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Effects of Pb?" addition on La,TigO,4 microwave dielectric ceramics

Student: Yuan-Wen Liu Advisor: Dr. Pang Lin

Department of Materials Science and Engineering

National Chiao Tung University

ABSTRACT

In this study, it was performed a systematic investigation of LasTigO,4 ceramics
with various Pb?* doping and further discussed the correlation with the LagsTiOs-type
phase. The main structure of this study includes three parts:

In the first part, it was investigatedithe interaction between Pb®* and LayTigOus
ceramic bulk. The result shows that a significant Pb* diffusion into La,TigOz
ceramic bulk and a significant ‘crystallization-of the Lay;TiOs-type phase is clearly
observed in the Pb®* diffusion layer. The reacted zone consists of the LaysTiOs-type
phase exhibits the linear dependence of the square of the thickness, x, on the
heat-treated time, ¢, in excellent agreement with the parabolic law x° = &, where k is
the growth rate coefficient. The kinetic study thus indicates that the Pb?*/La;TigOz
interaction strictly obeys the theory of the reactive diffusion. Furthermore, the
experimental £ values were used to determine the associated activation energy, £,, for
the formation of Lay3TiOs-type phase using the Arrhenius plot and the following
least-square equation, In (k) = -E,/RT + A, where T is the annealing temperature, R is
the universal gas constant, and 4 is a constant, resulting in £, ~ 607 + 60 kJ/mol.

The second part reveds the crystaline structure of LaysTiOs-type phase with

Pb?* doped. From the results of electron diffraction and Rietveld analysis of the X-ray



powder diffraction patterns, we find that the Lay;TiOs-type phase crystallizes in the
orthorhombic space group /bmm (No. 74) with a = 0.55371 nm, » = 0.55064 nm, and
¢ =0.77825 nm

In the third part, we investigated the influence of lead and/or zinc containing
borosilicate glass addition on the sintering temperature and the microwave dielectric
property of LayTigO,4 ceramics. With the glass addition above 20 vol%, LasTigOz4
ceramics with >95% of the theoretical density can be achieved at <1000 °C. The
crystaline intensity of the Lay3TiOs-type phase increases significantly with the
increase of lead containing borosilicate glass addition due to the Pb**-induced phase
transition. The change in the crystaline phase has appreciable effects on the
microwave dielectric property (at 3 GHz), ¢, ~ 20—80, Q ~ 1600—1000, and 7CF ~

0—190.
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1-1

& Q (f GHz) TCF
(ppm/°C)

(Mg,Ca)TiOs 21 16000(3) 0
Ba(Mg,Ta)Os 20 35000(10) 4.4
BaTi O 38 9000(4) 15~20
BayTigOx 39 9000(4) 2
BaO-TiO»WO; 35 8400(6) 0
Ba(Zn, Ta)Os 29 15000(12) 0
Ba(Zn,Nb)Os 41 9150(9.5) 31
Sr(Zr,Nb)Os 40 4000(9.2) -39
Ba(Mg,Ta)Os 25 16800(10.5) 4.4
Ba(Zn,Nb)Os-Ba(Zn,Ta)Os 30~40 | 9200~15000(12) 0~28
Ba(Zn,Nb)Os-Sr(Zn,Nb)Os 40 3500(9) 0
(Zr,Sn)TiO, 38 7000(7) 0
(Ca,Sr,Ba)ZrOs 29-32 2000~3000(11) 0.4
Ba0-Sm,05-TiO, 75-92 2300~3790(2.2) -17-21
(Ba,Sr)O-Sm,03-TiO, 80 3700(3) 0
Ba0-Bi;03-Nd,03-TiO; 78 3000(3) 0
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1920 , ( : Lord Rayleigh, Sommerfeld,
Bose Debye)[16] ;
Stanford Richtmyer 1939 [17] ”

”(Dielectric resonator, DR) ,

, ; 1960 ,
Columbia Okaya Barash[18,19], (Rutile)
TiO, DR , ; TiO,
, Raytheon[20]
Ba-Ti
Ba-Ti
[21,22], . ,
(Murata manufacturing company) (Zr-Sn)TiO4
, -12 - +10 ppm/ [23,24];
(1) (&) DR hox 1 N g,
(atomic polarization) (ionic polarization)
DR
2) Q) ,DR
(Q > 1500). ,



(anharmonic lattice forces) (defects)
(heterogenious interfaces),
3) (TCF) DR
1-1
2-2Lay03-TiOy
La,05 - TiO,
[25-27], . MacChesney [14] 1962
( 1< , LasTigOy4 LayTi,07
La,TiOs; Ismailzade [28] LasTi301,[29,30].
, Skapin [15] La,0; - TiO3 Lay;TiOs
, La,O; - TiO; 2-1), La,;5TiO3
LasTiz012
gkapin La,05 - TiO, Lay;3TiO;
LasTigOs4 La,Ti,O7 La,T1,04
[31] (Monoclinic), (Space group) a=13.015 A
b=5.5456 A ¢=7.817 A, p=98.6412 o=y=90; LasTigO2s ,  Morries
[32] , (Orthorhombic), Fddd,
a=14.1458A b=35.5267 A ¢=14.5794 A, TiOg
, La
, LasTigO24 Morries [32]

2-2 . Takahashi [33,34]



La;Ti,07 : & =44, Q =3300, TCF = 17 ppm/ ; La4TioO24 : & =40,Q =

3060 (8.1GHz), TCF = 15 ppm/ . LaysTiOs
2-3L angi 03
. La2/3TiO3 [35]
[5,36]; La2/3TiO3 ( 2-3) A
, , . Abe [37]
, (Laz3TiO3.),
Ti*" Ti*", Ti*" Ti' , La, 3 TiOs
; A ) , Lay;TiOs

, a=-3.A816203.A8827 .A782 A ,

Lay;sTiO; (Cubic), a=b=c=3 . 889
A ( 2 - 1 )Yokoyama [38] La,;TiOs,
, KF-Na,;B40; )
1000 , Lay;3TiOs.x ,
, a= b=c=3.880 A; 950 ,
Lay3TiO3.1 , (Tetragonal),

a=b=1/ 2k Y&oy#n8 1 [38]

, 1MHz , Lay;sTiO3
1000, LaysTiO5.0 130. Zheng
[39] La,sTiO3,, , LaysTiOs4
300 nm.
MacEachern [40] , Lay;s3TiO;



, 24
, La;<TiOs 0.0 X 0.33 , 00
X 020 , Pbnm; 0.20 X 025 , Ibmm;
0.25 X 0.33 Pban. MacEachern [40]
Lay;s3TiO; Pban,
a = 5A4b6 1=( 15)A 4c8 2=( 17)A;759 ( 3)
a~\/2ac,b~\/2 ac c~2ae, ac
a.= 3.8 A.
Lay;sTiO; A
) [41] Lay;sTiO;
(Ferroelectric perovskite) [3-13],
A La,;5TiO; .
Ba®" St _Ca™ Pb’ Al’"; Sunstrom IV [42,43]
La; ,SrTiO; Sr2t ( 2-5), , Ruiz
[44] Na” Lay;TiOs
, 2-6 2-7 ,
Lay;3xNa3z Ti03 (x = 0.28, 0.16) ,
(Superstructure), ( 2-2),
, Ibmm, a ~ V2
v2c:a ¢ ~ @2 a a a = A3. 8
Kim [5] Ca* ((1-x) CaTiO; — x Lay;3TiO; (0.1 X
0.96)), , 2-8 , x =0.96
, Lay;sTiOs 2-8 ,
x =096 10GHz , & =90, Q = 2700,
TCF = 200 ppm/ Suvorov [6] 4 mol% LaAlOs
La,sTiO; s 4.5GHz &e=72,Q



= 5300, TCF = 123 ppm/

2-4
, [45]: a.
, b. , C 5 >
(liquid-phase),
(liquid phase sintering)
( 2-9)[46]:
(1) (rearragement). (2-1)
AP= (2hyiyeosO)d. ..o oo (2-1)
YLv (surface energy), 0 (contact angle),
d :
0 90°, AP, (capillary force)
(2) (solution-reprecipitation).
(concentration gradient),
3) (microstructure coarsening).
) , 950

10



2 G ;

( (1) :
(e) Q)
, (2-2) [47]:
Ing, = ZVilNgi. .o (2-2)
PbO [48].
4  1[49] (L (electron hopping)
(conduction loss); (2) (Na")
(migration loss); (3) (S10, B»0»)
(deformation loss) 4)

(thermal vibration)

(vibration loss).

(~1GHz) ,
; . [50]
: , 1x10% —
2.5x10" Hz ,  tand 0.001.
(modifier, Na“™ Pb* Zn*) Si04
( 2-10), [48,51].

11



2-1 1350 Lay3TiO3.
[ 37]
Oxygen Order Mixed gas
Lattice
Formula deficiency e S*) Crystal parameter ratio
A (£0.0006 A) symmetry [+4 r
(+0.002) - . ($0.08: COz2/H,p
a= 3,869 (= a')
Laz/;TiOz.ggg 0.007 b = 3,882 (= b'") orthorhombic 0.91 2.0
c=17.782 (= 2c')
a = 3.872 (= a')
Laz/3T102.044 0.016 b= 3.882 (=1b') orthorhombic 0.86 1.0
c=7.772 (= 2c")
a = 3,874 (= a'
Laz/3T102,976 0.024 b = 3.883 (= c') orthorhombic 0.83 0.3
c=7.766 (= 2c'")
= 3.883 (= a'
Las/sT102, 954 0.046 e hce E_ ;a?) tetragonal 0.62 0.1
Laz/3T102,923 0.077 a = 3.889 cubic 0 0.01
Laz2/3Ti02.921 0.079 a = 3.890 cubic 0 0.0

12



2-2 Lal.33_xNa3xTi206 (X:0.16, 028)

[44]
x =010 x =128
S.G. Ibmm Ihnun
f.a/Na x 0.0030($H 0.0019¢1)
v (.0000 0.0000
E 0.2500 0.2500
8 0.25(3) 0.97(4)
I X 0.0000 0.0000
k% 0.5000 0.5000
z 0.0000 0.0000
B 0.66(4) 0.82(%)
01 x 0.0385(2) 0.045242)
i 0.5000 0.5000
= 0.2500 0.2500
B 1.21(2) 1.52(1)
(SN X 0.7500 0.7500
v 0.2500 0.2500
- 0.0009(4) 0.023585)
I 0.94(2) 1.38(7)
i 5.4859(7 5.4798(2)
b 5.4841(1) 5.47534)
¢ 7.7352(1) 7.7432(3)
Ry 4.89 5.29
R, 9.03 6.20
Ryt 12.1 7.82
d(1.aNa-01) 2.515(2) 2.48215)
2.750(8) ( % 2) 2.74811) ( x 2)
29711 2.998(3)
d(1.a/Na-02) 2.667(5) (% 4) 261713) ( x 4)
28141 (x 4) 2.86608) ( x 4)
Mean 2.742 2.742
Shannon 2.77 2.77
d(T1-O4) 1.945(8) (% 2) 1.952i2) (x 2)
d(T1-02) 1.944(2) (x 4) 1.945(6) ( x 4)
Mean 1.944 1.947
Shannon 2.00 2.00
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Temperature [*C]

- Liq. .
1800 [\ "L?:;’%* 1790°C LaTiO,
LaT0 N s Lia.
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1845°C o | L&To,
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1400 — N
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1300
| )i | J
y \
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2-3 La2/3TiO3
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2-6 (a) LajsNagg4Ti2O¢ (b) La;.17Nag43T1,0s. ..
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' Glass network
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3-1Pb** LayTigOz
3-1-1
LaO3 (Aldrich, 99.9%)
LayTigOz ; Pb**
PbO (Aldrich, 99.9%).
3-1-2
LaOs; T1Os ,
YTZ 24 : 150 24
(100 mesh); 900 ,
150Mpa 9 mm, 2mm
; 10 , 1350
LayTigOn
PbO ( 1:20),
PbO : PbO
, 70 ,
: -4 5 LayTigOn4
PbO
PbO LayTigOn4
PbO , ;

24

TiO, (Merck, 99.9%)

D.l. water

100

(

me s h)

L a4T| 9024

3-1)



(LagsTiOs

3-2-1

750 775 800

) : I

825

850 875

La(NOs); 6H,0 (Strem chemicals, >99.9%), TiCl, (Merck,

>99%), Pb(NO3), (Showa chemieal, 99.5%), and'NH,OH (TEDIA company, ACS

grade)
3-2-2
TiCly
D.l.water ,
1.5 mole/kg,
, 500 ml

Pb2+ La4Ti9024
3-2 ,
, 50 ml
; , TiCl,
D.l. water ,

25

TiCly

, 150 ml

TiCly

Ti*

La(NOs); 6H,0

900



TiCla Pb(NO3), ,

(pH meter); 30 : , NH,OH
: PH 9.0+/-01 :
60 : D.l. water :
150 24 , (100 mesh).
3-3
3-3-1

LaOs3 (Aldrich, 99.9%) TiO, (Merck, 99.9%)

LayTigOz4 ; PbO (Aldrich,
99.9%).
3-3-2

La,Os TiO; PbO , D.l.
water YTZ 24 , 150 24 ,
(100 mesh); 900 , (100 mesh)
, PVA , 150 Mp a 9 mm,
8 mm : , 2 :
1350 ,

3-4

26



3-4-1

LaO3 (Aldrich, 99.9%)

TiO, (Merck, 99.9%)

LayTigOos ; NIPPON
ELECTRIC GLASSCO., LTD. GA-9 (PbO-B,03-SIOy) GP-032 (ZnO-
B,0s-SiO))

3-4-2
La4Ti9024 |_3Q03
TiO, , D.l. water YTZ 24 ,
150 24 , (100 mesh); 1300
, (200 mmesh.)
(Attritor, UNION PROCESS) ( D.l. water
, YTZ ) j La4Ti9024
: 30 : 150
24 , (100 mesh) PVA
150 Mpa 9mm, 8 mm ,
. 2 , 900 - 950 ,
3-5
3-51

La,O3 (Aldrich, 99.9%)

27

TiO, (Merck, 99.9%)



LagTigOz : NIPPON
ELECTRIC GLASS CO., LTD. GA-9 (PbO-B,05-SI0;)  GP-032 (ZnO-
B,0sSiO)

Polyvinyl alcohol (PVA,

C.N.=1400, ), Polyethylene glycol (PEG, M.W.=400, Fisher
scientific), Polyacrylic acid (PAA, M.W.=5000, Aldrich Co.).
3-5-2

(Attritor, UNION PROCESS)

(  D.I.water YTZ ) LauTigOss
PAA, 30 :
: ; 80 ,
PVA PEG.
, 10 , 200 mesh
nylon , (Doctor-blade) ( 33 ,
900 um mylar 15—-20 cm/min :
, 200 um : ,
90 MPa 100 °C 30 ,
500-700 um , , 950 — 1000°C
4 : 300-500 pum

28



3-6-1 X-ray

Siemens D5000 XRD 20
; : Cu 40 kV 30 mA 20 =
20°-60°.
, LHPM-Rietica
Rietveld[52] : "n
XRD 10,000 : X-ray
Ka1, XRD Material Analysis and Characterization
Science M18XHF : Cu 50 kV 200 mA
20 = 20°-80°.
3-6-2 (SEM)
: Hitachi S2500 SEM 20 KV
3-6-3 (EDS)

OXFORD Link system

30 kV, Working Distance = 35 mm.

3-6-4 (WDS)

Microspec-3pc WDS 30 kV
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3-6-5 (TEM)

JOEL 2000 FX STEM

(ion miller)

(diffraction pattern),

, , 70 °C
200 kV
3-6-6
Honeywell UPA150 , 3 — 3000 nm,
3-6-7
Micromeritics Gemini 2360 BET
, (3-1) [71] BET
Ao B/ (D A) ot e 3-1
d (M m)
P (glem’)
A: BET (m?/g)

30



3-6-8

TASDT 2960 DSC/TG ,

3-6-9
4 , 24
150°C 24 ,

Ad=Wo/(Wp-Wh) e i i e e,

d: (glem®)

Wit (9

W (9)

Wy (9)
3-6-10

Damaskos
HP8722D

Damaskos

31

[66];

3-4),



A

A

A
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La(NOy);.6H,O TiCly Ph(NOy), DI
solution solution solution Water
g F
Mixing ‘ For 30 mins
NH,OH . To pH=9
F
Reaction ‘ For 60 mins
F
Filtrating ‘
D.I Wat -
- er . Washing ‘ For 3 times
F
Drying ‘ 150°C/ 24 hrs
F
Grinding / Sieving 100 mesh
F

Co-precipitation
powder

3-2 LaPb-Ti-O

33



3-3



v

A

3-4
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Pb* LayTigOas
4-1 Pb* LayTigO2s
Pb>" LayTigOy4 , PbO
, LasTigO24 ,
1350°C/4h :
PbO 900°C/4h :
SEM/EDX, WDX XRD PbO  LayTisOu4
PbO  LayTigOu4 4-1 , EDX
Pb* LasTi9gOo4 ; ’layer
I Pb** L, TioO34 , Zr0,
LasTi9Oy4 v 71O, LasTigOy4
,  1200°C/1h , 710, LayTigOo4
; PbO ,
: 4-2 ; ZrOy PbO
LasTigO4 , Pb**
LayTigOx4 , La*", Ti* LayTigOx4 PbO
XRD : 4-1
) , PbO LasTigOo4
: XRD X , 4-3
; PbO  LayTigOyy X .
PbO , La,;TiOs-type ;
“Layer I, La,sTiOs-type , Pb*

36



LasTi9Os4 ; “Layer II”

LaTisO24 : Pb* LayTigO24
, LasTigOs4 La,sTiOs-type

La,;sTiOs-type “Layer I ( 4-1), SEM/WDX
, 15 4-1
La;Os - TiO; — PbO ( 4-4 ),
PbO- LasTigO2s  ”Alkemade line” PbTiO; - LaysTiO; “tie line” (
La,O;5 : 14.3 mol%, TiO, : 64.3 mol%, PbO : 21.4 mol%,

nominal composition Lag 44Pb 33Ti03),

TEM 4-1 Layer I” “Layer II” ,
4-5 ; 4-5(a) (Bright field) ,
”Layer I (XRD La2/3TiO3-type ),

, LasTi90s4 (Layer II)

(Selected-area electron-diffraction, SAED) “Layer I”
, 4-5(b)
(polycrystalline) ,
(Ring patterns); ,
(d spacing), 4-5(b) ,

d = 0.28 nm, La,;TiOs-type
(Perovskite) . MacEachern[40] La;4TiO; (0 < x <
0.33) , A-site

(a.0<x<0.2 ,S.G=Pbnm(No. 62);b.02  x<025 ,S.G=Ibmm([No. 74)
c.025 x<033 ,S.G = Pban (No. 50)),
(Orthorhombic) , (Crystal
parameter) a b 2 ap c 23, (ap 0.38 nm

37



). WDX
Lag44Pbg33TiO3”  A-site 0.2 x <0.25
La,;3TiOs-type s

4-2 Pb** LasTigOz

4-1 ,  Pb* LayTigO24

LasTi9On4 )

; [53—56]
”’(Reactive diffusion) , 4-1
LasTigO24 : Pb”"
: Pb*" LasTipO04
(Lag.44Pby 33Ti03), , Dybkoy[54—56]
(Parabolic law):
X = ki
X: s ke ;
La,;3TiOs-type )
, “4n
(  4-6); 4-6

Pb** LasTigO24

42 ;

Arrhenius

38

, “Layer I”

Pb**
La2/3Ti03-type
Pb2+
La4Ti9024
(4-1)
SEM Pb**



In(K) = -EJ/RT + A

Ea: (Activation energy); T: ;R s A
4-7 4-7 ,
Arrhenius R Pb2+ LasTigO24

607 % 60 kJ/mol.
, , Pb*" LayTioOn4
, LaysTiOs-type : Pb**
LasTi9Oy4 5

Laz/3TiO3-type 5

39
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Pb2+ La4Ti9024

1. Pb" LayTigOx4 ,
LasTi9O04 ,
2. Pb** LayTisO04
Dybkov>*>
3. Pb* LayTisOn4
Arrhenius

607 = 60 kJ/mol.

40

Laz/3TiO3-type

Pb**



4-1 SEM-WDX Pb>* La,;TiO;

Test points PbO (mol %) La;O3 (mol %) TiO; (mol %)

1 21.4 14.3 64.3
2 23.1 14.0 62.9
3 26.5 13.4 60.1
4 20.8 14.4 64.8
5 21.5 14.1 64.4
6 25.2 13.6 61.2
7 22.6 14.1 63.3
8 26.2 13.5 60.3
9 25.2 13.6 61.2
10 20.8 14.4 64.8
11 25.5 13.5 61.0
12 23.1 13.9 63.0
13 21.4 14.3 64.3
14 23.7 13.9 62.4
15 25.8 135 60.7

Average 23.5 13.9 62.6
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4-2

Temp. (°C) 750 775 800 825 850 875 900

k (x 10°'%) 0.05 0.20 0.33 4.10 521 110.13 512.62
[m’s"]

42



4-1 Pb>"/LasTigOs4 SEM EDX line scan
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I: Layer I, I1: Layer II)

e

P
Hl!.w )

Ll L

= ﬁ_h =
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Intensity [a.u.]

' o: La, TiO type
I: La Ti O

49 24

I x: PbO

Layer Il

20 30 40 50 60

2 Theta{degree]
4-1 XRD
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4-4 PbO-La303=TiO

46



4-5 (a) Pb*"/LayTigOn4 TEM , (b) SAED
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8007
600
4004

200{ ¢ - 875°C

. 2 -11 2
Thickness “x 107 [m7]
»

»
..
3
o
) [00]
o
o

o /75C
R

A\

0 10 20 30 40 50 60
Time x 10° [sec]

4-6
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In(k)

1.00

900 875 850 825 800 775 750 T[°C]
-26 | | | | I | |
284 .
30 s (Activation Energy = 607 = 60 kJ/mol)
-32-
n ~,.~
-34 4
-36 1 " -
n
-38
-40 — 7T T 1 T T T T T T T T T T
0.84 086 088 090 092 094 0.9 0.98
-1
1000/Temp. [K]
4-7 Arrhenius
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Pb? LayTigO
51 Pb** LayTigO2
, Pb2+ La4Ti9024
La,sTiOs-type ; 4-1 La,sTiOs-type

WDX :

Lay;sTiO3 “tie line” (

La2/3Ti03-type

PbO- LasTigOy4  “Alkemade line” PbTiO; -
44 ) Pb**

(Chemical co-precipitation

method) , Pb** ( 5-1) LayTioOn4
( 3-2 ); Pb** 900
/1h X-ray )
XRD 5-1
5-1 : Pb° " , LayTigOo4
, La,;;3TiOs-type ; 1 LasTi90o4 3
Pb*  ( PbO- LayTisOsy  “Alkemade line”  PbTiO; -
La,;sTiO; “tie line” s 5-1 10 ,
(Lag .44 Pbg33)TiOs, LasTigOo4 LaysTiOs-type
Pb** LasTioO04 Lay ;3 TiOs-type
10 BET
: 52, 500
: 9200 197
nm; (TEM) ( 5-3 ),
BET

50



C,04” OH
2%,
La-Ti ;
0.1-0.7%,
52  Pb*

5-1

PbO-

, 5-1
La4Ti9024
XRD

2

La2/3Ti03-type

5-2-1

5-5

Diffraction, SAED),

29 29

; DSC

250 ,
15% ;
, 6% ;
CO;
0.1-2%
1100-1330

Pb>* /

L a2/3Ti O3 —type

3 1 La4Ti9024

800 - 1400
TGA
250-400
400-800
800 :
3 Pb*" |

La4Ti9024 ”Alkemadeline” PbTiO3 - La2/3TiO3 “tie line”

10 ,

Lay;3TiOs-type

Pb* La,sTiOs-type

10
[-110],-zone
);
(54 (001)  (101)o),

51

(Lag.44 Pb33)TiO3,

TEM

(Selected-Area Electron

(

9



10 ((La0,44 Pb0.33)TiO3)

(orthorhombic superlattice), a~b~0.55nm ~\/2ap c~0.77
nm ~ 2a,. Ibmm(No. 74)
MacEachern[40] La;4TiOs (0 < x < 0.33) ,
A-site (a.0<x<0.2 ,S.G = Pbnm
(No. 62); b. 0.2 x<0.25 ,S.G =Ibmm (No. 74) c. 0.25 x<0.33 ,
S.G. = Pban (No. 50)), 10 ((Lag44 Pbg33)TiO3)
0.2 x<0.25 , Ibmm (No. 74);
(Orthorhombic) ,
(Crystal parameter) a b V2 a, C 2a,(a, 0.38 nm
),
5-2-2X
10 X RieTicA software[52],
Rietveld method (refinement) , 5-6 . 56
74 X , X
, 10( (Lag .44 Pbg33)TiO3) 5-2
, TEM
Pb , X )
[571,
(Lag.44Pby 33) TiO5 ;
, Pb*’ LasTisOx4
, LasTi904 Lay;sTiO3 ;
, Pb** La** (Pb2+: r=0.129 nm,

52



= 8, La’": r=0.118 nm, = 8), Pb**

65> (lone-pair electron) ; LasTigOy4
, Pb-O [58], . ,
Pb** LayTisO24 : :
TiOs¢ (octahedral) ,
(face-shared) (edge-shared) TiOg
(corner-shared) TiOg
LasTigOo4 , La,sTiOs
LnBO; ( Ln: Trivalent lanthanides B: First
period transition metal cations) [59] ,
BOg )
5-3 Pb** LayTigOz
Pb** LasTigO4 )
La,;3TiO; : Pb”'
LasTigOx4 , . (Lag44 Pbg33)TiO;

La,;;TiOs-type

5-7 Pb** ( 98%
)  3GHz , Pb**
LayTigO24 : 5-1 ( 5-1),
Pb>* , LaysTiOs-type ,

La,sTiOs-type
5-7(a)(c) (relative dielectric constant, &)
(temperature coefficient of resonant frequency, 7CF) Pb>"

53



: Pb>* , & TCF

,  Pb* 3 mole( 5-1 10
), LasTi9O04 La,;3TiOs-type , &
130, TCF 320 ppm/°C. In-Seon Kim[5] Ca"
Lay;3TiOs-type (er = 90, O = 2700,
T C#+190 ppm/k at 10 GHz), Lay;sTiOs-type er TCF.
Pb** LayTioOy4 (quality factor, Q)
5-7(b) Pb** ,0 ,  Pb*
3 mole( 5-1 10 ), O 1700;
Pb2"
, (Lag44 Pbg33)TiO3 Lay3TiOs-type
er =130, 0 = 1700, T C#+320 ppm/°C (3 GHz).
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B

Pb** La,TigOx4

Pb** LayTigOn4 )
900 °C /1h : XRD Pb** 3
mole( (Lagas Pbg33)T103), LasTi90x4
La,;sTiOs-type
(Lag.44 Pbo33)TiO; ,
, Ibmm(No. 74)

Rietveld method (Izap 44 Pbgaz)TiO3; XRD ,

(Lag.44 Pbg33)TiO3 a=10.55371 nm, b =0.55064 nm c=
0.77825 nm . Ibmm(No. 74)

. (Lag.44 Pbg33)TiO3

ppm/ °C (3 GHz).

55
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5-1

Specimen Nominal Composition (mole)

no. composition La%* Ti* Pb?*
1 (Lag.44 Pbo3)TiO3.5 4.00 9.00 0.30
2 (Lag.44 Pbo3g) TiO3.5 4.00 9.00 0.35
3 (Lag.44 Pbooas) TiO3.5 4.00 9.00 0.40
4 (Lag.44 Pboos)TiO3.5 4.00 9.00 0.45
5 (Lag.44 Pbos) TiO3.5 4.00 9.00 0.50
6 (Lag.44 Pbo11)TiOs.5 4.00 9.00 1.00
7 (Lag.44 Pbo17)TiO3.5 4.00 9.00 1.50
8 (Lag.44 Pby2)TiO3.5 4.00 9.00 2.00
9 (Lag.44 Pbo2g) TiO3.5 4.00 9.00 2.50
10 (Lag.44 Pbg33)TiO3 4.00 9.00 3.00
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5-2 The Rietveld Lag 44Pbg 33Ti05
Lag 44Pbg 33103

2 theta range 20 - 80°
Step size 0.02°
Step time 0.5s
Crystal class Orthorhombic
Space group Ibmm (No.74)
a 0.55371 nm
b 0.55064 nm
c 0.77825 nm
\Y% 0.23728 nm’
Calculated density 6.018 g/cm’
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o: La,, TiO, -type
I: La, Ti O

4924

Intensity [a.u.]

(idin

20 30 40 50 60

2 Theta [degree]
5-1 Pb** (Lag.44Pby) TiO3 900°C / 1h

XRD
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160

140+

=

N

o
1

100

80

60

Surface Area (m?g)
[ )

40

20—- \

* o o

0 ' Z(I)O ' 4(I)0 ' 6(IJO ' 8(I)O '1000
Temperature (°C)

5-2 (La0.44 Pb0_33)TiO3 BET
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500 nm

5-3  (Laga4 Pbg33)TiO3 k ; 9000C / 1h “ TEM

( )

60



500 105
0 _
. L 100
-500 -
-1000 - o5
-1500
E oS
S -2000- o
3 =
O 2500 - g5 =
LL >
+3 -3000- >
) %)
T -3500-
-4000 75
-4500
- L 70
-5000
S50 +———F——F——F——7 7 ——7—165
0 200 400 600 800 1000 1200 1400

Temperature (°C)

5-4 (La0.44 Pb0_33)TiO3
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(110)p (111)p
2 1

(100)0(101)o
el a

.IZE!P“:IG (001)p

5-5 The of (Lag44Pbg33)TiO3  SAED . ([-110],-zone pattern,

orthorhombic )
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Counts

30,000
28,000
26,000
24 000
22,0004
20,000
18,000 4
16,000 4
14,000
12,000
10,000

8,000 4

6,000

4,000

2,000 4

-2,000 4
-4.000 4
-5,000 4
-5,000 4 r T T

5-6 (Lao_44Pb0_33)TiO3 XRD

2 theta [deq)
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5-7

Pb2+

(©)

2500 \
o

140

@)

:

120 §/

o 100 /

W 804

60 §
§/

40 ./

20 T T T T T T T
-0.05 0.00 0.05 0.10 015 0.20 025 0.30 0.35

x [mole]

3500

3000 .\§

2000 \§
1500 e
-0.05 000~ 0.05 010 0.5.020, 025 030 035
X [mole]
400
C
350 ©
O 3001 °
=~
£ 250 /
o

50 .//./Q
(-)0.05 0.;30 O.'05 O.EI.O O.'15 0.'20 0.'25 O.'30 0.35
x [mole]

La4Ti9024 (a)
TCF (at 3 GHz). ( X

La4Ti9024
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&, (b)
Lao_44PbXTiO3

[33].
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L a4Ti9024

GP-032) (

950° 1000°C/4h

(bulk density),

95%

180°C ,
La4T| 9024
GA-9

6-2 30 vol%

(SEM)

(

1000°C,

L a4Ti 9024

L a.4Ti9024

GA-9)

6- 1) L a4T| 0024

6-1; 6-1(a)

30 vol% 950°/4h

10 20 vol%

10 20 vol%

GA-9/GP-032

, GA-9

(Wetting)

950°/4h
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L a4Ti 9024

6-2 LayTigO2
6-3 XRD 30 vol% LayTigOzg
, GA-9/GP-032 :
LayTigO LapsTiOs GA-9,
LayTigOs4 LaysTiOs
GA-9 LayTigOz4 )
SEM/EDX GA-9  LayTigOyy ( 6-4 ),
GA-9 Pb** /
: LayTigOz4 PbO
LayTigOz ( S4B Pb**
LayTigOz4 ) LayTigOoq
LaysTOs GA-9
: Lap3TiOs GA-9
LayTigOz4 GP-032
6-3
6-5 6-6 950° 1000°C/4h
; 6-5(a) 6-6(a) &
GA-9 ,

& , 6-1
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& X , GA-9

6-2 , Po** GA-9 LayTigOzs
LagsTiOstype :  5-3 Pb** LagsTiOs-type
e 130), &
80
0 6-5(b) 6-6(b) ;
Q (6, ,
0 , , = LaysTiOs-type 0
LasTigO4 : GA-9 ,
LaysTiOs-type , 0
6-5(c) 6-6(c) TCF
GP-032 ,
TCF : TCF
6-1 ), LayTigOxu TCFE 15 ppn/ °C,
TCF : 53 Pb**
Lay3TiOs-type TCF 320 ppnV °C, GA-9
TCF
(LayTigO24 / LaysTiOs-type / ) :

‘e,  20—80,0  1600—1000 TCF 0—190.
TCF , TCF

( 62

3-5
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GA-9  (PbO-B;0sSiO,)

PVA , : ,
GP-032  (B,0s-SiOy)
PVA ( 67) OH"
, PVA , PVA
(Cross-linking). GA-9 Pb** B
GP-032 B3* B%*
( SP2 SP3 ), SP3 ,
PVA , B3
S=7 2 PVA
; GA-9 Po* 65 :
B3* SP2 PVA ,
GP-032 B3* SP3 , PVA
, 0.IM-. HCl GA-9 ,
24 , B3* , : 150 °C
, LayTigOos 20 vol% GA-9
; : 3-5
, 200 pum :
(TGA) ( 68),

(TMA)

( 6-9),
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GA-9 GP-032

GA-9

; GA-9

950°C/4h

(GA-9)

LaysTiOs-type /

20—80, 0

0.1M

PVA

HCI

Pb?*

GP-032

Pb** LagsTiOs-type

)
16001000

GA-9

69

I CF = 0—190.

B

L a4T| 9024

L a4Ti 9024
30 vol%
95%

L a4T| 9024

(L a4T| 9024 /

L&



6-1 [60]

Specimen Composition Melting  Density & 0 TCF
point (°C)  (g/cm’) (ppm/°C)
GA-9glass  PbO-B,03-SiO; 480 577 13 645 -34.2

GP-032glass ZnO-B,05-SIO; 660 3.95 7 456 —-58.9
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100

I (a A
(a) -
95 4
90
1<) A
N
c
2
)
@ 80
O
=
n
c 757
@ —m—La,Ti,0,, + 10 vol% Glass
(@) —o—La,Ti 0, + 20 vol% Glass
70 - —A—La,Ti0,, + 30 vol% Glass
1 e ./.
654 Ik.?l\.
T T T T T T T

T T T T
GA-9 0 20 40 60 80 100
GP-032 100 80 60 40 20 0

Volume Percentage of Glass Type [%]

6-1(a) . LauTigOm 950 °C / 4h
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100

=
| a —
o5 (D)
=) [ ]
S,
c 90
i)
)
©
O 85
=
n
[
@O 80
QO
a2
75+
70+ —m—LaTi 0, + 10 vol% Glass
—0—La,Ti0,, +20vol% Glass
—A— LaATiQO24 + 30 vol% Glass
65

T T T T T T T T T T T
GA9 O 20 40 60 80 100
GP-032100 80 60 40 20 0

Volume Percentage of Glass Type [%]

6-1(b) b LaTieO0n 1000°C / 4h
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6-2 LagTigOz 30 vol% . 950°C/ 4h
SEM . (a) 0100, (b) 40/60, () 80/20, (d) 100/0

GA9/GP032
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2/3

X: LaTiO

49 24

INE)) o O: La,, TiO,-type

GA9/GP032=100/0

T o
o o

GA9/GP032=80/20

| IV .|

GA9/GP032=40/60

Intensity [a.u.]

- X X x 1~ GA9/GP032=0/100

X X X X
X XXy X

I ' I 1 I

20 30 40 50 60

2 Theta[degree]
6-3(a) GA9/GP032 30 vol% , 950

°C/ 4h XRD
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| — [53—56]

Reaction I Reaction II

-~

A B A  ApBq B
t=0 t=t’

Reaction I : qB(diffusion) + pA(surface) > ApBq

Reaction II : pA(diffusion) + qB(surface) = ApBq

; A B ;
(Reactive diffusion) (Chemical
diffusion).
1 ApBq
2. ,

A La4Ti9024;
B : Pb;
ApBq : La,;3TiOs-type phase

Reaction I >> Reaction 11

5 Pb La4Ti9024
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{

La Ti PbO

growth layer rate= (dx/dt)=kop; .......... (1)
x: thickness of the ApBq layer (m)

t: time (sec)

Fick’s law : jg=-Dp(0Cp/0X) .......... ()
.- 8CB/8X :(CBz—CBl)/X (2)
jB:-DB[(CBz-CB1)/X] .......... (3)
A B ApBq
B ApBq (Flux) jg
jg=Cpi(dx/dt) diffusion regime.......... €))
(C)ENC) :

(dx/dt) diffusion regime = [Dg(Cg2-Cg1)] / (CpiX) ......

lel = DB(CBZ‘CBl) / CBl .......... (6)

(1) (5):
X 1 dg1 = kyprdt
dx2 = kopr dt
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Kogr:
0:
B: .
I: I.
JB
Kz
...(5 1:
B:
I:




1/(dX/dt) = 1/(dX1/dt) + 1/(dX2/dt) = 1/( leI /X) +1/ kOBI: x/ leI + 1/ kOBI

= (leI + kOBI X) / (leI kOBI)

dx/dt = (ki kosr)/ (kisi + kopi X)

dx/dt = kopi/ [1+ (kOBI X/ leI)] .......... (7)

:[1+ (kopr x / k]BI)]dX = kopr dt

X + (kOBI/ leI) (X2/2) =kopit +C

t=0, x=0, the C=0

t=(x/kop) + (x*/ 2Kig1) ...ius.. (8)

. When x is small: (Kog; << kig)

X =kogi t

. When x is large: (kog>> ki)

X2 =2 le[t
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I —TheRietveld Method [63]

X-ray neutrons (Crystal structure
refinement) , Hugo M. Rietveld 1960
—The Rietveld Method[64,65]. (The method
of least squares) X-ray neutrons

2 >

Rietveld model (A-1)
M(Si,X) = b(Si,Xb) + 2 Ik(XS)CD (Si—Sk,xp) ................... (A—l)
, Xp, Xs Xp (Background), (Structure)

(Peak-shape) ;S;=2sinB i/ A

(A-1) b(Si,xp) S J(Xs) k (Bragg
reflection) (Integrated intensity), D (Si-SiXp)
Li(xs) ,
(Crystallographic parameter), (Atom position), (Thermal
displacements) (Site occupancies)
Refinement , Rietveld
, X-ray
neutrons

3 >

, (1) GSAS — General Structure Analysis System; (2)
DBWS; (3) RIETAN; (4) ‘XRS-82; (5) LHPM-Rietica

Rietveld — by Hunter, B., ANSTO, Australia, 2000. ,
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index); Re

factor,

X factor

, X factor

Ryp = {Z W[y — (M* Xy} (A-2)
Re = {(P) = WYt} eomeeoeeeeeiiee e, (A-3)
, (Weighted pattern R
(Expected R index); Goodness of fit, X
X=Rup Re oo (A-4)
1.5 ,

1 ; :
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T1\/[0n0 (IIZ 1 ) ’

; (cylindrical coordinate) TMgpg (E)
(z-axis) (H) (¢-direction),
radial coordinate (p) [67] (TMo10 A-1 );
2a 2b h,
Helmholtz & Q[68]
d*EZ/dp*+1/p(AE/Ap)HB EZ=0. ... (A-5)
Hy=1/o(dE/dP). . (A-6)
p=0 ) associated Hankel
function . 3) @
0<p=<b E,=C.J«(Bp)

Hy=(GCo/mIi((Bp)

b<p<a E~CiH, "(Bop)+ C2H,P(Bop)

Hy=(1/Mo)C1H,(Bop)

Bo=2n/A=w/c , Mo=(Ho/e0)"” :
B=Po(en)'” , MNolen) !
p=l, ;o p= E, H
p=a  E~0.
0 H,"(B.a) HOPBa) || Co| | 0]
JuBb)  HV(Bob) H,”(Bob) C =0
LBy HOBbm.  HiPPBbm, JLcl Lol
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o

nontrivial 0.
0=Jo(Bob(e)"*)[Jo(Boa) Y 1(Bob)-T1(Bob) Yo(Boa) (&) *T1(Bob(en) ) [To(Boa) Yo( Bob
)-Jo(Bob) Yo(Boa)]

C3Jo(Bob(er))=CaeD) " T1(Bob(E) ). oo (A-7)
C5=To(Boa) Y 1(Bob)-J1(Bob) Yo( Bo2)

Ca=Jo(Boa) Yo(Bob)Jo(Bob) Yo(Boa)

Bo=(0/0)[1+(/2Q)] (0= ), (A-8)
Q=Qi=w,/Aw, (d Aw, ).wnr. (A-9)
0, Ao, , (A-9) Q. Q
(A-8) Bo Bo ab (A-7)
&r;
TCF
TCF = (fr-fa5)/Fa5(T-25°C). ... s iiammsssiion e eeee e, (A-10)
fr fs 25°C ,T  25°C  85°C.
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