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CHAPTER -  1 

INTRODUCTION

An e x c e p t io n a l ly  la rg e  in crea se  in  e l e c t r i c a l  r e s i s t i v i t y  

w ithin a small temperature in te r v a l  i s  termed as the P o s i t iv e  Tem

perature C o e f f i c ie n t  o f  R e s i s t iv i t y  (PTCR) while the decrease , as 

Negative Temperature C o e f f i c i e n t  o f  R e s i s t iv i t y  (NTCR). Both the 

PTCR and NTCR e f f e c t s  have been s u c c e s s fu l ly  u t i l i z e d  in  manufac

tu rin g  th erm istors  which are "bas ica lly  therm ally  s e n s i t iv e  r e s i s 

t o r s  ( i . e . a  r e s i s t i v e  d ev ice  p o sse ss in g  a la rg e  temperature co

e f f i c i e n t  o f  r e s is ta n c e  o v e r  an extended temperature range). These 

d e v ices  are made up o f  sem iconducting m ater ia ls  in  v a r iou s  shapes 

and s iz e s  coverin g  a wide range o f  temperature c o e f f i c i e n t  from

- 6 .5 $  to 70$ p e r  °C. A comprehensive o u t l in e  on the d i f f e r e n t
-1

types o f  th erm istors  has been presented  in  a book by Macklen .

The NTC th erm istors  g e n era lly  c o n s is t  o f  a s in tered  

ceramic body from a mixture o f  o x id e s  chosen from the elements Mn,

Ni, Co, Cu and Fe. By changing the com position  and geometry, t h e i r
6room temperature r e s is ta n c e  can be va r ied  from 1 to  10 ohm. T h eir  

temperature c o e f f i c i e n t  l i e s  between - 2  and - 6 .5 $  p e r  °C.

On the b a s is  o f  the p r o p e r t ie s  o f  sem iconducting m ateri

a ls  used in  PTC th erm istors , they may be broa d ly  d iv id ed  in to  two 

ca te g o r ie s .  In  the f i r s t  ca tegory , a con ven tion a l elem ental semi

conductor, u s u a l ly  S i, i s  used with e le c t r o d e s  and term in a ls  on the 

o p p o s ite  fa c e s .  PTC re g ion  f o r  both n- and p - ty p e  s i l i c o n  extends 

o v e r  a temperature range from sub-zero to  150°C o r  above with a 

temperature c o e f f i c i e n t  o f  the o rd e r  o f  0 .8 $  p e r  °C at room temper

atu re . The second category  con ta in s  the sw itch ing  PTC th erm is to r ,
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FIG. 1.1 RESISTANCE -TEMPERATURE CHARACTERISTICS OF 
DIFFERENT TYPES OF THERMISTOR M A T E R I A L S  
AND THAT OF A PLA TIN U M  RESISTANCE  
T H E R M O M E T E R  (ref.  1)
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f o r  example*doped semiconducting BaTiO^ which p osse sse s  a la rg e  

PTCR anomaly ( ~ 7 0 ^  p e r  °C) o v e r  a r e s t r i c t e d  temperature reg ion .

A comparison o f  re s i  stance-tem perature c h a r a c t e r i s t i c s  

between v a r iou s  typ es  o f  th erm istors  and a platinum  re s is ta n ce  

thermometer, i s  g iven  in  P ig . 1 .1 . This shows the tremendous 

fundamental advantages that th erm istors  p o sse ss  o v e r  one o f  t h e i r  

major r iv a ls ,  the platinum  thermometer, as temperature sensor. The 

wide range o f  a v a i la b le  p h y s ica l  forms from sub-pinheaded sized  

bead through d is c ,  rod and f l a t  f i lm  shapes to metal sheathed probes 

and p l a s t i c  encapsulated assem blies add v e r s a t i l i t y  to the advant

ages o f  the th e n n is to rs  as a temperature sensor. Other major a p p l i 

ca t io n , b es id es  i t s  use as temperature sensor, i s  as  power sensors 

in  e le c t r o n ic  c i r c u i t s .  The world-w ide p ro d u ct io n  o f  such therm is

t o r s ,  a t  p resen t, i s ~ 1 5 0  m i l l io n  p ie c e s  p e r  year.

There are two major c l a s s i f i c a t i o n  schemes o f  the PTC 

th erm istors  depending on whether the d ev ice  i s  used as a sensor o r  

as a h e a t -d is s ip a t o r .  The PTC jump, i . e .  the sw itch ing, i s  the 

important d ev ice  p rop erty  f o r  the form er purpose* w hile the s t a t i c  

I -V  c h a r a c t e r i s t i c s  with i t s  current l im i t in g  p o t e n t ia l ,  f o r  the 

la t e r .  Table 1.1 shows a wide v a r i e t i e s  o f  a p p l i c a t io n s  o f  the 

th erm istors . T y p ica l p r o p e r t ie s  and c h a r a c t e r i s t i c s  o f  commerci

a l l y  a v a i la b le  BaTiO^ th erm istors  are shown in  Table 1 .2 .

R ecen tly , the p o t e n t ia l  o f  PTC th erm istor  has touched a 

new he igh t in  eng ineering  a p p lica t io n ,  as an energy saver '’ ( e l e c t r o 

c a l o r i c  f lo w -m e te r s ) . D ostert^  has reported  simple and e a s i l y  

c a l ib r a te d  ev a lu a t io n  c i r c u i t  f o r  f low -m eters  based on the e l e c t r o 

c a l o r i c  p r in c i p l e .  Th is  can lead  t o  c o s t  e f f e c t i v e  flow m eters f o r
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Table 1.1 } A p p l ica t io n  o f  Switching PTC Thermistors 
(A ft e r  Saburi and Wakino^)

Mode A p p l ica t io n

Thermal in d ic a to r ,  r e g u la to r ;  temperature 
compensating o f  e le c t r o n ic  apparatus; l e v e l  
meter, flowmeter, thermometer, humidity 
meter; v o lta g e  s t a b i l i z e r ;  o v er  heat 
p r o t e c t o r ;  n o -co n ta c t  switch.

Current l i m i t o r  and s t a b i l i z e r ;  v o lta g e  
s t a b i l i z e r ;  automatic volume c o n tr o l ;  
r e la y  p r o t e c t io n ;  t im er ; thermal chamber.

Table 1 .2  i Important P r o p e r t ie s  o f  Commercial Barium T itanate  
Therm istors (A ft e r  A n d r i c h '^ )

S p e c i f i c  weight 

S p e c i f i c  r e s i s t i v i t y  ( (*25° (P 

S p e c i f i c  heat 

Curie temperature, TQ 

Switching temperature, Ts
D is s ip a t io n  in  s t i l l  a i r ,  D

(Samples with a volume o f  approxim ately 
0 .5  cm^)

Emax /Emin (nc load)

/ R*dn ( lo a d e d >
Inherent shunt capacitance

Maximum temperature c o e f f i c i e n t

Maximum momentary ov er loa d  ( ^ 0 . 1 5 )

5. 6 gm/ cm-̂

20-50 ohm-cm 

0 .1 2  c a l / g  °C 

120°C 

110°C

1 0 - 1 5  mw/ °C

104  -  105 
102 -  105 

Approx. 1 up 

Approx. 60$ /  °C 

Approx. 1 KW

1. Sensor
(Sensing element)

2. D is s ip a to r  (Heat 
d is s ip a t in g  element)
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v a r iou s  a p p l ic a t io n s ,  such as the measurement o f  fu e l  consumption 

in  motor v e h ic le s  o r  o f  the q u a n t it ie s  o f  the heat consumed in  

ce n tra l heatin g  systems supplied with hot l i q u id ,  f o r  example, 

water.

The PTCR e f f e c t  i s  a d i r e c t  consequence o f  the  d isappear

ance o f  f e r r o e l e c t r i c  p o la r i s a t io n  near the Curie temperature o f  

a sem iconducting f e r r o e l e c t r i c  m ater ia l .  BaTiO^, one o f  the most 

common f e r r o e l e c t r i c  ceram ics, produces the s tron gest  PTCR e f f e c t  

around i t s  f e r r o e l e c t r i c  t r a n s i t i o n  temperature (* ^ 120°C ) .  The 

sem icon du ctiv ity  in  BaTiO^ i s  norm ally in troduced  by changing the 

valency  o f  a p a rt  o f  the T i - i o n s  from 4+ to 3+. This valency  

change may be e f f e c t e d  by two d i f f e r e n t  mechanisms.

The f i r s t  mechanism in v o lv e s  c r e a t io n  o f  oxygen v a ca n c ie s  

in  the l a t t i c e  by annealing the m a ter ia l in  a reducing  atmosphere 

at e leva ted  tem peratures. To s a t i s fy  the e l e c t r i c a l  n e u t r a l i t y  

c o n d it io n ,  two Ti^+ io n s  change t h e i r  va lency  from 4+ to 3+ to
o

compensate the l o s s  o f  each 0 io n s  as f o l lo w s :

Ba T i 4+0 3 -  - f -  0 2 — ^  Ba T i >  d . D

The second mechanism in v o lv e s  doping o f  e i t h e r  t r iv a le n t
7, 7, 7,

io n  e .g .  La , Sb , Gd"^ and o th e r  ra re -e a r th  io n s  at the B a -s i te  

o r  pentavalent io n s  l i k e  Nb^+ , Ta^+ e t c .  at the T i - s i t e  and 

thus form ing an re typ e  sem iconducting BaTiO^ with a low room temper

ature dc r e s i s t i v i t y  o f  the o rd e r  o f  10 -  200 ohmr-cm.

Two t y p i c a l  s u b s t i t u t io n  r e a c t io n s ,  one on B a -s i te  (La^*) 

and the o th e r  on T i - s i t e  (Ta^+) ,  can be i l l u s t r a t e d  as f o l l o w s :
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Ba2+Ti4+0 + ^ 3 *  _ xBa2+ — > Ba?+ La^Ti J'Ti^* 0 , (1.2)
j  1"*X X X i-"*X j

Ba2 fT i4+0 3 + xTa5+ -  xTj>+ — Ba2+Ta^+ T* ° 3  ( 1 *3)

In e i t h e r  case, the s u b s t itu t io n  r e s u l t s  in  r e s t o r a t io n  o f  e l e c t r i -
k+ 3+c a l  n e u tr a l i t y  by the valency  change o f  Ti to  Ti and thus in -

jtj, î,
trod u cin g  hopping conduction  between Ti and T i ^ . Normally, an 

optimum doping con cen tra t ion  ( ~ 0 . 2  to  0 .4  atom <fi) corresponds to 

the low est r e s i s t i v i t y  above which i t  in cre a se s .

A f te r  the f i r s t  rep ort  o f  PTCR e f f e c t  in  sem iconducting
7 RBaTiO^ by Haaijman et a l .  , Sauer and Flaschen have a lso  observed

the same e f f e c t  in  La-doped BaTiO^ i n  the year  1956. An ex ten s iv e

amount o f  research  e f f o r t s  has gone in to  the understanding o f  the

mechanism and o th e r  a sp ects  o f  t h i s  e f f e c t .  A d e ta i le d  review

i s  presented  in  the next chapter. Eventhen, a number o f  q u estion s

s t i l l  remain unanswered and severa l c o n tr o v e r s ie s  have been brought

out in  recen t years.

In  t h i s  in v e s t ig a t io n ,  an attempt has been made to d i s t i n 

guish between the e l e c t r i c a l  c h a r a c t e r i s t ie s  o f  the  grainbound- 

a r ie s  from that o f  the gra ins  by com plex-plane impedance a n a ly s is ,  

adopted f o r  the f i r s t  time, to  study the FTC-material s. The 

technique has been e x p lo ite d  to  study the e f f e c t s  o f  va r iou s  p ro ce s 

sing  parameters l i k e  s in te r in g  temperature and t im e, c o o l in g  ra te  

and com position . The same has a lso  been s u c c e s s fu l ly  used to study 

the e le c t r o d e  e f f e c t  and the extent o f  su rface  r e o x id a t io n .  C-V 

c h a r a c t e r i s t i c s  o f  the specimens have been studied  and exp la in ed  on 

the b a s is  o f  the p h y s ic s  o f  MIS ju n c t io n .  The e l e c t r i c a l  measure

ments have been corrob ora ted  with a d e ta i le d  m icros tx u ctu ra l
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s tu d ies  supported by e le c tro n -p ro b e  micro a n a ly s is .  The i n v e s t !  

g a t ion  has le d  to the s u cce s s fu l  ind igenous development o f  PTC 

th erm istors .
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	PTCR EFFECT IN SEMICONDUCTING BARIUM TITANATE

	RAJENDRA NATH BASU
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	Fig. 6.43 (a) Schematic of a pair of MIS









