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ABSTRACT 

This t h e s i s i s p r i m a r i l y concerned w i t h the e v a l u a t i o n and 

comparison of the d i e l e c t r i c behaviour of materials which may f i n d 

a p p l i c a t i o n as substrates i n m i c r o e l e c t r o n i c high-performance 

packaging. I n the i n t r o d u c t o r y chapter the f a c t o r s governing the 

choice of the most s u i t a b l e d i e l e c t r i c substrate f o r c o m p a t i b i l i t y w i t h 

s i l i c o n technology are reviewed; i t i s shown t h a t i n a d d i t i o n to good 

d i e l e c t r i c p r o p e r t i e s the thermal c o n d u c t i v i t y i s important i f high 

power packages are r e q u i r e d together w i t h the a b i l i t y to o b t a i n good 

matching o f thermal expansion c o e f f i c i e n t s . This i s followed by a 

survey of the present t h e o r i e s of d i e l e c t r i c behaviour w i t h special 

emphasis on the Universal law o f d i e l e c t r i c response and i t s 

a p p l i c a b i l i t y to oxide and glass ceramics which e x h i b i t hopping 

c o n d u c t i v i t y . The experimental methods f o r the measurement of 

d i e l e c t r i c parameters are o u t l i n e d i n Chapter 3 which includes an 

account of techniques developed f o r studying materials only a v a i l a b l e 

as powders. The three substrate systems studied were aluminium oxide, 

aluminium n i t r i d e and glass-on-molybdenum and i n the case of the two 

former m a t e r i a l s a range of both pure and impure specimens were 

examined both i n s i n g l e c r y s t a l and s i n t e r e d p o l y c r y s t a l l i n e form. The 

d e t a i l e d experimental r e s u l t s are presented and discussed i n the three 

succeeding chapters f o r each of the materials i n t u r n ; these r e s u l t s 

i n clude the values of p e r m i t t i v i t y and d i e l e c t r i c l o s s , measured over a 

2 7 

frequency range of 5 x 10 Hz t o 1 x 10 Hz, the temperature v a r i a t i o n 

of p e r m i t t i v i t y both i n the low temperature (85K t o zi3i<) and high 

temperature (20°C to about 600°C) regions and the d.c. and a.c. 

c o n d u c t i v i t y i n the h i g h temperature range. I n t h e i r pure form each of 

these m a t e r i a l s would be s u i t a b l e as a substrate, having p e r m i t t i v i t i e s 

a t room temperature of e' =10.2 f o r p o l y c r y s t a l l i n e Al„0., e' =9.2 

f o r p o l y c r y s t a l l i n e AlN (which has a thermal c o n d u c t i v i t y of about 
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one-hundred times t h a t of alumina) and e' = 6.5 f o r 
s 

glass-on-molybdenum and d i e l e c t r i c losses i n the region o f tan5 ~ 10 

The e f f e c t o f i m p u r i t i e s i s shown t o be very s i g n i f i c a n t leading i n a l l 

cases t o some increase i n p e r m i t t i v i t y and a much l a r g e r increase i n 

d i e l e c t r i c l o s s . The measurements made on powders are given and 

discussed i n Chapter 7. I n the studies on the powders used as s t a r t i n g 

m a t e r i a l s f o r the manufacture of substrates i t was shown t h a t by making 

measurements a t low temperature (77K) the e f f e c t s o f i n t e r g r a n u l a r 

space charge p o l a r i z a t i o n could be overcome y i e l d i n g i n f o r m a t i o n 

valuable f o r q u a l i t y c o n t r o l o f i m p u r i t y content; measurements made on 

powders of some hi g h temperature oxide superconducting materials are 

also given. The f i n a l chapter, Chapter 8, summarises the o v e r a l l 

conclusions o f the research and makes some suggestions f o r f u t u r e work. 
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CHAPTER ONE 

INTRODUCTION 

1.1 

I n the past few decades (from the 1950's to the present) there has 

been a tremendous development i n the e l e c t r o n i c i n d u s t r y . D i e l e c t r i c 

m a t e r i a l s have found ever i n c r e a s i n g uses and p o t e n t i a l uses i n the 

f a b r i c a t i o n o f components and devices. For example, d i e l e c t r i c t h i n 

f i l m s w i t h i s l a n d s o f metal i n t e r s p e r s e d i n them, u s u a l l y known as 

"cermets", are used as r e s i s t o r s i n the production of i n t e g r a t e d 

c i r c u i t s ( I C ' s ) . S o l i d b u l k d i e l e c t r i c s of several types of m a t e r i a l , 

i n c l u d i n g polymers, are used i n capacitor manufacture. I n a d i f f e r e n t 

area, t h a t o f m i c r o e l e c t r o n i c s , the t h i n f i l m d i e l e c t r i c i s found to be 

e s s e n t i a l i n the stages of f a b r i c a t i o n i n order to provide i n s u l a t i o n 

between, f o r example, the channel and the gate i n a f i e l d e f f e c t 

t r a n s i s t o r (FET); these very t h i n i n s u l a t i n g layers (e.g. of Si02 or 

Si^N^), are u s u a l l y formed by o x i d a t i o n or n i t r i d a t i o n r e s p e c t i v e l y of 

the s i l i c o n as the devices are made. Again, the p i e z o e l e c t r i c property 

of some d i e l e c t r i c m a t e r i a l s (e.g. quartz) has found very wide use i n 

transducers i n a p p l i c a t i o n s ranging from c r y s t a l c o n t r o l l e d o s c i l l a t o r s 

and frequency standards t o the generation of acoustic waves i n 

u l t r a s o n i c d e t e c t i o n techniques and sonar. Another important area i s 

the use o f d i e l e c t r i c m a t e r i a l s showing f e r r o e l e c t r i c t o p a r a e l e c t r i c 

t r a n s i t i o n s f o r o p t o - e l e c t r o n i c devices; here the main requirements are 

f o r h i g h speed s w i t c h i n g of l a s e r or other beams of l i g h t from one 

d i r e c t i o n t o another which i s accomplished by u t i l i z i n g the two states 

o f the d i e l e c t r i c . A w e l l e s t a b l i s h e d but nonetheless very important 

area i s t h a t of e l e c t r i c a l appliances (e.g. transformers, motors, 

h e a t i n g elements, cables and i n s u l a t e d wires) where the i n s u l a t i n g 

p r o p e r t i e s of the d i e l e c t r i c m a t e r i a l s are e x p l o i t e d . 



I n p a r t i c u l a r , w i t h i n the general f i e l d of the design, f a b r i c a t i o n 

and p r o d u c t i o n o f m i c r o - e l e c t r o n i c components there i s a more s p e c i f i c 

area concerned w i t h the problems of packaging high performance devices. 

I n t u r n , the f a c t o r s i n v olved i n the p r o v i s i o n of high performance 

packages may themselves be subdivided, f o r example, i n t o those 

concerned p r i m a r i l y w i t h the s i l i c o n chip design and manufacture, 

ph o t o l i t h o g r a p h y or s c r e e n - p r i n t i n g of c i r c u i t r y and connecting leads, 

the e l e c t r i c a l c h a r a c t e r i z a t i o n of the assembly, the p r o v i s i o n of 

s p e c i a l m a t e r i a l s f o r c o n s t r u c t i o n and bonding and matters to do w i t h 

h e r m e t i c i t y and environmental t e s t i n g . The topics discussed i n t h i s 

t h e s i s r e l a t e t o one such important aspect of packaging, namely the 

p r o v i s i o n o f the most appropriate d i e l e c t r i c substrate on which to 

mount the s i l i c o n chip. 

I t i s perhaps h e l p f u l here t o o u t l i n e the main features of a high 

performance package so t h a t an a p p r e c i a t i o n can be gained of the 

f a c t o r s i n f l u e n c i n g the choice of substrate m a t e r i a l . The arrangement 

i s i l l u s t r a t e d diagrammatically by the exploded view given i n Fig 

(1 . 1 ) . The s i l i c o n chip i s bonded to a d i e l e c t r i c substrate on which 

conductor tracks (the i n p u t / o u t p u t leads) are deposited, u s u a l l y by 

s c r e e n - p r i n t i n g techniques. Connections from these input/output leads 

to e x t e r n a l c i r c u i t r y are made v i a a lead frame. To ensure both 

hermetic s e a l i n g and some degree of o v e r a l l e l e c t r i c a l s h i e l d i n g , a 

ceramic l i d support i s also mounted on the substrate w i t h a metal or 

m e t a l l i s e d ceramic l i d on top. As s i l i c o n devices become l a r g e r and 

o p e r a t i n g frequencies r i s e , the device performance i s i n c r e a s i n g l y 

a f f e c t e d by the type o f package used to house the chip. I t i s found 

t h a t one of the major problems encountered, i n p a r t i c u l a r w i t h large, 

h i g h speed devices, i s t h a t of heat d i s s i p a t i o n since the s i l i c o n chip 

i s a c t i n g as a heat source o f s i g n i f i c a n t magnitude. Being o f course a 

semiconductor, the e l e c t r i c a l behaviour of the chip i s s t r o n g l y 
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F i g u r e l,X Exploded view oC a package 



temperature dependent and hence i t i s e s s e n t i a l t o d r a i n away t h i s heat 

i n p u t so t h a t the temperature of the s i l i c o n can be kept w i t h i n very 

t i g h t l y c o n t r o l l e d l i m i t s . This focuses a t t e n t i o n on the need f o r good 

thermal c o n d u c t i v i t y of the substrate m a t e r i a l . Conventional ceramic 

packages (based on alumina substrates) o f t e n perform poorly i n t h i s 

respect. Several s o l u t i o n s have been proposed, i n c l u d i n g the use of 

aluminium n i t r i d e (which has a value of thermal c o n d u c t i v i t y n e a r l y a 

hundred times greater than t h a t of aluminium oxide) and copper-tungsten 

i n s e r t s . Although these m a t e r i a l s have adequately large thermal 

c o n d u c t i v i t i e s t o meet c u r r e n t power d i s s i p a t i o n requirements they do 

not y e t provide a cheap, e a s i l y produced, a l t e r n a t i v e t o alumina and 

have not y e t achieved widespread use i n m i c r o e l e c t r o n i c packaging. 

Thus there i s s t i l l a requirement f o r a substrate which can combine 

hi g h thermal c o n d u c t i v i t y and good e l e c t r i c a l performance w i t h 

r e l a t i v e l y low cost and production by conventional processing routes. 

The glass-on-metal substrates aim t o f i l l t h i s need. I n these a t h i n 

l a y e r o f glass-ceramic provides an e l e c t r i c a l l y i n s u l a t i n g m a t e r i a l on 

which t o p r i n t the conductor tracks and by ensuring t h a t the 

glass-ceramic does not cover the c e n t r a l w e l l (the die attach area) i t 

i s p o s s i b l e t o remove heat from the device d i r e c t l y i n t o the metal 

base. There are other reasons why the glass-on-metal systems look 

a t t r a c t i v e . U n f o r t u n a t e l y , i t i s not possible to choose ma t e r i a l s f o r 

the s u b s t r a t e on the basis of t h e i r thermal c o n d u c t i v i t i e s alone. 

During o p e r a t i o n the temperature o f a device and i t s surroundings may 

r i s e by l a r g e amounts. I f the thermal expansion c o e f f i c i e n t s of the 

device and the metal substrate are not the same the device may become 

stressed as thermal c y c l i n g takes place and t h i s would lead to reduced 

performance. This c o n s i d e r a t i o n precludes the use of m a t e r i a l s such as 

copper which, i n a d d i t i o n t o having a high thermal c o n d u c t i v i t y , has a 

very h i g h thermal c o e f f i c i e n t of expansion of about 14.1 x 10 ^ °C '̂; 



Since t h a t o f a s i l i c o n device i s 3.0 x 10 ^ °C t h i s would give an 

unacceptable thermal expansion mismatch. I n choosing a metal or a l l o y 

f o r the substrate base (the heat sink) a thermal c o e f f i c i e n t of 

expansion mismatch not exceeding 2 x 10 ^ °C ^ would be p r e f e r r e d . 

This l i m i t s the s e l e c t i o n t o the pure metals tungsten and molybdenum 

(having thermal expansion c o e f f i c i e n t s of 4.4 x 10 ^ °C and 

5.5 X 10 ^ °C r e s p e c t i v e l y ) and a composite s t r u c t u r e of 

copper/invar/copper layers (3 x 10 ^ °C ^). The problem of matching 

thermal expansion c o e f f i c i e n t s i s not l i m i t e d t o the metal base. 

Although the glass ceramic i s not i n contact w i t h the device i t must be 

f i r m l y bonded to the metal ; one of the main requirements f o r t h i s i s 

t h a t there should be very l i t t l e thermal expansion mismatch. I f t h i s 

mismatch i s greater than about 2 x 10 ^ °C the i n t e r f a c e becomes 

excessively stressed on c o o l i n g from the f i r i n g temperature and the 

glass-ceramic c o a t i n g may e i t h e r become detached from the metal or 

cause the whole substrate to bow. I n contrast to the behaviour of a 

glass ( i n which the thermal expansion c o e f f i c i e n t i s f i x e d by the 

composition) the a b i l i t y t o a d j u s t the p r o p o r t i o n of c r y s t a l l i n e phases 

i n a glass ceramic by c o n t r o l l i n g the heat treatment gives a degree of 

f l e x i b i l i t y i n the thermal expansion of the o v e r a l l m a t e r i a l . An 

a l t e r n a t i v e and simpler way of c o n t r o l l i n g the thermal expansion 

c o e f f i c i e n t of a glass ceramic i s to adjust the composition of the 

o r i g i n a l glass ( p r i o r to heat treatment), the heat treatment cycle and 

the a d d i t i o n o f n u c l e a t i n g agents so t h a t the amount of c r y s t a l l i n e 

phase having too high an expansion c o e f f i c i e n t i s j u s t balanced by the 

amount of t h a t which has too low an expansion. This procedure can 

a l l o w very f i n e c o n t r o l o f the thermal expansion c o e f f i c i e n t of the 

f i n a l glass ceramic and i s one of the main reasons f o r the p o t e n t i a l 

importance of the glass-on-metal systems as substrates. 

The main p a r t o f the t h e s i s describes studies of the 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 o f three p o t e n t i a l substrate m a t e r i a l s f o r high 

performance packaging, aluminium oxide, aluminium n i t r i d e and 

glass-on-molybdenum. I t has been established from previous d i e l e c t r i c 

s t udies ( i n t h i s Research Group) t h a t i n some s i m i l a r m a t e r i a l s (e.g. 

magnesium oxide. Thorp and Rad, (1.1 ) ; Thorp, Kulesza, Rad, (1.2); 

S i l i c o n n i t r i d e . Thorp and S h a r i f ( 1 . 3 ) , and a series of oxide and 

o x y - n i t r i d e glasses, Thorp and Kenmuir (1.4), the dominant c o n d u c t i v i t y 

mechanism i s hopping, Jonscher ( 1 . 5 ) , and a c e n t r a l o b j e c t i v e was to 

e s t a b l i s h whether t h i s also h e l d f o r these substrate m a t e r i a l s . A 

r e l a t e d o b j e c t i v e , important f o r i t s p o t e n t i a l importance i n connection 

w i t h q u a l i t y c o n t r o l during manufacture and production, was to examine 

the r o l e o f i m p u r i t i e s i n i n f l u e n c i n g the d i e l e c t r i c behaviour. 

Chapter 2 gives a b r i e f review o f the curr e n t ideas on d i e l e c t r i c 

theory i n c l u d i n g a summary o f the requirements necessary when al l o w i n g 

f o r the p o r o s i t y o f s i n t e r e d p o l y c r y s t a l l i n e materials and a d d i t i o n 

formulae s u i t a b l e f o r d e a l i n g w i t h composite d i e l e c t r i c s . I n Chapter 3 

d e s c r i p t i o n s are given of the main experimental techniques employed f o r 

d i e l e c t r i c measurement ; these include p r i m a r i l y the Bridge methods f o r 

2 4 

the frequency range 5 x 10 Hz t o 3 x 10 Hz and the extension, using 

the Q-meter, t o an upper frequency l i m i t of around 1 x 10^ Hz. D e t a i l s 

are also given i n Chapter 3 of the adaptations required to permit 

measurements t o be made i n the low temperature range ( i . e . 85 K to 

290 K) and the hi g h temperature range (20°C to 700°C). The r e s u l t s 

obtained f o r the three groups of substrate m a t e r i a l s , (alumina, 

aluminium n i t r i d e , and glass-on-metal) are presented and discussed i n 

Chapters 4, 5 and 6 r e s p e c t i v e l y . 

During the studies on the d i e l e c t r i c substrates, most of which had 

been s u p p l i e d as sheets o f p o l y c r y s t a l l i n e s i n t e r e d s o l i d s , i t became 

apparent t h a t i t would be very h e l p f u l to develop methods f o r making 

d i e l e c t r i c measurements on powders, since the q u a l i t y of the s t a r t i n g 



m a t e r i a l s (and the e f f e c t s of some subsequent intermediate steps i n the 

f a b r i c a t i o n process) could then be monitored, so g i v i n g the p o t e n t i a l 

f o r much enhanced q u a l i t y c o n t r o l of f a b r i c a t i o n routes. The 

development o f measurement techniques f o r powders i s described i n 

Chatper 3, p e r m i t t e d some d i e l e c t r i c studies t o be made of powders 

( s p e c i f i c a l l y aluminium oxide, altiminium n i t r i d e , magnesium oxide and 

magnesium n i t r i d e ) of m a t e r i a l s used e i t h e r f o r appraisal of the 

technique or as s t a r t i n g m a t e r i a l s f o r substrate manufacture and also 

on some oxide superconductors and r e l a t e d m a t e r i a l s ; t h i s work i s 

presented i n Chapter 7. The f i n a l chapter. Chapter 8, summarises the 

main conclusions of the research and makes some suggestions f o r f u t u r e 

work. 
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CHAPTER TWO 

DIELECTRIC THEORY 

2.1 D i e l e c t r i c P r o p e r t i e s of M a t e r i a l s 

Any d i e l e c t r i c m a t e r i a l , when s u b j e c t e d to an e l e c t r i c f i e l d , i s 

c h a r a c t e r i z e d by a complex q u a n t i t y , g e n e r a l l y known as the complex 

d i e l e c t r i c c onstant or p e r m i t t i v i t y . T h i s p h y s i c a l parameter i s 

extremely important and w i l l be considered p r i o r to any s p e c i f i c f i e l d s 

of a p p l i c a t i o n . The complex d i e l e c t r i c constant i s u s u a l l y denoted by 

e . I t i s u s u a l l y w r i t t e n as e = f o r f r e e space where 

€^ = 10^2 = 8.8542 X lO''''^ F m"""" and 'c' i s the v e l o c i t y of l i g h t . 
hire 

The q u a n t i t y e i s o f t e n used i n the form of a normalized complex 

d i e l e c t r i c constant, or r e l a t i v e p e r m i t t i v i t y , i . e . 

e = 1^ = e ' - j e" (2.1) 
e 
o 

For f r e e space i t s v a l u e i s equal to u n i t y . Separating the r e a l and 

imaginary p a r t s of both s i d e s g i v e s , 

= R e a l f e'" \ (2.2) 

and 

e" = Imaginary (2.3) 

where e' and e" are r e a l and imaginary components of the complex 

d i e l e c t r i c c o n s t a n t r e s p e c t i v e l y . I n these r e l a t i o n s e' r e p r e s e n t s the 

amount of energy which can be s t o r e d by the a p p l i e d e l e c t r i c f i e l d i n a 

d i e l e c t r i c m a t e r i a l ; a l t e r n a t i v e l y , i t can be thought of as a 



parameter of the d i e l e c t r i c t h a t determines i t s a b i l i t y to form a 

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

i n c r e a s e s the c a p a c i t y by a f a c t o r of e' . On the otherhand, the 

imaginary p a r t , e" i s a d i r e c t measure of how much energy i s d i s s i p a t e d 

i n the form of heat. The r e l a t i v e p e r m i t t i v i t y , e^, can be w r i t t e n as, 

= e' ( 1 - j tanS) (2.4) 

where 

tan5 = (2.5) 

€' 

The l o s s tangent, tanS, i s equal to the r a t i o of the power l o s t i n 

heat to the energy s t o r e d per c y c l e i n the d i e l e c t r i c m a t e r i a l . The 

r e a l and imaginary components of the complex p e r m i t t i v i t i e s are shown 

by the phasor diagram i n ( F i g 2.1). For small v a l u e s of the angle 5, 

tan5 - s i n 5 . The q u a n t i t i e s e' and e" are both dimensionless because 

a l l v a l u e s are r e l a t i v e to f r e e space. Therefore they preserve t h e i r 

v a l u e s i r r e s p e c t i v e of the s e l e c t e d system of u n i t s . 

2.2 P o l a r i z a t i o n 

2.2.1 General D e s c r i p t i o n 

The d i e l e c t r i c m a t e r i a l s have l a r g e bandgaps i n comparison with 

semiconductors and metals. Consequently, i n an i d e a l case i t i s 

assumed t h a t , a t room temperature, there i s no f r e e charge i n i t . 

However, a p p l i c a t i o n of an e l e c t r i c f i e l d changes the e f f e c t i v e c e n t r e s 

of g r a v i t y of the p o s i t i v e and negative charges from t h e i r o r i g i n a l 

c o n c e n t r i c p o s i t i o n s ( i n case of non-polar m a t e r i a l s ) r e s u l t i n g i n 

p o l a r i z a t i o n . T h i s p o l a r i z a t i o n depends on the t o t a l e l e c t r i c f i e l d i n 

the m a t e r i a l , i . e . 

~P = a ~E (2.6) 

—^ 
where P i s the p o l a r i z a t i o n , 



Fig. 2.1 PhQsor diagram of E ' and E 
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Fig. 2,2 Schematic diagram of polarization mechanisms 

(with and without clectrk field.) 
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(•) Struttyfol polarization. 
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a i s the p o l a r i z a b i l i t y f a c t o r and 

E ^ i s the e l e c t r i c f i e l d . 

However, the p o l a r i z a t i o n can a l s o be defined as the e l e c t r i c dipole 

moment per u n i t volume, i . e . i t i s the sum of 'n' e l e c t r i c dipole 

moments i n a u n i t volume. 

• f = S P:̂  (2.7) 
i = l ^ 

From these twin standpoints i t can be seen t h a t the degree of the 

p o l a r i z a t i o n depends both on the e l e c t r i c f i e l d and on the arrangement 

of the atoms i n the m a t e r i a l . I n i s o t r o p i c m a t e r i a l s , the p o l a r i z a t i o n 

i s i n the same d i r e c t i o n as the e l e c t r i c f i e l d causing i t and the 

p o l a r i z a b i l i t y i s a s c a l a r q u a n t i t y . I n a n i s o t r o p i c m a t e r i a l s the 

p o l a r i z a t i o n has d i f f e r e n t v a l u e s i n d i f f e r e n t d i r e c t i o n s , so 'a' w i l l 

be a t e n s o r q u a n t i t y . 

The p o l a r i z a t i o n P, the e l e c t r i c displacement D and the e l e c t r i c 

f i e l d f ' a r e r e l a t e d by 

-> -4 ^ 
D = P + e E (2.8) 

o 

and D = e € E (2.9) 
o r 

From equations (2.8) and (2.9) one obtains 

T = €^ E{e^-1) (2.10) 

where P' i s the p o l a r i z a t i o n 

E^ i s the e l e c t r i c f i e l d 

i s complex r e l a t i v e p e r m i t t i v i t y . 

There are f i v e main mechanisms of p o l a r i z a t i o n , namely 

1. E l e c t r o n i c p o l a r i z a t i o n . 

2. I o n i c p o l a r i z a t i o n . 

3. D i p o l a r p o l a r i z a t i o n . 

4. I n t e r f a c i a l or space-charge p o l a r i z a t i o n . 
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5. S t r u c t u r a l d i p o l e p o l a r i z a t i o n . 
Some schematic diagrams of the p o l a r i z a t i o n mechanisms are shown i n 
( F i g 2.2a to 2.2e). 

2.2.2 E l e c t r o n i c P o l a r i z a t i o n 

I n any m a t e r i a l , the p o s i t i v e atomic nucleus i s surrounded by the 

e l e c t r o n s o r b i t i n g i n d i f f e r e n t o r b i t a l s . Depending on the arrangement 

of the atoms, there may or may not be an e l e c t r i c d ipole moment i n the 

system. I f the e f f e c t i v e c e n t r e of the negative charges i s c o n c e n t r i c 

w i t h the e f f e c t i v e c e n t r e of the p o s i t i v e charges, then there e x i s t s no 

i n i t i a l d i p o l e moment i n the system. By applying an e x t e r n a l e l e c t r i c 

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

the n u cleus and an e l e c t r i c d i p o l e moment i s created; e l e c t r o n i c 

p o l a r i z a t i o n has oc c u r r e d i n the system. I t i s shown s c h e m a t i c a l l y i n 

( F i g 2.2a). The time r e q u i r e d f o r e s t a b l i s h i n g t h i s p o l a r i z a t i o n i s of 

the order of 10 seconds which corresponds to the u l t r a v i o l e t range 

of frequency. S i n c e t h i s mechanism of p o l a r i z a t i o n occurs i n a l l atoms 

or i o n s , i t can be observed i n a l l d i e l e c t r i c s i r r e s p e c t i v e of whether 

other types of p o l a r i z a t i o n are present i n the system. Th i s 

p o l a r i z a t i o n s a t i s f i e s Maxwell's theory, i . e . 

2 
(2.11) 

where /z i s the r e f r a c t i v e index of the d i e l e c t r i c medium a t o p t i c a l 

wavelengths. 

2.2.3 I o n i c P o l a r i z a t i o n 

I n i o n i c or p a r t i a l l y i o n i c d i e l e c t r i c m a t e r i a l s the presence of 

an e l e c t r i c f i e l d d i s p l a c e s the ions from t h e i r e q u i l i b r i u m p o s i t i o n s 

producing an induced e l e c t r i c moment. The time r e q u i r e d f o r t h i s 

-13 -12 

p o l a r i z a t i o n i s of the order of 10 to 10 seconds and i s longer 

than f o r e l e c t r o n i c p o l a r i z a t i o n . T h i s p o l a r i z a t i o n a l s o a r i s e s from 

the displacement of the n u c l e i and i t i s frequency dependent i n the 

i n f r a - r e d r e g i o n , when the a p p l i e d frequency approaches t h a t of the 
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molecular v i b r a t i o n . T h i s p o l a r i z a t i o n does not s a t i s f y Maxwell's 

2 

equation ( 2 . 1 1 ) ; i n t h i s case £'> p . 

2.2.4 D i p o l a r O r i e n t a t i o n 

The a p p l i c a t i o n of an e x t e r n a l e l e c t r i c f i e l d to a d i e l e c t r i c 

medium tends to a l i g n the d i p o l e s p r e s e n t i n the system with the 

a p p l i e d f i e l d . The d i p o l e s a re p a i r s of o p p o s i t e l y charged e l e c t r i c 

charges w i t h equal magnitude ( i n charge) d i s p l a c e d by a r b i t r a r y 

d i s t a n c e s of the order of the atomic dimensions. However, the 

o r i e n t a t e d d i p o l e s reduce the e f f e c t i v e f i e l d i n the system by opposing 

the a p p l i e d f i e l d i n i t . 

The o r i e n t a t i o n of the molecules i s opposed by t h e i r thermal 

motion, which v a r i e s w i t h temperature. As a r e s u l t a t high 

temperatures the thermal motion p r a c t i c a l l y prevents the o r i e n t a t i o n of 

the molecules and hence the p o l a r i z a t i o n should be reduced. 

Debye has d e r i v e d the p o l a r i z a t i o n f o r p o l a r molecules and showed 

t h a t molecules w i t h zero r o t a t i o n a l energy c o n t r i b u t e to o r i e n t a t i o n a l 

p o l a r i z a b i l i t y and t h a t the number of t h i s k i n d of molecule decreases 

w i t h i n c r e a s i n g temperature. Dipole p o l a r i z a t i o n can appear i n pure 

form only i n gases, l i q u i d s and amorphous bodies. 

I n c r y s t a l l i n e s o l i d s a t temperatures below the melting point, the 

d i p o l e s a re f r o z e n and so they cannot be o r i e n t e d and dipole 

p o l a r i z a t i o n cannot occur i n them. 

2.2.5 I n t e r f a c i a l or Space Charge P o l a r i z a t i o n 

T h i s k i n d of p o l a r i z a t i o n a r i s e s when there i s an i n t e r f a c e 

between the two media which forms a space charge region. I t i s found 

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

I m p e r f e c t i o n s of c r y s t a l l i n i t y and impurity, atoms of d i f f e r e n t r a d i u s 

to those of the d i e l e c t r i c medium may give r i s e to t h i s p o l a r i z a t i o n . 

I t i s prominent a t the v e r y low f r e q u e n c i e s (< IHz i n s i n g l e c r y s t a l ; < 

5.0 kHz i n compacted powders) and found to be s e n s i t i v e to temperature. 
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At low temperature, t h i s p o l a r i z a t i o n disappears [2.1-2.3]. A l s o with 
i n c r e a s i n g frequency t h i s p o l a r i z a t i o n decreases r a p i d l y . 

2.2.6 S t r u c t u r a l Dipole O r i e n t a t i o n 

There are branches p r e s e n t i n the polymeric m a t e r i a l s . I n an 

e x t e r n a l e l e c t r i c f i e l d these branches r o t a t e by ta k i n g d i f f e r e n t 

p o s i t i o n s , r e l a t i v e to each other. T h i s causes s t r u c t u r a l dipole 

o r i e n t a t i o n . F u r t h e r examples occur i n l i q u i d s , e.g. aldehydes, 

ketones and aromatic compounds, where the s i d e group can e a s i l y r o t a t e 

i n an e x t e r n a l e l e c t r i c f i e l d c a u s i n g d i f f e r e n t d i p o l e moments and 

u l t i m a t e l y r e s u l t i n g i n d i f f e r e n t d i e l e c t r i c constants of the d i f f e r e n t 

isomers of the m a t e r i a l ( F i g 2.2e). 

2.3 Debye Equations : The Frequency Dependencies of e' and e" 

Debye formulated h i s theory of the frequency dependence of the 

complex p e r m i t t i v i t i e s mainly f o r gas and l i q u i d d i e l e c t r i c s i n the 

l i g h t of C l a u s i u s - M o s o t t i ' s i n t e r n a l f i e l d concept. Polar and 

non-polar d i e l e c t r i c s and t h e i r behaviour w i t h frequency and 

temperature r e c e i v e d much a t t e n t i o n i n h i s work. I n a d i e l e c t r i c of 

any kind, i t i s p o s s i b l e f o r s e v e r a l p o l a r i z a t i o n mechanisms to be 

p r e s e n t each c o n t r i b u t i n g d i f f e r e n t l y depending on r a t i o s of the times 

of p o l a r i z a t i o n w i t h the p e r i o d of the a p p l i e d f i e l d . I n d i e l e c t r i c s 

w i t h d i p o l a r p o l a r i z a t i o n , the time r e q u i r e d f o r p o l a r i z a t i o n to occur 

i s comparable w i t h the a p p l i e d f i e l d r e s u l t i n g i n frequency 

dependencies of the complex p e r m i t t i v i t i e s . T h i s introduces the 

concept of the Debye r e l a x a t i o n time, r^^ which can be defined as the 

time i n which the p o l a r i z a t i o n i s reduced to 1/e times i t s o r i g i n a l 

v a l u e . Debye s t a t e s t h a t d i e l e c t r i c r e l a x a t i o n i s the l a g i n dipole 

o r i e n t a t i o n behind the a p p l i e d a l t e r n a t i n g e l e c t r i c f i e l d . The 

r e l a x a t i o n time t^, depends on v a r i o u s f a c t o r s , such as the v i s c o s i t y 

of the mediiam, the s i z e of the p o l a r molecules, the frequency and the 

temperature of the m a t e r i a l . I f the p o l a r molecules are l a r g e , or the 
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v i s c o s i t y of the medium i s high, or the frequency of the a p p l i e d f i e l d 
i s h i g h , the r o t a r y motion of molecules becomes out of step with the 
f i e l d and the p o l a r i z a t i o n w i l l a c q u i r e an out-of-phase component. 
Thus the displacement c u r r e n t a c q u i r e s a conductance component i n phase 
w i t h the f i e l d which r e s u l t s i n a thermal d i s s i p a t i o n of energy ( F i g 
2.3). 

The dependencies of e' and e" on frequency are shown i n ( F i g 2.4a 

and 2.4b). As the frequency i s i n c r e a s e d , i t i s reasonable to expect 

t h a t the t o t a l p o l a r i z a t i o n w i l l decrease and hence e' w i l l decrease. 

A l l of the energy a p p l i e d to the m a t e r i a l by the e l e c t r i c f i e l d i s not 

used to o r i e n t the d i p o l e s , but some i s l o s t to the m a t e r i a l by 

i n c r e a s i n g the random thermal motion t h a t e x i s t s i n every substance. 

T h e r e f o r e as e' d e c r e a s e s , e" should i n c r e a s e . T h i s phenomenon i s 

shown i n ( F i g 2.5). 

The r e d u c t i o n i n e' i n the frequency region near 10^ Hz i s due to 

12 15 

d i p o l a r p o l a r i z a t i o n , whereas a t regions near 10 and 10 Hz, atomic 

and e l e c t r o n i c p o l a r i z a t i o n s are r e s p o n s i b l e . As the frequency 

i n c r e a s e s above f = 10^ Hz the c o n t r i b u t i o n of the dipole o r i e n t a t i o n 

e v e n t u a l l y d i s a p p e a r s , and the p e r m i t t i v i t y l e v e l s o f f a t a lower value 

e^. Where f > lO"*"^ Hz, i . e . i n the v i s i b l e frequency range, a f i n a l 

l i m i t i n g v a l u e of e' == /i (Maxwell's equation) can be reached. At zero 

frequency ( d . c . f i e l d ) , e' = e , where e i s equal to the s t a t i c value 
s s 

of d i e l e c t r i c c o n s t a n t . 
There are r e l a t i o n s between e , e , frequency and t which are 

cc S u 

c a l l e d Debye equations [ 2 . 4 ] . These can be d e r i v e d from the r e l a t i o n 

€^ + l s _ ^ (2.12) 
1 +jwr 
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I n t r o d u c i n g e = e ' - j e " and comparing r e a l and imaginary p a r t s 

y i e l d s , 

e ' (^) = W + s : a_ 

1 + t. 
(2.13) 

and €" (w) = 
(jJT 

s - PC D 

1 ^ 2 2 
(2.14) 

where £ i s the complex p e r m i t t i v i t i e s 

i s the Debye r e l a x a t i o n time 

€ i s the s t a t i c v a l u e of the d i e l e c t r i c constant 
s 

£ i s the l i m i t i n g v a l u e of the d i e l e c t r i c constant 

w i s the angular frequency. 

The equations (2.13) and (2.14) are the well-known Debye equations. 

When WT = 1, a l o s s peak i s obtained. The r a t i o of the equations 

(2.14) and (2.13) i s 

£'(w)-£„ 
(2.15) 

and depends on the frequency and the r e l a x a t i o n time. 

These equations are p l o t t e d i n ( F i g 2.5). E l i m i n a t i n g w Xpbetween 

equations (2.13) and (2.14) g i v e s 

+ e" " s - " g (2.16) 

which i s the equation of a c i r c l e . Since e" > 0 a s e m i c i r c l e w i l l be 

p h y s i c a l l y meaningful. The Debye s e m i c i r c l e has the advantage of 

g i v i n g a r e p r e s e n t a t i o n of a simple r e l a x a t i o n process when the 

r e l a t i v e p e r m i t t i v i t i e s e' and e" are p l o t t e d on a complex plane. 
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The a.c. e l e c t r i c a l c o n d u c t i v i t y can be represented by 

/ N 2 
a.c. ^ 

1 ^ 2 2 
1 + w r 

(2.17) 

T h i s a p p l i e s only f o r d i p o l a r p r o c e s s e s . As can be seen a t frequencies 

2 
f < 1, CT i s p r o p o r t i o n a l to w . T h i s r e s u l t d i f f e r s from t h a t 

T 

obtained on the hopping model. 

2.4 The Jonscher U n i v e r s a l Law : the Screened-Hopping Model 

There a re s e v e r a l t h e o r i e s e x i s t i n g a t the moment to e x p l a i n the 

o r i g i n and behaviour of d i e l e c t r i c m a t e r i a l s [ 2 . 5 ] . The t r a d i t i o n a l 

approach to the i n t e r p r e t a t i o n of the frequency dependence of the 

d i e l e c t r i c l o s s i s based on the Debye p o l a r i z a t i o n mechanism f o r which 

the complex d i e l e c t r i c s u s c e p t i b i l i t y xM i s given by [ 2 . 6 ] . 

X(w) = x'M - ix"(<^) = i^'M - f^l/^Q 

= (1 + iwr)'^ (2.18) 

where e'(w) i s the complex d i e l e c t r i c p e r m i t t i v i t y a t r a d i a n 

frequency w, 

e i s the l i m i t i n g high-frequency value of e'{w), 
oc 

i s the p e r m i t t i v i t y of f r e e space, 

X' i s the r e a l component of the complex s u s c e p t i b i l i t y , 

X" i s the imaginary component of the complex s u s c e p t i b i l i t y . 

Using the u n i v e r s a l l y a p p l i c a b l e Kramers-Kronig r e l a t i o n , the Debye 

d i e l e c t r i c behaviour takes the f o l l o w i n g form 

y " ( ^ ) = WT (2.19) 
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which shows t h a t the r a t i o of the energy l o s t to the energy s t o r e d i n 
the d i e l e c t r i c system per c y c l e i s not constant but r a t h e r depends on 
the r e l a x a t i o n time, r . I t i s r e l e v a n t to p o i n t out here t h a t the 
Debye i n t e r p r e t a t i o n of d i e l e c t r i c p o l a r i z a t i o n was e n t i r e l y based on 
the experimental data from the n o n - i n t e r a c t i n g substances l i k e gases, 
vapours and l i q u i d s c o n t a i n i n g a v e r y small c o n c e n t r a t i o n of polar 
molecule i n a non-polar s o l v e n t . On the otherhand, i n s o l i d s , the 
i n t e r a c t i o n s between the atoms and molecules are q u i t e d i f f e r e n t from 
those o c c u r i n g i n gases and l i q u i d s . 

There are two d i f f e r e n t approaches to t r e a t the dynamics of 

d i e l e c t r i c p o l a r i z a t i o n : (a) the molecular d i p o l e s and (b) hopping. 

Again, the " s e q u e n t i a l hopping" model i s i n many ways eq u i v a l e n t to the 

former approach, r e p l a c i n g the d i s t r i b u t i o n of d i p o l a r r e l a x a t i o n times 

w i t h a corresponding d i s t r i b u t i o n of hopping times; i t a l s o accounts 

f o r the d.c. c o n d u c t i v i t y i n the l i m i t o f zero frequency. The hopping 

model p r e d i c t s t h a t there i s no c o r r e l a t i o n between d.c. c o n d u c t i v i t y 

a^, and a.c. c o n d u c t i v i t y a(t<;) ; i t a l s o p r e d i c t s t h a t a(w) i s pressure 

independent but t h a t the d.c. c o n d u c t i v i t y does depend on pressure 

[ 2 . 7 ] . Jonscher has introduced a new " U n i v e r s a l Law" to t r e a t the 

dynamics of d i e l e c t r i c p o l a r i z a t i o n as a many-body i n t e r a c t i o n based on 

a screened-hopping model [ 2 . 8 ] . An e a r l i e r attempt to e x p l a i n the a.c. 

c o n d u c t i v i t y mechanism i n d i s o r d e r e d s o l i d s i n terms of many-body 

i n t e r a c t i o n s was made by P o l l a k and Pike, who a s s o c i a t e d i t with atomic 

movements and the s p e c i f i c heat anomaly [ 2 . 9 ] . However, the d i e l e c t r i c 

response of s o l i d s based on Jonscher's model does f i n d s t r i k i n g 

p a r a l l e l s i n other branches of p h y s i c s i n v o l v i n g t h e o r e t i c a l 

e x p r e s s i o n s f o r time-dependent responses r e s u l t i n g from many-body 

i n t e r a c t i o n s . According to Jonscher the c o n d i t i o n s t h a t must be 

s a t i s f i e d i n a d i e l e c t r i c system f o r the Kramers Kronig c r i t e r i o n 

[2.6,2.7] to apply a r e : (1) discontinuous hopping of charges between 
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l o c a l i s e d p o s i t i o n s , and (2) the presence of a screening-charge 
a d j u s t i n g s l o w l y to the r a p i d hopping. 

The f i r s t p o i n t can be v i s u a l i s e d i n the f o l l o w i n g way: 

I n a c o n v e n t i o n a l p i c t u r e hopping occurs between two l o c a l i s e d 

l e v e l s , each of which i s uniquely defined i n space and i n energy ( F i g 

2.6a). T h i s model i s a p p l i c a b l e to media i n which the p o l a r i z a t i o n 

responds s u f f i c i e n t l y r a p i d l y . On the otherhand, i f the p o l a r i z a t i o n 

of the d i e l e c t r i c medium responds r e l a t i v e l y s l o w l y i n comparison with 

the time taken by the t u n n e l l i n g process, then the energy l e v e l p i c t u r e 

must be modified to t h a t shown i n ( F i g 2.6b). The "empty" and the 

"occupied" s t a t e s are separated by a p o l a r i z a t i o n energy Ŵ , due to the 

r e l a x a t i o n of the surrounding - l a t t i c e and c a r r i e r s . 

I n the l a t t e r c ase, the t r a n s i t i o n from a l o c a l i s e d l e v e l " i " , 

i n t o an e q u i v a l e n t unoccupied l e v e l " j " having the same energy may be 

c o n s i d e r e d to occur i n three stages ( F i g 2.6c). Process (1) i s the 

thermal e x c i t a t i o n of the c a r r i e r i n t o a v i r t u a l s t a t e corresponding to 

the u n r e l a x e d energy of an empty s t a t e . The f o l l o w i n g t u n n e l l i n g 

t r a n s i t i o n (2) i s not a c t i v a t e d and the process i s completed by a 

gradual r e l a x a t i o n , ( 3 ) , i n t o the ground s t a t e of the newly occupied 

c e n t r e . For t h i s mechanism to be a p p l i c a b l e , the e q u i l i b r i u m 

t r a n s i t i o n time r , should s a t i s f y the c o n d i t i o n r » r ^ , where i s 
o' •' o D D 

the r e l a x a t i o n time f o r the p o l a r i z a t i o n process, s i n c e otherwise the 

c a r r i e r would be r e - e x c i t e d before i t has had a chance to r e l a x . T h i s 

c o n d i t i o n may be expected to be s a t i s f i e d a t low temperatures, such 

t h a t kT < At h i g h e r temperatures the system becomes e f f e c t i v e l y 

the same as the model of ( F i g 2.6a). T h i s corresponds to a r a p i d l y 

p o l a r i z a b l e medium, s i n c e i n t h i s case the model has no time to respond 

to the r a p i d t r a n s i t i o n r a t e and a d j u s t s i t s e l f only to the mean 

occupancy. 

The second c o n d i t i o n regarding the presence of screening-charge 
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Fig. 2.6 Localised energy levels in hopping between pairs or 

centres. 

(a) Hopping in a medium in which polarization relaxes 

very rapidly the conventional hopping system. 

(b) Full and empty centres in a medium in 

which polarization relaxes slowly ; 

(c) Three stages of hopping between two 

centres as in (b). 
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adjustment l e a d s to the f o l l o w i n g p i c t u r e ( F i g 2.7). I n t h i s aspect of 
the J o n s c h e r model, the d i e l e c t r i c m a t e r i a l i s considered to c o n t a i n a 
c e r t a i n d e n s i t y of l o c a l i s e d charges. Some of these may be able to hop 
over many c o n s e c u t i v e s i t e s , u l t i m a t e l y g i v i n g r i s e to a d.c. 
c o n d u c t i v i t y a^. Others may be r e s t r i c t e d to s h o r t e r ranges with the 
l i m i t i n g case of p a i r s of hopping s i t e s . I t should be noted here, 
however, t h a t the f r e e c a r r i e r conduction i n the conduction and valence 
bands l i e s o u t s i d e t h i s model. A charge +q l o c a l i s e d on a s i t e ' i' 
imposes a Coulomb-like p o t e n t i a l on the surrounding medium and t h i s 
tends to r e p e l l i k e charges and to a t t r a c t any o p p o s i t e l y charged 
p a r t i c l e s t h a t may be p r e s e n t i n the neighbourhood thus b r i n g i n g about 
a p a r t i a l s c r e e n i n g of the charge i n question. I n a system c o n s i s t i n g 
of l o c a l i s e d charges the s c r e e n i n g would not be as complete as t h a t due 
to f r e e charges, s i n c e l o c a l i s e d charges are not q u i t e f r e e to assume 
the e x a c t l o c a l d e n s i t y demanded by the l o c a l value of the p o t e n t i a l . 
T h i s r e s u l t s i n the e f f e c t i v e v a l u e of q on s i t e ' i' to be reduced to 
some s m a l l e r v a l u e pq where p < 1. 

I f the charge i n q u e s t i o n makes a r a p i d hopping t r a n s i t i o n to a 

neighbouring s i t e ' j ' through a d i s t a n c e | r ^ j | , the s c r e e n i n g charge w i l l 

i n i t i a l l y be l e f t behind on s i t e ' i ' , so t h a t the i n i t i a l change of 

p o l a r i z a t i o n i s ^^jj^jl ^ ^ i ^ t h i s only g r a d u a l l y decreases to p q ^ ^ l as the 

s c r e e n i n g r e a d j u s t s i t s e l f to the new p o s i t i o n of the charge a t ' j ' . 

T h i s adjustment time i s l o o s e l y termed as the r e l a x a t i o n time r ^ . 

Assuming t h a t the charge remains a t s i t e ' j ' f o r a time longer than 

(^j; '̂ D̂  ' sequence of events involved i n a hopping t r a n s i t i o n 

may be v i s u a l i s e d w i t h r e f e r e n c e to ( F i g 1.1k). The r e d u c t i o n of the 

r e s u l t i n g p o l a r i z a t i o n from q ^ j l to P ^ ' ^ j l corresponds to the r e d u c t i o n 

of the p o t e n t i a l energy of the system and the energy l o s s i n v o l v e d i s 

d i s s i p a t e d through the phonon system. The opposite case where « 

i s more l i k e l y to occur i n nature and presents a q u a l i t a t i v e l y 
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d i f f e r e n t p i c t u r e , although the end r e s u l t i s the same. Since the 
screening space charge cannot f o l l o w the i n d i v i d u a l t r a n s i t i o n s , the 
screening charge adjusts i t s e l f t o the time-averaged occupancies f ^ and 
f j o f the two s i t e s . The a p p l i c a t i o n of an e x t e r n a l f i e l d E enhances 
the downfield r a t e and reduces the u p f i e l d r a t e r e s u l t i n g i n a net 
charge o f occupancies by +f' w i t h respect to e q u i l i b r i u m . Each 
i n d i v i d u a l net t r a n s i t i o n may be considered as the t r a n s f e r of a 'bare' 
unscreened charge q through the distance l^jij|> subsequent 

readjustment of the screening charge gives r i s e to a f i n a l p o l a r i z a t i o n 

|Pl= pqjr^.jf'. Since a l l the net t r a n s i t i o n s take place i n the f i e l d E, 

the energy derived from the f i e l d i s | E | q f ' | r ^ j | but the energy stored 

i n the system a f t e r r e l a x a t i o n i s only 

ŵ  = |E'|qp|r.j|f' (2.20) 

and the energy l o s t i s given by 

ŵ  = |E|q ( l - p ) | r . . | f ' (2.21) 

I n e i t h e r case, < or, ''D ''r' s e t t i n g up of a given state 

of p o l a r i s a t i o n ? i n the system of hopping charges must give r i s e to a 

loss o f energy which i s p r o p o r t i o n a l to the stored energy and which 

does not depend on the r a t e a t which t h i s s t a t e of p o l a r i z a t i o n has 

been e s t a b l i s h e d . 

The energy loss ŵ^ a r i s i n g from the proposed screening mechanism 

i s a d d i t i o n a l t o any loss t h a t may ar i s e i n an a l t e r n a t i n g f i e l d from 

the normal Debye r e l a x a t i o n T^. The screening loss extends down to 

much lower frequencies than the frequency 1/^^. where i s a thermally 

a c t i v a t e d Debye r e l a x a t i o n time. 

An i d e a l d i p o l a r system cannot give r i s e t o screening since no 
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t r a n s f e r o f charge can occur. A l l r e a l molecular dipoles have f i n i t e 
l e n g t h on an atomic scale and i n v a r i a b l y one of t h e i r poles i s more 
r i g i d l y f i x e d i n the l a t t i c e than the other, as f o r example, i n the 
case o f a p o l a r side group on a r i g i d carbon chain i n a polymer. 
Jonscher has introduced the concept of a "pinned d i p o l e " , the response 
of which i s not p u r e l y o r i e n t a t i o n a l but contains also an inseparable 
element o f charge t r a n s l a t i o n ( F i g 2.7B). The 'pinned di p o l e s ' screen 
f i e l d as hopping charges do, p o s s i b l y i n a less e f f e c t i v e way. 

By applying H i l b e r t transforms and the Kramers Kronig r e l a t i o n s , 

Jonscher deduced the f o l l o w i n g equations f o r the r e a l and imaginary 

components of the d i e l e c t r i c s u s c e p t i b i l i t y and a.c. c o n d u c t i v i t y [2.8] 

X' (w) a w""-"-, n < 1 (2.22) 

X" (w) a w^'^, n < 1 (2.23) 

a (w) aw", n < 1 (2.24) 

where x' i^) i s the r e a l component of d i e l e c t r i c s u s c e p t i b i l i t y , 

;f"(w) i s the imaginary component of d i e l e c t r i c s u s c e p t i b i l i t y , 

o (w) i s the a.c. c o n d u c t i v i t y , 
a.c 

and the exponent 'n' u s u a l l y l i e s between o.8 and 1.0. Again the a.c. 

c o n d u c t i v i t y i s expressed by the f o l l o w i n g equation 

a(w) = a + e w X" (^) (2.25) a.c. o o 

where i s the d.c. c o n d u c t i v i t y and e^w x"(w)is the d i e l e c t r i c c o n d u c t i v i t y , 

The important f e a t u r e of Jonscher's model i s i n the extended range 

of frequencies over which the r a t i o of the imaginary and r e a l 

components o f the d i e l e c t r i c s u s c e p t i b i l i t y remains constant and 

independent of frequency [2.6-2.8] 
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Fig. 2.7 [ B ] The confrasf between a "free" dipole (a) 

and Q "pinned" dipole (b). 

A change of the orientation of the former does 

not bring about any change of the distribution 

of space charge, while a similar change for the 

latter does. 
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y"(w) = coth (rwr 1= constant (2.26) 

These p r e d i c t i o n s vary considerably from those t o be expected on the 

basis o f the Debye model. 

2.5 Temperature Dependence o f P e r m i t t i v i t y 

The Bosman and Havinga's Equations 

I n s o l i d d i e l e c t r i c m a t e r i a l s the nature o f the dependence of 

d i e l e c t r i c constant on temperature may be determined by various 

f a c t o r s . I n most cases when the temperature increases, the i o n i c 

mechanism o f p o l a r i z a t i o n increases and hence the magnitude of e' w i l l 

be increased. I n c o n t r a s t , the increase of temperature does not a f f e c t 

the e l e c t r o n i c p o l a r i z a t i o n . On the otherhand the dipole o r i e n t a t i o n 

c o n t r i b u t i o n i s also d i r e c t l y p r o p o r t i o n a l to the temperature, i . e . the 

temperature f a c i l i t a t e s the r o t a t i o n of dipoles i n an applied e l e c t r i c 

f i e l d . I n p o l a r d i e l e c t r i c m a t e r i a l s the molecules cannot o r i e n t 

themselves i n the low temperature region. I n the case of i s o t r o p i c and 

cubic d i e l e c t r i c s , the temperature v a r i a t i o n of the d i e l e c t r i c constant 

behaviour depends on three f a c t o r s . These f a c t o r s have been studied by 

Havinga [ 2 . 1 0 ] . He has attemped to c a l c u l a t e these f a c t o r s from the 

Clausius-Mosotti equation, which i s given by 

£' -1 N a (2.27) 
£'+2 3£ 

o 

where N i s the number of molecules per u n i t volume, 

£^ i s the p e r m i t t i v i t y of f r e e space 

a i s the p o l a r i z a b i l i t y of molecules 

e' i s the d i e l e c t r i c constant. 

The Clausius-Mosotti equation i s a r e l a t i o n between a macroscopic 

p r o p e r t y of a d i e l e c t r i c , ( i . e . e', which can be measured 
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e x p e r i m e n t a l l y ) and a microscopic property, ( i . e . p o l a r i z a b i l i t y , a) 
I n equation (2.27) N can be replaced by 

N p 

N = ^ (2.28) 
• M 

23 
where N i s the Avogadro's number (6.022169 x 10 m o l e s / l i t r e ) 

M i s the molecular weight ( i n kg) 
-3 

p i s the d e n s i t y (kg m ) . 

Another v e r s i o n of the Clausius-Mosotti equation may be w r i t t e n as 

[2 . 1 1 ] . 

e'+2 [^^ J 
(2.29) 

where v i s equal t o the volume of a small sphere of m a t e r i a l . I t must 

be taken t h a t the volume o f the sphere i s large r e l a t i v e t o the l a t t i c e 

dimensions. 

The Clausius-Mosotti equation i s applicable to a l l cubic and 

i s o t r o p i c m a t e r i a l s and the d e r i v a t i o n i s based on t h i s assumption. 

From equation (2.18) one can derive the r e l a t i o n 

A + B + C (2.30) 

where A, B and C are the f a c t o r s which have been c a l c u l a t e d by Havinga. 

They are defined as: 

A: This f a c t o r a r i s e s from volume expansion. As a r e s u l t of expansion 

the number of p o l a r i z a b l e p a r t i c l e s per u n i t volume i s reduced (since 

the numbers of p a r t i c l e s are const a n t ) . Therefore by increasing 

temperature e' decreases. 

B: This f a c t o r increases the magnitude of e' since i t r e l a t e s t o the 
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increase o f p o l a r i z a b i l i t y of the p a r t i c l e s when the volume expansion 

occurs. 

C: I n a constant volume, t h i s f a c t o r arises from the dependence of 

p o l a r i z a b i l i t y o f the p a r t i c l e s on temperature. 

I n order t o determine A, B and C, some p h y s i c a l q u a n t i t i e s must be 

measured ex p e r i m e n t a l l y [2.10,2.11]; u s u a l l y these f a c t o r s are 

evaluated from d i e l e c t r i c constant versus temperature data. The 

magnitudes o f A, B and C vary f o r d i f f e r e n t m a t e r i a l s . 

Bosman and Havinga [2.12] have found t h a t the sum of A and B i s 

always p o s i t i v e and hence (A + B) c o n t r i b u t e s to increasing £'. But 

the f a c t o r C i s negative f o r those types of m a t e r i a l w i t h e' > 10 and 

i t i s p o s i t i v e f o r those which have e' < 10. 

According t o them, the temperature dependence of the d i e l e c t r i c 

constant (Equation 2.30) i s always p o s i t i v e f o r e' < 20 and i t i s 

negative f o r e' > 20. 

At h i g h temperatures the r e l a t i o n s h i p i s not v a l i d because other 

conduction processes (such as i o n i c conduction) begin to play a major 

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

temperature c o e f f i c i e n t of p e r m i t t i v i t y over the range of environmental 

temperatures u s u a l l y encountered, i . e . between about 0°C to 200°C; i t 

i s however expected t o h o l d f o r low temperatures at l e a s t down to 77 K. 

2.6 P o r o s i t y C o r r e c t i o n f o r Powder Samples 

D i e l e c t r i c measurements o f t e n have t o be made on samples which are 

not s o l i d s i n the sense of homogeneous s i n g l e c r y s t a l s where the a c t u a l 

d e n s i t y i s very close t o the t r u e X-ray density. Two p a r t i c u l a r forms 

of m a t e r i a l are of considerable i n d u s t r i a l importance, namely powders 

and s i n t e r e d p o l y c r y s t a l l i n e m a t e r i a l s . Powders, or powder mixtures, 

o f t e n form the precursors i n the powder technology used to make many 

engineering ceramics. Examples r e l e v a n t t o the present t h e s i s include 

s i n t e r e d p o l y c r y s t a l l i n e alumina and aluminium n i t r i d e , both of which 
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are r e q u i r e d i n sheet form f o r device a p p l i c a t i o n s . I t i s therefore 
necessary t o devise techniques whereby the d i e l e c t r i c parameters of the 
m a t r i x s o l i d can be i n f e r r e d from data obtained from measurements on 
powders or porous m a t e r i a l . 

A pressed powder sample i s a mixture of a i r and small p a r t i c l e s of 

the m a t e r i a l o f which has formed a r i g i d porous s o l i d a f t e r being 

subjected t o an e x t e r n a l pressure. The p o r o s i t y of the r e s u l t i n g s o l i d 

i s described by the term "packing f r a c t i o n " , which i s defined as the 

r a t i o of the d e n s i t y of the porous sample to the tru e density of the 

s o l i d m a t e r i a l . The simplest way of representing t h i s porous s o l i d i s 

by a two-layer model,(Fig 2.8a,b) n e g l e c t i n g any a d d i t i o n a l e f f e c t s of 

g r a i n boundaries ( F i g 2.2d). On the otherhand, a s i n t e r e d 

p o l y c r y s t a l l i n e m a t e r i a l (which w i l l have been h e a t - t r e a t e d o f t e n under 

pressure) contains fewer voids and consequently has a higher value of 

packing f r a c t i o n (about 0.8 t o 0.9) but may also be considered as a 

porous s o l i d . However, the density of the s i n t e r e d powder i s less than 

the t r u e X-ray d e n s i t y of the m a t e r i a l (e.g., hot pressed Si^N^). 

There i s a wide range of formulae a v a i l a b l e i n the l i t e r a t u r e 

[2.13-2.17] f o r the c o r r e l a t i o n between data obtained from the powder 

and b u l k forms o f a given m a t e r i a l . The expressions vary s i g n i f i c a n t l y 

depending on the p a r t i c l e geometry, p a r t i c l e size d i s t r i b u t i o n and 

p o r o s i t y . I t i s i n t e r e s t i n g t o note t h a t the d i e l e c t r i c c o r r e l a t i o n 

formulae a v a i l a b l e i n the l i t e r a t u r e have been used f o r the 

d e t e r m i n a t i o n o f the complex p e r m i t t i v i t i e s of s o l i d s a t frequencies 

above about 10^ Hz [2. 1 8 ] . 

The most widely used d i e l e c t r i c c o r r e l a t i o n formulae are those of 

Botffcher [2.14] are given by 

(2€' + 35-2) {(35-1) (£' ^ + e" h + e' } - 2e" ^ 
e' = P P P P P (2.31) 

s :—" 

(35 - 1 ) ^ (€' ^ + e" ^)+ 2€' (35-1) + 1 
^ P P ' P 
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Fig. 2.& (Q ) Schematic diagram of a powder sample, 

(bl Equivalent two layer model. 
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and 

2(35-1) (£" ^ + e'J- £" ) + e" (35-2) + 4£' £" 
P P P P P P (2.32) 

S 

(35-1)2 (£' 2 + ,.. 2^^ 2£' (35-1) + 1 

where £' and £' are d i e l e c t r i c constant of s o l i d and powder 
s p 

r e s p e c t i v e l y , e"^ and £"^ are the d i e l e c t r i c loss of s o l i d and powder 

r e s p e c t i v e l y , 5 i s the packing f r a c t i o n . 

These expressions apply s p e c i f i c a l l y t o s p h e r i c a l p a r t i c l e s . On 

the otherhand a more recent equation i s t h a t derived independently by 

Landau and L i f s h i t z [2.19] and Looyenga [2.13]. The equation i s 

e' V3 . 1 ^ 1/3 . 1) (2.33) 
p s 

where e' i s the b u l k d i e l e c t r i c constant of the m a t e r i a l and e' i s s p 

the d i e l e c t r i c constant o f the powder a t packing f r a c t i o n 5. Looyenga 

has not given a separate formula f o r the d i e l e c t r i c loss but using the 

r e l a t i o n £ = £'-j€", Dube [2.20] obtained the f o l l o w i n g r e l a t i o n 

p rovided £"/e' « 1, (double dashed and si n g l e dashed are d i e l e c t r i c 

loss and d i e l e c t r i c constants r e s p e c t i v e l y ) 

(2.34) 

where e" and £" are the d i e l e c t r i c losses f o r s o l i d and powder 
s p 

r e s p e c t i v e l y . These are also s u i t a b l e f o r s p h e r i c a l p a r t i c l e s . I n the 

present i n v e s t i g a t i o n , an attempt has been made to use the Looyenga's 

formulae f o r the d i e l e c t r i c c o r r e l a t i o n between powder and bu l k i n the 
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low frequency range both a t room temperature and at 77 K. I n a l l the 

powders examined here the assumption o f s p h e r i c a l p a r t i c l e s i s a good 

f i r s t approximation, although there may be some d i s t r i b u t i o n of 

p a r t i c l e s i z e . 

The Looyenga expression have been used i n preference to Bottcher's 

because previous work on magnesium oxide [2.21] showed t h a t these gave 

a b e t t e r f i t t o the known values f o r the s o l i d m a t e r i a l . 
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CHAPTER THREE 

EXPERIMENTAL TECHNIQUES FOR THE 

MEASUREMENT OF DIELECTRIC PROPERTIES 

3.1 D.C.Measurements 

Although s t r i c t l y not a d i e l e c t r i c property, i t i s convenient to 

begin the discussion by r e f e r i n g to d.c. c o n d u c t i v i t y , whose values 

o f t e n form a u s e f u l basis of comparison. There are several techniques 

f o r measuring the d.c. c o n d u c t i v i t y of s o l i d s which depend upon the 

nature, geometry and the surroundings of the m a t e r i a l concerned. 

Usually two, three and fou r probe techniques are ext e n s i v e l y used f o r 

the d e t e r m i n a t i o n of the d.c. c o n d u c t i v i t y of s o l i d s ( F i g 3.1a,b,c). 

Generally a metal contact may be e i t h e r ohmic or r e c t i f y i n g depending 

on the r e l a t i v e work fun c t i o n s of the metal and the sample. However, 

f o r measurements of d.c. c o n d u c t i v i t y an ohmic contact i s e s s e n t i a l . 

A t y p i c a l 

m e t a l - d i e l e c t r i c - m e t a l contact and i t s energy band diagram i s shown i n 

Fi g 3.2 w h i l e Table 3.1 presents some t y p i c a l values of work functions 

of metals and d i e l e c t r i c s . 

U s u ally, gold (Au), s i l v e r (Ag) and some a l l o y s l i k e Ag-Ga, Bi-Sb, 

Ag-Sb, are used as contact "materials since they provide ohmic contacts. 

Depending on the problem two, three or four probe techniques can be 

used f o r the determination of the d.c. c o n d u c t i v i t y of s o l i d m a t e r i a l s . 

For those w i t h very high r e s i s t i v i t y or very low c o n d u c t i v i t y ( o f the 

order o f 10 ''"̂  - 10 ''"̂  Q ^cm ̂ ), as i n the case of most of the 

i n s u l a t o r s , two probe technique i s generally employed. The l i m i t a t i o n 

of the two probe technique i s t h a t the bulk resistance (or the 

r e s i s t i v i t y ) o f the m a t e r i a l under i n v e s t i g a t i o n should be considerably 

higher than t h a t of the contact, so lea v i n g p r a c t i c a l l y no e f f e c t of 

contact r e s i s t a n c e on the fl o w of c u r r e n t . I n semiconductors, because 
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TABLE 3.1: T y p i c a l values of work fun c t i o n s of metals and 
d i e l e c t r i c s a t 20°C 

Metal ^ eV m D i e l e c t r i c 

Cs 1.9 Pure alumina (Al^O^) - 5 

Mg 3.8 Pure s i l i c a (SiO^) - 6 

A l 4.2 Polystyrene 4.2 

Ag 4.3 Polycarbonate 4.3 

Ni 4.7 Boron alumino s i l i c a t e 
glass 

4.3 

Au 4.9 Polyimide 4.4 
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of the s i g n i f i c a n t c o n t r i b u t i o n of the contact resistance towards the 
t o t a l r e s i s t a n c e o f the system, the two probe technique f o r determining 
d.c. c o n d u c t i v i t y i s inaccurate and hence a four probe technique i s 
u s u a l l y used. I n the f o u r probe technique, the e f f e c t of the contact 
r e s i s t a n c e i s s u c c e s s f u l l y avoided due to the m e r i t of the technique 
i t s e l f and a precise measuremnet of the d.c. c o n d u c t i v i t y i s possible, 
i f the geometry o f the sample i s s u i t a b l e f o r the system [ 3 . 1 ] . 

A three electrode technique becomes i n e v i t a b l e when the m a t e r i a l 

under i n v e s t i g a t i o n i s on a conducting substrate. On the f r e e surface 

of the t e s t sample a contact of r e l a t i v e l y small area w i t h respect to 

the conducting substrate leads to the current or f i e l d spreading e f f e c t 

[3.2-3.4], ( F i g 3.3a), producing misleading r e s u l t s because the 

e l e c t r o d e area i s not w e l l defined. To avoid t h i s e f f e c t , a t h i r d 

e l e ctrode of the form of a r i n g (a guard r i n g electrode) i s deposited 

around the c e n t r a l c i r c u l a r electrode (Fig 3.3b,c). Both electrodes 

are c o n c e n t r i c and spaced from each other by a s u i t a b l y small p h y s i c a l 

distance. A s i n g l e mask of proper dimensions i s a r e a l i s t i c approach 

towards s o l v i n g t h i s problem at the evaporation stage. Because of the 

f a c t t h a t both the guard r i n g and the c e n t r a l electrode are a t the same 

p o t e n t i a l the e l e c t r i c f i e l d to a very close approximation 

perpendicular to the electrode and the electrode area, corresponding to 

the c e n t r a l e lectrode diameter, i s w e l l defined. The d.c. c o n d u c t i v i t y 

(a ) f o r the two and three electrode techniques can be expressed by 
CI. O • 

the f o l l o w i n g equation 

o = . 1 = = JLI (""•'• cm'-"-) (3.1) 
R.A VA 

d.c. 

where ^ i s the l e n g t h of the sample ( i n cm) between the 

electrodes or the thickness, d ( i n cm) f o r the present 

i n v e s t i g a t i o n . 
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2 
A i s the area of the contact electrode ( i n cm ) , 
R i s the resistance between the electrodes of the sample ( i n 

ohms), 

V i s the voltage a p p l i e d beteween the electrodes ( i n v o l t s ) , 

I i s the c u r r e n t through the sample ( i n amperes), 

^ i s the d.c. r e s i s t i v i t y of the sample. 

For the fo u r probe technique the d.c. c o n d u c t i v i t y equation i s as 

f o l l o w s [ 3 . 5 ] , 

d.c. 
= _l_ = 2ns Va^ 

d.c. 

(3.2) 

where a, = d.c. c o n d u c t i v i t y (Q cm •*"), 
d.c 

s^= s^ = s^ = s i s the distance between the p a i r of points 

( i n cm), 

Vj^3 i s the voltage measured between the second and t h i r d 

electrodes ( i n v o l t s ) , 

I i s the c u r r e n t between the f i r s t and the f o u r t h 

electrodes ( i n amperes) 

The a l t e r n a t i v e Van der Pauw method i s w e l l known f o r 

d . c . c o n d u c t i v i t y or r e s i s t i v i t y measurement being e s p e c i a l l y u s e f u l 

when the sample geometry i s i r r e g u l a r w i t h a r b i t r a r y shape and size 

( F i g 3.4). This method provides i n f o r m a t i o n about d.c. c o n d u c t i v i t y 

and, f o r semiconducting m a t e r i a l parameters such as the m o b i l i t y , 

c a r r i e r c o n c e n t r a t i o n and H a l l c o e f f i c i e n t when the sample i s subjected 

to a magnetic f i e l d . Here c o n d u c t i v i t y i s given by the expression, 

[ 3 . 6 ] , 

d.c. 
1 = nd 

a, l o g 2 d.c. ^e 

^ AB. CD +^ BC. DA AB. CD 

BC, DA 

(3.3) 
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where R._ i s the resistance between A and B when the curr e n t 
AB, CD 

i s f l o w i n g i n between the p o i n t s C and D. 

R f o l l o w s the same analogy. 
Bi-i, DA 

p, i s the d.c. r e s i s t i v i t y o f the sample, 
d.c. 

<7 , i s the d.c. c o n d u c t i v i t y of the same, 
d.c. 

d i s ̂ he thickness of the sample. 
f ( AB,CD I i s a c o r r e c t i o n f o r electrode assymetry. 

v^BCDA y , 
3 . 2 Low Frequen"cv"Kri5ge Techniques 

3.2.1 Two Electrode Systems 

I n order t o determine the d i e l e c t r i c p r o p e r t i e s o f s o l i d materials 

over a wide range of frequencies, i t i s necessary to use d i f f e r e n t 

techniques f o r the d i f f e r e n t frequency ranges. Each technique has i t s 

performance l i m i t e d t o w i t h i n a f i x e d range of frequencies. The 

frequency ranges of the most popular c i r c u i t r y are summarised i n Fig 

(3.5) and t h e i r main advantages and disadvantages l i s t e d i n Table 

(3 . 2 ) . 

2 4 

At low frequencies (5x10 Hz - 3x10 Hz) bridge techniques are most 

appropriate and s u i t a b l e f o r the precise measurements of complex 

p e r m i t t i v i t i e s and c o n d u c t i v i t y . I n t h i s range of frequencies, the 

d i e l e c t r i c p r o p e r t i e s of m a t e r i a l s are u s u a l l y determined by measuring 

the capacitance and the conductance of the sample he l d between a p a i r 

of micrometer electrodes. The p r i n c i p l e of the Wheatstone bridge has 

long been employed i n the measurements of conductance, inductance and 

capacitance [ 3 . 7 ] . The design o f these bridges depends not only on the 

type and p r e c i s i o n o f measurement r e q u i r e d , but also on the frequency 

range needed. The electrode systems are made so t h a t the e f f e c t due to 

f r i n g i n g f i e l d a t the edge of the specimen are reduced and the e n t i r e 

system i s contained i n a metal s h i e l d i n g box to el i m i n a t e undesirable 

e f f e c t s o f s t r a y f i e l d . Electrodes must be evaporated on the opposite 

p o l i s h e d surfaces o f the specimens to ensure a good e l e c t r i c a l contact 



TABLE 3.2 S a l i e n t Features of a.c. Measuring C i r c u i t s 

Type Advantages Disadvantages 

Step response 

Schering bridge 

Transformer 
( r a t i o arm) 
bridge 

Simple apparatus; 
measure low lo s s . 

Can be used from low t o 
very h i g h voltages and 
cu r r e n t s ; d i r e c t reading. 

Strays are gene r a l l y 
absent, three t e r m i n a l 
measurements are simple; 
leads can be compensated 
f o r ; d i r e c t reading, very 
low loss measurable. 

Resonant c i r c u i t Does measure low loss 

Coaxial l i n e 

Cavity 

Simple measurement, low 
loss measurement i s 
po s s i b l e . 

Does measure low loss 

Not d i r e c t reading; e' 
very inaccurate; time 
consioming. 

Strays can give e r r o r s ; 
does not u s u a l l y measure 
as low loss as transformer 
bridge. 

Does not measure to 
highest accuracy over a 
very wide frequency range. 

Not d i r e c t reading; 
temperature v a r i a t i o n i s 
d i f f i c u l t . 

S l i g h t i n s t a b i l i t y i n VSWR 
and p o s i t i o n of minima 
could cause e r r o r . 
Temperature v a r i a t i o n i s 
d i f f i c u l t . 

Not d i r e c t reading, 
temperature v a r i a t i o n i s 
d i f f i c u l t . 
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over a w e l l d e f i n e d area between the specimen and the electrodes of the 

d i e l e c t r i c t e s t j i g ; w i t h many ma t e r i a l s gold i s used f o r t h i s purpose 

[ 3 . 8 ] . The usual arrangement f o r s o l i d s , comprises f l a t , p a r a l l e l 

metal p l a t e s of known area and separation between which i s i n s e r t e d the 

sample, i n the form o f a p a r a l l e l sided disc of diameter s l i g h t l y less 

than t h a t o f the electrodes. I f the diameter o f the sample extends 

beyond the electrodes then c o r r e c t i o n f o r edge e f f e c t s are necessary. 

The p e r m i t t i v i t y («'), loss tangent (tan5) and a.c.conductivity 

a ) are expressed by the f o l l o w i n g equations, [3.9, 3.10]. 
a.c. 

e' = C_ (3.4) 
c 

tan5 = G_ = ejl (3.5) 

<7(w) = d.G = w e . €" (3.6) 
A 

C = £ A (3.7) 

where C i s the n e t t capacitance of the sample placed between the 

electrodes ( i n f a r a d ) . 

c^ i s the capacitance of the a i r w i t h the same gap as the 

sample between the electrodes ( i n f a r a d ) . 

w = 27rf i s the angular or radian frequency ( i n rad/sec) . 
2 

A i s the area of the contact electrode ( i n metre ) . 

d i s the thickness of the specimen ( i n metres). 

-12 
€ i s the 8.854 x 10 (farad/metre), the absolute value of 
o 

p e r m i t t i v i t y of f r e e space. 

e" i s the imaginary component of the d i e l e c t r i c 

s u s c e p t i b i l i t y . 

G i s the conductance of the sample (mho) 

I n order t o al l o w f o r the s t r a y capacitance ( c ^ ) , i f any, present i n 
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i n the system, i t i s necessary t o make some simple computation. 
Although a t low frequencies the i n d u c t i v e e f f e c t i s n e g l i g i b l e , care 
must be taken t o make the system non-inductive as best as possible to 
o b t a i n p recise values of capacitance and c a p a c i t i v e conductance. With 
increase o f frequency, the contact electrodes may introduce a 
s i g n i f i c a n t amount of inductance by i n t r o d u c i n g a component of 
i n d u c t i v e conductance, which could be an important source of e r r o r i n 
the measurement of conductance ( c a p a c i t i v e ) ; although the capacitance 
p a r t remains almost unaffected. 

The t o t a l capacitance c^, w i t h the sample placed i n between the 

electrodes i s given by 

c = c + c (3.8) 
t s 

where c i s the the a c t u a l capacitance of the sample 

c i s the s t r a y capacitance present i n t o the system. 
s 

The a i r capacitance c , w i t h the same spacing between the 

electrodes i s given by 

c = c + c (3.9) 
a O S 

where c and c have t h e i r usual meanings. From the equations (3.8) 
o s 

and ( 3 . 9 ) , the a c t u a l capacitance c, of the sample i s obtained as 

c - c + c (3.10) 
t a o 

I n order t o avoid surface c o n d u c t i v i t y the f o l l o w i n g boundar j 

c o n d i t i o n s must be maintained. 

d « D , L 

where d i s the thickness of the sample ( i n metres) 
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D i s the diameter of the contact electrode ( i n metres) 
L i s the distance between the corner and the periphery 
of the electrodes ( i n metres). 

Corrections f o r the edge e f f e c t have been discussed by Scott, H.H. 

e t a l [ 3 . 1 1 ] . The formula f o r the edge capacitance w i t h c i r c u l a r 

electrodes i s 

c = 1 . 1 1 3 D («,n STTD - 3 ) ( 3 . 1 1 ) 
^ STT d 

where d and D are r e s p e c t i v e l y the thickness of the sample and 

diameter of the contact. The equivalent c i r c u i t of the d i e l e c t r i c i s 

shown i n Fig 3.6. The modified form of the d i e l e c t r i c p e r m i t t i v i t i e s 

become 

' ^ t - ^a-^ % ( 3 . 1 2 ) 
c + c c + c o e o e 

tan 6 w(c_ - c + c ) t a o 

( 3 . 1 3 ) 

tanS = G ( 3 . 1 4 ) 
w (c + c ) o e 

The l i m i t a t i o n o f t h i s technique w i t h increasing frequency i s due to 

the growing importance of s t r a y capacitance and inductance, which 

u l t i m a t e l y undermine the v a l i d i t y or upset the whole measurement. 

3.2.2 Three Electrode Systems ( w i t h Guard Ring) 

There are a very wide v a r i e t y of techniques quoted i n the 

l i t e r a t u r e f o r measuring the d i e l e c t r i c p r o p e r t i e s of m a t e r i a l s . Three 

t e r m i n a l techniques are i d e a l , p a r t i c u l a r l y w i t h disc electrodes 

guarded as shown i n Fig (3.3b). This arrangement not only eliminates 

surface conduction but renders the e l e c t r i c a l l i n e s of force r e l a t i v e l y 

p a r a l l e l between the measuring electrodes. I t can be shown t h a t edge 


































































































































































































































































