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Table 1-1 Classification of fixed capacitors after JIS

CA

CE

CL

CS

cc ( D

CG ( 2

CK ( 3)

CF

cQ

Cu

Cw

CM «C )

Tree 85 125 o
**eu.,,  temperature (°C)
0...
B -25~85°C, AC:==10%

X5R(X7R) -55~85(125)°C, AC:=+15%

F -25~85°C, AC:+30~-80%
Y5V -30~85°C, AC:+22~-82%

Fig.1-2 Typical temperature characteristics of capacitance for classification-2.
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Fig.1-11 Impedance and equivalent series resistance as a function of frequency for Ni-MLCC with 100uF (No.1),
Tantalum Capacitor (No.2, and No.3).
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Fig.1-1 Trend of MLCC case size. The inserted numerals indicate the case size of MLCC (3216;
3.2mmx1.6mm, 2125; 2.0mmx1.25mm, 1608; 1.6mmx0.8mm, 0603; 0.6mmx0.3mm, 0402;
0.4mmx0.2mm). The numerals in the parenthesis are the case size written in the inch unit.



Fig.1-12 Typical core-shell structure.
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Fig.1-3 Perovskite lattice structure of BaTiOs.
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Fig.1-4 Temperature dependence of dielectric permittivity for a single domain BT crystal.
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Fig.1-9 Progress in the C/V ratio, indicating that C/V has been increased at a rate
larger than that of so-called “Moore’s Law,” where 1210, 1206, 0805, 0603 mean the
case size of 3.2mmx2.5mm, 3.2mmx1.6mm, 2.0mmx1.25mm, and 1.6mmx0.8mm,
respectively, and 106 means the capacitance of 10uF. For example, 1210X7R106
means the MLCC of 10uF with the case size of 3.2mmx2.5mm and X7R
specification.
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Table 3-1 Composition of samples for the investigation of TC of .

BaTiOs | NbOs; | C0O4sz | NbOs/2+C0043 | NbOs/2/CoOus3
(Mol%) ratio
samplel | 99.0 0.75 0.25 1.0 3.00
sample 2 98.5 1.00 0.50 1.5 2.00
Comp.N 98.0 1.50 0.50 2.0 3.00
Comp.C 98.0 1.25 0.75 2.0 1.67
BT-Nb 98.0 2.00 0 2.0
BT-Co 98.0 0 2.00 2.0 ---
sample3 | 97.5 1.75 0.75 2.5 2.33
sample4 | 97.2 2.00 0.80 2.8 2.50
sample 5 97.0 2.25 0.75 3.0 3.00
sample6 | 97.0 2.00 1.00 3.0 2.00
sample 7 96.5 2.50 1.00 3.5 2.50
sample 8 96.0 3.00 1.00 4.0 3.00
sample9 | 96.0 2.75 1.25 4.0 2.20
sample 10| 95.5 3.25 1.25 4.5 2.60
BaTiO;

NbOs, 0.0 1.0 2.0 3.0

CoOy3 (mMol%)
Fig.3-1 Sample composition represented in compositional diagram.
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Fig.3-5 SEM micrographs of as-fired a) BT-Nb and b) BT-Co samples fired at
various temperatures for 1 hr (bar is 2um).
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Fig.3-6 SEM micrographs of as-fired a) Comp.N and b) Comp.C samples fired
at various temperatures for 1h (bar is 2um).
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Fig.3-7 Mean grain size, d, as a function of the firing temperature.

Fig.3-8 SEM micrograph of as-fired Comp.C sample fired at 1330°C.
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Fig.3-9 SEM micrographs of as-quenched a) Comp.N and b) Comp.C samples after firing
at 1320°C for 1hr (bar is 2um).
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Fig.3-10 XRD patterns of as-fired disk surfaces fired at 1320°C for 1 hr.
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Fig.3-11 TEM bright field images for Comps.N and C fired at 1320°C for 1h.
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Fig.3-16 Electron microprobe analysis of the constituent elements in a) Comp.N and b) Comp.C samples

fired at 1320°C for 1 hr (bar is 5um).
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Fig.3-17 Electron microprobe analysis of the constituent elements in a) Comp.N and b) Comp.C samples
fired at 1340°C for 1 hr (bar is 5um).
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region

slope m;

Fig.3-19Schematically illustrated typical densification isotherm.

Table 3-2 Slope, m,, obtained from isotherms in Fig.4-19.

firing temperature (°C) Comp.N Comp.C
1115 0.40 0.22
1215 0.19 0.08
1270 0.20 0.34
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Talbe 4-1 Sample composition and the active layer thickness (thg;)
of Ni-MLCC samples.

Sample | g | Mgo Ln,0s MnO | Basio | M
name (um)
BT-Nd NdO 41
BT-Sm SmOgp, 3.5
BT-Gd GdOs» 3.4
BT-Dy | 100 | 1.0 | DyOs, | 15 | 01 | 15 | 34
BT-Y YOuo 3.6
BT-Ho HoO4, 35
BT-Yb YbOss 4.0

BaSiO; is an additive to promote densification by forming a liquid phase.
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Table4-2 Effective ionic radii of various elements.

ionic radius (A)

ion 6 coordination 12 coordination
Ba®* 1.600
Ti* 0.605

Mg 0.720

Nd** 0.995 1.370*
Sm** 0.964 1.342*
Gd** 0.938 1.304*
Dy** 0.908 1.274%
Y3 0.892 1.261*
Ho%* 0.894 1.272*
Yb** 0.858 1.224*

The ionic radii for rare earth ions in 12 coordination (*) are calculated
using the relationship between coordination number and effective ionic
radius based on Shannon’s Table®.
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Fig.4-1  Dielectric constant and dissipation factor measured at room
temperature for the samples fired at various temperatures.
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Fig.4-2 Mean grain size as a function of firing temperature.
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Table 4-3 Sample Composition (atomic%).

BT MgO  SmOs; Ho00Os;, MnO  BaSiO;

BT-S 100 1.0 2.0 - 0.1 15
BT-H 100 1.0 - 2.0 0.1 15
BT-S O
OX
| O O
o | X X S
- X | X O b
. : l . 1400°C
_ L4 \ !
- i | | P 1350°C
! . : .
el | I ' ! ' IH 1300°C
| 1| ' I' 1250°C
I \ 1200°C
20 30 40 50 60
20(°)
BT-H O
| X X
O X .
O @)
O X X i
| L9
| } 1400°C
B | L | | ' il 1350°C
A I - i - 1 ‘ 1300°C
- | f o Al r 1250°C
J | '- L 1200°C
20 30 40 50 60
20(°)

Fig. 4-5 XRD profiles of the chip surface; The marks © and X
indicate the peaks of matrix phase and alumina substrate, respectively.
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Table 4-5

alphabets correspond to those shown in Fig.4-18.

Compositional analysis by HR-AEM. The

D-124 H-130
No.1 No.2 No.1 No.2

a 0 a 0.10 a 0 a 0.12
b 0.11 b 0.08 b 0.09 b 0.06
c 0.07 c 0.08 c 0.09 c 0.06
d 0.10 d 0.02 d 0.06 d 0.03
e 0.08 e 0 e 0.07 e 0

f 0.06 f 0

g 0.06 g 0.09

h 0.06 h 0.06

i 0 i 0.08

J 0.08
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Fig.4-8 The influence of firing temperature on Tc and AH determined by
DSC measurement.
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Fig.4-6 SEM micrographs for Ni-MLCC surface fired at various temperatures.

bar = 1.6um
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P

Fig.4-11 SEM micrographs of the chip free surface fired at various
temperatures for the samples containing Dy (BTD) and Ho (BTH)
(bar =1.2um).
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Fig.4-17 TEM bright field images for D-124 and H-130, implying the same core-shell microstructure
with well developed shell region.
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CS-grain C-grain S-grain

core shell

CS-grain|C-grain|S-grain
D124 170 21 9
H130 175 18 7

Fig.4-18 Classification of structures of 200 grains in D124 and H130.
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Fig.4-19 TEM images for typical CS-grains of D124 and H130 and the positions for
compositional analysis by HR-AEM (bar=0.5um).
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Fig.4-20 The cumulative volume fraction curves for D-124 and
H-130, indicating the grain size distribution in active layers.
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Table 5-1 Sample composition for the investigation of Ho role.

Sample | pr | \o0 | Ho,05 | MnO | Basiog | M
name (um)
HO00 0 4.0
HO04 0.04 4.0
HO10 0.10 3.9
HO20 0.20 3.8
HO30 0.30 4.0
moap | 100 | 05 |—oi— 01 | 15—
HO50 0.50 4.0
HO80 0.80 4.1
H150 1.50 4.0
H200 2.00 4.0
18 |
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Fig.5-20 Mean grain size as functions of Ho content and firing temperature.
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BaTiO, perovskite lattice

Fig.5-1 Schematic illustration of slow polarization, Vo-A”, in BT perovskite lattice.
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Fig.5-2 Admittance spectroscopy measured at 240°C for H-130
indicating the relaxation behavior in a frequency range from below
0.1Hz to about 1kHz.
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Fig.5-3 Complex impedance plots for H-130.

101



Rl RZ RS R4
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Fig.5-5 Complex impedance plot measured at 240°C. The
solid line indicates the calculated impedance for a 4-RC section
electrical equivalent network.
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Fig.5-8 Arrhenius plot of resistivity component.
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Fig.5-10 1/C,* versus applied dc voltage measured at 240°C.
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leakage current (pA)

Fig.5-11 Leakage current versus time at 240°C with 5V/um dc bias field.

Fig.5-12 Cole-Cole’s plots measured at various times during HALT at
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Fig.5-13 Cole-Cole’s plots for 700sec passed sample during HALT at
240°C with 5V/um dc bias field: 700sec-1; measured just after HALT,
700sec-2; measured at 3hr after dc removal.
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Fig.5-14 Cole-Cole’s plots measured after 3hr after dc removal for
samples experienced HALT for various times at 240°C with 5V/um dc
bias field.
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Fig.5-28 TEM micrographs for a), b), and c¢) sample containing 0.7 atom% Ho, and d), ), and f) sample containing 1.5
atom% Ho,. The inserted number indicates the analyzed position by EDS.



3000

- o
2500 |-
g : ;
“ 2000 [
L - é
< 1500 P oEEEREEEE,
1= - °
§ 1000 g ffffffffffffffffff é ,,,,,,,,,,
S00 | Eoo **********
0 G =t
abc def
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