°C of X7R and Y5V Ni-MLCC sam-

ples with 1at.% rare-earth elements. Both 

the X7R and Y5V compositions exhibited ex-

cellent life characteristics by the addition of 

rare earth elements Dy2O3, Ho2O3, and Er2O3 

having intermediate ionic radii even when the 

thickness of the dielectric layers was reduced 

to about 5µm. Furthermore, these Ni-MLCCs 

exhibit lifetimes comparable with or superior 

to that of conventional Pd-MLCCs. A com-

bination of incorporation of rare-earth ele-

ments having specific ion radii and control of 

the cooling atmosphere in the firing enabled 

a significant improvement of life characteris-

tics, and the development of thin-dielectric-

layer Ni-MLCCs with large capacitance has 

been accelerated.

On the other hand, Nakano et al.48) 

showed that the lifetime of Ni-MLCCs sig-

nificantly improved by the addition of Y2O3 

into nonreducible dielectrics. They studied 

the reason for the improved reliability and 

concluded that Y2O3 acts as a donor accord-

ing to eq. (5) and compensates for oxygen 

vacancies caused by acceptors, such as MnO, 

which were added for enhancing nonreduc-

ibility. Since the ionic radius of Y2O3 is very 

close to that of Ho2O3 as shown in Table IV, 

their experimental results agreed well with 

our results. However, the reason why only 

rare-earth elements having specific ionic radii 

exhibited a significantly improved reliability 

are not yet sufficiently clarified and it is one 

of the subjects for future studies.

As described above, the reliability of the 

Ni-MLCCs strongly depends on the ionic radii 

of rare-earth elements. Therefore, it is consid-

ered that the reliability is related to the solu-

bility states of rare-earth elements in BaTiO3, 

such as the site occupancy and the amount 

of solid solution. The site occupancy of rare-

earth element in the BaTiO3 lattice could be 

strongly dependent on their ionic radius. Fur-

thermore, a change in the ratio of dissolution 

in the A- and B-sites of rare-earth elements in 

BaTiO3 should affect a change in the donor/

acceptor ratio, which will have a strong effect 

on electrical characteristics.

In order to realize miniaturization and 

larger capacitance of the MLCCs, thinning of 

the dielectric layers is effective as shown in 

eq. (1). With a reduction in the thickness, the 

applied electric field significantly increases. 

Fig. 6. SEM photographs of as-sintered surfaces. (a) Y5V, (b) X7R.
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Fig. 5. Effect of the thickness 
of dielectric layers on the life-
time of Ni-MLCCs with 1at.% 
of various rare-earth ions.
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It is also well known that the degradation of 

insulation resistance of dielectrics at a high 

electric field strongly depends on the micro-

structures such as the grain size of the ce-

ramics,49) in addition to the composition such 

as the above-described donor/acceptor ratio. 

The control of microstructure has become 

more important to improve the reliability of 

MLCCs with a very thin dielectric layer less 

than 5µm. Figures 6(a) and 6(b) show scan-

ning electron microscopy (SEM) photographs 

of surfaces of the Y5V and X7R samples. The 

Y5V sample shows uniform grain growth 

of about 3µm, whereas the X7R sample is 

composed of fine grains of below 0.5µm. In 

the X7R sample, the core-shell structure was 

formed as shown in the transmission electron 

microscopy (TEM) photograph [Fig. 7(a)]. An 

energy dispersive X-ray spectroscope (EDX) 

spectrum at a shell phase shown in Fig. 7(b) 

illustrates that MgO and Ho2O3 dissolve in 

BaTiO3 in the shell. The core phase is com-

posed of tetragonal ferroelectric almost pure 

BaTiO3, and the shell phase is composed of a 

nonferroelectric solid solution of BaTiO3 and 

additives.

In order to clarify the reason for a signifi-

cant improvement in reliability of Ni-MLCCs 

by the addition of the rare-earth elements, 

we examined the effects of the addition of 

various rare-earth elements on dielectric prop-

erties and microstructures such as a core-shell 

structure, and also investigated the effect of 

the site occupancy of rare-earth elements in 

BaTiO3 on the electrical properties and micro-

structure.

3. Effect of Rare-earth Doping
3.1 Dielectric properties and mi-
crostructure

The resistivity of BaTiO3 ceramics at room 

temperature strongly depends on oxygen dif-

fusion (re-oxidation) at the cooling stage dur-

ing firing. Figure 8 shows changes in electri-

cal conductivity of X7R samples, where one 

was sintered in a reducing atmosphere at 

1200°C and then cooled at 350°C/h while 

maintaining the reducing atmosphere of 

P(O2)=10–8Pa, and the other was cooled af-

ter the firing atmosphere was changed to a 

weakly oxidizing atmosphere of P(O2)=30Pa 

at 1000°C. The electrical conductivity strong-

ly depended on the ionic radius of the rare-

earth element. The intermediate ionic ra-

dius rare-earth (Dy2O3, Ho2O3, Er2O3)-doped 

samples showed higher electrical conductiv-

ity (lower resistivity) compared with the larger 

ionic radius rare-earth (La2O3, Sm2O3, Gd2O3)-

doped samples, when they were cooled in a 

reducing atmosphere. However, in the case of 

the weakly oxidizing atmosphere, the Dy2O3-, 

Ho2O3-, and Er2O3-doped samples showed 

significantly lower conductivity (higher resis-

tivity) than the La2O3-, Sm2O3-, and Gd2O3-

doped samples. This result suggests that 

the rare-earth elements having intermediate 

ionic radii facilitate re-oxidation in the cool-

ing stage and thus significantly decrease the 

number of oxygen vacancies in the samples 

compared with the larger ionic radius rare-

earth elements. This result also agreed with 

the results on the HALT of Ni-MLCCs shown 

in the preceding section. Accordingly, it is 

considered that a significant improvement in 

lifetime is caused by a marked decrease in the 

oxygen vacancy concentration in the dielec-

trics due to the addition of the intermediate 

ionic radius rare-earth elements.

0.000

O

Ho

Ba, Ti

Grain-Shell

Ba
Mg

10.80

(a)

(b)

0.1   m

Fig. 7. (a) TEM photograph of grain and (b) EDX spectrum of grain 
shell of BaTiO3–MgO–Ho2O3-based ceramics sintered at 1320°C.

��

��

��

��

��

��

��

��

�

������ ������ ������ ������ ������ ������ ������

1/T(K-1)

��
��

��

��

��

��

��

��

��

��

��

��

��

��

�

������ ������ ������ ������ ������ ������

��������

��

��

��

��

��

��

�������

�������

����°�

����������������

���

����°�������������

���

�������

��
�

���
��

���
��

���
��

�
���

��
���

��
���

Fig. 8. Influence of Ho2O3 addition on the cooling stage in two dif-
ferent atmospheres. X7R composition: (a) reducing atmosphere, (b) 
weakly oxidizing atmosphere.
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by space charge in the dielectrics, such as an 

oxygen vacancy.50–52) Figure 10 shows TEM 

photographs of samples containing Ho2O3 or 

Sm2O3. Both samples exhibited a core-shell 

structure. In the Sm2O3-doped sample, many 

dislocation loops were formed in the shell 

region with slight grain growth, whereas in 

the Ho2O3-doped sample, no substantial dis-

location loop was observed. These disloca-

tion loops were considered to be a set type 

of oxygen vacancies based on the analysis of 

the lattice image by high-resolution electron 

microscopy.53,54) Thus, it is considered that the 

behavior on HALT and the change in capaci-

tance during the load test strongly depends 

on the concentration of oxygen vacancies in 

the sample. Nomura et al.55) analyzed the ag-

ing behavior of Ni-MLCCs during the load 

life test in detail and showed that the change 

followed a Richter-type relaxation curve hav-

ing two relaxation times. They concluded 

that a change in capacitance in a short time 

period was caused by cation vacancies at 

grain boundaries and that in a long time pe-

riod was caused by oxygen vacancies in the 

grains.

These results suggested that the solubil-
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Fig. 11. Effect of MgO content on the mean grain size for the various rare-
earth-oxide-doped samples.

(a)

(b)

dislocation
loop

Fig. 10. TEM photographs of rare-earth-oxide-doped X7R ceramics. 
(a) Ho2O3, (b) Sm2O3.
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Fig. 9. Effect of rare-earth ions on capacitance change of X7R Ni-MLCCs 
during load life test.

It is desirable for the X7R MLCC that a 

change in capacitance be as small as possible 

before and after various reliability tests, in ad-

dition to flat temperature dependence. Figure 

9 shows a change in capacitance of X7R Ni-

MLCC samples containing various rare-earth 

elements after a load life test at 40°C and 50V 

for 1000h. Also in this case, the intermediate 

ionic radius rare-earth (Dy2O3, Ho2O3, Er2O3)-

doped samples showed a smaller aging rate 

than those of the larger ionic radius rare-earth 

(La2O3, Sm2O3, Gd2O3)-doped samples. Hys-

teresis loops measured using the samples be-

fore and after the load life test showed that 

an increased change in capacitance over time 

was caused by an increased remanent polar-

ization of the dielectrics. It is well known that 

a change in remanent polarization is caused 
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ity states of rare-earth elements in the Ba-

TiO3 lattice depending on their ionic radii are 

closely related to the oxygen vacancy con-

centration in the samples and strongly affect 

the dielectric properties and reliability of Ni-

MLCCs.

3.2 Core-shell formation behavior
Kishi et al.56) investigated the influence of 

Mg and Ho2O3 on the formation behavior of 

the core-shell structure in the BaTiO3–MgO

–Ho2O3-based system, and reported the fol-

lowing: (1) MgO reacts with BaTiO3 at low 

temperatures to form a shell phase; (2) Ho2O3 

reacts with the shell phase at high tempera-

tures; (3) MgO suppresses diffusion of Ho2O3 

into the core and grain growth at high tem-

peratures.

Furthermore, we examined the effects 

of various rare-earth elements on the forma-

tion of the core-shell structure in the BaTiO3

–MgO-rare-earth oxide (R2O3)-based sys-

tem.57,58) Figure 11 shows the effect of MgO 

content on the mean grain size for 1at.% 

various rare-earth-ion-doped samples. It was 

confirmed that a larger amount of MgO was 

necessary to suppress the grain growth and 

form the core-shell structure for the larger 

ionic radius rare-earth (La2O3, Sm2O3)-doped 

samples than for the intermediate ionic ra-

dius rare-earth (Dy2O3, Ho2O3, Er2O3)-doped 

samples. It seemed that the higher diffusivity 

into the core phase of La2O3 and Sm2O3 ions 

compared with Dy2O3, Ho2O3 and Er2O3 ions 

was related to their ionic radii.

The effect of the microstructure on the 

dielectric properties in the BT–MgO–R2O3-

based system was also investigated.59,60) It 

was found that a change in microstructure 

significantly affected the dielectric proper-

ties. Figure 12 shows the time dependence 

of the capacitance under a dc field of 2V/µm 

at room temperature. In all the samples, the 

aging rate decreased with in-

creasing MgO content, but the 

change was relatively modest 

in the intermediate ionic ra-

dius rare-earth (Dy2O3, Ho2O3)-

doped samples. In contrast, the 

larger ionic radius rare-earth 

(La2O3, Sm2O3)-doped samples 

showed a large dependence 

on the MgO content, and the 

sample containing 0.5 mol% 

MgO showed a significantly 

large aging rate due to the 

grain growth. However, the 

electrical properties of the La- 

and Sm2O3-doped samples 

were improved to a level near 

those of Dy2O3- and Ho2O3-doped samples 

when the MgO content was increased to 

form the core-shell structure.

To clarify the dependence of ionic radius 

of rare-earth ions on the microstructure of 

the BT–MgO–R2O3-based system, we inves-

tigated the effect of rare-earth element con-

tent and the firing temperature on the forma-

tion behavior of the core-shell structure using 

Dy2O3 and Ho2O3.61,62) Figure 13 shows the 

mean grain sizes for the samples as a func-

tion of firing temperature. Although the ionic 

radii of Dy and Ho are very close, it appeared 
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Fig. 12. Influence of rare-earth ions on the time-dependent change of capacitance under dc field for Ni-MLCCs. 
(a) MgO = 0.5 mol%, (b) MgO = 1.0 mol%.

Fig. 13. Mean grain size of Dy2O3- and Ho2O3-doped disk samples as a 
function of firing temperature. (MgO = 0.5 mol%, R = 1.5 at.%).
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ture of the BaTiO3–MgO–R2O3-based system 

required strict control of the MgO/R2O3 ratio 

and the firing condition, depending on the 

ionic radius of the rare-earth element.

3.3 Site occupancy study
As described above, the dielectric proper-

ties and microstructure of the BaTiO3–MgO–

R2O3-based system is strongly dependent on 

the ionic radius of the rare-earth element. 

Understanding the solubility state of rare-

earth elements and MgO in the BaTiO3 lattice 

is very important in improving the electrical 

properties of Ni-MLCCs. Therefore, to ana-

lyze the influence of rare-earth elements on 

the solubility in the shell phase of the BaTiO3

–MgO–R2O3-based system, we63) synthesized 

the solid solutions by the conventional meth-

od according to following formula, assuming 

the shell phase of X7R dielectrics. 

(Ba1–2xR2x)(Ti1–xMgx)O3 (7)
(x=0 to 0.15, R: rare earth element)

This formula is based on a model substituting 

rare-earth and Mg ions for Ba and Ti, respec-

tively.

A single phase of BaTiO3 solid solution 

was obtained in a wide range for the larger 

ionic radius rare-earth (La2O3, Sm2O3)-sub-

stituted samples compared with the Dy2O3-, 

Ho2O3-, Er2O3-, and Yb2O3-substituted sam-

ples. The lattice parameter of the samples 

was precisely measured by powder X-ray 

diffractometry (XRD) at 300°C, which was 

considerably higher than the Currie point, 

in order to avoid the influence of the phase 

transition due to the composition. Figure 

14 shows the result of lattice parameters of 

the samples. In the case of the larger ionic 

radius rare-earth (La2O3, Sm2O3)-substituted 

samples, the lattice parameter decreased 

monotonously as a function of x. In the case 

of the intermediate ionic radius rare-earth 

(Dy2O3, Ho2O3, Er2O3)-substituted samples, 

both the decrease and the increase in the lat-

tice parameters were observed. On the other 

hand, in the case of the smaller ionic radius 

rare-earth Yb2O3-substituted sample, the lat-

tice parameter increased up to x=0.010 and 

showed no change above x=0.010. As a re-

sult, it was confirmed that larger ions (La,Sm) 

predominantly occupied the A-site, smaller 

ions (Yb) predominantly occupied the B-site 

and intermediate ions (Dy,Ho,Er) occupied 

both the A- and B-sites. It also appeared that 

the limit of solid solution of rare-earth ions in 

the BaTiO3 lattice decreases as the ionic ra-

dius deceases. This phenomenon is closely re-

lated to the decrease in diffusivity of the rare 

earth element into the core phase as ionic 

radius decreases. Thus, it is considered that 

the stability of the core-shell structure against 

variation in the rare-earth content and firing 

temperature depends on the tendency for 

B-site occupation of the rare-earth element 

which is dependent on its ionic radius.

Figure 15 shows the electrical resis-

tivity at room temperature of various rare-

earth-substituted samples fired at 1380°C 

in a reducing atmosphere. In the case of the 

Dy2O3- and Ho2O3-substituted samples, a re-
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Fig. 14. Lattice parameters 
of (Ba1–2xR2x)(Ti1–xMgx)O3 solid 
solutions measured at 300°C 
as a function of x (R = La, Sm, 
Dy, Ho, Er, Yb).

that their grain growth behaviors were clear-

ly different. Dy2O3-doped samples showed 

grain growth as the firing temperature was 

increased, whereas Ho2O3-doped samples 

showed no grain growth. According to DSC 

and TEM observations, it was confirmed that 

the stability of Ho2O3-doped samples in the 

microstructure against firing temperature 

was much higher than that of Dy2O3-doped 

samples. The ionic radius of Dy is slightly 

larger than that of Ho. Hence, it is expected 

that there is a greater substitution of Dy into 

the A-site than into the B-site than that of 

Ho. This difference in the substitution of the 

rare-earth ions into the BaTiO3 lattice should 

affect the microstructural evolution against 

firing temperature, such as the stability and 

the collapse of the core-shell structure. It was 

found that the control of the core-shell struc-
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sistivity jump was observed. The change in re-

sistivity substantially agreed with the change 

in lattice parameter. Thus, the resistivity jump 

of Dy2O3- and Ho2O3-substituted samples was 

attributed to the change of the predominant 

occupational site of Dy and Ho ions, from 

the A-site to the B-site. These results suggest 

that larger ions (La,Sm) predominantly act as 

donor dopants, smaller ions (Yb) as acceptor 

dopants, and intermediate ions (Dy,Ho,Er) as 

both donor and acceptor dopants.

Tsur et al.64) also studied the site occu-

pancy of rare-earth elements in BaTiO3 with 

different A/B ratios by XRD measurements at 

room temperature, and found that the site 

occupancy of the rare earth element changed 

in response to the ionic radius and that Er2O3, 

Y2O3, Ho2O3, Dy2O3 and Gd2O3 occupied both 

the A- and B-sites, along with our results.

From these results, the significant im-

provement in reliability of Ni-MLCCs by the 

addition of intermediate rare-earth elements 

must be attributed to their amphoteric be-

havior as both a donor and an acceptor dop-

ant in BaTiO3 depending on the composition. 

These results also revealed that the occupan-

cy ratio of rare-earth elements in the BaTiO3 

lattice strongly affected both the electrical 

properties and microstructure of Ni-MLCCs.

3.4 Tc shift by re-oxidation
As mentioned above, MnO is well known 

as an acceptor dopant for BaTiO3, as well as 

MgO; the Mn ion acts as a divalent acceptor 

during firing in a reducing atmosphere, like 

the Mg ion. However, Mn2+ is easily oxidized 

to Mn3+ or Mn4+ by re-oxidation treatment, 

while Mg2+ maintains a constant valency. Al-

bertsen et al.65) reported the changes in the 

Curie point (Tc) under reduction and re-oxi-

dation of BaTiO3 ceramics containing MnO 

acceptors and various donor dopants on the 

B-site. With increasing donor concentration, 

the change in Tc after re-oxidation treatment 

is suppressed. They deduced that the forma-

tion of donor–acceptor complexes suppressed 

the valence change of Mn2+ to Mn3+ or Mn4+. 

Thus, for the control of the electrical proper-

ties of the nonreducible dielectrics containing 

a rare-earth element and an acceptor dopant, 

the relationship between the site occupancy 

of the rare-earth element and the valence 

state of the acceptor must be clarified.

We prepared the MnO-containing shell 

phase model solid solution of (Ba1–2xR2x)

(Ti1–xMnx)O3 (x≤0.100), in addition to the 

MgO-containing samples as described in 

the former section, and examined the effect 

of re-oxidation treatment in air at 1200°C 

on the solubility state and dielectric proper-

ties of the samples.66–68) For the MgO-con-

taining samples, no change in the lattice pa-

rameter and Tc by re-oxidation was observed. 

In contrast, for the MnO-containing samples, 

changes in the lattice parameter and Tc were 

observed in a region in which the rare-earth 

element predominantly occupied the B-site. 

The intensity of electron spin resonance (ESR) 

spectra of Mn2+ in the MnO-containing sam-

ples was also strongly depressed in a region 

in which the rare-earth element predominant-

ly occupied the B-site. Thus, it was considered 

that the changes in lattice parameter and Tc 

of the MnO-containing sample by reoxidation 

treatment were due to the valence change 

of Mn2+ to Mn3+ or Mn4+. Figure 16 shows 

changes in Tc of MnO-containing samples by 

re-oxidation treatment. The larger ionic radius 

rare-earth (La2O3, Sm2O3)-substituted samples 

in which the rare-earth elements occupied 

the A-site exhibited no change in Tc, whereas 

the Dy2O3-, Ho2O3-, Er2O3-, and Yb2O3-substi-

tuted samples exhibited a shift of Tc toward 

high temperatures in a composition in which 

rare-earth elements predominantly occupied 

the B-site. Albertsen et al.65) found that Mn2+ 

in donor–acceptor charge complexes could 

not be oxidized, and the Tc of reduced and 

re-oxidized material coincided for equivalent 

concentrations of the Mn acceptor and do-

nor. Our results well agreed with their results, 

and can be explained as follows. In the com-

position in which the rare-earth element oc-

cupies the A-site, the R donor concentration 

and the Mn2+ acceptor concentration in the 

B-site are equal, and the formation of donor

–acceptor complexes (2RBa
•MnTi’’)* suppresses 

a change in the valence of Mn2+; hence, a 

change in the lattice parameter and a shift 
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of Tc do not substantially occur during re-

oxidation. In the composition in which the 

rare earth element predominantly occupies 

the B-site, increased R acceptors bring about 

an increase in the amount of free Mn2+ which 

can be re-oxidized into Mn3+ and Mn4+ dur-

ing the re-oxidation, resulting in changes in 

the lattice parameter and Tc.

As a result, in nonreducible BaTiO3-based 

dielectrics containing rare-earth elements and 

acceptor components, the site occupancy of 

the rare-earth elements strongly influenced 

not only the donor/acceptor ratio but also the 

valence of the acceptor component, and sig-

nificantly affected the re-oxidation behavior 

and the resultant dielectric properties of Ni-

MLCCs.

4. Electrical Properties of BME 
MLCCs
4.1 Effect of reduction of dielectric 
layer thickness

With trends toward thinner dielectric 

layer thickness and larger capacitance of Ni-

MLCCs, the intensity of the electric field that 

is applied to the dielectric layers increases sig-

nificantly. In particular, in the Y5V dielectrics 

involving grain growth, only one grain is pres-

ent in a layer when the layer thickness de-

creases to about 3µm. Thus, it is important to 

understand a change in dielectric properties 

due to thinning of the layers and dielectric 

properties in a strong electric field. Chazono 

et al.69) investigated the effect of AC electric 

field on Ni-MLCCs having various dielectric 

layer thicknesses using Y5V dielectrics based 

on Ba(Ti,Zr)O3. As the thickness of the dielec-

tric layer decreased, the peak of the K value 

broadened and shifted toward a lower tem-

perature. Such a change in the temperature 

dependence of the K was approximately elu-

cidated by the dependence of the intensity of 

the AC electric field applied to the dielectrics. 

Tsurumi et al.70) proposed that the depen-

dence of the AC electric field of Ba(Ti,Zr)O3-

based dielectrics could be explained by the 

existence of a polar micro region (PMR) on 

the basis of the model of the relaxors. We al-

so examined the dependence of the dielectric 

layer thickness of X7R di-

electrics. The K at a lower 

temperature of the X7R 

dielectrics at a constant 

measuring AC voltage of 

1Vrms, as well as that of 

the Y5V dielectrics, sig-

nificantly changed as the 

thickness of the dielectric 

layer decreased. Figure 

17 shows the dependence 

of the K  of X7R MLCC 

samples having a dielectric 

layer thicknesses of 6.7µm 

and 3.5µm on the AC elec-

tric field. Also in the X7R 

dielectrics, the tempera-

ture dependence of the 

K at various thicknesses 

of the dielectric layer can be elucidated by 

the dependence of the intensity of the AC 

electric field, as in the Y5V dielectrics. Figure 

18 shows the frequency dependence of the K 

of a X7R MLCC sample with a thickness of 3.5

µm. It was found that the shell phase showed 

a large frequency dependence since the de-

pendence was observed below a temperature 

Tc of the core phase. Tsurumi et al.71) also in-

vestigated the AC electric field dependence 

of the samples having a shell composition of 

X7R dielectrics and reported the shell phase 

was a relaxor because they showed an AC 

electric field dependence similar to that of 

Ba(Ti,Zr)O3-based dielectrics.
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Fig. 17. Effect of AC electric field on tem-
perature characteristics of dielectric constant 
for X7R Ni-MLCC with 6.7 µm and 3.5 µm 
layer thickness.
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Fig. 18. Frequency dependence of dielectric constant for X7R Ni-MLCC.
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On the other hand, Chazono et al.72) re-

ported re-oxidation of Y5V MLCCs having di-

electric layer thicknesses of 2.8 µm and 6.4 µm. 

Figure 19 shows the temperature dependence 

of the K of the samples as fired in a reduc-

ing atmosphere and as re-oxidized in a weakly 

oxidizing atmosphere. By re-oxidation treat-

ment, the K of the 2.8 µm sample increased 

by 60%, whereas that of the 6.4 µm sample 

increased by 15%. This difference suggested 

that oxygen vacancy generated during firing in 

a reducing atmosphere increased as the thick-

ness of the dielectric layer decreased. A differ-

ence in the temperature dependence of the K 

value between the 2.8 µm sample and the 6.4 

µm sample could be almost interpreted based 

on the AC electric field dependence, as de-

scribed above. However, the temperature de-

pendence of the K of the 2.8 µm sample was 

slightly broad and the K was low compared 

with those of the 6.4 µm sample. A possible 

reason for these phenomena is the effect of 

the amount of the oxygen vacancies gener-

ated during the firing. On the other hand, 

Nakano and Nomura73) examined the effect 

of the layer thickness on the internal stress of 

MLCCs and reported that an increase in in-

ternal stress due to a reduction in layer thick-

ness influenced the dielectric properties and 

lifetime. In order to achieve higher reliability 

of thin-layer Ni-MLCCs, further investigation 

on the relationships between the dielectric 

properties, the microstructure, the oxygen va-

cancies, and the internal stress is required.

4.2 Effect of microstructural evolu-
tion

Mizuno et al.74) investigated the effect of 

the milling process for BaTiO3–MgO–Ho2O3-

based X7R dielectrics on the core-shell for-

mation behavior and dielectric properties. 

The increase in the amount of milling me-

dium resulted in the chipped particles of Ba-

TiO3 powders and the decrease of the BaTiO3 

crystallinity as shown in Table V. By careful 

TEM observation, grains were classified into 

the following three types: grains without a 

90° domain pattern (named S-grain), grains 

showing only a 90° domain pattern (named 

C-grain) and grains showing a core-shell mi-

crostructure (named CS-grain). The rate of 

frequency for CS-grain increased, and that 

for C-grain decreased as the damage in-

creased. The K value for MLCC samples with 

3.5µm dielectric thickness decreased monoto-

nously with the degree of damage increasing 

in all the measurement temperature ranges, 

as shown in Fig. 20. Furthermore, the peak 

of K at around room temperature shifted to 

a higher temperature as the degree of dam-

age increased. These phenomena suggest 

that the decrease of K with increasing degree 

of damage was caused by the volumetric de-

crease of the core region composed of pure 

BaTiO3. Figure 21 shows the results of HALT 

of MLCC samples. The leakage current de-

creased and the lifetime was prolonged as 

the degree of damage increased. It was sug-

gested that the volumetric ratio of the shell 

region has an influence on the load lifetime 

characteristics of Ni-MLCC samples.

As described above, degradation of the 

insulation resistance of the dielectrics under 

simultaneous application of temperature and 

dc electric field is caused by electromigra-

tion of positively charged oxygen vacancies 

toward the cathode. Waser et al.49) report-

ed that grain boundaries acted as a barriers 

against the electromigration of oxygen vacan-

cies. Furthermore, they analyzed the states of 

Table V. Powder features and the rate of frequency for C-grain, CS-grains, and S-grains for samples.

D50(µm) BET(m2/g) FWHM(°) C-grain(%) CS-grain(%) S-grain(%)

Sample-1 0.508 3.53 0.1080 50 46 4

Sample-2 0.489 3.71 0.1113 48 45 7

Sample-3 0.479 4.40 0.1224 23 70 7
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Fig. 20. Temperature dependence of the dielectric constant and dissipation 
factor for MLC samples fired at 1320°C.
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grain boundaries of acceptor-doped SrTiO3 

and BaTiO3 by impedance spectroscopy, and 

proposed that a double Schottky barrier ac-

companied by a space charge depletion layer 

was formed at the grain boundaries. Chazo-

no and Kishi75) carried out impedance analy-

sis of X7R Ni-MLCCs based on BaTiO3–MgO

–R2O3 dielectrics to clarify the relationship 

between the microstructure and the deg-

radation of the insulation resistance. It was 

found that the electrical equivalent circuit 

corresponded to four sections, i.e., the core 

region, the shell region, the grain boundary, 

and the ceramic/Ni electrode interface region. 

Furthermore, they investigated the relation-

ship between the result of impedance analysis 

and time dependence of the leakage current. 

At the initial stage, the leakage current was 

determined by the tunneling current passing 

through the grain boundaries, because the 

sample showed nonlinear I–V characteristics. 

As with time, the decrease in resistivity of the 

ceramic/electrode interface and the slight in-

crease in resistivity of the core phase were ob-

served. It was considered that the oxygen va-

cancies presented in the core phase migrated 

across the grain boundaries towards the cath-

ode. At the final stage, the leakage current 

was determined by the decrease of resistance 

of the ceramic/electrode interface due to the 

pile up of oxygen vacancies near the cath-

ode. Although, further investigation on the 

ceramic/electrode interface characteristic is 

still necessary, it is considered that the oxygen 

vacancy pile up brings about the decrease in 

resistance at the ceramic/electrode interface 

by either the physical change of the crys-

tal lattice or change in the thickness of the 

ceramic/electrode interface. It appeared that 

the hindrance for the oxygen vacancy trans-

port across the grain boundaries was not suf-

ficiently large because of the small number of 

the grains between the internal electrodes in 

such a MLCC with a thin dielectric layer. This 

suggests that the insulation resistance degra-

dation of X7R Ni-MLCCs is strongly affected 

not only by the state of the grain boundaries 

but also by the state of the ceramic/electrode 

interface.

Figure 22 shows the distribution of 

Ho2O3 and MgO in the grain for X7R dielec-

trics as determined by TEM and EDX. It was 

confirmed that Ho2O3 and MgO were distrib-

uted with gradient concentration from the 

grain boundary to the shell region. Kirianov et 

al.76) also observed the distribution of Ho2O3 

and MgO in the grain for X7R dielectrics with 

different Ho/Mg ratios, and reported that the 

behavior of gradient concentration of Ho2O3 

and MgO in the shell phase is strongly depen-

dent on the Ho2O3/MgO ratio. Further inves-

tigation of the compositional distribution, the 

concentration of the dopants, and the site 

occupancy of the rare-earth elements in the 

shell phase is necessary to elucidate the rela-

tionship between the change in microstruc-

ture and the electrical properties of X7R Ni-

MLCCs.
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Fig. 22. Typical distribution of Ho2O3 and MgO in the grain for X7R samples as 
determined by TEM-EDX.

5. Future Perspective
In recent decades, fabrication technology 

for thin-dielectric-layer Ni-MLCCs has made 

great progress and a dielectric thickness of 2µm 

has been achieved. Furthermore, technologies 

for further thinning are being developed. To 

realize high reliability of thin-dielectric-layer 

MLCCs, finer dielectric and electrode pow-

ders must be developed. Fine BaTiO3 powder 

is being synthesized by wet processes, i.e., 

hydrothermal synthesis and a sol–gel pro-

cess.77) Hennings and Schreinemacher78) re-

ported that hydrothermally derived powder 

showed uniform grain distribution with satis-

factory dispersion, but many micropores were 

present in a crystallite due to large amount 

of chemically bound OH groups. From TEM 

observation, sintered hydrothermal BaTiO3 

showed intergranular porosity. This porosity 

will adversely affect the dielectric properties 

of thinner dielectric layers. Thus, a new syn-

thesis process for ultrafine particles having 

no defect is required. Also, fine Ni powder is 

being synthesized by the chemical vapor de-

position (CVD) method or wet chemical pro-

cess. Because the roughness of the electrode 

layer strongly affects the breakdown voltage 

of MLCC, control of agglomeration of fine Ni 

particles is an important subject.

Furthermore, handling of fine powders 

and thin sheets increases in difficulties as the 

layer thickness decreases, and current tech-

nologies are reaching their limits. Some new 

technologies are attempted for establishing 
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Fig. 21. Typical data of the time dependence of leakage current for MLC 
samples fired at 1320°C.
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a ultrathin dielectric layer thickness of 1 µm or 

a submicron range. For the formation of thin 

layers, hydrothermal electrochemical synthe-

sis, metallorganic chemical vapor deposition 

(MOCVD), and sol–gel synthesis are being 

tested. Takeshima et al.79,80) succeeded in the 

development of a thin-layer MLCC of 15 di-

electric layers with a thickness of 0.1 µm by 

MOCVD, using (Ba,Sr)TiO3 as a dielectric and 

Pt as the electrode material. However, it is 

difficult to apply this to general MLCCs be-

cause of the high production cost; hence, 

this method is believed to be suitable for the 

formation of ultracompact capacitors on Si 

substrates. On the other hand, inexpensive 

layer forming processes, such as electropho-

retic deposition (EPD) and inkjet printing, are 

being investigated.81,82) It is important to es-

tablish monodispersion of fine particles into 

a solvent and to suppress cracking due to a 

large shrinkage during firing.

There are still growing demands for 

downsizing, high reliability and high-fre-

quency performance of MLCCs. On the other 

hand, it is a disadvantage of BaTiO3-based 

materials that Y5V and X7R Ni-MLCC showed 

large dependence of capacitance on an ap-

plied dc electric field. Improvement of dc bias 

characteristics and leakage current of dielec-

trics is strongly required for Ni-MLCCs with 

higher working voltage.

For replacing organic film capacitors to 

MLCCs, highly stable C0G characteristic Ni-

MLCCs have also been developed and mass-

produced using CaZrO3-based dielectrics.83,84) 

C0G Ni-MLCCs with large capacitance show 

stable electrical properties under high-voltage 

application because of their nonferroelectric-

ity. It is expected that the amount of C0G Ni-

MLCCs usage will increase in the near future.

In addition to requirements for larger 

capacitance of MLCCs, trends toward low-

er equivalent series resistance (ESR) and 

lower equivalent series inductance (ESL) are 

strengthened every year. Regarding lower 

ESR, development of Cu-electrode MLCCs us-

ing low-firing-temperature dielectric materials 

will be carried out intensively. Cu-MLCC for 

high-frequency application has already been 

mass-produced, using CaZrO3-based dielec-

trics having a K value of about 30.85) It is still 

necessary to study higher K materials having 

dense structure and good electrical properties 

even when fired at low temperatures below 

1000°C. Regarding lower ESL, the current 

structure of MLCCs reaches the critical limit; 

hence, the formation of thin-film capacitors 

on a Si semiconductor or a circuit substrate is 

being investigated.86)

There are still many problems for ac-

complishing highly integrated MLCCs with 

ultralarge capacitance of more than 100 µF. 

We must pay attention to both materials and 

process technologies to meet future require-

ments.

6. Conclusions
Recent progress in the field of non-reduc-

ible BaTiO3-based dielectrics for MLCC with 

Ni internal electrodes was presented. Highly 

reliable Ni-MLCCs were obtained by the ad-

dition of intermediate ionic size rare-earth 

oxides such as Dy2O3, Ho2O3, Er2O3 and Y2O3. 

The effect of rare-earth dopants on the elec-

trical properties and microstructure of the Ba-

TiO3–MgO–R2O3-based system was investigat-

ed. It was found that both the microstructure 

and electrical properties are strongly depen-

dent on the change of site occupancy of rare-

earth oxides in the BaTiO3 lattice. It was also 

confirmed that the microstructure evolution 

had a close relationship to the electrical prop-

erties. Particularly, in EIA X7R specification di-

electrics, distinctive electrical properties were 

obtained for the samples, which showed the 

collapse of the core-shell structure.

High-temperature powder XRD analysis 

and the resistivity results revealed that larger 

ions (La,Sm) occupy the A-site, intermediate 

ionic size (Dy,Ho,Er) ions occupy both the A- 

and B-sites, and smaller Yb ions occupy the 

B-site. It was determined that the site occu-

pancy of intermediate ionic size rare-earths 

in BaTiO3 lattice were effective for controlling 

the donor/acceptor dopant ratio and micro-

structure, and strongly affected the changes 

in Tc and dielectric properties for Ni-MLCCs 

by re-oxidation treatment.

The influence of the layer thickness for 

Ni-MLCCs was investigated. The temperature 

dependence of dielectric constant was greatly 

dependent on the layer thickness of less than 

10 µm for both Y5V and X7R Ni-MLCCs. 

This behavior could be almost completely ex-

plained by the AC electric field strength. The 

dielectric properties of the shell phase in X7R 

dielectrics, as well as Y5V dielectrics, was ex-

plained as relaxor type.

As a parameter of the milling process, the 

effect of the microstructure evolution on the 

reliability of X7R Ni-MLCC was investigated. 

The leakage current decreased and the life-

time was prolonged as the degree of damage 

to BaTiO3 powder increased. It was found 

that the reliability of Ni-MLCC is strongly de-

pendent on the volumetric ratio of the core 

region to the shell region. The impedance of 

X7R Ni-MLCC was also investigated. All of 

the obtained data could be fitted to a 4-RC 

section electrical equivalent network. The 

electrical equivalent network was successfully 

correlated to the microstructure: the core, the 

shell, the grain boundary, and the ceramic/

electrode interface. It was found that dc elec-

trical degradation was well explained based 

on the electrical equivalent network.

Further investigations of the physical and 

chemical properties such as the composi-

tional distribution, the concentration of the 

additives, and the site occupancy of the rare-

earth oxides in nonreducible BaTiO3-based 

dielectrics to realize highly reliable Ni-MLCCs 

with an ultrathin layer of less than 2 µm are 

required.
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