
Chapter 2  

Literature Review

Photos tric tive  effect is a com bination o f  pho tovo lta ic  effect 
(e lectric  fie ld  generated under u n ifo rm  illu m in a tio n ) and converse 
p iezoelectric  e ffect (stra in  induced by an applied electric fie ld ) 
P ho tos tric tive  m aterials convert lig h t d irec tly  to  the physical m ovem ent

W hen homogeneous non-centrosym m etric  m ateria ls, such as 
fe rroe lec tric  single crystals and polarized fe rroe lec tric  ceramics, are 
u n ifo rm ly  illum ina ted , a h igh voltage that considerably exceeds the band 
gap energies is generated w ith o u t an external fie ld  w h ich  resulted in to  a 
mechanical stra in due to the converse-p iezoelectric effect.

One com positional system that embraces both photovo lta ic  and 
converse-p iezoelectric effects is lead lanthanum  zirconate titanate 
(P L Z T )  w h ich  is a typ ica l photostric tive  m ateria l ow ing  to its re la tive ly  
h igh p hotostric tive  e ffic iency and ease o f  preparation. The characteristics 
o f  pho tos tric tive  P L Z T  ceramics are presented in  th is  chapter.

2.1 P e ro v s k ite  s tru c tu re  A B O 3 ะ P L Z T

The so lid  so lu tion  system, that form s the basis o f  P L Z T  m aterials, 
is a series o f  com positions resulted from  the complete m is c ib ility  o f  lead 
zirconate and lead titanate in each other and m od ified  by the s o lu b ility  o f  
substantial amounts o f  lanthanum  oxide in the crystal lattice. A  general 
fo rm u la  fo r  a ll com positions o f  the P L Z T  system is

Pb,.xLax(Z rvT i 1. y) 1 .x/40 3 (2.1)

where lanthanum  ions replace lead ions in the A -s ite  o f  perovskite  A B O ; 
ion ic  structure as shown in Fig. 2.1. Since L a 3* substitutes fo r Pb2*, 
e lectrical neu tra lity  is m aintained by the creation o f  la ttice B -site  
vacancies.'4"9’
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P L Z T  c e r a m i c s  a r e  c u r r e n t l y  f o c u s e d  b e c a u s e  o f  t h e i r  e x c e l l e n t  

p i e z o e l e c t r i c  p r o p e r t i e s  a n d  h i g h  p i e z o e l e c t r i c  c o n s t a n t  ( d 33 )  v a l u e .  T h e  

c o m p o s i t i o n s  a r o u n d  t h e  m o r p h o t r o p i c  p h a s e  b o u n d a r y  ( M P B ) ,  b e t w e e n  

t h e  t e t r a g o n a l  a n d  r h o m b o h e d r a l  p h a s e s ,  s h o w  t h e  m a x i m u m  d 33 v a l u e .

P b Z r 0 3  P b T i 0 3

1 0 0  8 0  6 0  4  0  2 0  0

F i g .  2 . 1  P h a s e  e q u i l i b r i u m  d i a g r a m  f o r  P b Z r 0 3 - P b T i 0 3 - L a 20 3 

s o l i d  s o l u t i o n  ( P L Z T )

F i g .  2 . 2  P L Z T  P e r o v s k i t e  s t r u c t u r e
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C o m m o n l y ,  t h e  e x c e s s i v e  P b O  a b o u t  2  a t %  c o n t r i b u t e s  t o  a c h i e v e  

f u l l  d e n s i t y  b y  f o r m i n g  a  l i q u i d  p h a s e  a t  t h e  g r a i n  b o u n d a r i e s  a n d  b y  

i n h i b i t i n g  g r a i n  g r o w t h  d u r i n g  t h e  i n i t i a l  s t a t e s  o f  d e n s i f i c a t i o n .  B o t h  o f  

t h e s e  e f f e c t s  a r e  b e n e f i c i a l  t o  t h e  a t t a i n m e n t  o f  a  t h e o r e t i c a l  d e n s e  

m a t e r i a l  b y  e l i m i n a t i n g  r e s i d u a l  p o r o s i t y  b e f o r e  i t  b e c o m e s  e n t r a p p e d  

w i t h i n  t h e  g r a i n .

2 . 1 . 1  M o d e l i n g  o f  A -  a n d  B - s i t e  s u b s t i t u t i o n

T o  i m p r o v e  p r o p e r t i e s  o f  P L Z T  c e r a m i c s ,  s u c h  a s  s i n t e r a b i l i t y ,  

t r a n s p a r e n c y ,  d i e l e c t r i c  c o n s t a n t ,  q u a l i t y  f a c t o r ,  p i e z o e l e c t r i c  c o e f f i c i e n t ,  

a n d  e t c ,  a  s m a l l  a m o u n t  o f  d o p a n t s  i s  a d d e d .  P r e v i o u s  w o r k  s h o w e d  t h a t  

d o p a n t  a d d i t i o n  i n f l u e n c e d  t h e  m i c r o s t r u c t u r e ,  p h y s i c a l  p r o p e r t i e s  a n d  

e l e c t r i c a l  p r o p e r t i e s  o f  P L Z T  c e r a m i c s . 0 0 ' T h e  l a t t i c e  s i t e  s u b s t i t u t i o n  o f  

d o p i n g  i o n s  c a n  b e  p r e d i c t e d  b y  t h e  f o l l o w i n g  m e t h o d . 0 0

A-site 

9  B-site

o2

n e n ijแกทบ i ถานนบ!นม]n i l  
จ’พาทงกIfUJJMTJ ทยาลย

(a) (b)

F ig .  2 .3  C u b ic  p e r o v s k i t e  s t r u c t u r e  a n d  g e o m e t r ic a l  c o n s id e r a t io n s  f o r
l a t t i c e  p a r a m e t e r  “ a ” . ' 11 '
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T h e  A B 0 3 p e r o v s k i t e  s t r u c t u r e  o f  P L Z T  i s  s h o w n  i n  F i g .  2 . 2 .  I t  

c a n  b e  d e s c r i b e d  g e o m e t r i c a l l y  a s  s h o w n  i n  F i g .  2 . 3 .  T h e  A -  a n d  B - s i t e  

c a t i o n s  a r e  1 2  a n d  6 - c o o r d i n a t e d ,  r e s p e c t i v e l y .  T h e  A - s i t e  c a t i o n  i s  

n o r m a l l y  l a r g e r  t h a n  t h a t  o f  t h e  B - s i t e .  T h e  o x y g e n  a n i o n  h a s  a  

c o o r d i n a t i o n  n u m b e r  o f  6 .  A s s u m i n g  t h a t  a l l  t h e  i o n s  a r e  h a r d  s p h e r e s ,  

t h e  l a t t i c e  p a r a m e t e r  “ a ”  o f  t h e  c u b i c  p e r o v s k i t e  i s  g i v e n  b y

a ะะ= 2  (  r A ( !2 -C N )  +  r O (6 -C N ) )  /  ^ 2 ( 2 . 2 )

a = 2  (  lB (6 -C N )  +  r O (6 -C N ) ) ( 2 . 3 )

a s  s h o w n  i n  F i g .  2 . 3  ( a )  a n d  ( b ) .  H e r e ,  r A ( i 2- c N ) ,  r B (6 - c N ) ,  a n d  r 0 ( 6 -c N )  a r e  t h e  

i o n i c  r a d i i  o f  t h e  1 2 - c o o r d i n a t e d  A - s i t e  c a t i o n ,  6 - c o o r d i n a t e d  B - s i t e  

c a t i o n ,  a n d  6 - c o o r d i n a t e d  o x y g e n  a n i o n ,  r e s p e c t i v e l y .  T h e  s t a b i l i t y  o f  

t h e  p e r o v s k i t e  s t r u c t u r e  c a n  a l s o  b e  d e s c r i b e d  g e o m e t r i c a l l y  a s  t h e  r a t i o  

o f  E q .  2 . 2  t o  2 . 3  w h i c h  i s  d e f i n e d  a s  t h e  T o l e r a n c e  F a c t o r  ( r )

(  r A (1 2 -C N ) +  r 0 ( 6 - C N ) )

t  =  ---------------------------------- ------------------------------------------  ( 2 . 4 )

V 2 (  r B (6 -C N ) +  r O (6 -C N ) )

I t  i s  a d v a n t a g e o u s  t h a t  t h e  A -  a n d  B - s i t e  c a t i o n s  a r e  i n  c o n t a c t  w i t h  

o x y g e n  a n i o n s  f o r  a n  A B 0 3 c o m p o u n d  t o  f o r m  a  s t a b l e  p e r o v s k i t e  

s t r u c t u r e .  T h a t  i s ,  t h e  p e r o v s k i t e  s t r u c t u r e  i s  m o r e  s t a b l e  i f  t  »  1 . 0 .

W h e n  a  f o r e i g n  c a t i o n  i s  i n t r o d u c e d  i n t o  t h e  p e r o v s k i t e  s u b - l a t t i c e ,  

t h e  s u b s t i t u t i o n  s i t e  o f  t h e  c a t i o n  i s  d e t e r m i n e d  m a i n l y  b y  t w o  f a c t o r s :  

c h a r g e  a n d  s i z e .  I n  t h i s  s t u d y ,  t h e  a s s u m p t i o n  h a s  b e e n  m a d e  w h i c h  

b a s e d  o n  a l l  t h e  s e l e c t e d  i o n s  a b l e  t o  b e  r e p l a c e d  e i t h e r  i n  t h e  d i v a l e n t  A -  

s i t e  o r  i n  t h e  t e t r a v a l e n t  B - s i t e .  H o w e v e r ,  t h e  v a l u e s  o f  i o n i c  r a d i i  

i l l u s t r a t e d  i n  T a b l e .  2 . 1  s h o w  t h a t  l a r g e  a n d  s m a l l  i o n s  a r e  l i k e l y  t o  

o c c u p y  A  a n d  B - s i t e s ,  r e s p e c t i v e l y .  A s  a  r e s u l t ,  t h e  u n i t - c e l l  f o r m u l a  i n  

t h e  P L Z T  s e r i e s  i s  e x p e c t e d  t o  v a r y  w i t h  t h e  a d d i t i v e s  o f  s u b s t i t u t i o n s .  

T h e r e  a r e  t h r e e  f a c t o r s ,  w h i c h  a r e  c o n s i d e r e d  i n  c a l c u l a t i n g  t h e  u n i t - c e l l  

f o r m u l a  f o r  t h i s  r e s e a r c h .



(  1 )  M a s s  a n d  c h a r g e  b a l a n c e s  m u s t  b e  m a i n t a i n e d .

( 2 )  T h e  L a  : D o p a n t  : Z r  : T i  a t o m i c  r a t i o  i s  3  : 0 . 5  : 5 2  : 4 8

( 3 )  I t  i s  a s s u m e d  t h a t  t h e  v a c a n c y  o c c u r r e d  o n  o n l y  B - s i t e

w h e n  M v+ i o n s  ( M  i s  t h e  a d d e d  m e t a l  c a t i o n ,  V  i s  v a l e n c y )  e n t e r  t h e  A - s i t e  

( A - s i t e  s u b s t i t u t i o n  f o r  P b 2 + ) ,  t h e  u n i t - c e l l  f o r m u l a  c a n  b e  r e a d i l y  

c a l c u l a t e d  a s

(P b o .9 6 5 L a o .0 3 M o .0 0 5 )[(Z ro .5 2T io .4 8 ) l-0 .0 3 /4 + 0 .0 0 5 (2 -v ) /4 V o .0 3 /4 + 0 .0 0 5 (2 -v ) /4 ]0 3  ( 2 - 5 )

w h e r e  V  i s  v a c a n c y

w h e r e a s  t h e  B - s i t e  s u b s t i t u t i o n ,  t h e  u n i t - c e l l  f o r m u l a  c a n  b e  c a l c u l a t e d  

a s

(Pbo.97Lao.03)[(Zro.52Tio.48)l-0.03/4+0.005(4-v)/4-0.005Mo.005'Vo.03/4+0.005(4-v)/4-0.005]03 ( 2 . 6 )

F o r  e x a m p l e ,  t h e  f o r m u l a  f o r  K + s u b s t i t u t e s  o n  A - s i t e  i s

(Pbo.965Lao.(nKo.oosXZro.51675Tio.477Vo.0 0 6 2 5 ) 0 3 . 

f o r  B - s i t e  s u b s t i t u t i o n ,  t h e  f o r m u l a  i s

(Pbo.97Lao.03)(Zr0.5i545Tio.4758Ko.005Vo.00375 )0 3 .

T h e s e  f o r m u l a s  w i l l  b e  u s e d  i n  t h e o r e t i c a l  c a l c u l a t i o n  o f  p h y s i c a l  

a n d  s t r u c t u r a l  p r o p e r t i e s ,  s u c h  a s  f o r m u l a  w e i g h t ,  t o l e r a n c e  f a c t o r ,  

t h e o r e t i c a l  d e n s i t y ,  a n d  A  o r  B  l a t t i c e  s i t e  s u b s t i t u t i o n .

2 . 1 . 2  C a l c u l a t i o n s  o f  t o l e r a n c e  f a c t o r

T h e  e f f e c t i v e  i o n i c  r a d i i  s u g g e s t e d  b y  M o u l s o n  ( 1 9 9 0 ) 112’ a n d  

S h a n n o n  (  1 9 7 4 ) ( 13) a s  s h o w n  i n  T a b l e .  2 . 1 .  a r e  u s e d  t o  c a l c u l a t e  t h e  

t o l e r a n c e  f a c t o r .  H o w e v e r ,  t h e  r M (6 -G N ) a n d  r M ( i2 - c N )  v a l u e s  f o r  s e v e r a l  

m e t a l  i o n s  h a v e  n o t  b e e n  r e p o r t e d .  T h e  k n o w n  r M (6 -c N )  a n d  r M ( 12-CN) 
v a l u e s  h a v e  b e e n  e s t i m a t e d  s i m p l y  b y  m u l t i p l y i n g  t h e  k n o w n  r M ( x - c N )
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v a l u e  b y  t h e  r a t i o  ( i . e . ,  1 . 1 2 7 )  o f  r L a ( i 2- c N )  : iL a (8 -C N )  f o r  f a 3 \  S i n c e  t h e  r Y  

(8 -C N ) o f  Y 3+ i s  1 0 2  p m  < l2 ) , t h e  e s t i m a t i o n  o f  r V ( i 2- c N )  w i l l  b e  1 1 5  p m .  

M o r e o v e r ,  t h e  r a d i i  o f  B - s i t e  v a c a n c y  h a v e  b e e n  a s s u m e d  [O  b e  e q u a l  t o  

t h e  a v e r a g e  r a d i i  o f  B - s i t e  c a t i o n s .

T h e  t o l e r a n c e  f a c t o r  f o r  b o t h  A -  a n d  B - s i t e  s u b s t i t u t i o n s  i s  b a s e d  

o n  t h e  a s s u m p t i o n  t h a t  s u b s t i t u t i o n  i n  A - s i t e  c r e a t e s  o n l y  B - s i t e  v a c a n c y  

( T a b l e  2 . 2 )  a n d  s u b s t i t u t i o n  i n  B - s i t e  a l s o  c r e a t e s  B - s i t e  v a c a n c y  ( T a b l e

2 . 3 ) .  T h e  u n i t  c e l l  f o r m u l a s  o f  P L Z T  d o p e d  w i t h  v a r i o u s  m e t a l  i o n s  

l i s t e d  i n  T a b l e  2 . 4  h a v e  b e e n  c a l c u l a t e d  a c c o r d i n g  t o  E q .  2 . 4  t a k i n g  i n t o  

a c c o u n t  t h a t  a l l  t h e  t o l e r a n c e  f a c t o r s  a r e  <  1 . 0 .

2 . 1 . 2  D e t e r m i n a t i o n  o f  s u b s t i t u t i o n  s i t e  o f  d o p i n g  i o n s

T h e  t o l e r a n c e  f a c t o r  o f  t h e  A - s i t e  s u b s t i t u t i o n  f o r m u l a  f o r  i o n s  

l a r g e r  t h a n  1 1 5  p m  ( 1 2 - C N )  i s  c l o s e r  t o  1 . 0  t h a n  t h o s e  o f  t h e  B - s i t e  

s u b s t i t u t i o n  f o r m u l a  ( T a b l e .  2 . 4 ) .  T h e  A - s i t e  s u b s t i t u t i o n  i s  t h e r e f o r e  

e x p e c t e d  t o  b e  m o r e  f a v o r a b l e  f o r  l a r g e  i o n s  w h i l e  t h e  B - s i t e  s u b s t i t u t i o n  

i s  f a v o r a b l e  f o r  i o n s  s m a l l e r  t h a n  1 1 5  p m  ( 1 2 - C N ) .

P a r k ,  e t  a l  ( l l )  c a l c u l a t e d  t h e  t o l e r a n c e  f a c t o r s  t o  d e t e r m i n e  t h e  

d o p a n t  d i s t r i b u t i o n  b e t w e e n  A - a n d  B - s i t e s  i n  P L Z T  ( 5 / 6 3 / 3 7 )  c e r a m i c s  

m o d i f i e d  b y  l a n t h a n i d e  i o n s  ( L n 3+ ) .  T h e y  c o n c l u d e d  t h a t  t h e  d i s t r i b u t i o n  

s e e m e d  t o  b e  a  r e g u l a r  f u n c t i o n  o f  t h e  i o n i c  r a d i u s  o f  t h e  l a n t h a n i d e .  T h e  

A - s i t e  s u b s t i t u t i o n  w a s  p r e d o m i n a n t  f o r  l a r g e  L n 3 i o n s  w h i l e  t h e  B - s i t e  

s u b s t i t u t i o n  w a s  p r e d o m i n a n t  f o r  s m a l l  L n 3 * i o n s .  A -  a n d  B - s i t e  

s u b s t i t u t i o n s  c o u l d  o c c u r  s i m u l t a n e o u s l y  f o r  L n 3 i o n s  w i t h  i n t e r m e d i a t e  

s i z e .  T h e r e f o r e ,  t h e  s i z e  o f  L n 34 i o n  h a d  s i g n i f i c a n t  e f f e c t  o n  t h e i r  

s u b s t i t u t i o n  s i t e  a n d  s t r u c t u r a l  p r o p e r t i e s .

I n  t h i s  s t u d y ,  s e v e r a l  m e t a l  c a t i o n s  w e r e  s e l e c t e d  t o  i n v e s t i g a t e  t h e  

e f f e c t  o f  a d d i t i v e s  o n  t h e  p h o t o s t r i c t i v e  p r o p e r t i e s  o f  P L Z T  c e r a m i c s .
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T a b l e  2 . 1  S e l e c t e d  i o n ,  a t o m i c  n u m b e r ,  e l e c t r o n  c o n f i g u r a t i o n ,  a n d  i o n i c  

r a d i i  f o r  d o p e d  P I  Z T  s e r i e s .

Ion Atom ic No. Configuration valency Ionic radii (pm)

A-site CN. = 12 B-site C N . -  6

B3* 5 (He]2s22p' 3 20 e 16 c

ca *+ 56 [Xe]6d2 2 159 a 136 a
B i3" 83 [Xe]4r145dlll6s26p3 3 127 f 102 a
Co2" 27 [Ar]3d74s2 2 79 d 58 a

Cr3" 24 [ Ar]3d54s1 3 76 f 62 a
Cu2+ 29 [Ar]3d l04s1 2 98 d 72 a
ท 3+Fe 26 (Ar]3d''4s2 ->ว่ 69 f 56 a

Gd3+ 64 [X e ]4p  5d'6s2 3 118 f 96 f

K + 19 [Ar]4s' 1 160 a 136 a

L i ’ 3 1 1Is 2s 1 88 c 75 a
M n3* 25 |A r]3 d V 3 71 f 58 a

N b5+ 41 [KrJ4dJ5s' 5 80 f 65 a
N i2" 28 [Ar)3d*4s2 2 94 d 69 a

Se4" 34 [Ar]3dlu4s24p4 4 62 f 50 b

รท4" 50 [Kr]4d"’5s25p2 4 85 f 69 a
Sr2" 38 [Kr]5s2 2 144 a 1 17 a

V 5" 23 |A r]3 d V 5 68 r 55 a
พ 6" 74 [Xe]4fu 5dJ6s2 6 70 f 58 a

Y 3" 39 [ Kr]4d15s2 3 115 f 93 a

Zn2 30 (Ar]3d"’4s2 ๆ 103 d 76 a

Pb2’ 82 [Xe]4tJJ5d"'6s26p; 2 150 a
La3 57 [XelSd'fts2 3 133 a
Z r4’ 40 |Kr]4d:5s2 4 73 •'

T i4' 22 ( Ar|3d:4s2 4 60 a
o 2- 8

, . n m . i . 'U i
1 ร22ร22pJ _2 140 a

'’ Shannon, R.D. ( 1 ร'7 4 ) "3'
c These 12-coordinated ionic radii were calculated by m ultip ly ing  the known 6-coordinated radii b y  the 

r K ( i2- c \ ) ; r K (6-cN ) ratio, which were known.
d These 12-coordinated ionic radii were calculated by m ultip ly ing  the known 6-coordinated radii by th e  

I*c a (i2 -C N ): rCa(6-('N) ratio, which were known.
c These 12-coordinated ionic radii were calculated by m ultip ly ing  the known 6-coordinated radii by the 

t*A i( i2 -C N ): r AK6-c S) ratio, which were known.
1 These 1 2 - c o o r d in a t e d  io n ic  r a d i i  W 'e re  c a lc u la t e d  by m ultip ly ing  t h e  known 6 - c o o r d in a t e d  radii b y  the 

t"i.a{ 12-C N ): r i.a(6-CM  r a t i o ,  w h ic h  w e r e  k n o w n . " 1 I2)
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T a b l e  2 . 2  F o r m u l a  o f  d o p e d  P L Z T  c e r a m i c s  w i t h  a n  a s s u m p t i o n  o f  

s u b s t i t u t i o n  i n  A - s i t e  c r e a t i n g  B - s i t e  v a c a n c y .

Ion Form ula
B3" ( Pb 0.965 La 0 03 B 0.005 )( Zr 0.51545 Ti 0 4758 V 0 00875 )Û 3
Ba2+ ( Pb 0 965 La 0 03 Ba 0 005 )( Zr 0.5161 Ti 0 4 764 V 0 0075 )Û3
Bi3+ ( Pb 0 965 La 0 03 Bi 0.005 )( Zr 0 51545 Ti 0 4758 V 0 00875 )Û 3
Co2" ( Pb 0 965 La 0.03 Co 0 005 )( Zr 0 5161 T i 0 4764 V 0 0075 ) 0  3
Cr3+ ( Pb 0 965 La 0 03 Cr 0.005 )( Zr 0.51545 Ti 0 4758 V 0 00875 )Û 3
Cu2+ ( Pb 0.965 La 0.03 Cu 0.005 )( Zr 05161 Ti 0 4764 V 0 0075 )Û 3
Fe3+ ( Pb 0.965 I .a 0.03 Fe 0 005 )( Zr 0.51545 Ti 0 4758 V 0 00875 ) ก  3
Gd3+ ( Pb 0 965 La 0.03 Gd 0.005 )( Zr 0.51545 Ti 0 4758 V 0.00875 )Û 3
K+ ( Pb 0 965 La 0.03 K 0.005 )( Zr 0.51675 Ti 0 477 V 0.00625 )0 3
L i+ ( Pb 0,965 La 0.03 Li 0.005 )( Zr 0 51675 1 i 0 477 V 0 00625 )0 3

Mn3+ ( Pb 0 965 La 0.03 Mn 0.005 )( Zr 0 51545 Ti 0 4758 V 0 00875 )Û 3
Nb5+ ( Pb 0.965 La 0 03 Nb 0 005 )( Zr 0 51415 Ti 0 4746 V i l 01 125 )(ว3
N i2+ ( Pb 0 965 La 0.03 Ni 0 005 )( Zr 0.5161 Ti 0.4764 V 0 0075 )0 3
Se4+ ( Pb 0.965 La 0.03 Se 0.005 )( Zr 0 5148 Ti 0.4752 V oui ) 0 3
รท4" ( Pb 0 965 La 0.03 รท 0 005 )( Zr 0.5148 Ti 0 4752 V 0 01 )Û 3
Sr2+ ( Pb 0.965 La 0 03 Sr 0.005 )( Zr 0 5161 Ti 0 4764 V 0 0075 )Û 3
v 5+ ( Pb 0.965 La 0.03 V 0.005 )( Zr 0.51415 ri 0 4746 V 0 01125 )Û 3
พ 6" ( Pb 0 965 La 0 03 พ  0 005 )( Zr 0 5135 ไ i 0 474 Y 0 0125 )0 3
Y 3" ( Pb 0 965 La 0 03 Y 0 005 )( Zr 0 51545 Ti 0 4758 V 0 , 0 8 - 4 ) Ü 3

Zn2" ( Pb 0 965 La ท 03 z ท 0 005 )( Zr 0 5161 I i O 4'’64 V 0 un 7 5 ) 0  3



T a b l e  2 . 3  F o r m u l a  o f  d o p e d  P L Z T  c e r a m i c s  w i t h  a n  a s s u m p t i o n  o f  

s u b s t i t u t i o n  i n  B - s i t e  c r e a t i n g  B - s i t e  v a c a n c y .

Ion Form ula
b 3+ ( Pb 0.97 La 0 03 )(  Zr 0 51415 Ti 0 4746 B 0.005 V  0.00625 ) 03
Ba2+ ( Pb 0 97 La 0 03 )( Zr 0 5148 Ti 0 4752 Ba 0 005 V  0 005 ) 03
Bi3+ ( Pb 0.97 La 0 03 )( Zr 0 51415 Ti 0 4746 Bi 0 005 V  0.00625 ) 03
Co2+ ( Pb 0 97 La 0 03 )( Zr 0 5148 Ti 0.4752 Co 0.005 V  0.005 ) 03
Cr3+ ( Pb 0.97 La 0.03 )( Zr 0 51415 Ti 0 4746 Cr 0.005 V  0.00625 ) 03
Cu2+ ( Pb 0 97 La 0 03 )( Zr 0 5148 Ti 0,4752 Cu 0.005 V  0 005 ) 03
Fe3+ ( Pb 0 97 La 0 03 )( Zr 0 51415 Ti 0.4746 Fe 0 005 V  0.00625 ) 03
Gd3+ ( Pb 0 97 La 0 03 )( Zr 0 51415 Ti 0.4746 Gd 0.005 V 0.00625 ) 03
K + ( Pb 0 97 La 0.03 )(  Zr 0.51545 Ti 0.4758 K 0.005 V  0.00375 ) 03
L i+ ( Pb 0 97 La 0,03 )(  Zr 0 51545 Ti 0.4758 Li 0.005 V  0.00375 ) 03

Mn3+ ( Pb 0 97 La 0.03 )(  Zr 0 51415 ใ i 0.4746 Mn 0.005 V  0.00625 ) 03
Nb5+ ( Pb 0 97 La 0.03 )( Zr 0 51285 Ti 0.4734 Nb 0.005 V  0.00875 ) 03
N i2+ ( Pb 097 La 0.03 )( Zr 0 5148 n  0.4752 Ni 0.005 V  0 005 ) 03
Se4+ ( Pb 0 97 La 0 03 )( Zr 0 5135 1 i 0.474 Se 0005 V  0.0075 ) 03
รท4x ( Pb 0.97 La 0.03 )( Zr 0.5135 I i 0.474 รท 0.005 V 0.0075 ) 03
Sr2+ ( Pb 0.97 La 0 03 )( Zr 0 5148 I i 0.4752 Sr 0.005 V 0 005 ) 03
v 5+ ( Pb 0 97 La 0 03 )( Zr 0 51285 Ti 0 47 .4 V  0 005 V  0 00875 ) 03
พ 6+ ( Pb 0 97 LH 0.03 )( Zr 0 5122 n  0 4728 พ  0.005 V 0 01 ) 03
y 3+ ( Pb 0 97 La 0 03 )( Zr 0 51415 1 i 04746 Y 0 005 V 0.00625 ) 03
Zn2+ ( Pb 0.97 La 0.03 )( Zr 05148 Ti 0 4752 Zn 0.005 V 0.005 ) 03



12

T a b l e  2 . 4  C a l c u l a t e d  a v e r a g e  i o n i c  r a d i i  o f  A -  a n d  B - s i t e  s u b s t i t u t i o n .

T h e  t o l e r a n c e  f a c t o r  i s  c a l c u l a t e d  a n d  u s e d  t o  d e t e r m i n e  t h e  

s u b s t i t u t i o n  s i t e  a n d  t h e  e f f e c t  o f  a d d i t i v e s . ( 2 1 4 ' 2 I )

Ion A-site substituted B-site substituted Site effect

r A(i2-CN) r B(6-CN) tolerance r A(12-CN) r B(6-CN) tolerance

B3' 148.84 66.76 0.9878 149.49 66.50 0.9913 B acceptor

Ba2+ 149.54 66.76 0.9902 149.49 67.11 0.9884 A isovalence

b C 149.38 66.76 0.9896 149.49 66.94 0.9892 A donor

Co2* 149.14 66.76 0.9888 149.49 66.72 0.9902 B acceptor

C r3 149.12 66.76 0.9888 149.49 66.74 0.9902 B acceptor

C u2 149.23 66.76 0.9891 149.49 66.79 0.9899 B acceptor

Fe3+ 149.09 66.76 0.9887 149.49 66.71 0.9903 B acceptor

Gd3+ 149.33 66.76 0.9895 149.49 66.91 0.9893 A donor

K ' 149.54 66.76 0.9902 149.49 67.11 0.9884 A acceptor

L i" 149.18 66.76 0.9890 149.49 66.80 0.9898 B acceptor

M n3 149.10 66.76 0.9887 149.49 66.72 0.9902 B acceptor

Nb5’ 149.14 66.76 0.9888 149.49 66.75 0.9901 B donor

N i2’ 149.21 66.76 0.9891 149.49 66.77 0.9900 B acceptor

Se4 149.05 66.76 0.9885 149.49 66.68 0.9904 B isovalence

รท4' 149.17 66.76 0.9889 149.49 66.77 0.9900 B iso valence

S r2’ 149.46 66.76 0.9899 149.49 67.01 0.9888 A isovalence

V 5 149.08 66.76 0.9886 149.49 66.70 0.9903 B donor

พ 6’ 149.09 66.76 0.9887 149.49 66.72 0.9903 B donor

Y 3' 149.32 66.76 0 9895 149.49 66.89 0.9894 A donor

Z n 2' 149.26 66.76 0.9892 149.49 66.81 0.9898 B acceptor

R e m a r k  : T o l e r a n c e  f a c t o r  o f  P L Z T  ( 3 / 5 2 / 4 8 )  =  0 . 9 9 0 0  ( L a 3 -

s u b s t i t u t e s  i n  A - s i t e  c r e a t i n g  B - s i t e  v a c a n c y  o n l y )



F r o m  t h e  c a l c u l a t i o n  o f  t o l e r a n c e  f a c t o r  i n  T a b l e  2 . 4 ,  t h e  s e l e c t e d  

i o n s  c a n  b e  d i v i d e d  i n t o  f o l l o w i n g  f i v e  g r o u p s .

1 . D o n o r  B - s i t e  ะ N b 5+ , พ 6+

2 .  D o n o r  A - s i t e  : B i 3+ , G d 3+ , Y 3+

3 .  I s o v a l e n c e  : B a 2+ , S r + 2 , S e 4+ , ร ท 44

4 .  A c c e p t o r  : B 3+ , L i + , K T

5 .  3 d  t r a n s i t i o n  : C r 3+ , C u 2+ , F e 3+ , M n 3+ , N i 2+ , v 5+ , C o 2+ , Z n 2+

2.2 P ho to vo lta ic  e ffe c t

2.2.1 B a ckg ro u n d

I n  s o l a r  c e l l  t e c h n o l o g i e s ,  p h o t o e l e c t r i c  o r  p h o t o v o l t a i c  c e l l s  

c o n v e r t  s u n l i g h t  d i r e c t l y  i n t o  e l e c t r i c i t y .  P h o t o v o l t a i c  c e l l s  a r e  t h e  s o l a r  

c e l l s  t h a t  a r e  o f t e n  u s e d  t o  p o w e r  c a l c u l a t o r s  a n d  w a t c h e s .  T h e y  a r e  

m a d e  o f  s e m i c o n d u c t i n g  m a t e r i a l s  s i m i l a r  t o  t h o s e  u s e d  i n  c o m p u t e r  

c h i p s .  W h e n  s u n l i g h t  i s  a b s o r b e d  b y  t h e s e  m a t e r i a l s ,  l i g h t  s t r i k i n g  s u c h  

c r y s t a l s  a s  s i l i c o n  o r  g e r m a n i u m ,  i n  w h i c h  e l e c t r o n s  a r e  u s u a l l y  n o t  f r e e  

t o  m o v e  f r o m  a t o m  t o  a t o m  w i t h i n  t h e  c r y s t a l ,  p r o v i d e s  t h e  e n e r g y  

n e e d e d  t o  f r e e  s o m e  e l e c t r o n s  f r o m  t h e i r  b o u n d  c o n d i t i o n .  F r e e  e l e c t r o n s  

c r o s s  t h e  j u n c t i o n  b e t w e e n  t w o  d i s s i m i l a r  c r y s t a l s  ( p - n  j u n c t i o n )  m o r e  

e a s i l y  i n  o n e  d i r e c t i o n  t h a n  i n  t h e  o t h e r ,  g i v i n g  o n e  s i d e  o f  t h e  j u n c t i o n  a  

n e g a t i v e  c h a r g e  a n d ,  t h e r e f o r e ,  a  n e g a t i v e  v o l t a g e  w i t h  r e s p e c t  t o  t h e  

o t h e r  s i d e ,  a l l o w i n g  t h e  e l e c t r o n s  t o  f l o w  t h r o u g h  t h e  m a t e r i a l  t o  p r o d u c e  

e l e c t r i c i t y .  T h e  p h o t o v o l t a i c  b a t t e r y  c a n  c o n t i n u e  t o  p r o v i d e  v o l t a g e  a n d  

c u r r e n t  a s  l o n g  a s  l i g h t  c o n t i n u e s  t o  f a l l  o n  t h e  t w o  m a t e r i a l s .  F i g .  2 . 4  

i l l u s t r a t e s  t h e  s c h e m a t i c  d i a g r a m  o f  a  p h o t o v o l t a i c  m o d e l  i n  p - n  

j u n c t i o n s .

P h o t o v o l t a i c  e f f e c t  i n  f e r r o e l e c t r i c s  i s  d i f f e r e n t  f r o m  t h e  

c o r r e s p o n d i n g  p h e n o m e n o n  i n  p - n  j u n c t i o n  o f  s e m i c o n d u c t o r s .  W h e n  

f e r r o e l e c t r i c  m a t e r i a l  i s  i r r a d i a t e d  w i t h  p h o t o n s  h a v i n g  e n e r g y  

c o r r e s p o n d i n g  t o  t h e  b a n d  g a p  o f  t h e  m a t e r i a l ,  s t e a d y  s t a t e  s h o r t - c i r c u i t  

c u r r e n t  a n d  o p e n - c i r c u i t  v o l t a g e  a r e  g e n e r a t e d .  T h e  p h o t o v o l t a i c  e f f e c t  i s  

o b s e r v e d  o n l y  a l o n g  t h e  d i r e c t i o n  o f  t h e  s p o n t a n e o u s  p o l a r i z a t i o n  ( P s) .
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T h e  g e n e r a t e d  v o l t a g e  p r o p o r t i o n a l  t o  t h e  s a m p l e  l e n g t h  a l o n g  t h e  P s 

d i r e c t i o n  i s  o n  t h e  o r d e r  o f  k v / c m  t o  M V / c m ,  r e f e r r e d  t o  a s  t h e  

A n o m a l o u s  P h o t o v o l t a g e  E f f e c t  ( A P E )  o r  t h e  B u l k  P h o t o v o l t a i c  E f f e c t  

( B P E ) . (22 ‘ 25) A n  i n t e r e s t i n g  a n o m a l o u s  p h o t o v o l t a i c  e f f e c t  i n  B a T i 0 3(25 ), 

L i N b 0 3(22) s i n g l e  c r y s t a l s ,  a n d  P L Z T  p o l y c r y s t a l l i n e s  w a s  f i r s t  o b s e r v e d .

F i g .  2 . 4  S i m p l e  p h o t o v o l t a i c  e f f e c t  m o d e l  f o r  p - n  j u n c t i o n  s o l a r  e n e r g y

T h e  p r o d u c t i o n  o f  s u c h  a  h i g h  p h o t o v o l t a g e  i s  n o t  o n l y  o f  i n t e r e s t  

t h e o r e t i c a l l y ,  b u t  a l s o  o f  c o n s i d e r a b l e  p r a c t i c a l  i m p o r t a n c e .  P h o t o - d r i v e n  

a c t u a t o r s  a n d  o p t i c a l  c o n t r o l  m o d u l a t o r s ,  w h i c h  e n a b l e  w i r e l e s s  r e m o t e

c o n t r o l  a n d  a l l - o p t i c a l  o p e r a t i o n ,  a r e  s o m e  o f  t h e  p h o t o v o l t a i c  d e v i c e s .
(1.26-28)

2.2.2 E ffe c t o f  a d d it iv e  ions on p ho to vo lta ic  p ro p e rtie s  o f  P L Z T  
ceram ics

T h e  e f f e c t  o f  a d d i t i v e  i o n s (29 ' 3l)) o n  t h e  e l e c t r o n i c  p r o p e r t i e s  ( d o n o r /  

a c c e p t o r  m e c h a n i s m )  o f  P L Z T (31) c e r a m i c s  w a s  c l e a r l y  e x p l a i n e d  b y  t h r e e  

t y p e s  o f  a d d i t i v e s . <32)



D o n o r  a d d i t i v e s ,  s u c h  a s  N b 5+ r e p l a c i n g  Z r 4 , o r  L a 3+ r e p l a c i n g  

P b 2 \  c o u n t e r a c t  t h e  n a t u r a l  p - t y p e  c o n d u c t i v i t y  o f  P Z T  c e r a m i c s  a n d  t h u s  

r a i s e  t h e  e l e c t r i c a l  r e s i s t i v i t y .  T h e y  a r e  u s u a l l y  c o m p e n s a t e d  b y  c a t i o n -  

s i t e  v a c a n c i e s .  T h e s e  a d d i t i v e s  e n h a n c e  d o m a i n  r e o r i e n t a t i o n .  C e r a m i c s  

d o p e d  w i t h  t h e s e  a d d i t i v e s  a r e  c h a r a c t e r i z e d  b y  s q u a r e  h y s t e r e s i s  l o o p s ,  

l o w  c o e r c i v i t y ,  h i g h  r e m n a n t  p o l a r i z a t i o n ,  h i g h  d i e l e c t r i c  c o n s t a n t ,  

m a x i m u m  c o u p l i n g  f a c t o r s ,  h i g h  d i e l e c t r i c  l o s s ,  h i g h  c o m p l i a n c e ,  a n d  

r e d u c i n g  a g i n g .  T y p i c a l  a p p l i c a t i o n s  a r e  i n  t h e  a r e a  o f  h i g h  s e n s i t i v i t y ,  

s u c h  a s  h y d r o p h o n e s ,  p h o t o g r a p h  p i c k u p s ,  s o u n d e r s  a n d  l o u d s p e a k e r .

A c c e p t o r  a d d i t i v e s ,  s u c h  a s  C u 2+ r e p l a c i n g  Z r 4+ o r  K + r e p l a c i n g  

P b 2" ,  a r e  c o m p e n s a t e d  b y  o x y g e n  v a c a n c i e s  a n d  u s u a l l y  h a v e  o n l y  

l i m i t e d  s o l u b i l i t y  i n  t h e  l a t t i c e .  D o m a i n  r e o r i e n t a t i o n  i s  l i m i t e d ,  a n d  

h e n c e  c e r a m i c s  w i t h  a c c e p t o r  a d d i t i v e s  a r e  c h a r a c t e r i z e d  b y  p o o r l y  

d e v e l o p e d  h y s t e r e s i s  l o o p s ,  l o w e r  d i e l e c t r i c  c o n s t a n t (10 ), l o w  d i e l e c t r i c  

l o s s ,  l o w  c o m p l i a n c e  a n d  h i g h  a g i n g  r a t e s .  T y p i c a l  a p p l i c a t i o n s  a r e  i n  

h i g h - p o w e r  d e v i c e s  s u c h  a s  s o n a r  a n d  u l t r a s o n i c  t r a n s d u c e r .

I s o v a l e n t  a d d i t i v e s ,  s u c h  a s  B a 2 o r  S r 2+ r e p l a c i n g  P b 2+ o r  ร ท 4+ 

r e p l a c i n g  Z r 4 + , i n  w h i c h  t h e  s u b s t i t u t i n g  i o n s  a r e  o f  t h e  s a m e  v a l e n c y  a n d  

a p p r o x i m a t e l y  t h e  s a m e  s i z e  a s  t h e  r e p l a c e d  i o n .  S o l i d  s o l u t i o n  

c o n s i s t i n g  t h e s e  a d d i t i v e s  a r e  u s u a l l y  r e s u l t e d  i n  l o w e r  C u r i e  p o i n t s .  

H y s t e r e s i s  l o o p s  m a y  b e  p o o r l y  d e v e l o p e d  w i t h o u t  a n  a d d i t i o n a l  a d d i t i v e .  

O t h e r  p r o p e r t i e s  i n c l u d e  l o w e r  d i e l e c t r i c  l o s s ,  l o w  c o m p l i a n c e ,  a n d  

h i g h e r  a g i n g  r a t e .  T h e s e  c e r a m i c s  a r e  u s e d  i n  h i g h - d r i v e  a p p l i c a t i o n s .

I t  h a s  b e e n  p r o p o s e d  t h a t  t h e  v a l e n c e  o f  d o p a n t s  w i l l  s i g n i f i c a n t l y  

a f f e c t  t h e  p h o t o v o l t a i c  r e s p o n s e .  I t  i s  b e l i e v e d  t h a t  m o s t  o f  d o p i n g  i o n s  

a r e  i n c o r p o r a t e d .  T h e  p h o t o v o l t a i c  r e s p o n s e  f o r  v a r i o u s  d o p a n t s  w i t h  t h e  

s a m e  c o n d i t i o n  o f  1 a t %  d o p e d  P L Z T  ( 3 / 5 2 / 4 8 )  w a s  i n v e s t i g a t e d  b y  

T a n i m u r a  ( 1 9 8 8 ) . (2} A  d a s h e d  l i n e  i n  F i g .  2 . 5  r e p r e s e n t s  t h e  c o n s t a n t  o f  

p h o t o v o l t a i c  p o w e r  c u r v e  c o r r e s p o n d i n g  t o  t h e  u n d o p e d  P L Z T  c e r a m i c s .  

D o n o r  d o p i n g  o n  t o  t h e  B - s i t e  ( N b 5 , T a 5\  พ 6 ) e n h a n c e s  t h e  

p h o t o v o l t a i c  r e s p o n s e .
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F i g .  2 . 5  P h o t o v o l t a i c  r e s p o n s e  a s  a  f u n c t i o n  o f  d o p i n g  i o n s

2.2.3 E ffe c t o f  com pos itio n  on p h o to vo lta ic  p ro p e rt ie s  o f  P L Z T  
ceram ics .

P h o t o v o l t a i c  p r o p e r t i e s  o f  P L Z T  c e r a m i c s  h a d  b e e n  f o u n d  t o  

d e p e n d  o n  t h e i r  c o m p o s i t i o n / 1 3 '33‘ 38) T h e  o p t i m u m  p r o p e r t i e s  w e r e  

f o u n d  i n  t h e  c o m p o s i t i o n  a l o n g  t h e  M o r p h o t r o p i c  P h a s e  B o u n d a r y  

( M P B ) .  T h e  s t u d i e s  o f  U c h i n o  i n  1 9 8 5  f o c u s e d  o n  o p t i m i z i n g  t h e  

c o m p o s i t i o n a l  v a r i a t i o n  a l o n g  t h e  M P B ,  t h e  m a x i m u m  p h o t o v o l t a i c  

p r o p e r t i e s  w e r e  o b t a i n e d  f r o m  t h e  P L Z T  c e r a m i c s  ( 3 / 5 2 / 4 8 ) .  F i g .  2 . 6  

s h o w s  t h e  c o n t o u r i n g  m a p  o f  p h o t o v o l t a i c  e f f e c t  i n  P L Z T  s y s t e m .  A  

d a r k  l i n e  i n  t h e  f i g u r e  i s  t h e  M P B  a n d  a  d a s h e d  l i n e  i s  t h e  i s o - p o w e r  l i n e  

( p r o d u c t  o f  p h o t o c u r r e n t  a n d  p h o t o v o l t a g e ) .
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P o Z r O ^ ------  y / l - y  -----P b ï i03
7 0 3 0  6 5 3 5  6 0 /0 3  55 ICS SQrSO

F i g .  2 . 6  C o n t o u r  m a p  o f  p h o t o v o l t a i c  r e s p o n s e  i n  P L Z T  s y s t e m

2.2.4 E ffe c t o f  l ig h t  w ave leng th  on p h o to vo lta ic  p ro p e rtie s

O p t i c a l  a b s o r p t i o n  i n  P L Z T  c e r a m i c s  i s  w a v e l e n g t h  d e p e n d e n t ,  

b e c o m i n g  e x t r e m e l y  h i g h  i n  t h e  v i o l e t  ( s h o r t  w a v e l e n g t h ) (39) e n d  o f  t h e  

s p e c t r u m  n e a r  3 7 0 - 3 8 0  n m .  T h e  r e l a t i o n s h i p  b e t w e e n  o p t i c a l  

t r a n s m i s s i o n  w i t h  w a v e l e n g t h  i n  d i f f e r e n t  P L Z T  c e r a m i c s  c o m p o s i t i o n  i s  

s h o w n  i n  F i g .  2 . 7  <40)

F i g .  2 . 7  O p t i c a l  t r a n s m i s s i o n  s p e c t r a  c h a r a c t e r i s t i c  o f  P L Z T  c e r a m i c s
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U c h i n o  (  1 9 8 8 ) <2) p r o p o s e d  t h e  b a n d  g a p  e n e r g y  ( E g )  m o d e l  o f  

P L Z T  c e r a m i c s  a s  s h o w n  i n  F i g .  2 . 8 .  D o n o r  d o p i n g  a d d i t i o n  i n t o  P L Z T  

w i l l  f o r m  t h e  d o n o r  l e v e l  w h i c h  i s  p o s s i b l e  t o  c h a n g e  t h e  b a n d  g a p  

e n e r g y  o f  P L Z T  c e r a m i c s .

/ / / / / / / / / / / / / / / / / / / / /  CONDUCT ' ON BAN"

F i g .  2 . 8  B a n d  g a p  e n e r g y  ( E g )  m o d e l  f o r  P L Z T  c e r a m i c s

T h e  o p t i c a l  a b s o r p t i o n  e d g e  o r  t h e  b a n d  g a p  e n e r g y  c a n  b e  

d e t e r m i n e d  f r o m  t h e  o p t i c a l  t r a n s m i s s i o n  s p e c t r a ,  w h i c h  c a n  b e  c o n v e r t e d  

t o  t h e  a b s o r p t i o n  c o e f f i c i e n t  b y

%  t r a n s m i s s i o n  =  I / I q x I O O

a n d  I  /  I q =  e x p (  - a d )  ( 2 . 7 )

w h e r e  I  a n d  I 0 r e p r e s e n t  t h e  t r a n s m i t t e d  a n d  i n c i d e n t  l i g h t  i n t e n s i t i e s ,  d  i s  

t h i c k n e s s  o f  s p e c im e n s ,  a n d  a  i s  a n  a b s o r p t i o n  c o e f f i c i e n t .

A n a l y s i s  o f  t h e  o p t i c a l  s p e c t r a  i s  o n e  o f  t h e  m o s t  p r o d u c t i v e  t o o l s  

f o r  u n d e r s t a n d i n g  t h e  b a n d  g a p  e n e r g y  o f  m a t e r i a l s .  T h e  o p t i c a l  

a b s o r p t i o n  c u r v e  o f  m a t e r i a l s  c o n s i s t s  o f  t h r e e  p a r t s . ' 4 11

1 . A  h i g h  a b s o r p t i o n  r e g i o n  ( a  >  1 0 4  c m " 1)  w h e r e  a s s u m i n g  

p a r a b o l i c  b a n d  e d g e s  a n d  e n e r g y  i n d e p e n d e n t  m a t r i x  e l e m e n t  f o r  t h e  

i n t e r b a n d  t r a n s i t i o n s ,  t h e  a b s o r p t i o n  c o e f f i c i e n t  a  i s  t h e n  g i v e n  b y  ( 4 I '42)
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D i r e c t  b a n d  g a p  ะ a  h  V A  (  h  V  -  E g ) 1/2 ( 2 , 8 )

I n d i r e c t  b a n d  g a p  : a  h  V A  (  h  V  -  E g ) 2 ( 2 . 9 )

I n  w h i c h  h v ,  E g ,  a n d  A ,  B  d e n o t e  t h e  p h o t o n  e n e r g y ,  o p t i c a l  b a n d  g a p  

e n e r g y ,  a n d  c o n s t a n t s ,  r e s p e c t i v e l y .

2 .  A n  i n t e r m e d i a t e  a b s o r p t i o n  r a n g e  ( 1  c m ' 1 <  a  <  1 0 4 c m 4 )  i n  

w h i c h  t h e  a b s o r p t i o n  d e p e n d s  e x p o n e n t i a l l y  o n  t h e  p h o t o n  e n e r g y  :

w i t h  a  s l o p e  p a r a m e t e r ,  E 0 , w h i c h  u s u a l l y  f a l l s  b e t w e e n  0 . 0 5  a n d  0 . 0 8  e V  

a n d  i s  d e f i n e d  a s  t h e  w i d t h  o f  b a n d  t a i l s  o f  l o c a l i z e d  s t a t e s  i n t o  t h e  g a p .

3 .  A  w e a k  a b s o r p t i o n  t a i l  a t  l o w  a b s o r p t i o n  c o n s t a n t s  ( a  <  1 0  1 

c m ' 1)  w h o s e  s h a p e  a n d  m a g n i t u d e  d e p e n d  o n  t h e  p u r i t y ,  t h e r m a l  h i s t o r y ,  

a n d  p r e p a r a t i o n  c o n d i t i o n s .

A l t h o u g h  i t  a p p e a r s  v a l i d  f o r  c e r t a i n  w e l l - s t u d i e d  s e m i c o n d u c t o r s ,  

t h i s  a p p r o a c h  m a y  n o t  b e  p r e c i s e  f o r  w i d e - b a n d  g a p  o x i d e  a n d  p e r o v s k i t c  

c e r a m i c s  s u c h  a s  T i 0 2(43 ' 45 ), B a T i 0 3(25 '46 -47 ), S r T i 0 3 (1 3 ), P S N (48 ), P Z T ,  a n d

p l z t <22'23 '48 '49)

C a l c u l a t i o n  o f  b a n d  s t r u c t u r e  i n d i c a t e s  t h a t  t h e  p e r o v s k i t e  s t r u c t u r e  

m a t e r i a l s  c a n  n o t  b e  e a s i l y  i d e n t i f i e d  a s  e i t h e r  d i r e c t  o r  i n d i r e c t  b a n d  g a p  

s e m i c o n d u c t o r s . <46) L a r g e  c o n d u c t i o n  z o n e  a n i s o t r o p y  a n d  n e a r l y  f l a t  

z o n e  r e g i o n s  t h a t  l e a d  t o  t w o - d i m e n s i o n a l  c o n d u c t i o n  b a n d  m a y  r e n d e r  

t h e  p a r a b o l i c  c o n d u c t i o n  b a n d  a p p r o x i m a t i o n  i n v a l i d .  O p t i c a l  b a n d  g a p  

v a l u e  o b t a i n e d  i n  t h i s  w a y  m a y  n o t  b e  p r e c i s e  a n d  m a y  o n l y  b e  u s e f u l  f o r  

t h e  c o m p a r i s o n  b e t w e e n  m a t e r i a l s .

F r o m  t h e  c o m p a r i s o n  b e t w e e n  t h e  o p t i c a l  t r a n s m i s s i o n  m e t h o d * 491 

a n d  w a v e l e n g t h  d e p e n d e n t  p h o t o c u r r e n t  m e t h o d * 4 231 ( F i g .  2 . 1 0 ) ,  i t  c a n  b e  

c o n c l u d e d  t h a t  t h e  i n d i r e c t  b a n d  g a p  w o u l d  b e  t h e  b a n d  s t r u c t u r e  o f

a  h  V a 0 e x p  (  h v  /  E 0 ) (2.10)
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P L Z T  c e r a m i c s .  D u e  t o  t h i s  a s s u m p t i o n ,  t h e  b a n d  g a p  e n e r g y  i s  f o r m a l l y  

d e f i n e d  a s  t h e  i n t e r c e p t  o f  t h e  c u r v e  ( a  h  v ) 1/2 v s  h v  a s  s h o w n  i n  F i g .  

2 . 9 ,

F i g .  2 . 9  O p t i c a l  a b s o r p t i o n  s p e c t r a  a n d  ( a  h  v ) l/2  v s  h  V c u r v e ,  i n t e r c e p t s  

o f  ( a )  t h i n  f i l m  B a T i 0 3 a n d  ( b )  a n n e a l e d  a t  1 0 0 0  ° c .

F i g .  2 . 1 0 ( a )  s h o w s  t h e  v a r i a t i o n  i n  w a v e l e n g t h  d e p e n d e n c e  o f  t h e  

p h o t o c u r r e n t .  T h e  e f f e c t  o f  h e a t  t r e a t m e n t  u n d e r  n i t r o g e n  a t m o s p h e r e  

a n d  t h e  d o p i n g  e f f e c t  o f  T a (23) o n  t h e  p h o t o c u r r e n t  w e r e  r e p o r t e d .  T h e  

p e a k  s h i f t s  a n d  c u r v e s  e x t e n s i o n  o f  t h e  p h o t o c u r r e n t  i n  F i g .  2 . 1 0 ( b )  w e r e  

a l s o  n o t e d  i n  t h e  w a v e l e n g t h  d e p e n d e n c e .  T h e  c u r r e n t  p e a k  f o r  t h e  

n i t r o g e n  t r e a t e d  s a m p l e  s h i f t e d  t o  a  s h o r t e r  w a v e l e n g t h  a n d  

s i m u l t a n e o u s l y ,  t h e  c u r v e  e x t e n d e d  i n  t h e  s a m e  d i r e c t i o n ,  t h e  p e a k  o f  t h e  

p h o t o c u r r e n t  r e p r e s e n t e d  t h e  b a n d  g a p  e n e r g y  o r  a b s o r p t i o n  e d g e  o f  t h e s e  

m a t e r i a l s .

200 400 600 800 1000

Wavelength, nm
20  3 0 4 0 5 0

Photon energy, eV
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Wavelength / nra Wavelength / nm

F i g .  2 . 1 0  W a v e l e n g t h  d e p e n d e n c e  o f  ( a )  p h o t o c u r r e n t  a n d  ( b )  n o r m a l i z e d  

p h o t o c u r r e n t  i n  t h e  v a r i o u s  s a m p l e s  : ( ▼ )  u n d o p e d  P L Z T  

( 3 / 5 2 / 4 8 ) ,  ( a )  N 2 h e a t  t r e a t e d  a t  9 0 0  ° c ,  (■ ) T a  d o p e d ,  a n d  ( • )  

T a  d o p e d  a n d  s u b s e q u e n t l y  t r e a t e d  i n  N 2 a t  9 0 0  üc . (23)

2.3 P ie zoe lec tric  e ffe c t

P L Z T  c e r a m i c s  a r e  c u r r e n t l y  f o c u s e d  b e c a u s e  o f  t h e i r  e x c e l l e n t  

p i e z o e l e c t r i c  p r o p e r t i e s ,  h i g h  p i e z o e l e c t r i c  c o n s t a n t  ( d 33 )  v a l u e / 11 F i g .

2 . 1 1  s h o w s  t h e  c o n t o u r  m a p  o f  t h e  p h o t o v o l t a i c  r e s p o n s e  a n d  

p i e z o e l e c t r i c  c o n s t a n t ,  d 33 , o n  t h e  P L Z T  p h a s e  d i a g r a m .  T h e  

c o m p o s i t i o n s  a r o u n d  t h e  m o r p h o t r o p i c  p h a s e  b o u n d a r y  ( M P B )  b e t w e e n  

t h e  t e t r a g o n a l  a n d  r h o m b o h e d r a l  p h a s e s  s h o w  t h e  m a x i m u m  d 33 v a l u e .  

T h e  m a x i m u m  o f  d 33 i n  F i g .  2 . 1 1  i s  a b o u t  7 0 0  X  1 0 ~ 12 m / v  a t  t h e  

l a n t h a n u m  c o n t e n t  u p  t o  8  m o l % .
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PbZ rC >3 -๘-----  y / 1 - y  ------ ^ P bT ïO j
70/30 6S/3S 6OA0 ss/cs 50/50

F ig . 2.11 C on tour map o f  p iezoelectric constant o f  P L Z T  ceramics

In  P L Z T  (3 /52 /48 ) caramics system, sm all am ount o f  dopant (1 
a t% ) does no t contribute  to the p iezoelectric effects in  these m aterials. 
The value o f  p iezoelectric constant remains constant. F ig . 2.12 shows 
that the p iezoelectric constants o f  P L Z T  ceramics depend on the 
com position  but no t on the types o f  the dopants.1(2)
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Fig . 2.12 P iezoelectric  constants o f  P L Z T  ceramics (3 /52 /48 ) as a 
func tion  o f  doping ions valency

2.4 P h o to s tr ic t io n

Pho tos tric tive  effect is the com bination o f  photovo lta ic  and 
p iezoelectric effect. A ccord ing  to Eq. 1.1 ;

Xph d33 X E ph

where Xph is photo-induced stra in or photostric tion
d33 is p iezoelectric constant

and E ph is photovoltage

In order to obtain a h igh photo-induced strain, m aterials w ith  high 
d33 and Eph are needed. Poosanaas<3) (1999) found the m axim um  strain in 
the com position  o f  5/54/46. F ig . 2.13 shows the contour map o f  photo- 
induced strain as a tunction  o f  the com position o f  P L Z T  system. 
H ow ever, another factor required fo r the photostric tive  effect is the 
response speed o f  the phenomenon. The response speed is defined as 
(d33 . Iph) /  c  in  the u n it o f  sec - l , when Iph is photocurrent and c  is the 
capacitance o f  the sample. The  m axim um  response speed in  P L Z T  
system was found in the com position  o f  4 /48/52. F ig. 2.14 shows the
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contour map o f  response speed as a function  o f  the com position  o fP L Z T  
system. The photostric tive  properties w ith  the op tim ized  requirem ent o f  
figu re  o f  m erit o f  photo-induced stra in and response speed were found in 
the com position  o f  3 /52/48 by U ch ino  in  1997<45), and Poosanaas in 
1999.<3) It  was obtained in  the tetragonal reg ion near the M P B  w ith  3 
m o l%  o f  Lanthanum  w h ich  was also used in th is  study and doped w ith
0.5 at%  o f  doping.

at. % PZ -------------------------  y /1 -y -------------------- ► - at. % P i -

F ig . 2.13 The contour map o f  photo-induced strain o f  P L Z T  system

at. % PZ -------------------------  y /1 -y -------------------- ► - at. % PT

Fig . 2.14 The contour map o f  response speed o f  P L Z T  system
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