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∑
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i , Q��6�Ts8:� X7R s8�KhZ? (MLCC) K�3�6:�H_��qhh=�DhZ�1n$4 (∆C/C25◦C) _s��EX:�}C�+lm0ex�2�:�H_
X?�:�}C('�hh=��

Nb � Ce :��_�Mu\�"�XC`.A�"�� - P��)T,O4*�J.!#:�}C�4K�6}�_0�6�T X7R MLCC K�>%���A3� 1140◦C �gA_ BaTiO3 �K4�_=hX/+&R[� ε298K = 2900±50, tgδ ≤1.0%, ρ ≥ 1011Ω·cm,

∆C/C25◦C(–55◦C∼+125◦C)≤ ±15%.v 	 `�X7R; s8�KhZ?�s��EX:��N��T)p�|�TM 534 +0T!��A

1 B<
X7R U MLCC ��x��'`2o6kYÆ�iCS=G��
x��|`}�Æxvr X7R L�`asj{>��T℄!`9{� BaTiO3 `iY0r^� T�}��ii5�4 [1]. O!.+}� X7R L�as�~Æ,D X7R U MLCC Tt6� BaTiO3 >i25�ÆW�`hB2oaÆn�� 1300∼ 1350◦C[2]. d2hB` BaTiO3 ?5�Æ�S℄d�hB2oÆWii>�j<�(A℄�� MLCC `m<4Æ"$℄d BaTiO3 `hd2o�r�Gr#p` Ag/Pd .iBC^�>9i [3]. !+#~&`as>1a�Æ�� 1140◦C hB�ii>�S 3800 `L��?q�k5m<,�<:K~ [4]. WvÆ	L�4r���%9j��
 Cd. ,EÆ!+x��dhd2o`dhi X7R L��?j%�mn1-d4�v!.hd2od� 1150◦C �z2ii>�S\ 2800 `/& Pb � Cdb�%9j��
`L�7~f0S\}�bp�xMÆa1ad2ohB`7�Ui

BaTiO3 ? X7R L�x�9i`qLvw)�
`}�Dq�!as�L�4{^�/& Pb � Cd b9j��
`E1�+f5:;�IÆ��t��FY; �<~zÆ"$; ~D��/$7"`;�IrL�Y0,'`~IÆ���5q7~ÆS\�ad2oAhBi�7�U BaTiO3 ? X7R L�`,`�
2 �>{[
2.1 s}��,YM�dSRs%�rP� Na4B4O7 ) Mn(NO3)2 �*M/ SiO2 � Na2O � B2O3 ) MnO2 `DL:ÆN^8�rI/YIÆ HNO3 Yl/Q5I1�Y^ÆZMY^�5 24h /� 85◦C#u��� 2005–05–13, #a;tu���2005–09–06VP��� ;M2 (1971– ), -�-u`rl�[o� E-mail: zxh@uestc.edu.cn
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684 7 ? 4 � \ � 21 yA-�^�3^�M�3^� 600◦C ATGÆF�^\�+f5:;�I��Æa+/���!34SK/ Nano.

2.2 _�SRG'_de:�W"6�H&f5:�GzÆs;|�o/ 0.5µm ` BaTiO3(BT) ��/�Æy~`�<J Nb2O5 � ZnO � CeO2 EE1`�+f5: (Nano) /;�IÆ�nk"��OG=+G+ 8h, p-��$�	 5wt%PVA =+��/Æ^B φ10mm×1mm `g:Æ/��Bhd�4� 1140◦C �2 2∼3h hd�g:)&)�yiB/mWiiY07|�6� YY2812 U LCR o	7�`JÆ�El�1?&� 1kHz � 1Vrms A7|Æ9i[�`ii2o�YÆ2oqH`n2�!/
2◦C/min. 6� HM2672A UIJ7�z2{�iIÆ7�i^/)� 100V.

3 hJn39�yr.
3.1  ?%��iKo4:�zk\d
�/�q�wx�U)YÆ[�|�jJz�5q����k� BT `�� (100g),�v� 4 Æx
Zi��ÆF Nb2O5 � ZnO � CeO2 �Nano `&���wY�`�℄*UU 1 X7R&℄b�=$Æ

Table 1 Experimental data of X7R ceramics

∆C/C25◦C/%
No. Nb2O5/g ZnO/g CeO2/g Nano/g E tgδ/%

–55◦C 125◦C

1 1.558 0.500 0.527 1.855 2801 –6.00 4.38 1.30

2 2.175 0.444 0.186 1.336 2822 0.80 5.48 0.98

3 1.881 0.667 0.732 0.818 2673 –1.77 7.93 2.00

4 2.629 0.571 0.391 0.300 2426 –8.49 11.13 4.50

5 2.149 0.851 0.050 2.027 2665 –12.15 –4.58 2.90

6 3.050 0.709 0.595 1.509 2305 –5.12 13.32 1.30

7 2.351 1.056 0.255 0.991 2803 0.46 5.43 0.80

8 3.435 0.857 0.800 0.473 2191 –6.86 9.96 1.70

9 2.477 1.284 0.459 2.200 2446 –2.14 –1.58 0.60

10 3.779 1.018 0.118 1.682 2264 –6.54 5.17 2.30

11 2.513 1.539 0.664 0.991 2586 –0.97 8.14 2.40

12 4.076 1.194 0.323 0.645 2185 –0.17 11.23 4.00

y = b0 +
∑

bixi +
∑

biix
2
i +

∑
biiix

3
i , nNJ�wNJ)aNJ��	JÆq�/0i� 12NÆxMq4[�|�jJ) U13(13)12 ��5q�q,'/ii>� ε E2%5! ∆H , r�Æ,'�*mWt��FY; �q~�Ed"U) 1. ( 1 ) 2 �*�E�

12 77"q` ε − T KF) ∆C/C25◦C − T KF�Y�$H X7R iH`L�m<Bt9�Li[�pÆ=2�Z< ^dÆ��0r2�`i[2o%5!d� –15% v/�$H X7R `iH��s�q4iH/kkvi[2o%5! < ±15%, vviH2�/%*Æ,E�T�'Æsw}m< MLCC `iH�vd2���Gr;3Æn�/<?'Æ�sq4ZiA92%5!`�d�q`�Æ>i,'vii>� ε E2%5! ∆H, "$Y�G}`; ~D��#
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3 < :L1�a�6�Ts8:� X7R K�_s��EX:��; 685�%�/$;�I��`%5F��; ~D`Y�Zig�&J_W minitab, �s~#��e^\ii>� ε sE2%5! ∆H `t��FY; ~D�w�,R�; ~D`�OYÆ�<1H�zÆNF/C?`JÆK5^\ ε ) ∆H `K�; ~D�
' 1 .#�K_hh=�1nJE
Fig. 1 ε − T curves for different ceramics

' 2 .#�K_hZ�1n$4 
Fig. 2 ∆C/C25◦C−T curves for different ceramics

ε `K�; ~D/�
ε=3318–313Nb2O5–345CeO2+425Nano–196Nano2+23.6ZnO3

∆H `K�; ~D/�
∆H=–8.41+3.45Nb2O5–5.28ZnO+37.3CeO2+10.2Nano–33.7CeO22–5.48Nano2$Æ^\) 2 4`; ~D�w�U 2 �=RTbfHl17�wjZ

Table 2 Multiple non-linear regression equations of experimental parameters

Dielectric constant ε=3318–313Nb2O5–345CeO2+425Nano-196Nano2+23.6ZnO3 �
ε S=53.70 R − Sq=97.3% F = 43.54 > F0.01(5,6)=8.8

Variation rate at 125◦C ∆H=–8.41+3.45Nb2O5–5.28ZnO+37.3CeO2+ 10.2Nano–33.7CeO2
2–5.48NanO2�

∆H S=1.569 R − Sq=95.9% F = 19.70 > F0.01(6,5)=10.7=4� R � S `TN{��M1)~D`�SoÆ R �T��(1)^�'�n�
R >0.8 t�sV/1)^,'� S 	/SIQ��Æ�N)t�oR� F R0�(M; ~D; O"`C?YÆn�0T� F0.05(m, n − m−1), t)t; O"C?Æ`0T� F0.01(m, n − m−1), t)t; O"�*C?Æ=4` m /%�Æ�Æ n /g![� (�wV�Æ�). R `�*) F Rm�(se�Æ; ~Dv�vw`�O) 2 4` R *E
F R*8�s~EÆse�Æt��FY; ~Drii>� ε )2%5! ∆H 1)^m,'Æ�%�C?Y�; α=0.01 e|�+iH�
3.2 �zk\dF5: ?/mn1R) 2 4�s)	s`�OYÆRLnNq�&�q�w\) 3 �t� U 3 =QfHl17�wjZb�=$Æ

Table 3 Experimental data to prove the multiple non-linear regression equations

No. BaTiO3 Nb2O5 ZnO CeO2 Nano ε ∆H

/g /g /g /g /g Theory Experiment Theory Experiment

14 100 1.89 0.72 0.6 1.2 2756 2768 8.979 9.520
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686 7 ? 4 � \ � 21 yY/S�;/ 0.05 pÆ�s'℄�e�;��WAÆ ε `/SIQ/ (2678.2,2833.9),

∆H `/SIQ/ (6.586,11.373), #)tqd"�/SIQ.�) 3 `�w8�s&)
2 4 R *E F R*r; ~D`�So�#ÆF�Æ~Dmv�vw`Æ1)`t��FY; ~D�srii>� ε 1)^,'Æv	sr2%5! ∆H `1)�C?Y�; α=0.05 e$g�+iH�
3.3 (�� BaTiO3 �L (1140◦C hB) `ii>� ε `; ~D�s�s~EÆ�B Nb2O5 &�`�NÆii>� ε ℄d��w�� - Q�d�*U [5], Nb2O5 � BT n�4`	b�!,dÆVBn�� - Qd���L`iiY0� iG BT n�Q)�iG; Nb5+ ` BT n��9�$zk� Nb2O5 &��NÆ�iG&�j�(�NÆ��$Æn�4� iG`�NÆr�L`GExB5iuTiÆ�ii>� ε *A℄�#�(; ~D	�� - Q�Æ#G5+�

Park Y bU�� XRD �TEM �8�J�DSC b�<~z^EÆCeO2 ;� BT��5℄�|�;�Æ$gx�� - Qd� [6]. �%"$rJ BT )p CeO2 ;�` BT `r"qxDÆ;�/` BT x�aN`	~! c/a, 	~Y iGTiÆZ.L� iY℄d��%,E�s�r�=+z��JÆ	 CeO2 ;� BT `ii>��
logk = vcorelogkcore + vconlogkcon + vshelllogkshell=4Æ vcore � vcon � vshell �*vn�QÆ4o�oI
sEn��9`�A����s~EÆ�B Ce ;��`�NÆ BT `	~Y iGTiÆii>� ε *jG}A℄Æ; ~D	MG�+�

ZnO ��XgadÆ��Lhd$D4�sM/�O`�hIÆ�vC�nfGÆPmhdÆ�sTiBL`B�!Æ�diiY0�� sol-gelz1�`�+f5:;�IF�Y+Æ>iM/n7�XI�℄dhd2o�as)( [7], 2XW`�XI�d`hd2oA�s	L���`=��
G0{}Æ=W5Pm�lGhdÆ>\"a��`�YM�Æ�XI�hd$D48�0x�_9�L.3d�CsE�XI!k`d�C�0�
3.4 _��kE�Rk�~D`�OYÆ�sOkii>� ε )2%5! ∆H <� �sE	s`G��?%5Æq,`v"$�%; ~D4�7;�I`��Æ�5L�7~ÆS\!Nq`K5,'ÆF�hd2o/ 1140◦C pÆL�Y00�S\ ε ≥2800, tgδ ≤1.5%,

ρ ≥ 1011Ω·cm, ∆C/C25◦C (–55◦C∼+125◦C)≤ ±15%, ,E ∆H = (C125◦C − C25◦C)/C25◦C /%*�2%5! ∆H vnÆ,�V`,'ÆZi}B���`�d��	s�s*bEr}� ∆H KT*` CeO2 ) Nano `�N�Æ
d∆H

dCeO2
= −2 × 33.7CeO2 + 37.3 = 0

CeO2 = 0.553g

d∆H

dNano
= −2 × 5.48Nano + 10.2 = 0

Nano = 0.931g�vÆq4M CeO2 / 0.553g; �+f5:;�Ivn7�XIÆ>i>℄dhd2o`M�ÆNano �$ip��[u{>�Lh/�vZ.L�?&ii�( tgδ $T/0S\,'iHÆF+��ÆM Nano �*/ 0.731 � 0.931 ) 1.131g; K/j$ Nb2O5 E ZnO



Jo
ur

na
l o

f I
no

rg
an

ic

    
    

M
ate

ria
ls

3 < :L1�a�6�Ts8:� X7R K�_s��EX:��; 687��Æ��s)	smW�w1)Ær ε ≥2800, ∆H = (C125◦C − C25◦C)/C25◦C /%*Æ,E�T�'Æ1)�w\) 4 �t�U 4 CfHl17�wjZD�~b X7R ℄��j
Table 4 X7R ceramic formulas optimized by multiple non-linear regression equation

ε ∆H
No. BaTiO3/g Nb2O5/g ZnO/g CeO2/g Nano/g

Theory Confidence Theory Cnfidence

value interval value interval

15 100 1.42 0.419 0.553 0.731 2890 (2796,2985) 9.18 (6.11,12.25)

16 100 1.42 0.419 0.553 0.931 2910 (2818,3003) 9.40 (6.37,12.44)

17 100 1.42 0.419 0.553 1.131 2914 (2822,3007) 9.19 (6.13,12.26)U 5 X7R℄�D��j�=$Æ
Table 5 Experimental data of optimized X7R ceramic formulas

∆C/C25◦C
No. Nb2O5/g ZnO/g CeO2/g Nano/g ε tgδ/% ρ/Ω·cm

–55◦C 125◦C

15 1.42 0.419 0.553 0.731 2880 –1.58 8.94 0.77 4×1011

16 1.42 0.419 0.553 0.931 2929 –0.81 11.30 0.74 1.5×1011

17 1.42 0.419 0.553 1.131 2950 –0.80 10.22 0.91 3.6×1011

' 3 .# Nano �� ε − T '
Fig. 3 ε − T curves with different Nano content

' 4 .# Nano ��_ ∆ε/ε25◦C − T '
Fig. 4 ∆ε/ε25◦C − T curves with different Nano

content) 4 `�wv��s)	smW1)/` ε ) ∆H `Æ#*sE�/S�;/ 0.05 p`/SIQÆ/SIQ)(Æ-iq^E`Y0,'4ii>� ε )2%5! ∆H 0��e�/SIQ.Æt)(; ~Dv�vw`Æj$H�L�?&rii>� ε )2%5! ∆H `,'iH�� ) 4 `7~iHmWqÆp$G$�tÆ7|^�w\)
5 �t�( 3 ) 4 �*�E� Nano ��/$p` ε − T KF) ∆C/C25◦C − T KF�O) 4 � 5 `�wsE( 3 � 4 `i2�YKF�s~EÆ� �s)	sjJE�`7~ —15# � 16# � 17# -P0�$H!as`K5iH�"$t��FV; ~Dr�7;�I��mW�5Æ� 1140◦C AhB`8�%�
 BaTiO3 �?L�`>iY0,'S\� ε298K = 2900±50, tgδ ≤1.0%, ρ ≥ 1011Ω·cm, ∆C/C25◦C(−55◦C∼ 25◦C)≤ ±15%.

4 ��
1. rt9;�` X7R L�?&`�56�t��FY; �<~zÆY��ii>�
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688 7 ? 4 � \ � 21 y
ε Ei[2o%5! ∆H �;�I&�%5`K�; ~D�d")(Æii>�� Nb2O5 � CeO2 ;��`�Nv℄dÆ#	YDa/B�Æ#�� -Q�d�*U-P5+��;�I&� CeO2 / 0.553g ,E1�+f5: Nano/ 0.931gpÆi[2o%5! ∆H S\K��

2. as�MZ|�jJzEt��FY; �<~z{^t9;�`�L?&`|~�jJÆBTeTi�|�M�ÆM^�C?O"�
3. "$t��FY; �<zr|`�5ÆK5� 1140◦C AhB` BaTiO3 �L5�`>iY0,'S\� ε298K = 2900±50, tgδ ≤1.0%, ρ ≥ 1011Ω·cm, ∆C/C25◦C(−55◦C∼

+125◦C)≤ ±15%. 	L�/& Pb � Cd b�%9j�;�IÆ�6� Ag(70%)/Pd(30%) .iB`T[� X7R t9�Li[�`m<4�9i`}�P*�V�*/
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Multiple Non-linear Regression Analysis for Complex Doping of

X7R MLCC Ceramics

ZHOU Xiao-Hua, ZHANG Shu-Ren, TANG Bin, LI Bo

(School of Microelectronic and Solid State Electronic, University of Electronic Science and Technology of

China, Chengdu 610054, China)

Abstract: The multiple non-linear regression analysis method was applied to build up the

non-linear regression mathematical model y = b0 +
∑

bixi +
∑

biix
2
i +

∑
biiix

3
i , and the complex

oxides were used as effective dopants to X7R ceramic powders of multilayer ceramic capacitor

(MLCC). The non-linear regression equation regarding the relationship between the dosage of

different dopants and the dielectric properties was established based on the testing data. Moreover,

the modification mechanism of dopants on the characteristics of the ceramics was explained in this

paper. The regression equation suggests that with the increase of Nb and Ce addition to BaTiO3,

the dielectric constant decreases, which is consistent with ”core-shell” structure theory. According

to the multiple regression equation analysis results, the dosage of different dopants was adjusted

to develop the environmental friendly X7R MLCC ceramics. The main features of the BaTiO3

ceramics sintered in air atmosphere at 1140◦C are ε298K = 2900±50, tgδ ≤1.0%, ρ ≥ 1011Ω·cm,

∆C/C25◦C(−55◦C∼ +125◦C)≤ ±15%.

Key words X7R; MLCC; non-linear regression multi-analysis; barium titanate


