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I. INTRODUCTION AND SUMMARY 

I n  fu l l f i lmen t  of t he  Phase I requirement on NASA Contract 

NAS 9-5592, a l i t e r a t u r e  search has been conducted f o r  t h e  purpose of 

i n v e s t i g a t i n g  t h e  p rope r t i e s  of numerous ma te r i a l s ,  gene ra l ly  of t h e  

AB4 type, wi th  regard t o  t h e i r  p o t e n t i a l  u t i l i z a t i o n  i n  t h e  prepara t ion  

of high vacuum evaporated capac i tors  of high s p e c i f i c  capacitance.  The 

compounds inves t iga t ed  are those l i s t e d  i n  %chibit A" of t h e  con t r ac t .  

A d e t i i l e d  discussior? of t he  phys ica l  and e l e c t r i c a l  p r c p e r t i e s  ~f each 

of these  ma te r i a l s  i s  included i n  this In te r im Report. 

Since the  phenomena of f e r r o e l e c t r i c i t y ,  a n t i f e r r o e l e c t r i c i t y ,  

and p a r a e l e c t r i c i t y  are in t ima te ly  assoc ia ted  wi th  t h e  materials i n  

quest ion,  a t echn ica l  background d iscuss ion  of t hese  phenomena was con- 

s idered  e s s e n t i a l  f o r  the  c o r r e l a t i o n  of t h e  phys ica l  and e l e c t r i c a l  

p rope r t i e s  discussion and i s  included herein.  

Subject t o  approval by NASA, t h e  ma te r i a l s  s e l e c t e d  f o r  f u r t h e r  

s tudy i n  Phase I1 a r e :  

BaTiO, 

PbTiO, 

( Ba-Pb ) Zr03 

K W - 3  

NaNbO, 

Discussion of t h e  bases  upon which t h e  above materials were 

se l ec t ed  i s  included i n  t h i s  r e p o r t .  



11. GENERAL PROPERTIES 

A. Fe r roe lec t r i c  Mater ia ls  (l' 2 4 3  32* 679 63j 90r 13*9 142 

The s tudy of d i e l e c t r i c s  and t h e i r  p rope r t i e s  i s  gene ra l ly  

concerned wi th  the  po la r i za t ion  o r  d i e l e c t r i c  displacement t h a t  can be 

induced by app l i ca t ion  of an e x t e r n a l  e l e c t r i c  f i e l d .  

t h e  charge which may be induced i s  q u i t e  small f o r  r e a d i l y  a t t a i n a b l e  f i e l d  

s t rengths .  There is, however, a considerable  body of ma te r i a l s  whose 

po la r i za t ion  proper t ies  are qu i t e  d i f f e r e n t  from t h e  normal, o r  para- 

e l e c t r i c ,  d i e l e c t r i c s .  

po la r i za t ion  e f f e c t s ,  but  a l so  d i f f e r  from normal d i e l e c t r i c s  i n  t h a t  t h e  

po la r i za t ion  VS. e l e c t r i c  f i e l d  s t r e n g t h  c h a r a c t e r i s t i c  i s  not  l i n e a r ,  and 

exh ib i t s  a hys t e re s i s  e f f e c t .  These materials a r e  genera l ly  c l a s s i f i e d  as 

f e r r o e l e c t r i c .  

For most d i e l e c t r i c s ,  

Not only do these  materials e x h i b i t  high 

Hi s to r i ca l ly ,  t h e  term i s  der ived as t h e  e l e c t r i c a l  analog of 

ferromagnetism, although t h e  chemical compounds a r e  not  i d e n t i c a l .  T h i s  

i s  pr imar i ly  as a r e s u l t  of the  similarity of t h e  po la r i za t ion  - e l e c t r i c  

f i e l d  s t r e n g t h  and magnetism-magnetic f i e l d  s t r e n g t h  hys t e re s i s  e f f e c t s ,  

although domain e f f e c t s  a r e  a lso t o  be noted i n  each. 

be noted only below c e r t a i n  t r a n s i t i o n  temperatures known as Curie points .  

These e f f e c t s  are t o  

Above t h e  Curie point  t h e  materials l o s e  t h e i r  f e r r o e l e c t r i c  p rope r t i e s  

and behave as normal, p a r a e l e c t r i c  d i e l e c t r i c s .  Although some m a t e r i a l s  

exh ib i t  more than  one Curie point  (such as Rochelle s a l t :  NaKC,H,Q 04% 0), 

they a r e  very much the  exception. 

points  f o r  var ious  materials of i n t e r e s t  t o  us ( type  AE30,) is  q u i t e  broad: 

from approximately l 3 O K  f o r  KTaO, t o  763°K f o r  PbTiO,. These Curie poin ts  

a r e  genera l ly  d i s c r e t e  t r a n s i t i o n  temperatures f o r  any given material, 

The temperature range of t h e  Curie 



although some hys t e re s i s  e f f e c t s  may be noted depending upon t h e  d i r e c t i o n  

of temperature change. The Curie point  may a l s o  be s h i f t e d  s i g n i f i c a n t l y  

with addi t ions  of dopants, a valuable t o o l  used i n  reducing temperature 

coe f f i c i en t s  of capacitance. Typically,  t h e  maximum d i e l e c t r i c  constant  

l i e s  a t  t h e  Curie point.  

Above the  Curie point,  f e r r o e l e c t r i c  ma te r i a l s  behave as normal, 

pa rae l ec t r i c  d i e l e c t r i c s ,  and t h e i r  d i e l e c t r i c  constant  may be r e l a t e d  t o  

temperature by the  formula 6 = TT C , 
t h e  d i e l e c t r i c  constant ,  2 i s  the  Curie constant ,  T i s  t h e  tempera twe of 

t he  d i e l e c t r i c  and Tc i s  t h e  Curie temperature, not  t o  be confused with 

t h e  Curie point.  

and i s  general ly  s l i g h t l y  below t h e  Curie point ,  t he  t r a n s i t i o n  temperature 

of t h e  c r y s t a l . )  

t h e  Curie-Weiss l a w ,  where e i s  

(The Curie temperature i s  def ined by t h e  above equation 

The hys t e re s i s  and non-l inear i ty  of  po la r i za t ion - f i e ld  s t r e n g t h  

e f f e c t s  may general ly  be explained by considerat ion of t h e  c r y s t a l  

s t r u c t u r e .  

form ABO3 and a r e  of i on ic  character .  

c r y s t a l s ,  t he re  e x i s t s  a ne t  dipole  moment caused by a displacement o r  

d i s t o r t i o n  of t h e  ions  i n  t h e  un i t  c e l l .  

The ma te r i a l s  of  i n t e r e s t  t o  this Contract a r e  of t h e  genera l  

Below t h e  Curie poin t  of t hese  

Because many materials possess a 

net  pole rLGrLent arid do e ~ A = i t  ferroelectriC properties, a necess&-y 

condi t ion i s  t h a t  this ne t  dipole moment may be reversed by obtainable  

e l e c t r i c  f i e l d  s t rengths .  

The non-linear hys t e re s i s  e f f e c t  may most simply be explained by 

consider ing t h e  e f f e c t  of an appl ied e l e c t r i c  f i e l d  on t h e  c r y s t a l  d ipole  

moments, 

randomly or ien ted :  

I n i k i a l l y ,  we may consider the  c r y s t a l  d ipole  moments t o  be 

the re  i s  no ne t  po la r i za t ion  i n  t h e  c r y s t a l .  With 



app l i ca t ion  of a l o w  e l e c t r i c  f i e l d  s t r eng th ,  some of t h e  d ipole  moments 

a r e  reversed, s l i g h t l y  increas ing  the  ne t  p o l a r i z a t i o n  of t he  ma te r i a l .  

Further increase  of the  f i e l d  s t r e n g t h  switches more and more of t h e  d ipole  

moments. Eventually,  s a t u r a t i o n  i s  reached and t h e  p o l a r i z a t i o n  approaches 

a l i n e a r  dependance on f i e l d  s t r e n g t h  ( see  Figure 1 (' 1). 

I f  t he  f i e l d  s t r eng th  i s  then  decreased, many of t h e  d ipo le s  

switch back t o  t h e i r  i n i t i a l  pos i t i on ,  although many Will remain a l igned  

with t h e  e l e c t r i c  f i e l d  ( see  Figure 2 ('1). A t  zero f i e l d  s t r eng th ,  t he  

ma te r i a l  will e x h i b i t  a n e t  po la r i za t ion  c a l l e d  t h e  remanent p o l a r i z a t i o n  

(poin t  D). Application o f  a reversed  e l e c t r i c  f i e l d  will reduce t h e  n e t  

po la r i za t ion  t o  a point  where no po la r i za t ion  i s  present  (po in t  F).  The 

f i e l d  s t r e n t h  necessary t o  reduce t h e  n e t  p o l a r i z a t i o n  t o  zero i s  c a l l e d  

the  coercive f i e l d  s t rength .  

complete t h e  po la r i za t ion  i n  t h e  negat ive d i r e c t i o n  (po in t  G). 

of t h i s  f i e l d  s t r e n g t h  w i l l  complete t h e  h y s t e r e s i s  loop  (po in t  C).  

Further  increase  of t h e  reversed f i e l d  Will 

Reversal  

An i n t e r e s t i n g  and important phenomenon pecul ia r  t o  f e r r o e l e c t r i c  

ma te r i a l s  i s  r e l a t e d  t o  t h e  remanent po la r i za t ion .  

po lycrys ta l l ine  ceramic i s  polar ized by an appl ied  e l e c t r i c  f i e l d  a t  a 

temperature below i t s  Curie point,  it will r e t a i n  a n e t  p o l a r i z a t i o n  upon 

i-eiiiovai uf ihe i i e i a  (remanent po la r i za t ion  j .  i f  the c r y s t a l  temperature 

i s  r a i s e d  through the  Curie point ,  t he  n e t  p o l a r i z a t i o n  W i l l  suddenly 

decrease t o  zero a t  the Curie poin t  ( t h e  py roe lec t r i c  e f f e c t ) .  Assembling 

these phenomena, a f e r r o e l e c t r i c  c r y s t a l  may be def ined as pyroe lec t r i c  

c r y s t a l  with r e v e r s i b l e  polar iza t ion .  ) 

I f  a c r y s t a l  or 

C 41 
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I ' K t  

ELECTRIC FIELD 

P!ot of polarization vs. applied field strength for a non-linear 
(ferroelectric) dielectric material illustroting the various dielectric per- 

mittivitier. 

Figure  1 

P 
# 

Figure  2 



B. A n t i f e r r o e l e c t r i c i t x  (1917990 

Considerations of a n t i f e r r o e l e c t r i c  materials b a s i c a l l y  involve I 
, 

the  same phenomenon of spontaneous p o l a r i z a t i o n  of i nd iv idua l  c r y s t a l  c e l l s .  

I n  the  a n t i f e r r o e l e c t r i c  case,  however, app l i ca t ion  of an e l e c t r i c  f i e l d  

r ea l igns  the  d ipole  moments, but t h e  alignment i s  a n t i p a r a l l e l ,  cance l l i ng  

the  ne t  po la r i za t ion :  t he  s h i f t  of  one d ipole  moment i s  compensated by a 

similar, reverse  s h i f t  of another  d ipole  moment. An inc rease  i n  t h e  f i e l d  

s t r eng th  eventua l ly  induces a n e t  po la r i za t ion  and t h e  material behaves as a 

I fn-rGelectr ic  b L  (Figure 3 (l7 ) 1. 

changes i n  s t r u c t u r e  and d i e l e c t r i c  constant  wi th  temperature analogous t o  

those of f e r r o e l e c t r i c  materials. It i s  t h e r e f o r e  poss ib le  t o  change 

A n t i f e r r o e l e c t r i c  ma te r i a l s  also e x h i b i t  

from an a n t i f e r r o e l e c t r i c  s t a t e  t o  a p a r a e l e c t r i c  s t a t e  a t  t h e  Curie poin t  l 
and t o  change from an a n t i f e r r o e l e c t r i c  s ta te  t o  a f e r r o e l e c t r i c  s t a t e  I 
with app l i ca t ion  of s u f f i c i e n t  e l e c t r i c  f i e l d  s t r eng th .  I 

D 

E 

Tcntatlve emlanition of the .nomalour bpterrsir loopr 
cd PbZfl, i t  30 Lv/cm. 

Figure 3 



111. MATERIALS 

A. Bulk Properties 

1. ‘Tit anate s 

a. Barium Titanate 

(1) Pure Material 

Historically, barium titanate is perhaps the best understood and 

most extensively investigated of all the ferroelectric materials. 

discovery of the ferroelectric properties of the ceramic material in 

1943 was apparently made independently by several investigators. 

that time, and especially since 1954 when single crystal BaTiQ became 

available, investigations of the material in both single crystal and 

polycrystalline ceramic forms have increased. 

The 

Since 

BaTiO, is quite interesting in that its crystal structures are 

simple, it is quite stable at room temperature, and the ferroelectric 

state may be readily investigated at room temperature. 

interest to us are its characteristics in ceramic form, although the 

characteristics of single crystal BaTiO, are usually more easily under- 

Of greatest 

stood and a re  generally applicable to t h e  pc l j rc r j rs , ta l l ine  case. 

The Curie point of the pure BaTiO, is 12OOC. Above that 

temperature, the unit cell structure is cubic (Figure ka 

1 2 O o C ,  the unit cell becomes tetragonal (Figure 4b 

ferroelectric, One of the cube edges elongates to become the crystal c 

a x i s  and the other two are compressed and become the tetragonal a axes. 

The tetragonal structure is stable to the next transition temperature of 

1); below 

1) and is 



5 o C ,  when the  u n i t  c e l l  s h i f t s  t o  an orthorhombic phase (Figure kc('4). 

The c r y s t a l  remains f e r r o e l e c t r i c  through t h i s  phase; i n  f a c t ,  it remains 

f e r r o e l e c t r i c  down t o  approximately 2OK.(4 This phase i s  s t a b l e  t o  about 

-9OOC when the  c e l l  s t r u c t u r e  s h i f t s  t o  a rhombohedral phase (Figure 4d('4). 

I n  Figures 4a through 4d, the do t t ed  l i n e s  r ep resen t  t h e  o r i g i n a l  cubic  

c e l l ,  and the  heavy, dark arrow (Ps) i n d i c a t e s  t h e  d i r e c t i o n  of t h e  

spontaneous po la r i za t ion  of  each phase, 

(a 1 

Unit oelb of the four phwm of BaTiO,. 
(a) Cubic, stable above 120 OC. 

(b) Tetragonal, atable bet- 120 "C and 6 O C .  

(c) Orthorhombic, atable between 6 O C  and - 90 OC. 
(d) Rhombohedral, etable below - 90 "C. 

The dotted lines in (b), (c) and (d) delineate the original mbio cell. The heavy 
(vrowm indicate the direation of the spontsneau poi.rizrrtion P, in each phsne. 

Figure 4 

[81 



The variations of the crystal lattice parameters are shown in 

Figure 5 (primed letters refer to the pseudocubic cell axes when this is 

not, the true cell).("" 

investigated from -16OoC( "9  through room temperature, (., up to 

13'72°C. (" 

rompiled from these works. 

The lattice constants have been thoroughly 

'The crystal structrues and lattice constants shown were 

Production of BaTiO, is reasonablly straightforward, generally 

starting With a stcichiometric mixture of either BaO and Ti& or  BaCO, 

and 'l'iU2. These materials are sintered at temperatures ranging from 

l.j:OoC: to l45OoC, (- 5y la' ) yielding crystals of tetragonal structure at 

r m m  temperature. 

the transition af the cubic phase to a hexagonal phase at that temperature. 

'Temperatures above 1460°C are to be avoided due to 

The hexagonal phase af' BaTi3, is not ferroelectric. (1 ) 

Perhaps the most successful technique for growing single crystal 

BaTiQ, is that developed by Remeika(3) utilizing a potassium fluoride flux 

which is decanted after f'iring, This process produces crystal plates which 

are iiearly single damain. Addition of a Fe203 dopant to the flux decreases 

+ he Ua'I'iL' -r<, stal :anductivity, probably by supplying mygen to the BaTiO, . 
'I'rLe Curie pfiirit, is, however, also lowered by this addition. 

'I'he electrical properties of BaTiO, crystals and ceramics are, of 

course, c.f primary con2ern. Although the crystallographic transitions 

below 5°C and above 120°C are of considerable academic interest, the 

tetragonal fcrm remains the most important, as it is stable at room 

temperature. Figure 6(13 shaws the dielectric constant of single crystal 

Ha'I'iU, vs, temperature. The notations Ca and cc, respectively, refer to 

the values of the dielectric constant parallel to and perpendicular to the 

91 



polar  axis of t h e  c r y s t a l  domain i n  t h e  t e t r a g o n a l  phase. 

constant  vs. temperature c h a r a c t e r i s t i c s  of ceramic BaTiO, a r e  shown i n  

Figure 7. (14') 

s i n g l e  domain c r y s t a l s .  The published value of t h e  d i e l e c t r i c  cons tan t  

of po lycrys ta l l ine  B a T i 4  i s  approximately 1400 - 1500 a t  room tempera- 

ture(2J  '$ '4 although t h e r e  i s  considerable  d i s p a r i t y  i n  t h e  r epor t ed  

values ,  depending upon the  e l e c t r i c  f i e l d  s t r eng th ,  t es t  frequency, 

chemical pu r i ty  and c r y s t a l l i t e  s i z e  of t h e  ceramic, e t c .  

The d i e l e c t r i c  

The curve anomalies c l o s e l y  agree wi th  those noted f o r  

Tn t he  Tubic phase (above 1 5 O O C )  of both s i n g l e  c r y s t a l  and 

po lyc rys t a l l i ne  BaTiOL3 , Lhe d i e l e c t r i c  constant  v a r i e s  i n  accordance wi th  

the  Curie-Weiss law. For ceramic barium t i t a n a t e ,  the  Curie cons tan t  ( C )  

i s  1.54 x l O ' O C ,  and the Curie Temperature (T, )  i s  1180C,(15) wi th  only 

s l i g h t  d i f f e rences  f o r  s i n g l e  c r y s t a l s .  (33 1 

A t  t he  Curie poin t ,  the  d i e l e c t r i c  cons tan t  reaches a sha rp  

maximum, corresponding t o  t h e  1 2 O O C  t r a n s i t i o n  of t he  c r y s t a l  from t h e  

t e t r agona l  t o  t he  cubic phase. Other d i e l e c t r i c  cons tan t  maxima are noted 

a t  the o ther  c rys ta l lographic  t r a n s i t i o n s .  

Experimental d a t a  on l o s s  c h a r a c t e r i s t i c s  of ceramic BaTiO,  

show remarkable anomalies which do not coincide exac t ly  wi th  t h e  

c rys t a l log raph ic  t r a n s i t i o n s .  

over the temperature range 2 5 O C  t o  350°C were repor ted  by Roberts(15) and 

a r e  l i s t e d  i n  Table 1 below, 

Curie poin t ,  ) 

The d i e l e c t r i c  cons tan t  and lo s s  tangent  

(Note t h e  considerable  decrease above t h e  
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7000 

25 1525 
50 1413 
75 11+40 
100 1750 
110 2450 
1-15 5 070 
120 5070 
12 5 4.430 
130 3820 
140 2970 

tan 6 

0.009 
0.011 
0.010 

0.016 

0.009 
0.006 
0.004 

0.014 

0.013 

0.003 

F i g u r e  7 

TABLE I 

Tern-pe r a t  we 
OC 

150 ' 
1-75 
200 
225 
250 
275 
300 
325 
350 

K 

24.50 
1610 
1190 

993 
761 
656 
5 72 
506 
45 7 

t an  6 

0.002 
0.001 
0.001 
0.002 
0.002 

0.016 
0.040 
0.087 

0.007 



If the  charge VS. an a l t e r n a t i n g  appl ied  f i e l d  on a BaTiO,  

f e r r o e l e c t r i c  capac i tor  i s  displayed on an  osc i l loscope  (technique of Sawyer 

and Tower(''*)), a t y p i c a l  hys t e re s i s  l oop  wil l  be obtained (see Figure 2 ) .  

A s  noted previously,  t h e  appearance of t h e  h y s t e r e s i s  e f f e c t  i s  due t o  t h e  

p rope r t i e s  of t h e  c r y s t a l  d ipole  moments. 

f i e l d  tends t o  a l i g n  t h e  d ipo le  moments. When t h e  f i e l d  decreases  some of 

Applicat ion of an inc reas ing  

the  a l igned  moments do not r e t u r n  t o  t h e i r  o r i g i n a l  unaligned pos i t i on ,  

y i e ld ing  remanent charge o r  po lar iza t ion .  It will be seen,  t he re fo re ,  t h a t  

app l i ca t ion  of a f i e l d  i n  t h e  opposi te  d i r e c t i o n  w i l l  even tua l ly  cance l  t h e  

e f f e c t s  of t h e  alignment by providing s u f f i c i e n t  energy t o  a l low them t o  

r e t u r n  t o  t h e i r  i n i t i a l  s t a t e .  This f i e l d ,  necessary t o  r e t u r n  t h e  polar iza-  

t i o n  t o  zero,  i s  known as the  coercive f i e l d .  Measurements of t he  spontaneous 

po la r i za t ion  show the  drop an t i c ipa t ed  a t  the  Curie poin t  (Figure 8(33)) due 

t o  t h e  t r a n s i t i o n  from the  t e t r agona l ,  po lar ized  s t a t e  t o  t h e  cubic,  

unpolar ized s t a t e .  The ceramic material used i n  t h e  i n v e s t i g a t i o n  had a 

Curie point  of approximately 107.5"C a t  zero vol tage.  Measurements of t h e  

coercive f i e l d  are i n  some disagreement, again probably due t o  c r y s t a l l i n e  

imperfect ions and impur i t ies .  Values of t he  coercive f i e l d  a t  room 

temperature genera l ly  range from 500(33 

temperature on the  coercive f i e l d  i s  w e l l  demonstrated i n  Figure 9.  (l 

t o  2000 V/cm.(l ) The e f f e c t  of 

TEMPERATURE IN DEGREES CENTIGRADE 8 Temperature, .C 
Coeroive field of BaTiO, M a function of t a m p d m  

Spontaneous e~ectrica~ polariution PU ~cltus 
temperature T. 

Figure 8 Figure 9 



An important cons idera t ion  regarding these  d i e l e c t r i c s  i s  t h e  

e f f e c t  of f i e l d  s t r eng th  on the d i e l e c t r i c  constant  as w e l l  as t h e  e f f e c t  

on the  Curie point  i t s e l f .  

The e f f e c t  of D. C .  f i e l d  s t r e n g t h  on t h e  d i e l e c t r i c  cons tan t  

i s ,  of course,  r e l a t e d  d i r e c t l y  t o  t h e  po la r i za t ion  h y s t e r e s i s  loop. 

Technically,  t h e  d i e l e c t r i c  constant  i s  t h e  s lope  of  t h e  d i e l e c t r i c  dis- 

placement vs .  the  e l e c t r i c  f i e l d  s t r e n g t h  curve, although i n  t h i s  case,  

due t o  the high value of t h e  d i e l e c t r i c  constant ,  t h e r e  i s  l i t t l e  

d i f f e rence  between po la r i za t ion  and t h e  d i e l e c t r i c  displacement. (86y 

A t y p i c a l  curve cf’ the  e f f e c t  o f  f i e l d  s t r eng th  (60 cps )  on t h e  d i e l e c t r i c  

constant  i s  shown i n  Figure 10f138) The d i f f e rence  between t h e  two curves 

i s  due t o  t h e  hys t e re s i s  e f f e c t s ,  

A very i n t e r e s t i n g  i n v e s t i g a t i o n  of t h e  e f f e c t  of  e l e c t r i c  f i e l d  

With a p p l i c a t i o n  of s t r eng th  on t h e  Curie poin t  was published by Merz. ( 3 3  

a b ia s ing  f i e l d , t h e  Curie p c i n t s h i f t s  t o  higher temperatures.  

has been measured and i s  shown i n  Figure 11.(””) 

t o  t e s t  the  behavior of f e r r o e l e c t r i c  BaTiO, s i n g l e  c r y s t a l s  near  t h e  Curie 

point  and t o  der ive  information r e l a t i n g  t o  t h e  f r e e  energy of t h e  c r y s t a l .  

This s h i f t  

Merz used t h i s  information 

The aging c h a r a c t e r i s t i c s  of t he  d i e l e c t r i c  cons tan t  i s  of g r e a t  

importance when one wishes t o  cons t ruc t  a usable  c’apacitor.  

e t ,  a l .  ,(73 

considerable  time t o  s t a b i l i z e  a f t e r  a sudden change of  t h e  b i a s i n g  vol tage.  

Since t h i s  e f f e c t  i s  only temporary, it i s  not  of as g r e a t  importance as 

t h e  aging of t h e  d i e l e c t r i c  constant .  shows a p l o t  of  t h e  

d i e l e c t r i c  constant  for two d i f f e r e n t  materials a g a i n s t  time. The curve 

apparent ly  remains l i n e a r  on a semi-log p lo t ,  as measurements have been 

Part ington,  

have noted t h a t  t he  d i e l e c t r i c  constant  of BaTiO, took 

Figure 
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taken for one year.  This e f f e c t  i s  apparent ly  due t o  a l o s s  of  

permanent po la r i za t ion  from the ceramic and i s  poss ib ly  due t o  domain w a l l  

s h i f t s .  CJ 

r e i n s t a t e d  by hea t ing  t h e  ceramic through i t s  Curie point  and t h e n  cool ing  

t o  t h e  t e s t  temperature, where t h e  aging begins once again.  

aging phenomena i s  a r eve r s ib l e  c h a r a c t e r i s t i c ,  

t o  show t h a t  t h e  aging c h a r a c t e r i s t i c s  of  a m a t e r i a l  may be modified by 

addi t ions  of dopants (Figure 13 (’ ) . 

In t e re s t ing ly ,  the i n i t i a l ,  high d i e l e c t r i c  cons tan t  may be 

Thus, t h e  

There i s  some evidence (’ 
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( 2 )  Effect of Dopants and hpurities 

The effect on the dielectric constant of departures from 

stoichiometry are significant. 

Ti4 yields the dielectric maximum and tan 6 related in Figure 7. 

the BaO content is reduced, the dielectric constant curve is flattened and 

A standard 1 to 1 ratio of BaO and 

If 

lowered, and the curve of tan 6 VS. temperature changes dramatically 

(Figure 1.4. (142 1) .  

Conversely, if the BaO content is increased relative to the Ti% 

content, the maximum dielectric constant increases dramatically (Figure 15(142 1). 

Although the m a x i m u m  dielectric constant behaves wildly with variations of 

the constituents, the location of this maximum (the Curie point) is 

remarkably st,able. Unfortunately, an excess of either constituent yields 

a material which is not as chemically stable as stoichiometric BaTiO,, an 

importarit consideration in vacuum deposited thin film capacitors, 

The effect of addition of either Silica (Si&) or Alumina (A&&) 

on BaTiO, is that of' reducing &id flattening the dielectric constant VS. 

temperature characteristic (Figure 16(E" 1). 

doubtless have a considerable effect on the characteristics of the BaTiO,, 

the reports on their effect have not been found, 

Although other impurities 

The addition of certain desired materials to BaTiO,as dopants 

may modify the crystal characteristics significantly. 

One of the most studied of these additives is SrTi4. The 

material is not ferroelectric (its dielectric constant behaves according 

to the Curie-Weiss law, however) and has a rcom temperature dielectric 

constant of approximately 200,(' ') and forms a complete range of solid 



so lu t ions  wi th  BaTiO,. 

t h e  Curie poin t  of B a T i Q  and i s  almost l inear (Figure 17(9 I). 

a l s o  dep ic t s  t h e  u n i t  c r y s t a l  c e l l  dimensions wi th  varying amounts of  

S r T i q .  

i s  shown i n  Figure 18(143 

of SrTiO, i n  t h e  s o l i d  s o l u t i o n :  

70% BaTiO,. ) Figure l 9 ( I 4 l  

t a n  6 for a lo% SrTiO, , 90% BaTiO, mixture. 

The addi t ion  of  SrTiO, causes a downward shift of 

Figure,  17 

The dependance of 6 on temperature f o r  var ious  SrTiO, concent ra t ions  

(The nota t ions  on each curve signify t h e  amount 

S-30 s i g n i f i e s  a mixture of 30% SrTiO,,  

shows t h e  thermal c h a r a c t e r i s t i c s  of 8 and 

The add i t ion  of PbTiO, i n  apprec iab le  q u a n t i t i e s  t o  BaTiO, has 

The Curie poin t  increases  wi th  an e f f e c t  opposi te  t o  t h a t  of SrTiO,: 

i nc reas ing  PbTiO, concentrat ion (Figure 20). ( lo4 ) The maximum d i e l e c t r i c  

constant  a t  t h e  Curie point  i s  a l so  considerably reduced wi th  a d d i t i o n  of  

PbTi03 ( F i g u r e  21), (76,) and t h i s  propens i ty  may be h e l p f u l  i n  producing 

l e s s  e r r a t i c  d i e l e c t r i c  constant  vs. temperature c h a r a c t e r i s t i c s .  This 

l a t t e r  e f f e c t  may more than  compensate f o r  t h e  decreased d i e l e c t r i c  cons tan t .  

I n  Figure 2 2 , ( 7 7 )  the  s t a b i l i t y  of t a n  6 i s  shown f o r  an 80% BaTiO,, 20% 

PbTiO, mixture. The add i t ion  of PbTiO,, t o  BaTiO, decreased t h e  r e s i s t i v i t y  

of‘ t,he s o l i d  s o l u t i o n  with increas ing  PbTiO, concentrat ions.  (79 

ml, 1 1 1 ~  ;ntzr.actiar~ . c?f CzTi4 w i t h  BaTiO, i s  much more l imited t h a n  

for PbTi03 and SrTiO,,. Generally, t h e  add i t ion  of  CaTiQ, t o  BaTiO, 

decreases  the  d i e l e c t r i c  constant and t h e  power f a c t o r  of  t h e  s o l i d  s o l u t i o n  

a t  any temperature (Figures  23 through 25(e3 ) ), b u t  does not  change t h e  l2OoC 

t r a n s i t i o n  temperature o f  BaTiO,, a l though t h e  5 O C  t r a n s i t i o n  temperature i s  

s h i f t e d  t o  lower temperatures.(” 

a l s o  have the  b e n e f i c i a l  a f f e c t  of reducing t h e  thermal i n s t a b i l i t y  of  

bo th  the  d i e l e c t r i c  constant  and t h e  power f a c t o r .  

The add i t ion  of CaTiO, t o  B a T i 4  may 
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b. Lead Ti tana te  

The c r y s t a l  s t r u c t u r e  of l e a d  t i t a n a t e ,  PbTiO,, i s  q u i t e  

cubic above the  Curie point  (49OOC) and 

The l a t t i c e  constants  of t h e  unit  c e l l  through t h e  

similar t o  t h a t  of BaTiO, : 

t e t r agona l  below it. 

temperature range O°C t o  6OOOC are shown i n  Figure 26.(131 

constant  va r i e s  with temperature as shown i n  Figure 27.( 

The d i e l e c t r i c  

131 ) 

Above the  Curie point,  t he  d i e l e c t r i c  constant  i s  governed 

by the  Curie-Weiss l a w ,  w i t h  C = 1.1 x I O 5  and T, = 42OOC. 

Except for t he  t r a n s i t i o n  a t  f+9OoC, no o ther  c rys t a l log raph ic  

One i n t e r e s t i n g  t r a n s i t i o n s  have been observed down t o  -170°C. (' ) 

phenomenon i s  the  apparent decrease i n  unit c e l l  volume near  (and below) 

t h e  Curie point.  Apparently, the f e r r o e l e c t r i c  u n i t  c e l l  volume i s  

l a r g e r  than the  p a r a e l e c t r i c  cubic c e l l .  
i 

This phenomenon is  not  de t ec t ab le  

i n  i t s  r e l a t i v e ,  B a T i 4 .  

A discuss ion  of t he  e f f e c t s  of t he  add i t ion  of PbTiO, t o  

BaTiOr3 ceramic has a l ready  been noted. 

I I I 1 I 

'00 200 300 400 $a0 ,? 
,hpentllh(t) 

Lattice spacing as a function 
of temperature. 

Permittivity as a function of 
temperature. 

Figure 26 Figure 27 



c. Strontium Titanate  

SrTiO, has been reported as both  f e r r o e l e c t r i c  and as para- 

e l e c t r i c  by var ious authors .  

subs t an t i a t e  the  claim t o  f e r r o e l e c t r i c  behavior i s  based on t h e  behavior 

of t he  d i e l e c t r i c  constant  wi th  changing temperatures.  Most observers  

agree t h a t  t he  d i e l e c t r i c  constant c l o s e l y  follows t h e  Curie-Weiss law 

down t o  about W O K ,  w i th  C = 8.3 x 1 0 4 0 K  and Tc = 38OK. 

s t r u c t u r e  apparent ly  experiences a c rys t a l log raph ic  t r a n s i t i o n  a t  4OoK,  t h e  

u n i t  c e l l  being t e t r agona l  below t h i s  point  and cubic perovski te  above it. 

' ' 2 ) 1 0 a j  142, 143) One reason given t o  

The c r y s t a l  

The d i e l e c t r i c  constant  of SrTiO, a t  room temperature i s  

approximately 220, and g radua l ly  increases  t o  approximately 20,000 a t  20°K. 

The behavior o f  the d i e l e c t r i c  constant and t a n  6 are shown over t h e  

temperature range -9OOC t o  130°C i n  Figure 28. (142 ) 

A t  temperatures below 50°K, t he  d i e l e c t r i c  constant  i s  lower 

than  predicted by the  Curie-Weiss l a w ,  and tends  toward a steady value of 

1300 as absolute  zero i s  approached.( 143)  This l a c k  of hys t e re s i s  e f f e c t  

below 50°K i s  i n  oppos i t ion  t o  the f ind ings  of  F. Jona and G. Shirane. (1 ) 

The primary i n t e r e s t  i n  SrTiO, appears t o  be i n  i t s  use as a 

dopant .for BaTiQ, . 

d. Calcium Ti tana te  

Calcium t i t a n a t e  ( C a T i 4 )  has given i t s  mineral  name t o  t h e  

s t zuc t i i r a l  type of compound devoted t o  AB03: The 

u n i t  c r y s t a l  c e l l  s t r u c t u r e  changes from the  room temperature orthorhombic 

t h e  mineral  perovski te .  



form t o  a t e t r a g o n a l  form at about 6OOOC and t o  a cubic form at  about 

1000°C, The d i e l e c t r i c  constant and t a n  6 for a ceramic s p e c h e n  of  

CaTiO,, a re  p lo t t ed  VS. temperature i n  Figure 29. (I4') The material 

i s  not f e r r o e l e c t r i c  and i t s  main use i s  as a dopant for BaTiO,, as 

noted previously.  
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2. Zirconates 

a. Lead Zirconate 

(1) Pure Mater ia l  

Lead z i rconate  has a t t r a c t e d  considerable  a t t e n t i o n  due t o  i t s  

d i e l e c t r i ?  p rope r t i e s :  

Although considerable  work was d i r e c t e d  t o  measuring i t s  d i e l e c t r i c  

proper t ies ,  t he  f irst  r e p o r t  was made by S. Roberts i n  1950.(41) Since 

t h a t  time, considerable  i n t e r e s t  i n  l ead  z i rconate  has been engendered, 

e spec ia l ly  i n  Japan. 

i t  i s  apparent ly  an a n t i f e r r o e l e c t r i c  material. 

(13 17, 39 100, 132) 

There a r e  two known s ta tes  of t he  c r y s t a l  u n i t  c e l l :  cubic 

above 230OC and orthorhombic below, ( l a  

repor ted  t o  be t e t r agona l .  ( 2 3  

temperature a r e  shown i n  Figure 30. (l Also shown i s  t h e  u n i t  c e l l  volume 

vs .  temperature o h a r a z t e r i s t i c ,  which e x h i b i t s  t h e  anomalous volume change 

a t  the  Curie point  t r a n s i t i o n  and which has been confirmed by o ther  

measurements. 

al though t h e  l a t t e r  w a s  e a r l i e r  

The u n i t  c e l l  l a t t i c e  cons tan ts  VS. 

1 

I I I I 
IO0 500 4 00 0 

Te-ywe, OC 

Temperature dependenm of the lattics parsmetem of PbZrO,. The 
antiferroelectric p h m  is described in terms of pseudo-tetragonal exes a and c. 

a, = oubio parameter 

Figure 30 
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Of g rea t e r  i n t e r e s t  are t h e  e l e c t r i c a l  p rope r t i e s  of PbZrO,. 

Measurement of t h e  po la r i za t ion  VS. e l e c t r i c  f i e l d  s t r e n g t h  c h a r a c t e r i s t i c s  

y i e l d  d a t a  as i n  Figure 3. 

l i n e a r l y .  A t  a c e r t a i n  c r i t i c a l  f i e l d  s t r e n g t h ,  l abe led  E,, t h e  

s h a r a c t e r i s t i c  becomes non-linear and a h y s t e r e s i s  loop  develops which i s  

similar t o  t h a t  observed f o r  BaTiO,. 

app l i ca t ion  of suf f ' i c ien t  f i e i d  s t r eng th  ( Ec) induces a f e r r o e l e c t r i c  s t a t e  

which i s  more s t a b l e  than  t h e  a n t i f e r r o e l e c t r i c  s ta te ,  This phenomenon i s  

due t o  the  ac t ion  of r eve r s ib l e ,  a n t i - p a r a l l e l  d ipo le  moments, whose 

energ ies  a r e  eventua l ly  overcome t o  produce a n e t  p o l a r i z a t i o n  i n  t h e  

c r y s t a l .  

po la r i za t ion  a t  the  Curie point (Figure 31(17 1). 

A t  low f i e l d  s t r eng th ,  t h e  po la r i za t ion  varies 

Consequently, it i s  i n f e r r e d  t h a t  

I n  c o n t r a s t  wi th  BaTiO,, an increase  may be noted i n  t h e  

The increase  i n  po la r i za t ion  corresponds d i r e c t l y  t o  t h e  inc rease  

i n  d i e l e c t r i c  constant  a t  t h e  Curie point .  

v a r i a t i o n s  of' both the  d i e l e c t r i c  constant  and t h e  loss tangent  VS. tempera- 

t u re .  AboJe t,he Curie po in t ,  the d i e l e c t r i c  cons tan t  follows t h e  Curie-Weiss 

l a w ,  wi th  C = 1.6 x 

vs ,  temperature s lope i s  q u i t e  f l a t  a t  room temperature, i t s  low value will 

be immediately noted (z 100). 

i s  o f  very l i t t l e  i n t e r e s t  t o  us. However, t h e  d i e l e c t r i c  c h a r a c t e r i s t i c s  

of' the  material i n  s o l i d  so lu t ion  with o ther  materials i s  of considerable  

i n t e r e s t .  

Figure p("" shows t h e  

"C and Tc = 1 1 8 O C .  Although the  d i e l e c t r i c  constant  

Consequently, PbZrOr2 as a pure material 
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(2) Effec t  o f  Dopants (So l id  Solu t ion  wi th  PbZrO, ) 

Addition of BaZrO,, even i n  small q u a n t i t i e s ,  d r a s t i c a l l y  changes 

t h e  c h a r a c t e r i s t i c s  of PbZrQ. Figure 33 (lo i l l u s t r a t e s  t h e  phase diagram 

of the  (Pb, Ba)ZrO, system and t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s  of each phase. 

The a n t i f e r r o e l e c t r i c  s t a t e  may s t i l l  be noted t o  approximate 5% BaZrO, 

concentrat ion.  

addi t ions  of BaZrO,, a new f e r r o e l e c t r i c  phase appears.  

add i t ion  of BaZ.rC& t o  P b Z Q  on t h e  behavior of t h e  d i e l e c t r i c  cons tan t  

with temperature i s  wel l  represented i n  Figure 34.(41 The l a s t  f igure 

e x h i b i t s  t he  f e a t u r e s  of what appears t o  be a very d e s i r a b l e  s o l i d  s o l u t i o n  

f o r  use as a capac i to r  d i e l e c t r i c .  

(approximately 40%),  t he  d i e l e c t r i c  constant  - temperature c h a r a c t e r i s t i c  

i s  f l a t t e n i n g ,  and t h e  room temperature d i e l e c t r i c  constant  i s  h igh  

(approximately 2600). 

A s  t h e  Curie point i s  lowered s t i l l  f u r t h e r  by i n c r e a s i n g  

The e f f e c t  of  t h e  

A t  high concent ra t ions  of BaZrO, 

10000 

K '  

5000 

100 
TEMP. 'C 

Figure 33 Dielectric constant of Ba-PbZrOl compositions a t  varying tern- 
perature. 

Figure 34 



I. 
The measured d i e l e c t r i c  constant and l o s s  tangent a r e  shown 

i n  Table 11, below. 

TABLE; I1 

' 0  

Table 1. Dielectric Constant ( K ' )  and Dielectric Loss (tan 6) 
for Pure Lead Zirconate and Solid Solutions of Barium-Lead 

Zirconate 



A s  i n  t h e  case of BaTiO, ,  t h e  d i e l e c t r i c  constant  i s  s e n s i t i v e  

t o  the  appl ied  e l e c t r i c  f i e l d  s t r e n g t h  (Figure 35(41)). 

I -t- , 
i 0 - c  I . I I M  

Dielectric constant of (Boo 7sPbn rJZrOa 
wlth varying d.-e. polorirlng voltoge. 

Figure 35 

The e f f e c t  of SrZrO, addi t ion  t o  PbZrO, i s  t o  decrease t h e  

d i e l e c t r i c  constant  of t h e  s o l i d  so lu t ion .  The c r y s t a l  t r a n s i t i o n  tempera- 

tures change with increas ing  3-24 concentrat ion as shown i n  the  phase 

diagram, Figure 36.( 106 ) 

appears. 

e l e c t r i c .  

i s  apparent ly  t e t r agona l .  

with an orthorhombic, pseudo-tetragonal un i t  c e l l .  

SrZr03 addi t ion  t o  PbZr4 i s  w e l l  i l l u s t r a t e d  i n  Figure 37. (lo6 

d i e l e c t r i c  constant  a t  room temperature makes t h i s  combination of 

z i rconates  of l i t t l e  i n t e r e s t  t o  us.  

With only s l i g h t  addi t ions  of S r Z r q ,  a new phase 

Above the  p r i m a r y t r a n s i t i o n ,  t he  unit c e l l  i s  cubic and para- 

The in te rmedia te  phase i s  a n t i f e r r o e l e c t r i c ,  and the  unit  c e l l  

The t h i r d  phase again i s  a n t i f e r r o e l e c t r i c ,  bu t  

The e f f e c t  of t h e  

The low 

The add i t ion  of CaZrQ t o  PbZrO, has been repor ted  t o  y i e l d  an 

e f f e c t  similar t o  t h a t  of t h e  add i t ion  of SrZrO, noted above. 



b. Barium, Strontium and Calcium Zirconates  

I n  t h e i r  lrpurell  form, t h e  z i rconates  of barium, s t ront ium 

and calcium hold very l i t t l e  promise for our  work. The u n i t  c r y s t a l  

ce1l.s o f  both barium and s t ront ium z i rconate  a r e  of  cubic perovski te  

s t r u c t u r e ,  while calcium z i rconate  i s  of orthorhombic form. None of 

the  compounds show unusual d i e l e c t r i c  p rope r t i e s  and a r e  apparent ly  

not f e r r o e l e c t r i c .  

so lu t ions  wi th  PbZrO;, , as noted previously.  

Their main use i s  i n  t h e  prepara t ion  of s o l i d  

Pcrmittivity 1's rising temperature curves of 
(Pb-Sr)ZrO, compositions. 

Figure 36 Figure 37 
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3. Hafnates 

a. Lead Hafnate 
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The characteristics of lead hafnate have been investigated by 

Shirane and Pepinsky. (") Samples for testing were produced from PbC4 

and HfO, and fired at 12OO0C, with special precautions taken to retard the 

evaporation of PbO. The crystalline structure of the ceramic was 

determined to be tetragonal at room temperature. 

parameter variations with temperature are shown in Figure 38.(37 

The unit cell lattice 

The dielectric properties of PbHf4 were evaluated: the 

variation o€ dielectric constant with temperature is shown in Figure 

39. (37  The material exhibits paraelectric properties above the Curie 

point, at 215°C and the dielectric constant is closely described by the 

Curie-Weiss law, with C == .095 x l0""C and T 

transition point. at l 6 Z 0 C  and the Curie point at 215OC, the crystal is 

= 50°C. Between the C 

apparently tetragonal and antiferroelectric. 

structure is distorted tetragonal and is antiferroelectric. 

Below 165"C, the crystal 

The low 

dielectric constant at room temperature makes this compound of little 

interest. 

1 I 

i p 

I I I 
100 zoo I, 

401 A 
TEMPERITVIE .  *C 

Lattice spacing us temperature for PhHfO,. 

Figure 38 
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b. Other Hafnates 

The c r y s t a l  s t r u c t u r e  of t h e  hafnates  of  s t ront ium and barium 

a r e  apparently cubic and t h e i r  behavior p a r a e l e c t r i c  a t  room temperature.  

No discussions of t he  d i e l e c t r i c  p rope r t i e s  were found and i t  i s  assumed 

t h a t  they a r e  comparable t o  those  of t he  z i r cona te s ,  

I 
I 



4. Stannates 

The d i e l e c t r i c  p rope r t i e s  of s t anna te s ,  as a group, have 

apparent ly  not  been thoroughly inves t iga t ed .  

found which t r e a t e d  the  d i e l e c t r i c  and chemical p rope r t i e s  of t h e  

s tannates .  (44 

q u i t e  low (Table I11 below), and none appear t o  have f e r r o e l e c t r i c  

p rope r t i e s ,  The anomalously h igh  d i e l e c t r i c  cons tan t  noted f o r  NiSnO, i s  

quest ionable  i n  l i g h t  of the poor power f a c t o r  and t h e  high temperature 

c o e f f i c i e n t  of t he  d i e l e c t r i c  cons tan t .  

Only one genera l  r e p o r t  was 

I n  general ,  t h e  d i e l e c t r i c  cons tan t  and power f a c t o r s  are 

TABLE I11 

Temp. Coeff. of  K ,  
At 25OC 1 KC P P d O C  D. F. a t  

MATERIAI, K P.F. (25°C - 85OC, 1 KC) 85OC, 1 KC 

17 

17 

15 

62 

34 

16 

16 

23 5 

0.0004 

0.0004 

0.0006 

0.0760 

0.0050 

0.0300 

0.0110 

0.2670 

0 200 

0 Ifr 200 

0 2 200 

+ 6,300 2 500 

+ 500 2 200 

+ 1,800 Ifr 500 

+10,LOO 2 1000 

+l9,700 2 1000 

0.0022 

0.0006 

0.0006 

0.1500 

0.0167 

0.0390 

0.1960 

0.32’70 

There i s  apparently some i n t e r e s t  i n  t h e  u t i l i z a t i o n  of t h e  

s tannates  i n  s o l i d  so lu t ion  wi th  t h e i r  r e spec t ive  t i t a n a t e s  t o  modify the  

t i t a n a t e  Curie poin ts  and t o  s t a b i l i z e  t h e  r educ t ion  of t h e  t i t a n a t e  

bodies during f i r i n g .  



5. Niobates 

a ,  Potassium Niobate 

The f e r r o e l e c t r i c  behavior of s i n g l e  c r y s t a l  KNbO, was repor ted  

by Matthias as e a r l y  as 1349.(10 

t h e  add i t ion  or" NaNbQ,, KTa4 and NaTaO, t o  t h e  l i s t  o f  ma te r i a l s  w i th  

In  t h e  same a r t i c l e ,  he a l s o  r e p o r t s  

f e r r o e l e c t r i c  proper t ies .  

Potassium niobate  appears t o  pass through t h r e e  c r y s t a l  

modif icat ions i n  the  temperatwe range of 0 O C  t o  500°C. 

apparent ly  orthorhombic below 224OC, t e t r a g o n a l  above 2 2 5 O C  and below 435OC, 

and cubic above the  435°C Curie point  ( see  Figure L+dZ1 I). 

The unit c e l l  i s  

The t e t r a g o n a l  

and orthorhombic phases a r e  f e r r o e l e c t r i c ,  t h e  cubic c e l l  i s  p a r a e l e c t r i c .  

The v a r i a t i o n  of the d i e l e c t r i c  cons tan t  and l o s s  tangent  w i th  

temperature a r e  shown i n  Figure f+l.("' ) 

a t  e s s e n t i a l l y  the  same value from 100°C down t o  abcut - 1 9 0 O C .  

The d i e l e c t r i c  constant  remains 

The 

d i e l e c t r i c  constant  a t  room temperature i s  approximately 500. 

dielectr ic :  constant  anomalies correspond c l o s e l y  with t h e  c r y s t a l  s t r u c t u r a l  

t r a n s i t i o n .  

The 

Figure 41 Figure .!+O 



There has been some discuss ion  of t he  v a l i d i t y  of t h e  claim 

Shirane,  Newnham and Pepinsky(21 ) of f e r r o e l e c t r i c  behavior of KNbO, . 
have, however, noted a l a rge  discharge cur ren t  from a polar ized  s i n g l e  

c r y s t a l  as i t  was heated through t h e  t r a n s i t i o n  poin ts  of 225OC and 

435 O C  

Above the  Curie point,  t h e  d i e l e c t r i c  constant  i s  governed by 

the  Curie-Welss l a w ,  with C = 1-2 x 1 0 5 0 C  and Tc = 3 0 0 O C .  



b. Sodium Niobate 

A s  noted i n  the  previous sec t ion ,  t h e  f i rs t  r e p o r t  of t h e  f e r ro -  

e l e c t r i c  behavior of NaNbO, w a s  t h a t  of Matthias .  (lo 

u n i t  c r y s t a l  c e l l  experiences two t r a n s i t i o n s :  

cubic,  bel-ow 480°C and above 3 6 0 0 ~  t he  c e l l  i s  t e t r agona l ,  and below 

360°C the  c e l l  i s  orthorhombic.("' 

l a t t i c e  parameters i s  shown i n  Figure 42. 

A s  wi th  KNbO, , t h e  

above 480°C t h e  c e l l  i s  

The e f f e c t  of temperature on the  

Although s e v e r a l  r e sea rche r s  r e p o r t  h y s t e r e s i s  e f f e c t s  f o r  

most f e e l  t h a t  t h e  NaNbO, a t  room temperature and below, (21, 45,99, 1 1 5 )  

ma te r i a l  i s  a n t i f e r r o e l e c t r i c  i n  behavior.  The e f f e c t  of temperature on 

the d i e l e c t r i c  constant  over the  temperature range of  0°C t o  500°C i s  

shown i n  Figure 43,(21) 

between mom t,emperature and -185 "C. Most important ly ,  no py roe lec t r i c  

e f f e c t  was noted upon heating a polar ized  sample of NaNbO,. 

constant  a l s o  remains s t ab le  under f i e l d  s t r eng ths  up t o  8 KV/cm. 

'I'heref'ore, t h e  r e p o r t s  noted show no evidence of f e r r o e l e c t r i c i t y  but  

a r e  c m s i s t e n t  with the  f indings of Vousden, ( 4 6  

a r i t i pa ra l l e l  domains and a n t i f e r r o e l e c t r i c  c h a r a c t e r i s t i c s .  

No d i e l e c t r i c  anomalies have been repor ted  

The d i e l e c t r i c  

who pos t c l a t ed  

Lattice parameters of NaNbOl. 

Figure 42 

4Oom I 
100 200  xn) 

TEMPERATURE, 'C 

Dielectric constant of NaNbO, ingle crystal. 

[4ol Figure 43 



C.  Mixtures of Sodium and Potassium Niobates 

The mixture of NaNbQ and KNbO, has been s tud ied  extensively, 

both for i t s  p i ezoe lec t r i c  response and i t s  high d i e l e c t r i c  constant .  

The phase diagram f o r  the  (Na, K)NbO, s o l i d  s o l u t i o n  i s  shown i n  

Figure 44. (‘’ 

composition o f  t h e  s o l i d  so lu t ion  are shown i n  Figure 4 5 .  (‘’ ) 

The l a t t i c e  parameters of t h e  c r y s t a l  u n i t  c e l l  VS. t h e  

An i n t e r e s t i n g  anomaly i n  the  d i e l e c t r i c  constant  develops a t  

2OOOC (Figure 46 (‘’ ) ) .  

of KNbq, t o  NaNbO,. 

This anomaly appears w i th  only small add i t ions  

I n  any case, t h e  d i e l e c t r i c  constant  a t  room 

temperature appears t o  k’e lower than  500. The separa te  examination of 

potassium and sodium niobates  appears t o  hold more promise for our purpose. 

. PARAELECTRIC CUBK; 300 

400 

MOLE PERCENfOF KNW, 

Phase diagram of NaNbOrKNbO, system. 

Figure 44 

Figure 45 
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d. Cadmium Niobate 

The inves t iga t ion  of C d , N b , &  has been c a r r i e d  out  by t h r e e  

8B, with some promising r e s u l t s .  The uni t  c e l l  

s t r u c t u r e  has been repor ted  t o  be s t r i c t l y  cubic,  bu t  with a low ternpera- 

t u r e  C u r i e  point  t r a n s i t i o n  ( 170°K), wi th  an orthorhombic s t r u c t u r e  below 

t h e  t r a n s i t i o n  point .  

The d i e l e c t r i c  constant  a t  room temperature has been r epor t ed  

as approximately 320 t o  500 (Figure 47("B). 

above the Curie point  c lose ly  fol lows the  Curie-Weiss l a w ,  wi th  C = 4.6 x 104 O K  

and 'Yc =. 150°C. 

The d i e l e c t r i c  cons tan t  

TEMPERATURE O K  

Temperature variatfon of dielectric conptqnt for spclmens d 
cadmium niobaie iireci a i  i i W 2  (Aj ana at i Z W L  iBj.  

Figure 47 



e. Lead Niobate 

The investigators of Cd,Nb,O, have also examined the 

characteristics of the related material Pb(NbO, )2. 

a ferroelectric material with a dielectric constant of 280 at room 

temperature. 

with temperature are shown in Figure 48. (5 )  

low dielectri: constant at room temperature and the chemical instability 

of' the material, the material is not felt to hold much promise for thin 

f i h  applications, 

The resu1t.s indicate 

The variations of dielectric constant and loss tangent 

Because of its relatively 

1 L  I 

Dieloctric constc ' and loss tangent VI. lemperuturc for lead 
tiiobate ceramic. Curve ( A )  tan 6; (13) K' (corrected for porortty). Note: 
75"  IO 75OOC.. PblNbOJ,; -263' to 25'C., 98.63 Pb(NbO.J:, 1.3770 

Zr02.  

Figure 48 



6. Tantalates 

a, Potassium Tanta la te  

The i n v e s t i g a t i o n  of K T a 4  has y ie lded  a very  i n t e r e s t i n g  and 

very low Curie poin t :  

point  found i n  t h e  l i t e r a t u r e  and i s  apparent ly  l e g i t i m a t e ,  as t h e  

c r y s t a l s  displayed t y p i c a l  hys t e re s i s  e f f e c t s  below t h a t  temperature.  

v a r i a t i o n  of the d i e l e c t r i c  constant  wi th  temperature i s  shown i n  

Figure by.('" 

constant  of KTaOr4 a t  room temperature, although ex t r apo la t ion  of t h e  curve 

would i n d i c a t e  t h a t  i t  i s  probably below 500. 

approximately 1 3 O K . ( " "  This i s  t h e  lowest Curie 

The 

Unfortunately, no da ta  have been found on t h e  d i e l e c t r i c  

Figure 49 

b. Sodium Tanta la te  

Inves t iga t ion  of  NaTaO, has a l s o  been repor ted ,  (lo ) and it 

apparent ly  d isp lays  f e r r o e l e c t r i c  phenomena up t o  t h e  Curie poin t  of 475°C. 

Unfortunately,  no da ta  are given regarding the  d i e l e c t r i c  constant .  



7. Other Mater ia l s  

a. Tungsten Trioxide 

Sawada, Ando and N o m ~ r a ( ~ ~ )  have inves t iga t ed  t h e  behavior of 
# 

WO, i n  order  t o  determine whether o r  not  t h e  m a t e r i a l  i s  f e r r o e l e c t r i c .  

Their i n v e s t i g a t i o n  extended t h e  temperature range t o  t h e  Curie poin t  at 

about 710°C. Although genera l ly  high d i e l e c t r i c  cons tan ts  a r e  a l luded  t o ,  

t h e r e  a r e  none offered.  Extreme d i f f i c u l t y  has been noted i n  t h e  

production of non-conducting samples, which will t he re fo re  s i g n i f i c a n t l y  

l i m i t  i t s  use as a d i e l e c t r i c ,  

b ,  Antimony Su l fu r  Iodide 

The e l e c t r i c a l  p roper t ies  o f  SbSI have been r e c e n t l y  

inves t iga t ed  (122,162 ) and it  has been found t o  be both photoconductive 

and f e r r o e l e c t r i c ,  The d i e l e c t r i c  p rope r t i e s  a r e  q u i t e  i n t e r e s t i n g :  t h e  

d i e l e c t r i c  constant  a t t a i n s  a value o f  50,000 p a r a l l e l  t o  t h e  needle 

c r y s t a l  axis, but i s  onl-y 25 perpendicular t o  the  axis. The d i e l e c t r i c  

constant  perpendicular t o  the  needle axis i s  frequency independent over 

t h e  range of 1 KC t o  100 KC/sec. Figure 5O(''" shows t h e  behavior of  t he  

inve r se  of t h e  l tparal le l . t l  d i e l e c t r i c  cons tan t  wi th  temperature.  The 

minimum i n  the  curve represents  t h e  d i e l e c t r i c  constant  anomaly a t  22'C. 

The behavior of t h e  " p a r a l l e l "  spontaneous p o l a r i z a t i o n  of t h e  c r y s t a l  

wi th  temperature i s  t y p i c a l  fo r  a f e r r o e l e c t r i c  and i s  shown i n  Figure 

Y 

Although t h e  ma te r i a l  possesses a f a n t a s t i c  d i e l e c t r i c  

constant ,  i t  has only been measured on s i n g l e  c r y s t a l s  and i s  high i n  
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only one axis, Consequently, t h e  d i e l e c t r i c  cons tan t  of a p o l y c r y s t a l l i n e  

mater ia l  i s  i n  some doubt. Considering a l s o  t h e  magnitude o f  t h e  

temperature anomaly near t h e  pro jec ted  opera t ing  temperature of a 

capacitor. (22OC) the  value of t h e  pure m a t e r i a l  as something o the r  t han  a 

s c i e n t i f i c  c u r i o s i t y  i s  quest ionable .  Doubtless t he  d i e l e c t r i c  constant  - 
temperature c h a r a c t e r i s t i c s  could be modified by s u i t a b l e  dopants o r  

v a r i a t i o n s  i n  s toichiometry,  bu t  t h e  magnitude of such a p ro jec t  i s  

considerably beyond t h e  scope of o w  work. 

i 



B. Thin F i l m  Proper t ies  

The production of t h i n  films of BaTiO,  f o r  use as capac i to r  

d i e l e c t r i c s  i s  of considerable i n t e r e s t .  Not only a re  achievable  packing 

d e n s i t i e s  considerably higher t han  i s  poss ib le  wi th  bulk m a t e r i a l  (due t o  

t h e  smaller  th ickness) ,  b u t  vacuum depos i t ion  has the  added advantage of 

compat ib i l i ty  with in tegra ted  mic roc i r cu i t ry  techniques.  

Consequently, t w o  d i f f e r e n t  approaches t o  the  product ion of  t h i n  

BaTi03 f i lms  have been noted. One technique, repor ted  by Bursian and 

Smirnova (5s ) i s  perhaps t h e  most s t ra ight forward:  

powder on a heated (platinum) s u b s t r a t e ,  

nesses obtainable  a r e  wi th in  t h e  range of 5~ t o  5Q, and the  r equ i r ed  

f i r i n g  temperature i s  of' t h e  order  of 160OOC t o  l 7 0 O o C .  Both a r e  severe 

l i m i t a t i o n s  t o  the  value of such ma te r i a l s  as capac i tor  d i e l e c t r i c s ,  

even though d i e l e c t r i c  constants  i n  t h e  order  of 4000 t o  6000 were achieved 

and f e r r o e l e c t r i c  behavior was noted, 

t he  fus ing  of BaTiO,  

Unfortunately,  t he  f i lm th ick-  

The second method i s  more appl icable  t o  the  technology of 

i n t eg ra t ed  microc i rcu i t ry :  vacuum deposi t ion.  Several  i n v e s t i g a t o r s  have 

repor ted  varying degrees of  success using t h i s  technique, (50, 5 4  53, 54, 56, 60, 

)although Feldman appea r s  t o  be t h e  e a r l i e s t  t o  r e p o r t  h i s  f i nd ings .  61, 7 0 y 0 2  

A major problem r e l a t i n g  t o  t h e  depos i t ion  of BaTiO, (or any 

o ther  ABO,, compound) i s  i n  t h e  propensi ty  of t h e  compound t o  d i s s o c i a t e  

i n t o  i t , s  component pa r t s  upon hea t ing  i n  a vacuum, 

r e s u l t s  i n  the  production of BaO and T i 4  (which may be f u r t h e r  reduced).  

Unfortunately,  the  components do not  have equal  vapor pressures ,  and the  

r e s u l t  i s  a nonuniform evaporation r a t e  of t h e  components. 

This decomposition 

(BaO has a 



‘ 0  

vapor pressure considerbly above t h a t  of T i %  or i t s  reduced oxide o r  

metal .  ) 

techniques must not  only compensate for t h e  d i s p a r i t y  of vapor pressures ,  

but  a l s o  must r e a c t  t he  components t o  form t h e  perovski te  s t r u c t u r e ,  with 

i t s  a t tendant  des i r ab le  d i e l e c t r i c  p rope r t i e s ,  

Consequently, t h e  deposi t ion and post-deposi t ion treatment 

Feldman(55, 58 approached t h e  decomposition problem by a t tempt ing  

t o  completely evaporate a charge of s to ich iometr ic  BaTiO, powder from a 

tungsten f i lament  and then  recombine t h e  separa ted  components on t h e  

subs t r a t e .  Altheugh the re  hzs been some controversy over this technique 

due t o  t he  p robab i l i t y  of an a l l o y i n g  r e a c t i o n  between t h e  evaporant and 

t h e  f i lament ,  Feldman d id  r epor t  t e t r a g o n a l  s t r u c t u r e  and f e r r o e l e c t r i c  

behavior for h i s  f i lms .  

e f f e c t s ,  but  a l s o  d isp layed  a d i e l e c t r i c  constant  peak a t  t h e  bulk Curie 

poin t  of approximately 1 2 O O C  (see Figure 52(54)) on a plot of d i e l e c t r i c  

constant  vs .  temperature. 

depos i t i on  baking procedure used. ) The d i e l e c t r i c  constant  of t h e  f i lms  

a l s o  obeys the  Curie-Weiss law above 12OOC (Figure 53(54 )), although t h e  

values  of C and T d i f f e r e d  from those of t he  bulk m a t e r i a l  and were not  

repor ted .  

remanent po la r i za t ion  2 x 

7 x l@ Volts/cm., a l l  lower than  t h e  bulk m a t e r i a l  values .  

The f i lms  not  only showed t h e  t y p i c a l  h y s t e r e s i s  

(The three curves are l abe led  wi th  t h e  post- 

C 

The s a t u r a t i o n  po la r i za t ion  w a s  4 x 1O-”coulomb/cm2, the  

coulomb/cm2 , and t h e  coercive fo rce  

The m a t e r i a l  was deposi ted on a platinum s u b s t r a t e  and 

subsequent ly  baked i n  a i r  at temperatures u p  t o  1 2 O O O C .  

ment sharpened t h e  Curie point t r a n s i t i o n ,  developing t h e  c r y s t a l l i t e  s i z e  

t o  approximately lOOOr\ t o  5000i f o r  f i lms  approximately 1 - 2p t h i ck .  

This hea t  treat- 



Feldman a l s o  reports(58 ) 

d i e l e c t r i c  constant  with time under an appl ied  a l t e r n a t i n g  f i e l d  less than  

the  coercive f i e l d .  

d i e l e c t r i c  constant  with time a t  var ious temperatures.  When t h e  f i e l d  i s  

removed, t he  value of t he  d i e l e c t r i c  constant  r i s e s  t o  approximately i t s  

i n i t i a l  value i n  a s h o r t  time, i n d i c a t i n g  t h a t  t h e r e  i s  no permanent f i lm 

damage. 

of t h e  c r y s t a l l i t e s .  

t h e  unfor tuna te  i n s t a b i l i t y  of  t h e  

Figure 54(58) i l l u s t r a t e s  t h e  percent  decrease i n  

This phenomenon i s  apparent ly  due t o  a change i n  t h e  p o l a r i z a t i o n  

Moll(51 has repor ted  the  success fu l  depos i t ion  of  f e r r o e l e c t r i c  

f i lms  of a mixture of' (73% Ba, 27% Sr)Ti03, with t h e  d i e l e c t r i c  cons tan t  

and l o s s  tangent c h a r a c t e r i s t i c s  shown i n  Figure 55L5l 

deposit,ed h i s  films by two methods: f l a s h  evaporat ion of a powder from a 

heated beryll ium oxide coated f i lament ,  and evaporat ion of a mixture of 

BaTiO, , SrTiO, , and TiO;, from an SrO coated tungs ten  f i lament .  The films 

were also deposi ted i n  the  presence of an e l e c t r i c  f i e l d  of up t o  8 KV/cm 

a i  s u b s t r a t e  temperatures of approximately 200OC. D i e l e c t r i c  cons tan ts  up 

t o  9000 a t  1000 megacycles were repor ted .  

Moll, however, 

Green@ approaches t h e  decomposition problem by a l t e r n a t e l y  

evaporating reduced BaCO:+and TiO, films from tungs ten  f i laments  and then  

relies on an a i r  hea t  treatment t o  recombine t h e  components i n t o  s to i ch iomet r i c ,  

hopef'ully te t ragonal ,  BaTiO,,. The hea t  cycle cons is ted  of baking t h e  f i lm 

(depQsi ted on platinum subs t r a t e s ) .  The s u b s t r a t e  temperature i s  a t  room 

ambient during deposi t ion.  Green does not r e p o r t  t h e  d i e l e c t r i c  cons tan t  

but, does r e p o r t  t ha t  hys t e re s i s  was obtained. 
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Sekine and T ~ y o d a ( ~ ’  r epor t ed  depos i t i on  of (Ba, Sr)Ti03 by 

One involved t h e  cons tan t  feeding  of  a s to ich iometr ic  two techniques. 

powder onto a heated fi lament.  

i n  achieving high d i e l e c t r i c  constant  films,was r a p i d  evaporat ion of a 

powder charge from a tungsten r ibbon filament which was r a p i d l y  heated from 

ambient t o  220OOC (5  seconds). 

The o the r  method, and t h e  leas t  success fu l  

Pale purple (S) 

The powder used was obtained from BaTiO, c r y s t a l s  grown by the  

technique of Remeika,(’) o r  from a mixture of (Ba, Sr)TiO,. 

used were platinum, n i cke l ,  s l i d e  g l a s s ,  fuzed qua r t z ,  mica and Al,03 

ceramic p l a t e s ,  During deposi t ion,  t h e  s u b s t r a t e  temperature ranged from 

2OOOC t o  12OOOC.  Post-deposit ion baking i n  pure oxygen l a s t e d  approximately 

4 t o  4 hours a t  temperatures o f  2OOOC t o  12OO0C.  

obtained was approximately 5 . 1  g/cc for fi lm th icknesses  of 1 - 3p. 

The s u b s t r a t e s  

The dens i ty  of t h e  films 

Pale brown (T) 

An i n t e r e s t i n g  d i sp lay  of t h e  visual appearance of films prepared 

by the  r ap id  vapor iza t ion  u f  a charge (Method A )  and f l a s h  evapora t ion  

of p a r t i c l e s  dropped onto a heated f i lament  (Method B) i s  shown below i n  

Table IV.(””) The llsmokyll appearance of t h e  f i lms  prepared by Method A i s  

TABLE I V  

Ml~tll l ld I “A” I “B” 
-. !  

I 
Substrate 1 , Pt 

. -  . 

Sub. Tern. (“C) 

200 

300 

400 

500 

Pale purple (S) 

Purplish green (S) 
- 

Yellowish brown (S) 

Dark purple (S) 

- 

Purple (S) 
._ - .  

Pale brown (S) 
- 

Dark gray (S) 
~ 

Dark purple (T) 
. __ 

Dark purple (T) 

Dark purple (T) 
.- - ._ 

Pale brown (T) 

- 

Pale brown (T) 

Pale brown (T) 

Pale brown (T) 
- .  

(S) : Smoky. (T) : Transparent. 

[ S I  



apparent ly  due t o  t h e  excess  BaO, which may r e a c t  w i th  t h e  atmospheric 

CQ t o  form BaCO, or with  atmospheric water vapor t o  produce Ba(OH), or 

Ba( OH), &3& 0. 

f i l m  gradual ly  changes t o  a pale yellow above !500°C. 

With increas ing  baking temperatures,  t h e  co lo r  of t h e  

A t  500°C baking temperature, t h e r e  i s  an i n d i c a t i o n  (x-ray 

d i f f rac tometer )  of cubic BaTiO,. 

method a r e  more highly  c r y s t a l l i z e d  than  those  prepared by t h e  I tAr t  

method, Figure : 6 ( 5 3  shows the  measured v a r i a t i o n  i n  c r y s t a l l i t e  s i z e  

vs .  post-deposit ion baking temperature. The v a r i a t i o n s  of d i e l e c t r i c  

constant  vs.  temperature f o r  var ious s t ront iumconcent ra t ions  and 

processing procedures a re  shown i n  Figure 57.(53) 

d i e l e c t r i c  constant  on t h e  e l e c t r i c a l  f i e l d  frequency i s  shown i n  Figure 

58. The d i e l e c t r i c  f i e l d  s t r eng th  a t  breakdown i s  repor ted  t o  be i n  

excess o f  10" V/cm. 

with t h e  f i lms ,  but  t h e  remanent po la r i za t ion  i s  considerably lower than  

t h a t  obtained with ceramic specimens. 

In  genera l ,  films prepared by t h e  rrB'r 

The dependence of t h e  

A t y p i c a l  f e r r o e l e c t r i c  h y s t e r e s i s  loop was obtained 

Muller, Nicholson and Francombe("' ) a t tacked  the  problem of 

BaTi03decomposition i n  a s l i g h t l y  d i f f e r e n t  rr,ethod than  those r epor t ed  

above, 

s tz ich izzee t r ic  pnxder . 
has been approached from two  d i f f e r e n t  d i r e c t i o n s :  

of i nd iv idua l  gra ins  before  t h e  arr ival  of another  g ra in ,  and evaporat ion 

from a l i q u i d  pool of evaporant ( B a T i O , )  which i s  maintained a t  constant  

s i z e  by the  regula ted  addi t ion  of BaTiO, powder. The second method t akes  

advantage of the  r e l a t i v e l y  lower source temperature requi red  for mel t ing  

BaTiO:, as comparad with t h a t  requi red  f o r  f l a s h  evaporation. 

Their technique involved simple f l a s h  evaporat ion of  t h e  

The phi!-nsophy of  t h e  f l a s h  depos i t ion  technique 

complete evaporat ion 



- 

70 - 

ao - 

~ 100- 

0.2 
u 

hl - m 
140- - - - 

m 
I 

", 200- 

400 - 

1000 - 

u 

1000- 

800 

600 

.................. Pt Substrate 

Substrate temp. ...... 400°C 

- 

- 

1" ...... " method "A" 
'2" . . . . . . .  'B" 

2ooot 

I I I 1 1 I I 

500 600 700 800 900 1000 1200 
Temp. ( " C )  

Variation of the crystalline size 
with baking temperature: 

Figure 56 

1700 

1500 

1400 

t' 

16 - 
14 E 

10 2 

6 
4 

12 'Z 
a 

2 
1 I 1 I 1 

lo2  10' 10' 1 O', l o b  
Frequency ( c  /s) 

Frequency dependence of dielectric constant 
and tan C of a (Ba&ro.2)Ti03 film. 

1400 :::fl"c\ 
12001 

400t 
200 

(5 
0 " " " ' ~ ~ ~  0 1 0  I 

-120 -80 -40 0 40 80 120 
Temp. ("2) 

Sr Thicknebs S.T. B.T. Time Freq. E. 

1 5yA ? . 4 p  500°C 1200°C 2hr 30kc 8.3kV/cm 

2 20:h 2.311 1200°C 1200°C 1 hr 10kc 8.7kV/cm 

3 2.711 700°C 1700°C 4 hr 10kc 7.5kV/cm 

4 ?:;, 3 It 300°C 1200°C 0 . 5 h r  10kc 7 kV/cm 

5 Oi!L 2.71' 300" C 1000°C 2 hr 10kc 7.5kV/cm 

. . -. _. ._ - . 

Temperature dependence of the dielectric 
constant of (Ba-Sr)TiOa films. 

Figure 57 

Figure 58 



Selec t ion  of t h e  f i lament  was based primarily on t h e  vapor 

pressure a t  230OOC ( t h e  temperature s l i g h t l y  g r e a t e r  t han  t h a t  required 

for vaporizat ion of Ba'MO, and r e a c t i v i t y  wi th  t h e  evaporant.  Eventually,  

i r i d ium was chosen and f i l m  contamination by t h e  source was reduced t o  as 

low as 2%. 

f i lms .  ) 

(Tungsten may cont r ibu te  up t o  10 - 20% contamination of BaTiO, 

Films deposi ted by the l a t te r  method (boat  a t  2 3 O O O C )  were 

amorphous when the  s u b s t r a t e  was a t  ambient temperature dur ing  deposi t ion.  

Post-deposit ion heat ing t o  between 400% and j 0 G T  with  an e l e c t r o n  beam 

transformed the  s t r u c t u r e  t o  t h a t  of cubic perovski te  BaTiO,. Upon hea t ing  

t o  a temperature of 6OO0C, c r y s t a l l i t e s  of approximately 2000i s i z e  were 

measured. Similar  r e s u l t s  were noted for films depos i ted  us ing  t h e  

Ilconstant pool s i z e "  technique, w i th  c r y s t a l l i t e  s i z e  approximately 10001 

t o  3000i. 

Test capac i tors  were produced u t i l i z i n g  meta l  s u b s t r a t e s  as the  

base electyode and evaporated aluminum counter-electrodes,  and t h e  d i e l e c t r i c  

constants  o f  t h e  d i e l e c t r i c s  were measured us ing  t h e  c i r c u i t  of Sawyer and 

Tower, (lo' The temperature dependence of t h e  BaTiO, d i e l e c t r i c  cons tan t  

and the  d i s s i p a t i o n  f a c t o r  a re  shown i n  Figure 59.(60 The importance of 

pos t-deposit ion baiiirig ieI1iper.aiur-t: is bii"pjTi 111 i8igu.e 6~?!60  1 IUI' n--- A - - -  b W U  

d i f f e r e n t  film thicknesses .  

The authors  pos tu la ted  t h a t  t he  r e s u l t s  of Moll(51) were due t o  

tungsten contamination of t h e  d i e l e c t r i c  and t h a t  t h e  observed high 

d i e l e c t r i c  constant  arises from sur face  boundary polar iza t ion .  

The r e s u l t s  of this paper(60) were compared with those  obtained 

by Feldman,(54j 58 with t h e  suggestion t h a t  t h e  two works were equivalent 

c 541 
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i f  one pos tu la tes  t h a t  t h e  c r y s t a l  s t r u c t u r e  obtained by 500°C baking would 

be cubic and pa rae l ec t r i c  and t h a t  hea t  t reatment  t o  a temperature of 

llOO°C would produce resul ts  similar t o  those  of Feldman. 

The inves t iga t ions  o f  BaTiO, and PbTiO, being c a r r i e d  out  by 

Hagenlocher, Feuersanger, e t  61J incorpora te  a s l i g h t l y  

d i f f e r e n t  philosophy than  those presented here tofore  i n  t h a t  t h e  

depos i t ion  technique u t i l i z e s  a n  e l e c t r o n  beam as an energy source f o r  

the  evaporat ion of the  bulk material. BaTiO, component materials were 

evaporated i n  t h e i r  separa te  form: from BaO and TiO, rods.  Their 

conclusions were t h a t  BaTiQ! could be produced with d i e l e c t r i c  cons tan ts  

g r e a t e r  than  200, but  t h a t  the d i s s i p a t i o n  f a c t o r  u sua l ly  exceeded lo%. 

A subs t r a t e  temperature i n  excess of 90OoC was f e l t  t o  be necessary f o r  

depos i t ion  of BaTiO, and t h a t  t h i s  precluded i t s  use i n  S i l i c o n  i n t e g r a t e d  

mic roc i r cu i t ry ,  Their i nves t iga t ion  of BaTiO, w a s  t he re fo re  terminated i n  

favor o f  an inves t iga t ion  of'PbTi0,. 

Their reasons for i n t e r e s t  i n  PbTiO, as a d i e l e c t r i c  are as 

fol lows : 

1. Pb'l'iQ, films can be formed a t  considerably lower s u b s t r a t e  

temperatures than  BaTiO, . 
2. Only the  des i red  compound PbTiO, can be formed from t h e  

cons t i t uen t s  PbO and Ti&. 

3. Excess BaO i n  a f i l m  of BaTiO, produces an atmospheric 

i n s t a b i l i t y  i n  t h e  fi lm; PbO i s  considerably less r eac t ive .  

4. The Curie point of PbTiQ, i s  considerably higher  t h a n  t h a t  

of' B a T i O , .  



5. The s to ich iometr ic  Pb:Ti r a t i o  can be con t ro l l ed  more 

e a s i l y  than the  corresponding B a : T i  r a t i o .  

The f a c t  t h a t  t h e  bulk PbTiQ d i e l e c t r i c  cons tan t  i s  lower than  

t h a t  of BaTiO, has had no bearing on t h e  t h i n  f i l m  p rope r t i e s :  

d i e l e c t r i c  cons tan ts  observed are comparable. 

t h e  

Subs t ra te  temperature dur ing  depos i t ion  w a s  he ld  a t  68OoC, 

s u f f i c i e n t l y  moderate t o  a l l o w  i t s  use on S i l i c o n  subs t r a t e s .  

wi th  d i e l e c t r i c  constants  or” 2G0 t o  450 were prodiiced us ing  P b T i 4 .  

Films 



IV. MATERIALS SELECTED FOR PHASE I1 STUDY 

Table V summarizes several of the pertinent facets of the 

numerous materials investigated in the Phase I literature survey. Inspec- 

tion of the table reveals that most of the materials are eliminated from 

consideration for investigation in Phase I1 by virtue of having bulk 

dielectric constants of less than 500. 

Subject to NASA approval, the following materials have been 

selected for further investigation in the Phase I1 effort of the contract 

on the basis of predicted potential success as high dielectric constant 

dielectrics in vacuum evaporated thin film capacitors. 

1. BaTiO, 

2. PbTiO, 

3. (Ba, Pb)ZrO, 

4 .  KNbo, 

5 .  NahbO, 

A detailed discussion of each of these materials was presented 

in Sections I1 and 111. The following brief reiteration will merely attempt 

to relate the above-listed materials to each other and to ennumerate some 

of the eZ-i;sioned adt-antages 2nd d l s a d - ~ ~ ~ t ~ g e s  of each. . .  

BaTiO,: 

ceding text that a great deal of investigation of this material has already 

been performed. 

tion in a vacuum is attempted, and this is expected to be common to all the 

AB0,materials. 

change of stoichiometric ratio between source and condensed film, successful 

vacuum deposition of the material has been accomplished. 

It is readily apparent from the bibliography and from the pre- 

The basic problem is that of dissociation when evapora- 

Despite this propensity for partial fractionation and 

However, as a 



result of having a multiplicity of transition points within the nominal 

temperature spectrum of operation of a capacitor, the material is prone 

to extremely erratic variations of dielectric constant and hence, capa- 

citance, with temperature. In addition, relatively high processing 

temperatures are required, either during deposition or in a pst-deposition 

anneal, o r  both, and this aspect seriously limits its ultimate usefulness 

in thin film and compatible microcircuitry applications. Charles Feldman 

of MelFar, Inc. suggested in a personal telecommunication that the addi- 

tion of a suitable flux, such as PbO, to the evaporated film of BaTiO, 

might increase the mobility and thus enhance the probability of reaction 

of the constituents. He Pxtulated that this flux could later be re- 

evaporated. 

PbTiO,: 

uncomplicated by numerous additional transition points, thus alleviating 

the problem of erratic temparature-capacitance behavior noted above. In 

addition, the substrate temperature requirements necessary f o r  appropriate 

recombination of the constituents are less stringent than those for BaTiO,, 

thus making it more attractive from the standpoint of versatility in 

practical application. A l s o ,  even though dissociation is expected to 

present a problem, only PbTiO, can be formed from the constituents PbO 

and Ti&, whereas numerous compounds can be formed from the constituents 

BaO and Ti%. 

for its lower dielectric constant. 

This material exhibits a conveniently high Curie point and is 

The above-noted advantages may well more than compensate 

(Ba, Pb)ZrO,: 

nor PbZr0,taken alone appear to hold any interest for Phase I1 study. 

Casual inspection of Table V reveals that neither BaZrO, 



The combination of the two materials in solid solution, however, presents 

a highly interesting profile. 

constant can be conveniently shifted by varying the relative proportions, 

as can the magnitude of the dielectric constant at any given temperature. 

The extremely high room temperature dielectric constants reported (2600 for 

a 40% BaZrO,, 60% PbZr0,mixture) makes a combination of the two materials 

an extremely interesting prospect for Phase I1 study. 

envisioned in attempting to adapt the material(s) to high vacuum deposi- 

tion techniques will be the fact that the addition of yet another material 

will make the attainment of proper stoichiometric ratios an even more 

complicated task than would be the case with a single AB0,compound. 

The temperature of maximum dielectric 

The primary problem 

- KNbO,: 

constant over a wide temperature range. 

vs. temperature curve is quite flat over the anticipated temperature opera- 

ting range of a capacitor. 

material with respect to adapting it to high vacuum deposition techniques, 

the processing temperatures which will be required in order to obtain satis- 

factory dielectric properties are unknown at the present time. 

This material has the advantage of having a reasonably high dielectric 

In addition, the dielectric constant 

Since no known work has been performed on the 

NaNbO,: Sodium niobate, like potassium niobate, has a reasonably high 

d i e l e c t r i c  constar;t o y e r  a t5qerature range, and eN"ll"uits a flat 

dielectric constant vs. temperature curve over an even greater temperature 

span. As is the case with potassium niobate, no known attempts to utilize 

the material in high vacuum deposition techniques are reported. 

exhibit a 

it is not 

Phase 11. 

Despite the fact that antimony sulfur iodide is reported to 

phenominally high dielectric constant under certain conditions, 

considered to be a likely candidate for further investigation in 



The problems associated with not only obtaining single crystallinity in 

a Vacuum deposition thin film, but also achieving highly critical orienta- 

tion of the crystal axes, are felt to present acute disadvantages above 

and beyond those exhibited by the other materials selected. In addition, 

the constituent parts, which Will most certainly display a gross tendency 

toward partial fractionation, are not considered to be compatible with high 

vacuum techniques and equipnent. 

All of the above materials were discussed with A .  von Hipple of 

the Naval Research Laboratories and Charles Feldman of Meipar, h e .  Con- 

versations with both of the above were general in nature and dealt pri- 

marily with the envisioned problems which would be faced in attempting to 

utilize vacuum deposition techniques (fractionation, high processing tempera- 

tures, lack of proper stoichiometry, etc.), all of which have been covered 

in some detail in this report. Both expressed interest in our selection of 

materials for further study, and neither knew of any vacuum deposition work 
L 

being performed on (Ba, Pb)Zr03, KXTbO,, o r  NaNbO, . 
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