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To my l a t e f a t h e r 



ABSTRACT 
A new r a p i d technique f o r the measurement of 

p e r m i t t i v i t y and d i e l e c t r i c loss has been developed by 
u t i l i s i n g the concept of Fourier methods of analys i s . I n the 
equipment developed an i n p u t s i g n a l , characterised by having 
known harmonic components, was fed ( i n a coaxial system) t o 
a s o l i d sample and the d i s t o r t e d output waveform could 
e i t h e r be Fourier analysed by a computer whose output was 
programmed t o give d i r e c t l y the v a r i a t i o n s of p e r m i t t i v i t y 
and d i e l e c t r i c loss w i t h frequency or compared d i r e c t l y w i t h 
reference waveforms stored i n the computer. T r i a l s made wi t h 
standard m a t e r i a l s showed t h a t the r e s u l t s obtained by the 
Fourier computerised technique were i n very good agreement 
w i t h those obtained by the more conventional methods. 

The Fourier technique, together w i t h an improved 
c a v i t y p e r t u r b a t i o n method a t 9.4GHz., has been used t o make 
an extended study of the d i e l e c t r i c p r o p e r t i e s of re a c t i o n 
bonded s i l i c o n n i t r i d e (RBSN). A t t e n t i o n was p a r t i c u l a r l y 
d i r e c t e d t o the s i t u a t i o n i n p a r t i a l l y n i t r i d e d m a t e r i a l s , a 
region which has not been f u l l y explored i n previous studies. 
The s a l i e n t f e a t u r e of the experimental r e s u l t s i s the 
presence of a peak i n the v a r i a t i o n of p e r m i t t i v i t y w i t h 
weight gain. This e f f e c t has been discussed i n terms of 
s t r u c t u r a l and m i c r o s t r u c t u r a l studies which have shown the 
presence of i m p u r i t y phases of i r o n s i l i c i d e { F e S i 2 ) and 
calcium s i l i c i d e ( C a S i 2 ) i n a d d i t i o n t o the expected s i l i c o n 
and voids. 
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CHAPTER 1 

INTRODUCTION 
1.1 GENERAL FEATURES 
The present work had two main o b j e c t i v e s , namely t o 

develop a new, r a p i d technique f o r the measurement of 
p e r m i t t i v i t y and d i e l e c t r i c loss and then t o apply t h i s 
method, together w i t h other s u i t a b l e conventional or 
r e c e n t l y improved methods t o the study of one ceramic system. 
Reaction Bonded S i l i c o n N i t r i d e (RBSN). The f i r s t o b j e c t i v e 
arose because i n the previous work, undertaken by the 
research group over several years, there had been a need t o 
determine the frequency v a r i a t i o n of c ' and t'' over a very 
wide range of frequency i n order t o e s t a b l i s h whether, i n 
the systems under i n v e s t i g a t i o n e.g. doped magnesia, oxy-
n i t r i d e g l a s s , hot pressed s i l i c o n n i t r i d e and s i a l o n 
ceramics, the main mechanism responsible f o r c o n d u c t i v i t y 
was hopping. This had necessitated the development, assembly 
and a p p r a i s a l of several s p e c i f i c techniques e.g. low 
frequency bridge, Q-meter, co a x i a l l i n e and c a v i t y techniques, 
each of which covered a l i m i t e d range of frequency. Obtaining 
experimental data over the whole frequency range thus 
r e q u i r e d both f a m i l i a r i s a t i o n w i t h a l l the respective 
techniques and the expenditure of a large amount of time 
spent i n making the d e t a i l e d measurements. I t would c l e a r l y 
be advantageous t o obt a i n s i m i l a r i n f o r m a t i o n more r a p i d l y 
and t h i s idea leads f i r s t t o the concept of u t i l i s i n g Fourier 
methods of analysis as an a l t e r n a t i v e . I n p r i n c i p l e an input 
s i g n a l characterised by having known harmonic components 
could be f e d , i n a coaxial system, t o a s o l i d sample; the 
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tr a n s m i t t e d d i s t o r t e d waveform could then be Fourier 
analysed by a computer whose output could be programed t o 
give d i r e c t l y the c' versus frequency and t'' versus 
frequency data. A d e s c r i p t i o n of the development and 
appra i s a l of the new Fourier computerised technique which 
gives frequency coverage from 25MHz j t o about IGHz forms 
the basis of the f i r s t h a l f of t h i s t h e s i s . T r i a l s made w i t h 
standard reference m a t e r i a l s showed t h a t the Fourier method 
gave answers i n very good agreement w i t h those obtained by 
the more conventional methods.In the second p a r t of the work 
described i n the t h e s i s t h i s method, together w i t h an 
improved c a v i t y p e r t u r b a t i o n technique a t 9.4GHz , have been 
used t o make an extended study of the d i e l e c t r i c p r operties 
of RBSN. I n t h i s p a r t i c u l a r study a t t e n t i o n was d i r e c t e d t o 
the s i t u a t i o n which arise s i n the p a r t i a l l y n i t r i d e d 
m a t e r i a l s , a re g i o n which has not been f u l l y explored i n 
previous s t u d i e s . The o v e r a l l s t r u c t u r e of the thesis i s 
o u t l i n e d i n the summary given i n the next section. 

1.2 SUMMARY OF THESIS 
In Chapter 2 a review i s given of some conventional 

techniques a v a i l a b l e f o r the measurement of e' and e''. 
Several of these have been used previously i n the High 
Frequency Measurements and Applications Group, usually i n 
cases where a p a r t i c u l a r technique o f f e r e d some s p e c i f i c 
advantage f o r unusual measurement s i t u a t i o n s . Comments are 
also given on the accuracy a t t a i n a b l e w i t h each method, 
p a r t i c u l a r l y w i t h regard t o measurement of d i e l e c t r i c loss, 
time f a c t o r s i n v o lved i n making measurements and the degree 
of s k i l l r e q u i r e d of the researcher. The theory of the new 
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Fourier method i s discussed i n Chapter 3. This covers the 
basic assumptions made, the f o r m u l a t i o n and d e r i v a t i o n of 
the appropriate t h e o r e t i c a l expressions f o r the behaviour of 
the i n p u t and output waveforms, the c a l c u l a t i o n of s p e c i f i c 
formulae t o determine £' and e'' and general considerations 
r e l a t i n g t o the p r e d i c t i o n of the type of d i s t o r t i o n i n the 
output s i g n a l t o be-expected w i t h p a r t i c u l a r values of the 
p a i r of parameters, E ' and E " . I t concludes by r e f e r r i n g t o 
the l i m i t a t i o n s of the method. The experimental side i s 
d e a l t w i t h i n Chapter 4 which describes the Fourier method 
technique. Here a f u n c t i o n a l d e s c r i p t i o n of each component 
i s given together w i t h d e t a i l s of the data a c q u i s i t i o n 
system and examples of the use of the system t o c a l c u l a t e the 
harmonic components w i t h a given known in p u t pulse. Chapter 5 
r e p o r t s the a p p r a i s a l studies made t o e s t a b l i s h the v a l i d i t y 
of the new Fourier method. Here some pre l i m i n a r y t e s t s were 
made using a wave analyser because t h i s could examine 
Fourier harmonic, generation aspects alone (without a t t h i s 
stage i n v o l v i n g the data a c q u i s i t i o n and computing sub­
system) . Single c r y s t a l MgO was used as the standard 
reference m a t e r i a l i n t h i s p r e l i m i n a r y t e s t . The r e s u l t s 
showed good agreement w i t h the accepted values and the f u l l 
t e s t s of the whole system were completed using both MgO and 
V i t r e o s i l . Chapter 5 also includes a discussion of the 
experimental e r r o r s associated w i t h the new technique and 
i t s l i m i t a t i o n s . As already pointed out the upper frequency 
l i m i t of the Fourier technique was about iGHz I and there was 
a need t o consolidate a method f o r d i e l e c t r i c measurements i n 
the microwave r e g i o n , not l e a s t because of the increased 
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i n t e r e s t i n m a t e r i a l f o r microwave window and radome 
a p p l i c a t i o n s . I n Chapter 6 the c r i t e r i a f o r obtaining 
r e l i a b l e , accurate measurements of e' and e'' by the 
microwave c a v i t y p e r t u r b a t i o n technique are c r i t i c a l l y 
reviewed because t h i s method, together w i t h the newly 
developed Fourier harmonic analysis method, has been used 
i n the d i e l e c t r i c studies described i n Part 11 of the thesis, 

I n the second p a r t of the research a t t e n t i o n has been 
given s o l e l y t o a study of the d i e l e c t r i c behaviour of f u l l y 
and p a r t i a l l y n i t r i d e d RBSN. The main features of the 
preparation together w i t h the r e a c t i o n mechanisms of the 
n i t r i d a t i o n process and the general p r o p e r t i e s of t h i s 
m a t e r i a l are discussed i n Chapter 7. For convenience the 
r e s u l t s of the f u l l y and p a r t i a l l y n i t r i d e d m a t e r i a l have 
been considered separately. Thus i n Chapter 8 the 
examination of f u l l y n i t r i d e d RBSN i s described. The use of 
the Wiener formula f o r composite d i e l e c t r i c s i s introduced 
and t h e . r e s u l t s , analysed on t h i s more comprehensive basis, 
confirm and extend those reported previously. The s i l i c o n 
n i t r i d e theme i s continued i n the l a s t chapter of Part H of 
the t h e s i s (Chapter 9 ) , which d e t a i l s an examination of 
p a r t i a l l y n i t r i d e d RBSN, covering the whole weight gain 
range from 0% ( s i l i c o n ) t o 64.5% ( f u l l y n i t r i d e d RBSN). This 
chapter i n c l u d e s , i n a d d i t i o n t o the d i e l e c t r i c data, an 
account of s t r u c t u r a l and m i c r o s t r u c t u r a l studies made using 
X-ray d i f f r a c t i o n . R e f l e c t i o n High Energy Electron 
D i f f r a c t i o n (RHEED) and a Scanning Electron Microscope (SEM) 
w i t h an Energy Dispersive Analysis by X-ray (EDAX) f a c i l i t y . 
An important and h i t h e r t o unreported feature here i s the 
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observation of a peak i n the p l o t of e' versus weight gain 
at around 22% weight gain. I t i s suggested t h a t t h i s cannot 
be explained on the basis of a three phase system 
( i . e s i l i c o n n i t r i d e , u n n i t r i d e d s i l i c o n and voids) and an 
e x p l a i n a t i o n i s presented i n terms of the e f f e c t s of the 
i m p u r i t i e s located and analysed by the s t r u c t u r a l and 
m i c r o s t r u c t u r a l s t u d i e s . I n the concluding sections of both 
Part I and Part II some suggestions are made f o r f u t u r e work 
on the techniques and a p p l i c a t i o n s r e s p e c t i v e l y . 
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CHAPTER 2 

TECHNIQUES FOR MEASURING DIELECTRIC PROPERTIES 
2.1 INTRODUCTION 

A macroscopic d e s c r i p t i o n of the e l e c t r i c a l properties 
of a d i e l e c t r i c i s provided by the complex r e l a t i v e 
p e r m i t t i v i t y ( Er = ~ The s i g n i f i c a n t v a r i a b l e s on 
which depends, i n decreasing order of importance, are the 
frequency, the temperature, the pressure and the i n t e n s i t y 
of the applied, f i e l d . Thu-s the choice of the method depends 
p r i n c i p a l l y on the frequency and blffcause the whole f i e l d of 
d i e l e c t r i c spectroscopy covers a wide range of frequency, 
from about O.OOOlHzi t o about lOOGHz', a large number of 
techniques are req u i r e d . Measurement can e i t h e r be made i n 
the frequency or time domain. [2.1 - 2.10] 

In the frequency domain techniques, measurements are 
made a t one frequency a t a time and a p a r t i c u l a r set of 
apparatus w i l l only cover a c e r t a i n frequency range. At low 
frequencies (O.OOlHzl t o iMHz ) bridge techniques are most 
app r o p r i a t e ; they can give precise measurements of both 
the r e a l component (£') of d i e l e c t r i c constant and the 
c o n d u c t i v i t y . At higher frequencies (lOOkHz t o lOOMHz ), 
a resonant c i r c u i t technique uses a s i m i l a r procedure t o the 
bridge technique; however the degree of p r e c i s i o n tends t o 
be l e s s , p a r t i c u l a r l y a t the high frequency end of the range, 
mainly due t o lead inductance problems. The transmission 
l i n e ( s l o t t e d ) standing wave methods are used f o r the range 
of frequency from about 500MHz . t o about 9GHz but low loss 
m a t e r i a l measurement i s d i f f i c u l t as p r e c i s i o n components 
and i n s t r u m e n t a t i o n are required. At s t i l l higher frequency 



r a n g e s (above 3GHz ) t h e c a v i t y p e r t u r b a t i o n method i s 

u s u a l l y employed t o g i v e t h e d i e l e c t r i c p a r a m e t e r s . 

I n p r i n c i p l e t h e a p p l i c a t i o n of t r a n s i e n t methods i s 

an a t t r a c t i v e a l t e r n a t i v e t o t h e p o i n t - b y - p o i n t approach i n 

t h e f r e q u e n c y domain. A s i n g l e time domain s i g n a l , a p p l i e d 

t o t h e d i e l e c t r i c sample, j>7ill g i v e r e s u l t s t h a t c o v e r a 

l a r g e f r e q u e n c y spectrum. T h i s method has lo n g been used i n 

t h e f r e q u e n c y range from about O.OOOlHz; t o about IkHz, . By 

about 1969 due t o t h e development of s a m p l i n g o s c i l l o g r a p h y , 

t h i s method c o u l d be u s e d t o a much h i g h e r f r e q u e n c y . At 

p r e s e n t t h e f r e q u e n c y range c o v e r e d by t h i s method i s from 

t h e kHz: r e g i o n up t o about 15GHz \ The a c c u r a c y of the 

method i s a t p r e s e n t comparable t o t h a t of t h e f r e q u e n c y 

domain t e c h n i q u e s . The s t r i k i n g a dvantages a r e the l e s s e r 

amount o f equipment needed t o co v e r t h e wide f r e q u e n c y 

range and the much s h o r t e r time r e q u i r e d t o c a r r y out the 

measurements. 

The need f o r s k i l l e d o p e r a t o r s and t h e time taken i n 

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

c o n v e n t i o n a l t e c h n i q u e s i n c r e a s i n g l y i n c o m p a t i b l e w i t h many 

p r e s e n t day a p p l i c a t i o n s ; f o r example i n t h e p l a n t s t h a t 

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

r e s u l t s of a v a r i a t i o n i n a p r o c e s s e d parameter may have t o 

be e v a l u a t e d q u i c k l y and f r e q u e n t l y . F o r t h i s r e a s o n , t h e r e 

i s c u r r e n t l y a g r e a t d e a l of i n t e r e s t i n t h e development of 

f a s t t e c h n i q u e s f o r d i e l e c t r i c s p e c t r o s c o p y . Such systems w i l l 

p e r m i t t h e r a p i d e v a l u a t i o n and d i s p l a y of complex 

p e r m i t t i v i t y o v e r a wide range of f r e q u e n c i e s . The use of 

computers improved some of the known t e c h n i q u e s t o a c e r t a i n 

e x t e n t b u t what i s r e q u i r e d i s a c o m p l e t e l y new approach t o 
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t h e d i e l e c t r i c measurement t e c h n i q u e s so a s t o e n a b l e 

measurements t o be done on t h e s p o t i n a f a c t o r y . 

2.2.1 BRIDGE TECHNIQUES 

I n t h e f r e q u e n c y range of O.OOSHZj t o 2MHz , t h e 

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

mea s u r i n g t h e c a p a c i t a n c e and t h e conductance o f a sample 

h e l d between a p a i r o f micrometer e l e c t r o d e s . The p r i n c i p l e 

of t h e Wheatstone b r i d g e has f o r lo n g been employed i n 

measurements o f co n d u c t a n c e , i n d u c t a n c e and c a p a c i t a n c e . The 

d e s i g n o f t h e s e b r i d g e s depends not o n l y on t h e ty p e and 

p r e c i s i o n o f measurement r e q u i r e d , b u t a l s o on t h e f r e q u e n c y 

range needed; f o r example, t h e S c h e i b e r b r i d g e i s c a p a b l e of 

me a s u r i n g i n t h e f r e q u e n c y range of 0.008Hz'" t o 2MHz [ and 

t h e S c h e r i n g b r i d g e c o v e r s t h e f r e q u e n c y range from 20Hz. t o 

about iMHz;;. 

The e l e c t r o d e systems a r e made so t h a t t h e e f f e c t s due 

t o f r i n g i n g f i e l d s a t t h e edge of t h e specimen a r e reduced 

and t h e e n t i r e s y s t e m i s c o n t a i n e d i n a metal s h i e l d i n g box 

t o e l i m i n a t e u n d e s i r a b l e e f f e c t s of s t r a y f i e l d . E l e c t r o d e s 

must be e v a p o r a t e d on t h e o p p o s i t e p o l i s h e d s u r f a c e s of the 

specimens t o e n s u r e a good e l e c t r i c a l c o n t a c t o v e r a w e l l 

d e f i n e d a r e a between t h e specimen and t h e e l e c t r o d e s of t h e 

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

t h i s p u r p o s e . The u s u a l arrangement f o r s o l i d s , c o m p r i s e s 

f l a t , p a r a l l e l p l a t e s o f known a r e a and s e p a r a t i o n between 

which i s i n s e r t e d t h e sample, i n t h e form of a p a r a l l e l 

s i d e d d i s c o f d i a m e t e r s l i g h t l y l e s s than t h a t of the 

e l e c t r o d e s . I f t h e d i a m e t e r o f t h e sample e x t e n d s beyond t h e 

e l e c t r o d e s t h e n c o r r e c t i o n s f o r edge e f f e c t s a r e n e c e s s a r y . 



11 

I n t h e b r i d g e measurement t e c h n i q u e s t h e d i e l e c t r i c 
m a t e r i a l i n t h e t e s t j i g can be r e p r e s e n t e d e i t h e r by a 
p a r a l l e l c o m b i n a t i o n of c a p a c i t a n c e Cx and or by i t ' s 
s e r i e s c o m b i n a t i o n of R and C . The p a r a l l e l and s e r i e s 
p a r a m e t e r s a r e r e l a t e d by ( F i g . 2 . 1 a ) : 

Rx 1+(CJCXRX ) ^ 
R = 2" ' ^ = 2 ; eq.2.1 

l+(u> C x R x ) ( C J C X R X ) 

The c a p a c i t a n c e Cx and r e s i s t a n c e R , v a l u e s a r e measured by 

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

c a l c u l a t e d from: 

C x 1 
e ' = ; f . " = — e q . 2 . 2 

Co C Q R X U J 

where CQ i s t h e c a p a c i t a n c e o f t h e empty j i g . 

I n t h e c a s e o f t h e S c h e r i n g b r i d g e , F i g . 2 . l b , C and R 

r e p r e s e n t t h e s e r i e s e q u i v a l e n t c i r c u i t of t h e d i e l e c t r i c , 

C2 and C3 a r e s t a n d a r d c a l i b r a t e d c a p a c i t o r s and the 

r e s i s t a n c e s R-j and R j a r e e q u a l . C i r e p r e s e n t s t r a y 

c a p a c i t a n c e a c r o s s R , . I n i t i a l l y w i t h o u t t h e d i e l e c t r i c 

p r e s e n t , 

C = Co ; R = 0 eq.2.3 

and t h e b a l a n c e e q u a t i o n s a r e : 

Co = C 3 ; C 2 = 0 eq.2.4a 

With t h e d i e l e c t r i c i n s e r t e d , t h e e q u a t i o n s become: 

R , C 2 
C = C 3 ' ; R = eq.2.4b 

£ 
and Tan6 = C J C 2 R 2 = eq.2.5 

e' 

Thus C 2 may be c a l i b r a t e d d i r e c t l y i n terms of Tan6 . 



R c 
vwvv 1 

F i g . 2.1a P a r a l l e l and s e r i e s e q u i v a l e n t c i r c u i t s 

® 

0 
F i g . 2.1b S c h e r i n g b r i d g e 
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The v a l u e o f e' i s g i v e n by: 

C C3 
e = — = — eq. 2.6 

Co C3 

The a c c u r a c y a t t a i n a b l e w i t h t h e S c h e r i n g b r i d g e i s 

quoted a s 10.2% i n c a p a c i t a n c e and ±2% i n Tan6 f o r t h e 

whole range o f f r e q u e n c y of 20Hz' t o iMHz . The a c c u r a c y 

depends c r i t i c a l l y on t h e measuring j i g i n w h i c h t h e 

specimen i s mounted. E r r o r s a r e a s s o c i a t e d w i t h t h e 

i n d u c t a n c e and c a p a c i t a n c e of the l e a d s t o t h e e l e c t r o d e s 

and t h e i n a c c u r a c i e s i n t h e s t a n d a r d c a p a c i t o r s and 

r e s i s t o r s . The main drawback of the b r i d g e t e c h n i q u e i s t h a t 

i t h a s t o make t h e a s s u m p t i o n of a s i m p l e p a r a l l e l or s e r i e s 

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

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

v a l i d i f t h e p e r m i t t i v i t y i s independent of f r e q u e n c y and i f 

t h e l o s s i s due w h o l l y t o c o n d u c t i v i t y . 

2.2.2 RESONANT CIRCUIT TECHNIQUES 

The o p e r a t i o n o f b r i d g e s i n the MHz r e g i o n and 

upwards becomes i n c r e a s i n g l y d i f i c u l t a s t h e f r e q u e n c y i s 

r a i s e d , s i n c e t h e a d m i t t a n c e s a s s o c i a t e d w i t h s t r a y 

c a p a c i t a n c e i n c r e a s e i n p r o p o r t i o n t o t h e f r e q u e n c y . I t i s 

u s u a l t o make t h e measurements u s i n g a r e s o n a n t c i r c u i t o f 

w h i c h the whole o r p a r t of t h e c a p a c i t a n c e i s the d i e l e c t r i c 

m e a s u r i n g c e l l . R e s onant c i r c u i t s can be d e s i g n e d t o o p e r a t e 

o v e r t h e f r e q u e n c y range o f around 50kHz > t o 300MHz and 

a r e c a p a b l e of h i g h a c c u r a c y , p r o v i d e d the l o s s i s low. The 

e q u i v a l e n t c i r c u i t of a r e s o n a n t c i r c u i t i s shown i n F i g . 2 . 2 . 

T a k i n g R a s t h e t o t a l i n t e r n a l r e s i s t a n c e o f t h e 

c i r c u i t and L and C a s t h e t o t a l i n d u c t a n c e and c a p a c i t a n c e 



R 

± C 

F i g . 2.2 E q u i v a l e n t r e s o n a n t c i r c u i t of Q-meter 
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r e s p e c t i v e l y , r e s o n a n c e o c c u r s at OJ = 0)r = 27rf, , where: 

1 
f f = - , eq.2.7 

ZTTJLC 

An e x t e r n a l e.m.f. w i t h v o l t a g e E i s i n j e c t e d a t the 

r e s o n a n t f r e q u e n c y f, . At r e s o n a n c e t h e r e a c t i v e components 
1 

of t h e c i r c u i t a r e e q u a l ; X^= (where X^= |00L and X^= ) 
COC 

The t o t a l impedance o f t h e c i r c u i t i s : 
1 

Z = R + j(coL - — ) eq.2.8 
WC 

At r e s o n a n c e : 

Z = R 

The m a g n i f i c a t i o n ( Q - f a c t o r ) of t h e c i r c u i t i s d e f i n e d a s : 

X 
Q = - eq.2.9 

R 

where X = X, = Xc a t r e s o n a n c e . 

I f t h e t e s t j i g i s c o n n e c t e d t o the c i r c u i t w i t h the 

s p a c i n g of t h e e l e c t r o d e s e x a c t l y e q u a l t o the t h i c k n e s s of 

t h e sample, t h e a i r gap c a p a c i t a n c e w i l l be C Q and t h e t o t a l 

c a p a c i t a n c e o f t h e c i r c u i t a t r e s o n a n c e , C j , i s g i v e n by: 

C j = C i + Co + Ch + C | eq.2.10 
where 

C i = v a r i a b l e c a p a c i t o r o f t h e c i r c u i t w i t h o u t sample, 

C Q = c a p a c i t a n c e of t h e t e s t i n g j i g w i t h o u t sample, 

Cf, = c a p a c i t a n c e o f t h e sample h o l d e r ( e l e c t r o d e s ) , 

C , = c a p a c i t a n c e of t h e c o n n e c t i n g l e a d s . 

P u t t i n g t h e sample between the e l e c t r o d e s , the t o t a l 

c a p a c i t a n c e a t r e s o n a n c e w i l l be: 
C t = C j + C s + C^ + C , eq.2.11 

where 

C j = v a r i a b l e c a p a c i t o r o f t h e c i r c u i t w i t h sample, 

C s = c a p a c i t a n c e o f t e s t i n g j i g w i t h sample. 
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E q u a t i n g : 

Ci - Cj = C 3 - Co eq.2.12 

The r e l a t i v e p e r m i t t i v i t y - o f t h e sample, n e g l e c t i n g the edge 

e f f e c t , i s g i v e n by: 

C s = e'Co eq.2.13 

S u b s t i t u t i n g : 

Ci - C2 = C o ( c ' - 1) 

which g i v e s : 
C, - C2 

£' = + 1 - — eq.2.14. 
Co 

The l o s s Tan6 i s g i v e n by: 

Qi - Q2 c, e " 
Tand = = eq.2.15 

Q1XQ2 Ci - C 2 e' 

where and a r e t h e Q v a l u e s of the c i r c u i t w i t h t h e 

sample o u t o f and i n t h e t e s t i n g j i g r e s p e c t i v e l y . At h i g h e r 

f r e q u e n c i e s a c o r r e c t i o n has t o be a p p l i e d f o r c i r c u i t 

i n d u c t a n c e L r , u s i n g t h e r e l a t i o n : 

c " 

where C* r e f e r s t o Ci and t o C j i n t u r n . T h i s c o r r e c t i o n 

amounts a t most t o about 8%. The r e s o n a n c e c i r c u i t t e c h n i q u e 

becomes d i f f i c u l t a s t h e f r e q u e n c y goes beyond 75MHz. 

because of t h e d i f f i c u l t y i n o b t a i n i n g s u f f i c i e n t l y t h i n , 

l a r g e d i a m e t e r s p e c i m e n s . 

2.2.3 TRANMISSION LINE MEASUREMENTS 

Fo r f r e q u e n c i e s g r e a t e r t h a n lOOMHz, the r e s o n a n t 

c i r c u i t t e c h n i q u e cannot be employed due t o the 

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

D i s t r i b u t e d c i r c u i t a n a l y s i s must be employed. Numerous 

methods of me a s u r i n g d i e l e c t r i c p r o p e r t i e s a r e a v a i l a b l e a t 



15 

t h e s e f r e q u e n c i e s and can be d i v i d e d i n t o t o t a l r e f l e c t i o n 

and t o t a l t r a n s m i s s i o n methods. I n both c a s e s t h e 

p e r m i t t i v i t y o f t h e sample i s e x p r e s s e d i n terms of the 

measured v a l u e s o f complex r e f l e c t i o n and t r a n s m i s s i o n 

c o e f f i c i e n t . 

Two waves t r a v e l l i n g i n o p p o s i t e d i r e c t i o n s w i l l 

i n t e r a c t t o produce a s t a n d i n g wave p a t t e r n . The minima and 

maxima o c c u r a l t e r n a t e l y a l o n g t h e l i n e w i t h a s e p a r a t i o n 

o f ^. The v o l t a g e s t a n d i n g wave r a t i o i s d e f i n e d a s : 
4 

^max-
S =• — eq.2.17 

^min-
and i s r e l a t e d t o t h e r e f l e c t i o n c o e f f i c i e n t , p by: 

S - 1 
I p = — eq.2.18 

S + 1 

where 

p = — = p e x p ( - j e ) eq.2.19 
Ei 

i n w h i c h E, and Ej r e p r e s e n t t h e r e f l e c t e d wave and the 

i n c i d e n t wave r e s p e c t i v e l y . 

Measurement of v o l t a g e minima and maxima of the 

s t a n d i n g wave w i l l g i v e t h e magnitude of the r e f l e c t i o n 

c o e f f i c i e n t . The s e p a r a t i o n of t he f i r s t minimum from the 

f a c e of t h e sample w i l l depend on t h e wavelength and the 

t h i c k n e s s of sample, i . e i n s e r t i o n of a d i e l e c t r i c s h i f t s the 

minimum of t h e s t a n d i n g wave toward the end. Thus, by f i n d i n g 

t h e l o c a t i o n o f t h e f i r s t minimum, x, ( t h e d i s t a n c e from the 

f a c e of t h e m a t e r i a l t o t h e f i r s t minimum) the phase a n g l e of 

p can be d e t e r m i n e d from: 

e = 2/3x - TT eq.2.20 

27r 
where j3 i s t h e phase c o n s t a n t g i v e n by 

X 
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and X i s t h e w a v e l e n g t h of t h e s t a n d i n g wave. 

2.2.4 SLOTTED LINE TECHNIQUES 

I n t h e s e methods t h e p e r m i t t i v i t y i s e i t h e r c a l c u l a t e d 

from measurements of t h e i n p u t impedence or the r e f l e c t i o n 

c o e f f i c i e n t on t h e i n p u t s i d e o f t h e sample h o l d e r . The 

r e f e r e n c e frame i s u s u a l l y d e f i n e d t o be a t the i n p u t 

i n t e r f a c e o f t h e d i e l e c t r i c sample. T h e r e a r e many p o s s i b l e 

sample c o n f i g u r a t i o n s t h a t can be used, depending upon the 

range of f r e q u e n c y and t h e n a t u r e and a v a i l a b i l i t y of the 

sample. A summary o f many p o s s i b l e c o n f i g u r a t i o n s and t h e i r 

e q u i v a l e n t c i r c u i t s was d e s c r i b e d by A.B.Ahmad[2.15]. These 

t e c h n i q u e s can be used f o r measurement of the complex 

d i e l e c t r i c c o n s t a n t o v e r t h e range of f r e q u e n c i e s from 

about 5 00MHz; t o 9GHz. 

I n t h e lumped c a p a c i t a n c e method which was o r i g i n a l l y 

s u g g e s t e d by Westphal and l a t e r d e veloped by S t u c h l y , a s m a l l 

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

a s a sample h o l d e r ( F i g . 2 . 3 ) . The p e r m i t t i v i t y of the 

s u b s t a n c e f i l l i n g t h e t e s t c a p a c i t o r ( j i g ) can be c a l c u l a t e d 

from t h e i n p u t r e f l e c t i o n c o e f f i e n t . The r e f l e c t i o n 

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

o f t h e m a t e r i a l i n t h e t e s t c a p a c i t o r by the f o l l o w i n g 

e x p r e s s i o n : 

1 - jcoCoZoc" 
p = p e x p ( - j ^ ) = eq.2.21 

1 + jWCoZoE 

where Co i s t h e c a p a c i t a n c e of the t e s t c a p a c i t o r , ZQ i s 

t h e c h a r a c t e r i s t i c impediance of the t r a n s m i s s i o n l i n e and 

e* i s t h e complex r e l a t i v e p e r m i t t i v i t y of the m a t e r i a l i n 

t h e c a p a c i t o r ' [ 2 - l l ] -



Inner conductor 

a) 

Outer conductor 

Sample 

b) 

F i g . 2.3 . a) C o a x i a l l i n e w i t h sample 

— A 

I A 

b) E q u i v a l e n t c i r c u i t o f sample 
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The r e a l and i m a g i n a r y p a r t s of t h e complex r e l a t i v e 

p e r m i t t i v i t y a r e g i v e n by: 

2 p S i n ^ 
£' = ^— ;—; eq.2.22a 

CoZo( P ^ + 2 p PosS + 1) 

1 - |P 

CoZo( p ^+ 2 p Cos ̂  + 1) 
- — eq.2.22b 

The magnitude o f t h e r e f l e c t i o n c o e f f i c i e n t , p can 

be o b t a i n e d i n d i r e c t l y by measuring t h e V o l t a g e S t a n d i n g 

Wave R a t i o (VSWR). T h e r e a r e v a r i o u s methods a v a i l a b l e f o r 

m e a s u r i n g VSWR, depending on i t s magnitude. A l l t h e methods 

can be grouped i n t o t h r e e c l a s s e s i . e : 

a) t h e d i r e c t method, whic h u s e s t h e VSWR i n d i c a t o r , 

b) t h e a t t e n u a t i o n method, which measures t h e d i f f e r e n c e i n 

d e c i b e l s between t h e minimum and maximum, 

c ) t h e g r a p h i c a l method used m a i n l y f o r h i g h v a l u e s of VSWR. 

The d i r e c t method i s l e a s t troublesome and Can: be made 

s u i t a b l e f o r measurement o f high; ,] V S i W R " :̂  • '| 

The a t t e n u a t i o n method r e q u i r e s a p r e c i s i o n v a r i a b l e 

a t t e n u a t o r and t h e a c c u r a c y w i t h t h i s method i s r a t h e r l e s s . 

The g r a p h i c a l method can de t e r m i n e h i g h e r VSWR but the 

p r o c e s s i s v e r y t e d i o u s and time consuming. 

2.2.5 CAVITY PERTURBATION METHODS 

The most e s s e n t i a l i n s t r u m e n t used i n t h i s t e c h n i q u e 

i s a c a v i t y r e s o n a t o r . A c a v i t y r e s o n a t o r i s an e n c l o s e d 

s p a c e which i s c a p a b l e of o s c i l l a t i n g and s t o r i n g energy. I t 

i s a n a logous t o a low f r e q u e n c y r e s o n a n t c i r c u i t c o n s i s t i n g 

o f an i n d u c t a n c e , a c a p a c i t a n c e and a r e s i s t a n c e . The 

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

m a t e r i a l i n s i d e t h e r e s o n a n t c a v i t y . I t i s p l a c e d a t the end 



of a t h i n s i l i c a rod so t h a t t h e specimen i s suspended i n 

t h e p o s i t i o n of maximum e l e c t r i c f i e l d . The r e s u l t a n t s h i f t 

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

o f t h e complex d i e l e c t r i c c o n s t a n t and t h e change i n t he 

Q - f a c t o r g i v e s t h e i m a g i n a r y p a r t . 

The Q f a c t o r i s d e f i n e d a s : 

Energy s t o r e d p er c y c l e 
Q = 27r eq.2.2 3 

Energy d i s s i p a t e d per c y c l e 

I t i s u s u a l l y approximated t o t he r a t i o o f t h e r e s o n a n t 

f r e q u e n c y t o t h e bandwidth o f t he h a l f power p o i n t ( i . e a t 

0.70 7 of t h e v o l t a g e or c u r r e n t maximum) i . e : 
fo 

Q = — eq.2.24 
A f 

The c a v i t y has t o be matched t o t h e waveguide and t h i s 

i s done by two c o u p l i n g s c r e w s t h a t a c t l i k e s t u b t u n e r s . To 

match t h e c a v i t y impedence, t h e t u n e r s a r e a d j u s t e d i n such 

a way t h a t t h e n o r m a l i s e d i n p u t impedance ( w i t h r e s p e c t t o 

Z Q ) of t h e s y s t e m i s u n i t y . 

There a r e t h r e e k i n d s of Q - f a c t o r a s s o c i a t e d w i t h the 

c a v i t y and t h e y a r e r e l a t e d by: 

1 1 1 
— = — + — eq.2.25 
Qi Qu Q e 

i n which; 

WoL 
Q̂  = i s the loaded Q i . e the l o s s 

R + Zo 

of t h e c a v i t y and t he c o u p l i n g a r e t a k e n i n t o account, 

COQL 
Qu = i s t h e unloaded Q i . e l o s s 

R 

i n t h e c a v i t y a l o n e , 



= i s t h e e x t e r n a l Q i . e l o s s 
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due t o t h e e x t e r n a l c i r c u i t ( c o u p l i n g ) . 

By d e f i n i t i o n t h e c o u p l i n g parameter B i s d e f i n e d a s : 

B = — = — eq.2.26 
R Qe 

I n o r d e r f o r t h e c a v i t y t o be matched t o t he waveguide; 

R = ZQ i . e B = 1 

T h e r e f o r e t h e matching c o n d i t i o n i s : 

Qu = Qe = 2Qi — eq.2.27 

Tuning t h e c a v i t y can e i t h e r be a c h i e v e d by: 

a) D i s p l a y i n g t h e r e s o n a n c e c u r v e on an o s c i l l o s c o p e ; when 

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

becomes s h a r p e r and t he bottom of i t r e a c h e s up t o the base 

l i n e . T h i s method can be t e d i o u s b e c a u se t h e two matching 

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

b) VSVJR method; when t h e c a v i t y i s matched t o t he waveguide 

t h e VSWR a p p r o a c h e s u n i t y . To o b t a i n a good match a VSWR of 

l e s s t h a n 1.05 i s r e q u i r e d . 

When a s m a l l p i e c e of d i e l e c t r i c m a t e r i a l i s 

i n t r o d u c e d i n t o t h e c a v i t y , t h e r e s o n a n t f r e q u e n c y and the 

Q - f a c t o r o f t h e c a v i t y change. The r e l a t i o n s h i p between 

t h e s e changes and t he p r o p e r t i e s of t h e d i e l e c t r i c m a t e r i a l 

a r e deduced from p e r t u r b a t i o n t h e o r y . T h i s was f i r s t 

p roposed by C a s i m i r [ 2 . 2 0 ] and i t was f u r t h e r extended and 

dev e l o p e d by Waldron [ 2 . 2 1 ] and o t h e r s . The r e l a t i o n s h i p s f o r 

a sample i n a r e c t a n g u l a r c a v i t y a r e g i v e n a s : 

= - 2 ( E ' - 1) — eq.2.28 
f VQ 



2 0 

and 

1 1 1 Vs 
- = — = 4 e " _ — eq. 2,29 
Q. Qs Qo Vo 

where Vs = volume of sample, 

VQ = volume o f c a v i t y , 

Qs = Q v a l u e w i t h t h e sample i n t h e c a v i t y , 

Qo ~ Q v a l u e of t h e c a v i t y w i t h o u t sample. 

The n e g a t i v e s i g n i n d i c a t e s t h a t A f i s n e g a t i v e i . e by 

i n t r o d u c i n g a sample t h e r e s o n a n t f r e q u e n c y o f t h e c a v i t y i s 

l o w e r e d . Measurement of the Q of the u n p e r t u r b e d and 

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

d e t e r m i n e t h e v a l u e s of t and z'' of the m a t e r i a l i n s i d e the 

c a v i t y . The c a v i t y i s assumed t o be u n p e r t u r b e d when the 

s i l i c a r o d i s i n s e r t e d i n s i d e the c a v i t y . 

T h i s method i s a w e l l known t o o l and the o n l y 

l i m i t a t i o n s a r e t h a t t h e f r e q u e n c y s h i f t s h o u l d be much l e s s 

t h a n 1% and t h a t t h e volume of the sample i n t r o d u c e d i n t o 

t h e c a v i t y s h o u l d not a l t e r a p p r e c i a b l y the f i e l d i n s i d e the 

c a v i t y . However v e r y h i g h l o s s m a t e r i a l cannot be measured 

by t h i s method a s i t w i l l f l a t t e n the Q c u r v e of t h e 

c a v i t y . The e s t i m a t e d a c c u r a c y o b t a i n e d by t h i s method i s 

about 10%. A d e t a i l e d l a y - o u t of t h i s t e c h n i q u e i s p r e s e n t e d 

i n C h a p t e r 6. 

2.3 TIME DOMAIN TECHNIQUES 

2.3.1 INTRODUCTION 

The v/hole f i e l d of d i e l e c t r i c s p e c t r o s c o p y c o v e r s the 

r ange of f r e q u e n c i e s from about O.OOOlHz' to lOOGHz . I n the 

f r e q u e n c y domain, t o c o v e r t h e s e r a n g e s , a l a r g e number of 

l a b o r i o u s t e c h n i q u e s and p i e c e s of i n s t r u m e n t a t i o n a r e r e q u i r e d . 
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Time domain t r a n s i e n t methods a r e the a l t e r n a t i v e and because 
t h e t i m e domain s i g n a l u s u a l l y c o v e r s a l a r g e f r e q u e n c y 
spectrum, i t i s o b v i o u s t h a t t r a n s i e n t methods a r e l e s s time 
consuming a n d . l e s s l a b o r i o u s . These methods have been used 
f o r a l o n g time t o s t u d y slow r e l a x a t i o n p r o c e s s e s , s u c h 
a s f o r p o l y m e r i c m a t e r i a l t o g i v e i n f o r m a t i o n about 
d i e l e c t r i c p r o p e r t i e s i n t h e freiguency range from about 
O.OOOlHz t o IkHz" . The s t u d y of f a s t r e l a x a t i o n p r o c e s s e s 
was i n t r o d u c e d by about 196 9 and i t o r i g i n a t e d from a 
t e c h n i q u e c a l l e d " Time Domain R e f l e c t o m e t r y ". At p r e s e n t 
both r e f l e c t i o n and t r a n s m i s s i o n methods a r e used; t h u s t h e 
t r a n s i e n t methods a r e now c o l l e c t i v e l y known a s the Time 
Domain S p e c t r o s c o p y (TDS) method. 

The development of TDS methods was c a r r i e d out i n 

v a r i o u s f i e l d s by many w o r k e r s . I n p h y s i c a l c h e m i s t r y i t was 

s t a r t e d by F e l l n e r - F e l d e g [ 2 . 2 5 ] and i n the f i e l d of 

e l e c t r i c a l e n g i n e e r i n g , N i c o l s o n [2.26] and B a g o z z i [2.27] 

i n d e p e n d e n t l y d e v e l o p e d a s i m i l a r t e c h n i q u e . L a t e r Sugget e t 

a l [ 2 . 2 8 ] improved t h e o r i g i n a l methods t o o b t a i n a h i g h e r 

a c c u r a c y and a l s o managed t o i n c r e a s e t h e f r e q u e n c y range up 

t o 15GHz: . F e l l n e r - F e l d e g and De Loor e t a l [2.29] 

extended t h e t e c h n i q u e t o lower f r e q u e n c i e s . The f r e q u e n c y 

range c o v e r e d by t h i s t e c h n i q u e , a t p r e s e n t i s from about 

IkHzi t o more t h a n 15GHz . 

2.3.2 BASIC PRINCIPLES OF TDS METHODS 

The change i n p r o p a g a t i o n p r o p e r t i e s of a s t e p v o l t a g e 

i n a l o s s l e s s c o a x i a l l i n e i s t h e b a s i s of a l l TDS methods. 

When t h e s t e p v o l t a g e p r o p a g a t e s a l o n g t h e l i n e , i t s shape 

r e m a i n s unchanged a s long a s t h e p r o p a g a t i o n p r o p e r t i e s of 
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t h e l i n e r e m a i n t h e same b u t i t w i l l be p a r t l y r e f l e c t e d and 
p a r t l y t r a n s m i t t e d a t t h e i n t e r f a c e o f t h e s e c t i o n o f t h e 
l i n e w i t h d i f f e r e n t p r o p a g a t i o n c h a r a c t e r i s t i c s . The 
i n s e r t i o n o f a d i e l e c t r i c sample i n t h e l i n e w i l l change t h e 
p r o p a g a t i o n p r o p e r t i e s o f t h e l i n e and w i l l t h e r e f o r e 
d i s t o r t t h e shape o f t h e s t e p v o l t a g e . The e q u i p m e n t 
r e q u i r e d f o r t h e s e t e c h n i q u e s b a s i c a l l y must c o m p r i s e : 

a) f a s t r i s e t i m e s t e p g e n e r a t o r ( a b o u t 1 p i c o s e c o n d ) , 

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

s c a l e ) , 

c ) l o w l o s s c o a x i a l l i n e , 

d ) d i s p l a y u n i t e.g o s c i l l o s c o p e o r X - Y p l o t t e r . 

The m e a s u r e m e n t s a r e made by p r o p a g a t i n g t h e f a s t r i s e -

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

s e c t i o n w i t h t h e d i e l e c t r i c s a m p l e . A t t h e a i r - d i e l e c t r i c 

i n t e r f a c e , p a r t i a l r e f l e c t i o n and p a r t i a l t r a n s m i s s i o n o f 

t h e i n c i d e n t wave o c c u r s . The r e s u l t a n t t r a n s m i t t e d and 

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

w h i c h t h e f r e q u e n c y dependence b e h a v i o u r o f t h e d i e l e c t r i c 

s ample ( t h a t i s r e s p o n s i b l e f o r t h e change i n t h e 

c h a r a c t e r i s t i c i m p e d e n c e o f t h e l i n e ) can be d e t e r m i n e d . The 

d e l a y l i n e n e t w o r k a c t s as a t i m e window t o s e l e c t t h e 

r e q u i r e d w a v e f o r m and t o e l i m i n a t e t h e unwanted r e f l e c t i o n s . 

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

d i s p l a y e d on t h e o s c i l l o s c o p e . The w a v e f o r m i s t h e n F o u r i e r 

t r a n s f o r m e d and t h i s i n f o r m a t i o n i s u s e d t o o b t a i n t h e 

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

B a s i c a l l y t h e r e a r e t w o g r o u p s o f methods i . e s i n g l e 

r e s p o n s e methods and m u l t i p l e r e s p o n s e methods. I n t h e 
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s i n g l e r e s p o n s e methods o n l y a s i n g l e r e f l e c t i o n o r a s i n g l e 
t r a n s m i s s i o n ( o r c o m b i n a t i o n ) i s c o n s i d e r e d and i n t h e 
m u l t i p l e r e s p o n s e methods an i n f i n i t e number o f r e f l e c t i o n s 
o r t r a n s m i s s i o n s ( o r b o t h ) a r e c o n s i d e r e d . The p l a c e m e n t o f 
t h e s ample w i t h r e s p e c t t o t h e s a m p l i n g head and t h e sample's 
s i z e f u r t h e r s u b d i v i d e t h e t w o m a i n methods i n t o many 
p o s s i b l e t e c h n i q u e s . The d i r e c t r e f l e c t i o n method 
t h e o r e t i c a l l y r e q u i r e s t h e sample t o be i n f i n i t e . T h i s i s 
be c a u s e o n l y t h e r e f l e c t i o n a g a i n s t . t h e f i r s t i n t e r f a c e i s 
t a k e n i n t o a c c o u n t , w h i c h means t h a t t h e r e f l e c t e d t i m e 
d o m a i n d e c a y has t o be v i r t u a l l y c o m p l e t e b e f o r e r e f l e c t i o n s 
f r o m t h e end o f t h e sample r e a c h t h e s a m p l i n g head as w e l l . 
T h e r e a r e many o t h e r d i f f e r e n t t e c h n i q u e s a v a i l a b l e 
d e p e n d i n g upon t h e sample s i z e and t h e r e l a t i v e p o s i t i o n o f 
t h e s a m ple w i t h r e s p e c t t o t h e s a m p l i n g head. A d e t a i l e d 
summary o f t h e h i g h f r e q u e n c y t i m e domain methods i n 
d i e l e c t r i c s p e c t r o s c o p y i s g i v e n by Van Gemert [ 2 . 8 ] . 

2.4 USE OF COMPUTER I N PERMITTIVITY MEASUREMENT 

D i g i t a l e l e c t r o n i c s has one g r e a t a d v a n t a g e i n i t ' s 

a b i l i t y t o s t o r e a nd a c c e s s d a t a a t w i l l . Computer 

t e c h n o l o g y has come t o a s t a g e t h a t i t i s cheap and i t ' s 

v e r s a t i l i t y makes i t a n i m p o r t a n t p a r t i n any e x p e r i m e n t a l 

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

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

d a t a and a l s o t o m i n i m i s e human e r r o r . I n p e r m i t t i v i t y 

m e a s u r e m e n t s , t o t a k e a d v a n t a g e o f c o m p u t e r t e c h n i q u e s , 

t w o a p r o a c h e s c an be c o n s i d e r e d . F i r s t l y t h e a u t o m a t i o n o f 

e x i s t i n g s t e a d y s t a t e ( f r e q u e n c y d o m a i n ) t e c h n i q u e s ; f o r 

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

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

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

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

The f o r m e r t e c h n i q u e s s u f f e r f r o m t h e d i s a d v a n t a g e s t h a t 

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

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

more i m p o r t a n t , t h a t t h e r a t e o f sweep must be s l o w i n 

c o m p a r i s o n w i t h t h e p e r i o d o f t h e e x c i t i n g wave. Thus 

measurements a t t h e l o w f r e q u e n c y end can be t i m e c o n s u m i n g . 

The a u t o m a t i o n o f s t e p - r e s p o n s e does n o t s u f f e r f r o m t h i s 

p r o b l e m ; e x c i t a t i o n i s by a s i m p l e v o l t a g e s t e p f u n c t i o n 

and t h e r e s p o n s e i s m e asured by a c u r r e n t d e t e c t o r and d a t a 

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

d u r a t i o n o f t h e s t e p . 
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CHAPTER 3 
THEORY OF FOURIER METHOD 

3.1 INTRODUCTION 

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

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

a r e v a r i o u s t e c h n i q u e s a v a i l a b l e b o t h i n t h e f r e q u e n c y and t h e 

t i m e d o m a i n . G e n e r a l l y e a c h t e c h n i q u e i s d i f f i c u l t and t e d i o u s 

t o c a r r y o u t and s k i l l e d o p e r a t o r s a r e r e q u i r e d t o make t h e 

me a s u r e m e n t s . U s u a l l y a d i e l e c t r i c m e a s u r i n g r i g i s s e t up 

by t h e o p e r a t o r u s i n g some e s t a b l i s h e d t e c h n i q u e ; measurements 

ca n o n l y be c a r r i e d o u t a f t e r t h e v a r i o u s components r e q u i r e d 

have been a s s e m b l e d and enough s k i l l has been a c q u i r e d . The 

f a c t i s , t h e r e i s no c o m m e r c i a l i n s t r u m e n t t h a t e n a b l e s 

d i e l e c t r i c measurements t o be done on t h e s p o t . S t a n d a r d 

b r i d g e s , Q-meters o r s l o t t e d l i n e a r e a v a i l a b l e and can be 

a d a p t e d f o r d i e l e c t r i c measurement. However most o f t h e s e 

s t a n d a r d t e c h n i q u e s a r e t e d i o u s and v e r y t i m e - c o n s u m i n g and 

t h e r e a r e many d i e l e c t r i c measurements t h a t r e q u i r e on t h e -

s p o t a s s e s s m e n t ; f o r e x a m p l e , i n t h e c h e m i c a l and b i o l o g i c a l 

s c i e n c e s [ 3 . 1 ] ( d i e l e c t r i c e f f e c t s a s s o c i a t e d w i t h m o l e c u l a r 

movement, e l e c t r o n i c p r o p e r t i e s o f o r g a n i c and b i o l o g i c a l 

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

d i e l e c t r i c m a t e r i a l . The use o f m i c r o w a v e e n e r g y i n c o o k i n g 

a p p l i a n c e s r e q u i r e s a d e t a i l e d and c o n t i n u o u s a s sessment o f 

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

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

c o m p o n ents u s e d . 

The F o u r i e r m e t h od a t t e m p t s t o i n t r o d u c e a c l o s e d - l o o p 

s y s t e m i n w h i c h r e s u l t s can be o b t a i n e d w i t h i n m i n u t e s o f 
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t h e i n t r o d u c t i o n o f t h e sample i n t h e sample h o l d e r . 

M easurements a r e made i n t h e t i m e domain and F o u r i e r a n a l y s i s 

i s u s e d f o r t i m e - t o - f r e q u e n c y d omain t r a n s f o r m a t i o n . Data 

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

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

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

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

o u t p u t wave'form o f t h e sample w i t h t h e s t o r e d w a v e f o r m s i n 

t h e c o m p u t e r . The t i m e t a k e n t o d e t e r m i n e t h e r e q u i r e d 

p a r a m e t e r s w i l l be t h e t i m e t a k e n f o r t h e c o m p u t e r t o s e a r c h 

t h r o u g h i t s f i l e f o r t h e a p p r o p r i a t e w a v e f o r m t h a t matches t h e 

e x p e r i m e n t a l w a v e f o r m o f t h e sampl e . The f r e q u e n c y r a n g e 

c o v e r e d b y t h i s t e c h n i q u e i s f r o m t h e MHz t o t h e GHz r e g i o n . 

3.2 FOUNDATION OF FOURIER ANALYSIS 

I f t h e v a r i a t i o n o f a q u a n t i t y r e p e a t s i t s e l f a t some 

b a s i c f r e q u e n c y , t h e n t h e d i s t u r b a n c e can be c o n s i d e r e d 

as b e i n g b u i l t up f r o m a s e t o f h a r m o n i c a l l y v a r y i n g 

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

m u l t i p l e s o f t h e b a s i c f r e q u e n c y . Thus i f t h e f u n c t i o n f ( t ) 

r e p r e s e n t s t h e q u a n t i t y t h a t v a r i e s w i t h t i m e and i f T i s 

t h e b a s i c r e p e t i t i o n p e r i o d , i . e f ( t + T) = f ( t ) , t h e n t h e 

F o u r i e r s e r i e s e x p a n s i o n o f f ( t ) i s g i v e n b y : 

f ( t ) = a-, + X anCOS(nwt) + X bnSIN(na;t) eq. 3.1 
n = l n = l 

where 

1 
^0 = -

a„ = 

f ( t ) d t — - eq. 3.2 

0 

f ( t ) C O S ( n a ; t ) d t eq. 3.3 

0 



2 
b„ = -

T 
-•0 
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f ( t ) C O S ( n a ; t ) e q . 3.4 

E q u a t i o n 3.1 i s t h e F o u r i e r s e r i e s r e p r e s e n t a t i o n o f 
periodic 

t h e ^ f u n c t i o n f ( t ) and ap, an and bp a r e t h e F o u r i e r 

c o e f f i c i e n t s . Some c o n d i t i o n s must be s a t i s f i e d f o r t h e 

e x p r e s s i o n t o be v a l i d i . e t h e i n t e g r a l | f ( t ) d t m ust be 

f i n i t e a nd f ( t ) m u s t be p i e c e w i s e c o n t i n u o u s and p i e c e w i s e 

m o n o t o n i c . These c o n d i t i o n s a r e g e n e r a l l y known as t h e 

D i r i c h l e t ' s c o n d i t i o n s [ 3 . 3 ] , and t h e s e c o n d i t i o n s a r e met 

by p r a c t i c a l l y a l l o f t h e f u n c t i o n s w h i c h a r e o f i n t e r e s t i n 

t h e p h y s i c a l s c i e n c e s . 

The F o u r i e r s e r i e s i n e q u a t i o n 3.1 can be w r i t t e n i n 

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

c o s ( e ) + j s i N ( e ) = e x p ( j e ) — eq. 3.5 
The c o m p l e x F o u r i e r s e r i e s i s g i v e n b y : 

+00 
f ( t ) = ^ C n e x p i j n u j t ) eq. 3.6 

-oo 
w h e r e Cn i s g i v e n b y : 

1 
Cn = -

T 
f ( t ) e x p ( - j n t j t ) d t e q. 3.7 

J o 
A l t e r n a t i v e l y , c n can be d e r i v e d f r o m t h e c o e f f i c i e n t s i n t h e 

t r i g o m e t r i c F o u r i e r s e r i e s , i . e : 

1 r 2 r 
Cn = "V^n + bn expC-jGn^ — eq. 

b, 'n and . 0= ARCTAN( — ) eq. 3.9 
an 

A l l t h e o u t p u t w a v e f o r m s o b t a i n e d by t h i s t e c h n i q u e can be 

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

The t i m e - t o - f r e q u e n c y d omain t r a n s f o r m a t i o n i s n e c e s s a r y f o r 

r e a s o n s w h i c h w i l l be e x p l a i n e d i n s e c t i o n 3.4. 
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3.3 DETERMINATION OF FOURIER COEFFICIENTS 

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

b u t complicated,: . t h e m a t h e m a t i c a l f u n c t i o n s r e p r e s e n t i n g them 

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

s e r i e s has t o be done n u m e r i c a l l y . N u m e r i c a l e v a l u a t i o n o f 

F o u r i e r c o e f f i c i e n t s i s u n d e r t a k e n by s u b - d i v i d i n g a p e r i o d o f 

t h e w a v e f o r m i n t o M e q u a l l y s p a c e d s e c t i o n s a l o n g t h e t i m e a x i s . 

I f t h e p e r i o d o f t h e w a v e f o r m i s T t h e n T = M A t , where Z\t i s t h e 

i n t e r v a l ( F i g . 3 . 1 ) . Suppose t ^ i s t h e t i m e a t t h e end o f 

t h e m*"̂  t i m e i n t e r v a l i . e . t m = m A t f o r l<m<M and A t c a n be 

w o r k e d o u t , as shown b e l o w : 

S i n c e 
2W 

T = — = M A t e q . 3.10 
CO 

t h e r e f o r e 
27r 

A t = — — eq. 3.11 

S u b s t i t u t i n g ZAt f o r d t , T f o r — and m/\t f o r t i n t o 
UJ 

e q u a t i o n s 3 . 1 , 3.2 and 3.3, t h e n u m e r i c a l F o u r i e r c o e f f i c i e n t s c an be w r i t t e n as 

1 M 
- X f ( i n ^ t ) — e q . 3.12 
M m=1 

1 M 
a„ = - X f (m A t ) C O S ( n m A t ) eq. 3.13 

and 

M n t l 

1 M 
bn = - X f ( m Z A t ) S I N ( n m / i t ) eq. 3.14 

M m::1 

The n u m e r i c a l e v a l u a t i o n o f t h e F o u r i e r c o e f f i c i e n t s i s 

done w i t h t h e h e l p o f a c o m p u t e r ( d e s c r i b e d i n C h a p t e r 4) 



Time 

F i g . 3.1 P a r t o f a p e r i o d i c w a v e f o r m 



'•• 3 3 

3.4 THEORY OF THE DIELECTRIC TEST CIRCUIT 

T h i s t e c h n i q u e u s e s t h e f a c t t h a t t h e r e s p o n s e o f a 

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

c o n t a i n s h a r m o n i c s a t t h e c o r r e s p o n d i n g f r e q u e n c i e s [ 3 . 6 ] . 

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

s q u a r e wave ( o r any p e r i o d i c s i g n a l t h a t c o n t a i n s h a r m o n i c s ) 

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

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

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

i s o b t a i n e d i n one s i n g l e r u n . A w i d e r a n g e o f f r e q u e n c i e s can 

be c o v e r e d i n a v e r y s h o r t t i m e as compared t o a l l known 

methods a n d , s i n c e t h i s new t e c h n i q u e uses c o m p u t e r t e c h n i q u e s 

f o r d a t a a c q u i s i t i o n , i t i s l e s s t e d i o u s and can be e a s i l y 

a d a p t e d i n t o o t h e r s y s t e m s . 

The s i g n a l ( h a r m o n i c s ) i s p r o p a g a t e d i n a low l o s s 

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

The shape o f t h e w a v e f o r m s h o u l d r e m a i n unchanged 

t h r o u g h o u t t h e l i n e u n l e s s t h e r e i s a change i n t h e l i n e 

c h a r a c t e r i s t i c . The d i e l e c t r i c i n t h e sample h o l d e r i s 

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

h a v i n g an i n p u t on one s i d e and o u t p u t on t h e o t h e r . I t 

t r a n s f o r m s t h e i n p u t , Vj( t ) , i n t o an o u t p u t yo( t ) . 

From l i n e a r r e s p o n s e t h e o r y [ 3 . 7 ] , V j ( t ) and y^it) a r e 

r e l a t e d by a c o n v o l u t i o n e q u a t i o n : 

t 
.Vo(t) = j V i ( t - t ' ) h ( t ' ) d t ' — eq. 3.15 

0 

w h e re h ( t ) i s t h e s y s t e m ' s t rans fe r i,fu.h,cfion- ;,• I • 

A p p l y i n g t h e d e c o n v o l u t i o n p r o c e d u r e : 

VO((JO) = Vi ( ( jO)H((jt)) — eq. 3.16 

w h e re y^((jp;), V.( pO";) and H((jJ ,) a r e F o u r i e r t r a n s f o r m s o f ¥„( t ) , 

v . ( t ) and h ( t ) r e s p e c t i v e l y . 
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e .g: 
H (U ) ) = j h( t ) e x p ( - j a j t ) e q. 3.17 

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

d e n o t e d by. Vj( (X);) ( w h i c h d e f i n e s i t s m a g n i t u d e and phase 

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

c a u s e d b y t h e d i e l e c t r i c i n t h e sample h o l d e r , be d e n o t e d by 

t h e c o m p l e x f u n c t i o n H ( ( j j ) , t h e o u t p u t s p e c t r u m w i l l be g i v e n 

b y Vo((jiJ). R e l a t i o n 3.16 i s an i m p o r t a n t p r o p e r t y o f t h e 

f r e q u e n c y d o m a i n a p p r o a c h i . e . i t e n a b l e s one t o work o u t t h e 

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

o f t h e i n p u t s p e c t r u m and t h e system's f r e q u e n c y r e s p o n s e , 

H(U)';). T h e r e i s no s i m p l e r e l a t i o n s h i p o f t h i s s o r t e x i s t i n g 

i n t h e t i m e d o m a i n . I t i s a l s o p o s s i b l e t o wo r k o u t how a 

p a r t i c u l a r w a v e f o r m i s m o d i f i e d as i t passes t h r o u g h a system, 

F i r s t t h e s p e c t r u m o f t h e i n p u t w a v e f o r m must be w o r k e d o u t 

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

s p e c t r u m by t h e f r e q u e n c y r e s p o n s e o f t h e s y s t e m w i l l g i v e 

t h e o u t p u t s p e c t r u m . The o u t p u t t i m e f u n c t i o n i s o b t a i n e d by 

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

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

l e n g t h y b u t w i t h t h e a i d o f a co m p u t e r i t can be done e a s i l y . 

3.4.2 THE EQUIVALENT TEST CIRCUIT 

The e q u i v a l e n t c i r c u i t o f t h e a p p a r a t u s used i n t h i s 

t e c h n i q u e i s shown i n F i g . 3.2. The i n p u t s i g n a l i s a s q u a r e -

w a v e . w i t h a r e p e t i t i o n r a t e o f a b o u t 25MHz and t h e 

impedance o f t h e l i n e i s 50 Ohms. From c i r c u i t t h e o r y , t h e 

o u t p u t v o l t a g e Vo^U)) o f t h e c i r c u i t i s g i v e n b y : 

jwCPi 
= Vi (a) ) — eq. 3.18 

1 + ja;C(Ri + Rs) 



F i g . 3.2 E q u i v a l e n t c i r c u i t o f F o u r i e r t e c h n i q u e 
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w h e r e 

V j ( ( j J ) = s p e c t r u m o f t h e i n p u t s i g n a l , 

Ri = l o a d r e s i s t a n c e o f t h e d e t e c t o r u s e d (50 Ohms), 

Rs = s o u r c e r e s i s t a n c e (50 Ohms), 

C = c a p a c i t a n c e o f t h e sample h o l d e r . 

The c a p a c i t a n c e o f t h e sample h o l d e r i s g i v e n b y : 

A 
C = £Q-{£' - j e " ) — eq. 3.19 

d 
w h e re 

- 1 2 

£^0= 8.854x10 F/m ( e l e c t r i c c o n s t a n t ) , 

A = a r e a o f t h e c a p a c i t o r , 

d = gap b e t w e e n t h e c a p a c i t o r p l a t e s . 

W i t h an empty sample h o l d e r ( a i r gap) C = CQ, and t h e 

o u t p u t v o l t a g e ya((jO) becomes: 
ja;CoRi 

y a ( U ) ) = Vj(a),) X — eq. 3.20a 
1 + jwCoRt 

= V./tAj;) X "^g^^r 7 v , e x p ( j - - jARCTAN(a;CoRt) 
[ 1 + o^^Co R,"^] ^ 2 

:Va(CjO0|exp( j0a) 
where 

R, = Rl + R^ 

W i t h t h e sample i n s e r t e d t h e o u t p u t v o l t a g e Vj(U)) i s : 

jo^CoRi ( £•' - j e ' ' ') 

Vd((jO,) = Vi((jO') X — eq. 3.20b 
1 + ja;CoRt ie ' - j c " ) 

M u l t i p l y i n g t h e r i g h t hand s i d e by and r e a r r a n g i n g ; 
e + De 

Yd (0):) 
O^CQRI 

Vi((j(|]) X 
1 /2 

TT e " + t^CoRi {£' + £ " } 
9d ((JO') = - - ARCTAN ^ 

2 
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The t;ransfer f u n c t i o n , H(00 ) , f o r e q u a t i o n s 3.20a and 3.20b 
a r e g i v e n b y : 

[ 1 + a;^Co'R.Vf2 
eq. 3.21a 

0 a ( U i ) ' ) = - - ARCTANCwCoRt ) 
2 

Hd(a)') = 
a;CoRi 

1/2 

- — " " e q . 3.21b 

TT £• + O^CQRI (e- + £• ^) 
G d ( U ) ) = A R C T A N 

2 • 

I n F i g . 3 . 3 t h e v a r i a t i o n s o f t h e f u n c t i o n s g i v e n i n e q u a t i o n s 

3.21a and 3.21b y / i t h a n g u l a r f r e q u e n c y a r e shown g r a p h i c a l l y . 

Thus t h e p l o t s f o r t h e a m p l i t u d e o f t h e 'transfer function> 

H{(jO,) f o r a i r and a l s o f o r d i f f e r e n t v a l u e s o f e' (e''=0.001) 

a r e shown i n F i g . 3 . 3 a . The v a r i a t i o n o f t h e phase a n g l e f o r 

d i f f e r e n t v a l u e s o f e' i s g i v e n i n F i g . 3 . 3 b . 

D i v i d i n g t h e t w o c o m p l e x v o l t a g e s shows t h a t t h e r a t i o 

o f t h e a m p l i t u d e s i s : 

V ; d ( U ) ) ( 1 + UJ^CQ^R^^ ) 

2-.1/2 

eq. 3.22a 

and t h e phase a n g l e d i f f e r e n c e g i v e s : . -

9d(<JU ) - 0a( tJO, ) = ARCTAN (a;CQRt ) " ARCTAN 
e 

— eq. 3.22b 

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

f a c t o r , e^', ( e ' = 10) i s shown i n F i g 3.4. 
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E q u a t i o n s 3.22a and 3.22b can be r e a r r a n g e d t o g i v e t h e 
f o r m u l a e r e q u i r e d t o c a l c u l a t e t h e v a l u e s o f e' and £•' '. 
Sometimes a p p r o x i m a t i o n s a r e p o s s i b l e , f o r e x a m p l e , f o r a 
good i n s u l a t o r ( i . e . e ' ' << e ' ) , we can make t h e 
a p p r o x i m a t i o n : 

T h e r e f o r e e q u a t i o n s 3.22a and 3.22b become: 

V a ( ( j O ) 

1 + w CQR^ 

p 1 
+ (• — - + a;CoR 

eq. 3.23a 

£ 2 
0d( ,U) ' ) - 6 a ( U ) ) = ARCTAN (ô  CoRt ) -ARCTAN -- +UJCQR^£', 

- — eq. 3.23b 

From e q u a t i o n 3.23b: 

= e'TAN [ARCTAN (6c; C oR t ) - ( 9 ^ ( 0 ) ) " O a ^ U ) ' ) ] " CQR^S'^U 

S u b s t i t u t i n g i n t o e q u a t i o n 3.23a: 

y d ( U ) : ) 
€ = 

y a ( c u ) 

1 + TAN 2[ ARCTAN ((^ C oR t ) - (6^(00.) " Qa^UJ))])^^^ 

1 + (oyCoRj ) 

I f t h e t h i c k n e s s o f t h e sample i s n o t e q u a l t o t h e a i r gap; 

£ 

and 

V d d i O ) 

: V a ( a j ) 

C o ( l + TAN ^ [ ARCTAN (O^CQR t )• -(Q^^iX)) " 0 

C o t 1 + (WCQRI 

V2 

eq. 3.24a 

= e'TAN [ A R C T A N (a; CQRJ ) - ( 0 / U ) ) - 0 a ( U ) ) ) ] " C'R.e'o; 

--- eq. 3.24b 

w h e r e : 

c : = 
d ' 

and 
d ' = t h i c k n e s s o f sample', 
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3.5 SIGNIFICANCE OF THE DERIVED EQUATIONS 
E q u a t i o n s 3.21 and 3.22 a r e t h e f r e q u e n c y t r a n s f e r 

f u n c t i o n s f o r a i i . a i r gap and f o r m a t e r i a l s h a v i n g d i f f e r e n t 
v a l u e s o f e' and e''. The a i r gap ( a n d hence t h e t h i c k n e s s 

-4 
o f s a m p l e ) was t a k e n t o be 3x10 m. and t h e d i a m e t e r o f t h e 

-3 

i n n e r c o n d u c t o r o f t h e sample h o l d e r was 6.204x10 m.. The 

g r a p h s i n F i g . 3.3a show t h a t t h e c i r c u i t t r a n s m i t s h i g h 

f r e q u e n c y s i g n a l s and b l o c k s t h e l o w f r e q u e n c y s i g n a l s . 

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

m a g n i t u d e and a change i n phase a n g l e ( s e e F i g . 3 . 3 b ) . 

However a t v e r y h i g h f r e q u e n c i e s t h e s i g n a l s a r e t r a n s m i t t e d 

w i t h n e g l i g i b l e m o d i f i c a t i o n t o t h e i r a m p l i t u d e and phase. 

E v e r y p a i r o f v a l u e s o f e' and e'' has i t s c h a r a c t e r i s t i c 

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

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

p a i r s ^ o f v a l u e s o f ^' and g-' ' w i l l c ause d i f f e r e n t 

m o d i f i c a t i o n s and t h e o u t p u t w i l l have a d i s t i n c t shape 

c o r r e s p o n d i n g t o t h e v a l u e s o f e' and e''. 

The o u t p u t w a v e f o r m f o r d i f f e r e n t v a l u e s o f e' and e'' 

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

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

h a r m o n i c f r e q u e n c y ( e q . 3 . 2 0 b ) . Then, by p e r f o r m i n g an 

i n v e r s e F o u r i e r t r a n s f o r m a t i o n on t h e sum o f t h e p r o d u c t s a t 

e a c h h a r m o n i c f r e q u e n c y , t h e o u t p u t w a v e f o r m can be o b t a i n e d . 

T h i s w a v e f o r m c h a r a c t e r i s t i c a l l y d e f i n e s e' and e ' ; by 

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

e' and e'' f o r t h e m a t e r i a l u n d e r s t u d y can be o b t a i n e d 

s i m u l t a n e o u s l y . Thus by s t o r i n g a l l t h e p o s s i b l e f a m i l y o f 

w a v e f o r m s f o r d i f f e r e n t p a i r s o f v a l u e s o f e' and e'' i n t h e 

c o m p u t e r f i l e , an o p e r a t o r j u s t has t o change t h e sample and 
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t h e c o m p u t e r w i l l make t h e c o m p a r i s o n and g i v e o u t t h e 
r e s p e c t i v e v a l u e s o f e' and e'' f o r each o f t h e s a m p l e s 
i n s e r t e d i n t h e t e s t j i g . I n i t i a l l y c a l i b r a t i o n i s n e c e s s a r y 
i . e t h e i n p u t w a v e f o r m ( e . g . F i g . 3.5) has t o be measured and 
a n a l y s e d and t h e f a m i l y o f w a v e f o r m s f o r d i f f e r e n t v a l u e s o f 
£•' and £•' ' have t o be w o r k e d o u t f o r t h e p a r t i c u l a r i n p u t 
w a v e f o r m . Some t y p i c a l o u t p u t w a v e f o r m s ( c o r r e s p o n d i n g t o 
t h e i n p u t w a v e f o r m shown i n F i g . 3.5) f o r d i f f e r e n t v a l u e s 
o f £•'' a r e shown i n F i g . 3.6a f o r £-'=4 and i n F i g . 3.6b f o r 
e'=10; a c o r r e s p o n d i n g p l o t s h o w i n g o u t p u t w a v e f o r m s f o r 
d i f f e r e n t v a l u e s o f e' ( w i t h £"''=0.001) i s shown i n F i g . 3 . 6 c . 

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

f r e q u e n c y d e p e n d i n g on t h e d o m i n a n t c o n d u c t i o n mechanism t h a t 

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

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

U n i v e r s a l l a w o f d i e l e c t r i c r e s p o n s e [ 3 . 9 - 3.14] t h e 

v a r i a t i o n s o f e' and e'' w i t h f r e q u e n c y obey t h e r e l a t i o n s : 

n- 1 
e - £^ oc uj 

' ' n - 1 

i n w h i c h 0.7 < n < 1 

These r e l a t i o n s can be i n c l u d e d i n t h e f r e q u e n c y t r a n s f e r . 

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

i t s c h a r a c t e r i s t i c o u t p u t w a v e f o r m . Thus, n o t o n l y can t h e 

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

i n a s i n g l e r u n , b u t a l s o t h e e x p o n e n t n i n t h e U n i v e r s a l 

l a w can be w o r k e d o u t s i m u l t a n e o u s l y . A l t e r n a t i v e l y , a 

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

t r a n s f e r f u n c t i o n and g i v e d i f f e r e n t o u t p u t w a v e f o r m s . 
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The s u i t a b i l i t y o f t h e method f o r l o s s measurements 

can be a s s e s s e d by r e f e r r i n g t o F i g . 3.7 and 3.8. I n F i g . 3.7 

t h e t h e o r e t i c a l o u t p u t w a v e f o r m s f o r d i f f e r e n t v a l u e s o f £•' ' 

a r e shown o n an e x p a n d e d s c a l e o f r e l a t i v e a m p l i t u d e , t a k i n g 

t h e f i x e d v a l u e o f f:'=4. From t h i s , t a k i n g ' sample p o i n t 50, 

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

e''; t h i s p l o t i s s h o w n . i n F i g . 3.8. The e x p e r i m e n t a l 

s i g n i f i c a n c e o f t h i s i s t h a t , i n t h e r a n g e o f £•'' f r o m 0.1 

t o a b o u t 0.02 ( i . e a r a n g e r e p r e s e n t i n g q u i t e l o s s y 

m a t e r i a l s ) t h e a m p l i t u d e d i f f e r e n c e can be measured f a i r l y 

e a s i l y u s i n g c o n v e n t i o n a l i n s t r u m e n t a t i o n . However f o r 

e'' < 0.02 ( c o r r e s p o n d i n g t o m a t e r i a l s w h i c h a r e becoming 

much more i n s u l a t i n g ) t h e a m p l i t u d e d i f f e r e n c e , w h i c h now 

amounts t o o n l y a f e w t e n t h o f a m i l l i v o l t , i s much more 

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

o f t h e l i m i t a t i o n o f t h e t e c h n i q u e . F u r t h e r , e q u a t i o n s 3.24a 

and 3.24b w e r e u s e d t o c h e c k t h a t t h e e q u i v a l e n t c i r c u i t and 

i t s m a t h e m a t i c a l r e p r e s e n t a t i o n were c o r r e c t . A number o f 

w e l l - k n o w n d i e l e c t r i c s w e r e u s e d i n t h e measurements and t h e 

r e s u l t s have been compared w i t h s t a n d a r d v a l u e s . These 

r e s u l t s a r e shown i n C h a p t e r 5. 



Fig- 3-7 

Sample points 

Theoref-icat output waveform for different 

values of e" _ expanded scale;{c '=4) 
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CHAPTER 4 

EXPERIMENTAL FOURIER ANALYSIS TECHNIQUES SYSTEM 

4.1 INTRODUCTION 

The need f o r t h e c a l c u l a t i o n of t h e d i e l e c t r i c 

p a r a m e t e r s t o be made i n t h e f r e q u e n c y domain (eq. 3.16) 

r e q u i r e s t h e t i m e domain s i g n a l t o be t r a n s f o r m e d i n t o i t s 

f r e q u e n c y d o m a i n ' e q u i v a l e n t . Thus the main t a s k i n the 

a s s e m b l y of t h e F o u r i e r a n a l y s i s method of d i e l e c t r i c 

measurement i s t o b u i l d a d a t a a c q u i s i t i o n system t o r e a d 

t h e d a t a p o i n t s f o r one p e r i o d of t h e output s i g n a l i n t o the 

computer. The computer used i s an 8 - b i t computer, t h e r e f o r e 

a l l t h e i n t e r f a c i n g was completed u s i n g 8 - b i t c o n v e r t e r s . 

When d a t a p o i n t s (up t o 256 p o i n t s ) a r e r e a d i n t o the 

computer t h e y can be a n a l y s e d and the computer w i l l perform 

a l l t h e c a l c u l a t i o n s g i v i n g out the f i n a l p a rameters 

r e q u i r e d . A s a m p l i n g a d a p t e r ( B r a d l e y Type 158) has been 

use d i n t h e d a t a a c q u i s i t i o n system. T h i s u n i t t r a n s f o r m s 

t h e h i g h f r e q u e n c y s i g n a l i n t o i t s low f r e q u e n c y 

p r e s e n t a t i o n . To e n a b l e t h e computer t o r e a d the d a t a p o i n t s , 

t h e s i g n a l s from t h e s a m p l i n g a d a p t e r were d i g i t i z e d u s i n g 

an 8 - b i t a n a l o g u e - t o - d i g i t a l c o n v e r t e r . An 8 - b i t d i g i t a l - t o -

a n a l o g u e c o n v e r t e r , c o n t r o l l e d by the computer, was used t o 

d r i v e t h e e x t e r n a l s c a n n i n g v o l t a g e of the sampling a d a p t e r . 

T h i s e f f e c t i v e l y d i v i d e d the t i m e - a x i s i n t o M equal 

i n t e r v a l s (maximum 256) and s y n c h r o n i z e d the r e a d i n g i n of 

t h e sample p o i n t s i n t o t h e computer. 

4.2 THE COMPLETE SYSTEM 

The b l o c k diagram f o r the complete assembly of the 
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F o u r i e r a n a l y s i s t e c h n i q u e of d i e l e c t r i c measurement of 
m a t e r i a l s i s shown i n F i g . 4.1. A l l t h e c o n n e c t i o n s used 
were c o a x i a l w i t h 5 0 ohm impedance. The s i g n a l s o u r c e i s a 
p u l s e g e n e r a t o r which d r i v e s t h e t e s t c i r c u i t a t the 
fundamental and harmonic f r e q u e n c i e s . F i f t y ohm a t t e n u a t o r s 
were us e d a t both ends of the t e s t c i r c u i t t o e n s u r e 
impedance m a t c h i n g . The sample i s p l a c e d i n a gap i n 
t h e i n n e r c o n d u c t o r of a c o a x i a l s a m p l e - h o l d e r and the 
e x p e r i m e n t c o n s i s t s o f m e a s u r i n g the d i s t o r t i o n of t h e 
o u t p u t waveform c a u s e d by the i n t r o d u c t i o n of the sample i n 
t h e h o l d e r . T h i s i s a c h i e v e d by p a s s i n g the h i g h f r e q u e n c y 
waveform t h r o u g h t h e s a m p l i n g a d a p t e r u n i t . The sampling 
a d a p t e r i s c a p a b l e o.f r e a d i n g s i g n a l s up t o iGHz f a i r l y 
e a s i l y and w i t h v e r y c a r e f u l t u n i n g i t s range c o u l d be 
extended t o 1.2GHz . I t t r a n s f o r m s t h e h i g h f r e q u e n c y s i g n a l 
i n t o a low f r e q u e n c y e q u i v a l e n t a t l e s s t h a n lOOkHz . T h i s 
u n i t has t h r e e o p e r a t i n g modes, i . e a u t o m a t i c , manual and 
e x t e r n a l s c a n n i n g modes; e a c h of t h e s e can p r o v i d e the 
s c a n n i n g v o l t a g e f o r t h e t i m e - a x i s r e q u i r e d t o s y n c h r o n i z e 
t h e d i s p l a y of a l l t h e waveforms. The s i g n a l s from the 
s a m p l i n g a d a p t e r were d i g i t i z e d by an a n a l o g u e - t o - d i g i t a l 
c o n v e r t e r and s u b s e q u e n t l y t h e computer r e a d i n d a t a p o i n t s 
f o r one p e r i o d of t h e o u t p u t waveform. The s i g n a l s were 
s t o r e d i n t h e computer f i l e and can be p r o c e s s e d and 
a n a l y s e d t o g i v e o u t t h e r e q u i r e d d i e l e c t r i c p a r a m e t e r s . 

4.3 CHOICE OF INPUT WAVEFORM 

The b a s i s of t h e F o u r i e r s e r i e s i s t h a t a complex 

p e r i o d i c waveform may be a n a l y s e d i n t o a number of 

h a r m o n i c a l l y r e l a t e d s i n u s o i d a l waves. Thus, a p a r t from pure 
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F o u r i e r a n a l y s i s t e c h n i q u e . 
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s i n u s o i d s , any waveform c o n t a i n s harmonics and i n p r i n c i p l e 
can be u s e d a s t h e i n p u t waveform f o r t h i s t e c h n i q u e . 
However, a number of f a c t o r s must be t a k e n i n t o 
c o n s i d e r a t i o n when c h o o s i n g t h e most d e s i r a b l e i n p u t waveform, 
F i r s t l y , a s t h e impedance o f t h e measuring c i r c u i t i s 50 ohm, 
i t would be advantageous i f t h e s i g n a l s o u r c e had the same 
impedance i n o r d e r t o a v o i d mismatching. S e c o n d l y , t h e 
harmonic o u t p u t o f t h e i n p u t waveform v a r i e s w i t h t h e shape 
of t h e waveform, i . e some p a r t i c u l a r shape of waveform may 
g i v e h i g h e r harmonic o u t p u t l e v e l s t h a n o t h e r s h a p e s . The 
c h o i c e would be f o r the one t h a t would g i v e t h e l a r g e s t 
h armonic o u t p u t a t h i g h harmonic f r e q u e n c i e s . T a b l e 4.1 
shows some s i m p l e shapes of waveform which e i t h e r a r e 
a v a i l a b l e from commercial equipment o r can e a s i l y be made. 
The T a b l e shows t h a t t h e r e c t a n g u l a r shaped waveform would 
g i v e h i g h e r o u t p u t harmonic l e v e l s t h a n any o t h e r shape 
shown. The range of f r e q u e n c y coverage can be much more 
e a s i l y c o n t r o l l e d by c h a n g i n g t h e fundamental f r e q u e n c y of 
t h e i n p u t waveform t h a n by measuring t h e output a t v e r y h i g h 
harmonic f r e q u e n c i e s . Thus, i t w i l l be advantageous i f t h e 
fundamental f r e q u e n c y of t h e i n p u t waveform can be v a r i e d 
e a s i l y . 

The i n p u t waveform used i n t h e p r e s e n t measurements i s 

o b t a i n e d from a p u l s e g e n e r a t o r ( T e k t r o n i k Type 2101) which 

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

f r e q u e n c i e s r a n g i n g from 25Hz t o 25MHz , c o n t i n u o u s l y 

v a r i a b l e between t h e c a l i b r a t e d s t e p s . The output v o l t a g e of 

t h e u n i t i s 10 v o l t s and i t has a c h a r a c t e r i s t i c impedance 

of 50 ohm. T h i s p a r t i c u l a r t y p e of g e n e r a t o r was chosen 
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b e c a u s e i t gave l a r g e r harmonic o u t p u t s t h a n o t h e r 

n o n - s i n u s o i d a l s i g n a l g e n e r a t o r s and a l s o p r o v i d e d wide 

f r e q u e n c y c o v e r a g e . 

4.4 SAMPLE-HOLDER DESIGN 

The geometry of t h e c o a x i a l l i n e l e a d s t o p a r t i c u l a r l y 

s i m p l e forms f o r t h e e l e c t r i c and magnetic f i e l d s , i . e f o r 

th e TEM mode t h e e l e c t r i c f i e l d i s e n t i r e l y r a d i a l and t he 

m a g n e t i c f i e l d forms a s e r i e s of c o n c e n t r i c c i r c l e s around 

t h e i n n e r c o n d u c t o r . A c a p a c i t i v e gap i n t h e i n n e r conductor 

o f t h e c o a x i a l l i n e can be used a s a s a m p l e - h o l d e r f o r 

measurements a t both r a d i o and microwave f r e q u e n c i e s . When a 

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

c a p a c i t a n c e i s g i v e n by CQE* where e* i s t h e complex 

r e l a t i v e p e r m i t t i v i t y of t h e sample and CQ i s the s e r i e s 

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

i n n e r c o n d u c t o r and a i r gap d i m e n s i o n s . 

The s a m p l e - h o l d e r . F i g . 4.2, used i n t h i s work was 

c o n s t r u c t e d from b r a s s . The d i a m e t e r of t h e i n n e r conductor 

was 6.20mm. and t h e i n t e r n a l d i a m e t e r of t h e o u t e r conductor 

was 14.29mm.. T h e o r e t i c a l l y t h i s would g i v e a c h a r a c t e r i s t i c 

impedance v e r y c l o s e t o 50 ohm. The d e t a i l s of t h e c o n s t r u c t i o n 

and p e r f o r m a n c e of t h e s a m p l e - h o l d e r used i n t h i s work a r e 

g i v e n i n Ahmad's t h e s i s [ 4 . 3 ] . 

4.5 SAMPLING AND COMPUTING 

The F o u r i e r a n a l y s i s t e c h n i q u e f o r d i e l e c t r i c 

measurements i n v o l v e s d e t e c t i n g s m a l l changes i n t he shape of 

t h e o u t p u t waveform. I n t he p r e s e n t measurements t h e 

fundamental f r e q u e n c y of t he i n p u t waveform i s about 25MHz . 
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S i g n a l s o f t h i s f r e q u e n c y can be d i s p l a y e d on o s c i l l o s c o p e s 
w i t h bandwidths up t o 25MHz: but the d i s p l a y would not 
r e p r e s e n t t h e t r u e o u t p u t waveform a s h i g h e r harmonics of 
t h e waveform would not be de t e c t e d , by t h e o s c i l l o s c o p e . The 
p r o c e s s o f s a m p l i n g t h e s i g n a l e f f e c t i v e l y expands t h e t i m e -
a x i s of t h e o u t p u t waveform, i . e sa m p l i n g t h e ou t p u t 
waveform t r a n s f o r m s t h e h i g h f r e q u e n c y s i g n a l from t h e h i g h 
t o low f r e q u e n c y r a n g e , and the low f r e q u e n c y s i g n a l can 
s u b s e q u e n t l y be d i s p l a y e d w i t h o u t l o s s of i n f o r m a t i o n . I n 
t h e p r e s e n t work, t h e B r a d l e y s a m p l i n g a d a p t e r Type 15 8 was 
used f o r t h i s p u r p o s e . T h i s u n i t i s c a p a b l e of d i s p l a y i n g 
s i g n a l s w i t h r i s e - t i m e s a s f a s t a s 0.5 nanoseconds and the 
e q u i v a l e n t bandpass i s from d i r e c t c u r r e n t t o beyond IGHz.. 
The o u t p u t from t h i s u n i t i s a s i g n a l whose f r e q u e n c y 
components range from d.c. t o about lOOkHz , depending upon 
t h e n a t u r e of t h e s i g n a l going i n t o i t . T h i s output s i g n a l 
can e a s i l y be d i s p l a y e d on an o r d i n a r y o s c i l l o s c o p e or 
X-Y d i s p l a y u n i t . The s i g n a l g a i n of t h e a d a p t e r i s 
c a l i b r a t e d from XI t o X50, which g i v e s an o v e r a l l maximum 
s e n s i t i v i t y of lOmV. per d i v i s i o n . The s i g n a l i n p u t 
impedance i s 5 0 ohm and the maximum i n p u t and output s i g n a l 
a m p l i t u d e s a r e ±2 v o l t s . 

The f a c i l i t i e s p r o v i d e d by t h e s a m p l i n g a d a p t e r were 

f u l l y u t i l i z e d i n t h e d a t a a c q u i s i t i o n s ystem of t h e 

as s e m b l y . The h o r i z o n t a l s c a n of t h e u n i t can be o p e r a t e d 

e i t h e r w i t h a u t o m a t i c , manual or e x t e r n a l o p e r a t i o n . I n the 

a u t o m a t i c mode t h e u n i t w i l l s c a n a u t o m a t i c a l l y and t h e 

number of sample p o i n t s can be v a r i e d (between 100 t o 1000) 

by u s i n g t h e SAMPLES/SCAN c o n t r o l . The manual mode e n a b l e s 
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t h e o p e r a t o r t o c o n t r o l m a n u a l l y the h o r i z o n t a l s c a n of the 

o s c i l l o s c o p e . Thus a d i s p l a y may be t r a c e d v e r y s l o w l y o r , 

i f d e s i r e d , t h e sweep may be stopped a t any p o i n t on t h e 

d i s p l a y . Use of t h e e x t e r n a l o p e r a t i o n mode r e q u i r e d an 

e x t e r n a l s c a n n i n g v o l t a g e t o be a p p l i e d t o t h e EXT. SCAN 

s o c k e t s . I n t h e p r e s e n t d a t a a c q u i s i t i o n system, the 

e x t e r n a l o p e r a t i o n mode was used i n o r d e r t o overcome the 

s y n c h r o n i s a t i o n problem. An 8 - b i t d i g i t a l - t o - a n a l o g u e 

c o n v e r t e r , c o n t r o l l e d by t h e computer s u p p l i e s t h e e x t e r n a l 

s c a n n i n g v o l t a g e and an 8 - b i t a n a l o g u e - t o - d i g i t a l c o n v e r t e r 

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

p o i n t s . A l l t h e d a t a p o i n t s can then be s t o r e d t o be 

p r o c e s s e d t o g i v e out t h e r e q u i r e d p a r a m e t e r s . 

The t i m e t a k e n t o r e a d i n one p e r i o d of a waveform i s 

about one minute and w i t h a computer t h a t has a d i s k s t o r a g e 

f a c i l i t y thi,s d a t a can be s t o r e d i n t o i t s f i l e i n l e s s than 

a minute. Thus t h e F o u r i e r a n a l y s i s t e c h n i q u e can make 

measurements a t two minute i n t e r v a l s . The a c t u a l c a l c u l a t i o n 

t o produce t h e r e q u i r e d p a r a m e t e r s can e i t h e r be completed 

a t a s u b s e q u e n t t i m e o r s i m u l t a n e o u s o p e r a t i o n can be 

a c h i e v e d by l i n k i n g t h e computer t o s e v e r a l o t h e r s which 

w i l l make t h e r e q u i r e d c a l c u l a t i o n s and comparisons t o 

produce t h e ' r e q u i r e d p a r a m e t e r s . The advantages of t h i s 

s y s t e m w i l l e n a b l e i t t o be used , f o r example, on a 

f a c t o r y l i n e t o monitor t h e p r o d u c t i o n o utput; a n o t h e r 

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

where measurements a t v e r y s h o r t time i n t e r v a l s a r e al w a y s 

r e q u i r e d . 
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4.6 TEST OF DATA ACQUISITION SYSTEM 

The d a t a a c q u i s i t i o n p a r t of t h e ass e m b l y was t e s t e d 

by u s i n g a known p u l s e a s an i n p u t . A r e c t a n g u l a r p u l s e w i t h 

a p u l s e d u r a t i o n ( r ) of about o n e - f i f t h of t h e r e p e t i t i o n p e r i o d 

T ( i . e . T/T = 1/5) was us e d ; t h e p u l s e r e p e t i t i o n f r e q u e n c y 

was 2.5MHz . The sample p o i n t s were r e a d i n t o t h e computer 

and were F o u r i e r a n a l y s e d t o g i v e out the a m p l i t u d e and 

phase s p e c t r a . These r e s u l t s a r e p l o t t e d i n F i g . 4.3. The 

t h e o r e t i c a l a m p l i t u d e and phase s p e c t r a f o r a p e r f e c t 

( i n f i n i t e r i s e t i m e ) p u l s e w i t h = 1/5 a r e i n c l u d e d i n 

F i g . 4.3 f o r co m p a r i s o n p u r p o s e s . I t can be seen t h a t . t h e r e 

i s a good f i t and t h i s p r o v e s t h a t t h e sys t e m i s working 

v e r y w e l l . However t h e p u l s e used d i d not have t h e i d e a l 

t h e o r e t i c a l shape b u t had a r i s e time of about 5 n s e c ; 

f u r t h e r m o r e t h e V T r a t i o was not e x a c t l y equal t o 1/5. 

C o n s e q u e n t l y t h i s t e s t c o u l d not check t h e a c c u r a c y of t h e 

r e a d i n g i n of t h e d a t a p o i n t s . N e v e r t h e l e s s , t h i s t e s t 

p r o v e s t h a t t h e d a t a a c q u i s i t i o n system i s c o l l e c t i n g d a t a 

c o r r e c t l y and t h a t t h e computer programs used t o c a l c u l a t e 

t h e a m p l i t u d e .and phase s p e c t r a a r e c o r r e c t . The complete 

a p p r a i s a l of t h e whole a s s e m b l y used t o measure t h e 

d i e l e c t r i c p r o p e r t i e s o f r e f e r e n c e m a t e r i a l s w i l l be 

p r e s e n t e d i n C h a p t e r 5. 
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CHAPTER 5 

APPRAISAL OF THE FOURIER ANALYSIS TECHNIQUE 

5.1 INTRODUCTION 

T h e o r e t i c a l l y , t h e i d e a of o b t a i n i n g a spectrum of 

r e s u l t s a t harmonic f r e q u e n c i e s has been shown i n C h a p t e r 3 

t o be f e a s i b l e . However, many p r a c t i c a l problems have t o be 

overcome b e f o r e a complete o p e r a t i n g system can be b u i l t t o 

g i v e t r u e l y r e l i a b l e r e s u l t s . The f i r s t problem was t o 

d e t e r m i n e whether t h e s i g n a l s o u r c e c o u l d g i v e out enough 

power t o d r i v e t h e t e s t c i r c u i t at. t h e r e q u i r e d harmonic 

f r e q u e n c i e s . The harmonic a m p l i t u d e s were measured q u i t e 

s i m p l y by u s i n g both a wave a n a l y s e r and a spectrum a n a l y s e r 

and t h e i n p u t l e v e l was a d j u s t e d a c c o r d i n g l y . F u r t h e r , t h e 

c omplete s y s t e m i n v o l v e s a d a t a a c q u i s i t i o n s e c t i o n t h a t 

u s e s a computer and t h i s r e q u i r e s i n t e r f a c i n g the measuring 

r i g t o t h e computer t o e n a b l e i t t o r e a d i n a l l the d a t a 

p o i n t s . Thus, t h e a s s e m b l y of the complete system i s a 

t e d i o u s p r o c e s s ; t h e r e f o r e the p r i n c i p l e of the F o u r i e r 

a n a l y s i s a pproach was f i r s t t e s t e d i n the f r e q u e n c y domain 

u s i n g the wave a n a l y s e r . Here pure magnesium o x i d e (MgO) 

s i n g l e c r y s t a l was used a s a s t a n d a r d r e f e r e n c e sample. The 

c l o s e agreement o b t a i n e d between t h e s e e x p e r i m e n t a l 

measurements and t h e a c c e p t e d v a l u e j u s t i f i e d t h e assembly 

of t h e complete F o u r i e r a n a l y s i s equipment. The complete 

" system was a l s o t e s t e d u s i n g two r e f e r e n c e samples, namely 

pure MgO and v i t r e o s i l (pure S i O j ) . The c a p a b i l i t i e s and 

l i m i t a t i o n s of t h i s t e c h n i q u e a r e d i s c u s s e d t o g e t h e r w i t h the 

f a c t o r s w h i c h govern t h e a c c u r a c y a t t a i n a b l e w i t h the p r e s e n t 

s y stem. Some s u g g e s t i o n s t o improve the system a r e put forward, 
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5.2 EARLY EXPERIMENT USING WAVE ANALYSER 

The c i r c u i t diagram f o r t h i s measurement i s s i m i l a r t o 

t h a t o f F i g . 3.2 but i n s t e a d of doing t h e measurement i n t h e 

tim e domain, a wave a n a l y s e r was used. The c i r c u i t was f i r s t 

t e s t e d u s i n g s i n u s o i d a l waves a t v a r i o u s f r e q u e n c i e s r a n g i n g 

from iMHz" t o abou-t 300MHz . Square waves w i t h r e p e t i t i o n 

f r e q u e n c y of about 2.5MHz were the n i n t r o d u c e d i n t o t h e 

c i r c u i t and t h e v a l u e of p e r m i t t i v i t y a t f r e q u e n c i e s up t o 

t h e 5 0 t h . harmonic was measured. Next, t h e r e p e t i t i o n 

f r e q u e n c y of t h e s q u a r e wave was i n c r e a s e d t o 25MHz and 

s i m i l a r measurements were c a r r i e d o u t . However, a s the upper 

f r e q u e n c y l i m i t o f t h e wave a n a l y s e r a v a i l a b l e was about 

300MHz , o n l y t h e f i r s t 12 harmonics c o u l d be measured. 

I n t h e c a l c u l a t i o n of t h e p e r m i t t i v i t y of the m a t e r i a l 

t e s t e d , e q u a t i o n 3.22a was use d . However, t h e wave a n a l y s e r 

c o u l d o n l y measure t h e a m p l i t u d e of t h e s i g n a l f e d i n t o the 

c i r c u i t . As t h e m a t e r i a l under s t u d y (pure MgO) was known t o 

be v e r y n e a r l y l o s s l e s s , a f u r t h e r a s s u m p t i o n was made i . e : 

g" ' << CQR, eq. 5.1 

By u s i n g t h i s a s s u m p t i o n e q u a t i o n 3.22a can be reduced t o : 

eq. 5.2 
Va r V, ^ i i / 2 

1 + a;VoR;(l ) 
Va 

The r e s u l t s from t h e s e e a r l y measurements a r e p r e s e n t e d i n 

F i g . 5.1 and t h e c l o s e agreement w i t h t h e exp e c t e d v a l u e s 

shows t h a t a l l t h e p a r t s of t h e system e x c e p t the d a t a 

a c q u i s i t i o n s e c t i o n work w e l l . 
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5.3 RESULTS ON PURE MgO AND VITREOSIL 

The c l o s e agreement between the measurements on pure MgO 

o b t a i n e d by t h e e a r l y e x p e r i m e n t s u s i n g t h e wave a n a l y s e r and 

t h e a c c e p t e d v a l u e s j u s t i f i e d t h e a s s e m b l y of the complete 

F o u r i e r a n a l y s i s s y s t e m t o measure the d i e l e c t r i c p r o p e r t i e s 

o f m a t e r i a l s . The b l o c k diagrams and d e t a i l e d d e s c r i p t i o n s 

of e a c h component of t h e system have been p r e s e n t e d and 

d i s c u s s e d i n C h a p t e r 4. However, h e r e the complete system was 

t e s t e d u s i n g two r e f e r e n c e samples, namely pure MgO and 

v i t r e o s i l . Both samples were i n the form of c i r c u l a r d i s c s 

about 0.3mm.. t h i c k . I t was o b s e r v e d t h a t by e v a p o r a t i n g g o l d 

e l e c t r o d e s on both s i d e s of the sample, t h e r e s u l t s of t he 

measurements g i v e a b e t t e r agreement w i t h the s t a n d a r d v a l u e 

f o r t h e m a t e r i a l under s t u d y . 

The o u t p u t waveform f o r an empty ( a i r ) s a m p l e - h o l d e r 

t o g e t h e r w i t h t h o s e f o r pure MgO and v i t r e o s i l a r e shown i n 

F i g . 5.2. A l l t h e t h r e e o u t p u t waveforms were F o u r i e r 

a n a l y s e d by t h e computer t o g i v e out the a m p l i t u d e and phase 

v a l u e s a t each harmonic f r e q u e n c y . These v a l u e s were then 

u s e d (by t h e computer) t o c a l c u l a t e t h e d i e l e c t r i c 

p r o p e r t i e s of pure MgO and v i t r e o s i l . The r e s u l t s of t he 

f i n a l c a l c u l a t i o n s a r e p r e s e n t e d i n F i g . 5.3, f o r the 

v a r i a t i o n o f e' w i t h f r e q u e n c y and i n F i g . 5.4 f o r the 

v a r i a t i o n of e ' ' w i t h f r e q u e n c y . The a c c u r a c y of the 

r e s u l t s was 1 0 . 5 and t h e n v a l u e deduced from the g r a d i e n t 

of t h e l o g - l o g p l o t of e' a g a i n s t f r e q u e n c y ( f o r v i t r e o s i l ) 

was 1.009+0.01. The p e r m i t t i v i t y o ver t h i s f r e q u e n c y range 

measured by t h e F o u r i e r t e c h n i q u e was 3.78 and t h i s v a l u e i s 

i n v e r y good agreement w i t h the r e p o r t e d v a l u e of 3.84. The 

v a l u e of d i e l e c t r i c l o s s was 0.005+0.005. Fo r the o t h e r 
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m a t e r i a l , pure MgO, t h e p e r m i t t i v i t y was found t o be 

e' = 9.55+0.5 and t h e v a l u e o f t h e d i e l e c t r i c l o s s was 

0.007±0.005. The g r a d i e n t n o f t h e l o g - l o g p l o t was 

0.98+0.01 and a l l t hese v a l u e s are i n complete agreement 

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

5.4 DISCUSSION AND CONCLUSION 

The a p p r a i s a l o f t h i s t e c h n i q u e was c a r r i e d b u t by 

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

e q u i v a l e n t f r e q u e n c y domain r e p r e s e n t a t i o n . T h i s process 

was c a r r i e d o u t by u s i n g a F o u r i e r a n a l y s i s method. Here the 

t r a n s f o r m a t i o n was made as a means o f checking t h e r e s u l t s 

a t each harmonic f r e q u e n c y a l t h o u g h t he r e q u i r e d i n f o r m a t i o n 

was i n f a c t a v a i l a b l e i n t h e o u t p u t waveform. T h i s process i s 

n o t necessary once t h e v a l i d i t y o f t h e t e c h n i q u e has been 

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

o u t p u t waveform i t i s t h e r e f o r e p o s s i b l e t o o b t a i n t he 

parameters r e q u i r e d j u s t by comparing t h e o u t p u t waveform 

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

d i f f e r e n t s e t s o f parameters. Thus the computer can be made 

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

v a l u e s o f e', e'' and n and s t o r e these data p o i n t s i n i t s 

f i l e . The d i e l e c t r i c parameters of a m a t e r i a l can then 

s i m p l y be d e t e r m i n e d by comparing t h e o u t p u t waveform., when 

t h e sample i s i n s e r t e d i n t h e sample-holder, w i t h t h e s t o r e d 

waveforms i n t h e computer. The process o f comparing the 

measured o u t p u t waveform w i t h t he c a l c u l a t e d one can be 

performed by t h e computer as w e l l . T h e r e f o r e t he com.puter 

can be programmed t o make a l l t he c a l c u l a t i o n s and 

comparisons and would g i v e o u t the f i n a l parameters i . e e', 
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e'' and t h e g r a d i e n t o f t h e l o g - l o g p l o t o f e i t h e r e' or e'' 

w i t h f r e q u e n c y . Thus, once t h e t e c h n i q u e has been f u l l y 

e s t a b l i s h e d , measurement o f t h e d i e l e c t r i c p r o p e r t i e s o f 

m a t e r i a l s can be made w i t h ease. 

The accuracy o f t h e measurement o f c" f o r h i g h l y 

i n s u l a t i n g m a t e r i a l ( i . e t'' < 0.01) can be f u r t h e r improved. 

From t h e p l o t i n F i g . 3... 8 i t can be seen t h a t t o measure e " 
-3 

i n t h e r e g i o n o f 10 t h e data a c q u i s i t i o n system must be 

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

10 v o l t s / o r amps.. The p r e s e n t assembly i s an 8 - b i t system 

i . e t h e a n a l o g u e - t o - d i g i t a l system can o n l y read i n 256 d ata 

p o i n t s and i t i s c a l i b r a t e d t o read i n t h e range o f +2 v o l t s . 

However t h e s i g n a l can be a m p l i f i e d X50 by t h e sampling 

a d a p t e r . T h e r e f o r e , t h e accuracy a t t a i n a b l e by t h e p r e s e n t 
— 4 

8 - b i t system corresponds t o 3 x 1 0 v o l t s . A 1 0 - b i t data 

a c q u i s i t i o n system (1024 d ata p o i n t s ) would be a b l e t o 

measure t o an accuracy o f about 7 x 10~^ v o l t s ; t h i s would 

enhance t h e accuracy o f e'' measurements. To b u i l d a 1 0 - b i t or 

1 2 - b i t d a t a a c q u i s i t i o n system would need a much more 

complex i n t e r f a c i n g t e c h n i q u e when u s i n g an 8 - b i t computer. 

D e s p i t e t h i s , t h e system c o u l d thus be f u r t h e r improved and 

t h e major l i m i t a t i o n w i l l t h e n become the s t a b i l i t y o f t h e 

sampling system. 

I t has been shown t h a t t h e F o u r i e r a n a l y s i s t e c h n i q u e 

enables measurements o f t h e 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 t o be made w i t h ease. I n a d d i t i o n i t can p r o v i d e a 

c l o s e d - l o o p system which would a l l o w a c o n t i n u o u s assessment 

o f t h e d i e l e c t r i c p r o p e r t i e s o f m a t e r i a l s t o be made. The 

method c o u l d be extended on the one hand t o p e r m i t l o s s 
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measurements t o be made on n e a r l y l o s s l e s s m a t e r i a l s (an 

area w h i c h i s d i f f i c u l t when u s i n g c o n v e n t i o n a l t e c h n i q u e s ) 

and on t h e o t h e r hand t o st u d y l o s s y m a t e r i a l s because w i t h 

t h ese t h e d i s t o r t i o n o f t h e waveform w i l l become g r e a t e r and 

t h e r e f o r e amenable t o a n a l y s i s . 
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CHAPTER 6 

THE CRITERIA FOR AND APPRAISAL OF THE CAVITY PERTURBATION METHOD 

6.1 INTRODUCTION 

The d e t a i l e d d e r i v a t i o n o f t h e p e r t u r b a t i o n f o r m u l a 

which g i v e s t h e fre q u e n c y s h i f t has been di s c u s s e d by 

Waldron [ 6 . 1 ] and o t h e r s [ 6 . 2 , 6 . 3 ] . By t a k i n g t h e frequency 

s h i f t t o be complex, t h e r e a l p a r t as w e l l as t h e imaginary 

p a r t o f t h e d i e l e c t r i c parameters o f t h e sample under study 

can be measured. The e x a c t f i e l d e q u a t i o n s can be o b t a i n e d 

f o r c a v i t i e s o f s i m p l e shape. However i f t h e shape o f the 

sample i s n o t e l l i p s o i d a l , a p p r o x i m a t i o n s have t o be made. 

The t h e o r e t i c a l r e l a t i o n s h i p between t h e fre q u e n c y s h i f t s and 

th e p r o p e r t i e s o f t h e m a t e r i a l i s a c c u r a t e and ex a c t . 

However t o make f u l l use o f t h i s i n h e r e n t accuracy i n 

measurements on a m a t e r i a l , i t i s necessary t o choose t he 

s i z e and shape (geometry) o f t h e sample v e r y c a r e f u l l y . 

Thus t h e purpose o f t h i s Chapter i s t o p r e s e n t a d e t a i l e d 

c o n s i d e r a t i o n o f how t h e accuracy i n h e r e n t i n p e r t u r b a t i o n 

f o r m u l a e may be f u l l y u t i l i z e d i n p r a c t i c e . 

6.2 THE PERTURBATION FORMULAE AND THE CRITERIA 

I n t h e u n p e r t u r b e d s t a t e (empty c a v i t y ) Maxwell's 

e q u a t i o n s a r e i n t h e form: 

V x H ^ = ui^£-,E^ 

eq. 6.1 

V x E i = Wi^iHi 

where 

^1= < - j ^ ' ' = - j i ^ r , uj-,= u; + j ^ i " 

and, on t h e i n t r o d u c t i o n o f t h e small sample ( c h a r a c t e r i s e d 

by £̂  and ) i n t o t h e c a v i t y , t h e f i e l d s and the resonant 
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f r e q u e n c y are m o d i f i e d so t h a t : 

eq. 6.2 
V X E 2 = UJ2^2^2 

Assuming t h a t f o r t h e empty c a v i t y , = 1, Mi= 1 and 

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

can be shown [ 6 . 1 ] t h a t : 

^2 - UJ^ -(£2 - 1) jy^E^.EgdV - ( ̂ 2 - 1) iv^H^.HgdV 

^1 \yjE^»E2 + Hi.H2)dV 

eq. 6.3 

where 

^2 ^^2' 

Vg = volume o f t h e sample 

Vj. = volume o f t h e c a v i t y . 

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

c o n s t a n t and t h e p e r m e a b i l i t y are q u a n t i t i e s measureable i n 

terms o f t h e r e a l and i m a g i n a r y p a r t s o f t h e frequency s h i f t , 

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

t h e c a v i t y Q. 

The f i e l d E i n t h e empty c a v i t y i s presumed t o be 

known and o n l y t h e p e r t u r b e d f i e l d Eg i n t h e sample volume 

Vg remains as an unknown which can be determined w i t h 

knowledge o f t h e sample's geometry and o f E, . I f t h e sample 

i s such t h a t i t s s u r f a c e i s everywhere t a n g e n t i a l t o t h e 

( u n p e r t u r b e d ) e l e c t r i c f i e l d l i n e s i n t h e c a v i t y , then the 

e l e c t r i c f i e l d must be c o n t i n u o u s across the boundary. I t 

f o l l o w s [ 6 . 3 ] f r o m t h i s t h a t , v e r y n e a r l y : 

E2 = El eq. 6.4 

Thus f o r a r e c t a n g u l a r or c u b i c a l c a v i t y w i t h t h e sample 

h a v i n g t h e g e o m e t r i c a l shape o f a r o d , pl a c e d as shown i n 
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F i g . 6.1, t h e p e r t u r b a t i o n f o r m u l a e can be worked o u t [ 6 . 4 ] 
and r e s u l t i n t h e e x p r e s s i o n s : 

A f 2 ( e ' - D V s 

fo Vc 

and eq. 6.5 

Q Vc 

where 

A f = f r e q u e n c y s h i f t 

fo= r e s o n a n t f r e q u e n c y o f . t h e u n p e r t u r b e d c a v i t y . 

I n t h e l i t e r a t u r e , t h e c r i t e r i a f o r t h e d e r i v a t i o n o f 

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

th e c a v i t y w i t h and w i t h o u t t h e sample are a p p r o x i m a t e l y 

e q u a l . F u r t h e r m o r e , t h e c r i t e r i a r e q u i r e t h e changes i n t h e 

s t o r e d energy i n t h e c a v i t y , upon i n t r o d u c t i o n o f t h e sample, 

t o be s m a l l . These c r i t e r i a are v e r y s t r i n g e n t and u s u a l l y 

v i o l a t e d t o some e x t e n t i n experiments. Spencer e t . a l . 

[ 6 . 2 ] showed a weaker b u t s u f f i c i e n t c r i t e r i o n f o r a l l 

commonly eincountered Q-values. T h i s c r i t e r i o n o n l y r e q u i r e s 

t h e changes i n t h e o v e r a l l g e o m e t r i c a l c o n f i g u r a t i o n o f the 

r a d i o f r e q u e n c y f i e l d be s m a l l upon i n t r o d u c t i o n o f t h e 

sample, i . e t h e energy s t o r e d i n t h e sample should be a 

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

the p e r t u r b e d c o n d i t i o n . E x p e r i m e n t a l l y , t h i s means t h a t 

p r o v i d i n g measurements are made w i t h s m a l l samples o n l y t he 

percentage change i n t h e r e a l p a r t o f t h e frequency need be 

s m a l l , i . e : 
Auj « 1 

The range o f v a l u e s of iSui f o r which t h e c r i t e r a f o r 
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t h e v a l i d i t y o f t h e p e r t u r b a t i o n f o r m u l a e a re s a t i s f i e d , 
have t o be det e r m i n e d f o r a p a r t i c u l a r sample shape used. 
Here, a c i r c u l a r s i l i c a r o d and two r e f e r e n c e samples 
(magnesium o x i d e s i n g l e c r y s t a l and v i t r e o s i l ) i n t h e form 
o f r e c t a n g u l a r rods have been used. By v a r y i n g t h e l e n g t h o f 
t h e c i r c u l a r s i l i c a r o d i n t r o d u c e d i n t o t h e c a v i t y and 
measuring t h e fr e q u e n c y s h i f t , t h e necessary e x p e r i m e n t a l 
c o n d i t i o n s f o r s a t i s f y i n g t h e c r i t e r i a can then be 
dete r m i n e d . The two r e f e r e n c e samples were then used t o 
check t h e v a l i d i t y o f eq. 6.5. 

6.3 DETAILS OF MEASUREMENT TECHNIQUES 

F i g ; 6.1 shows t h e c a v i t y and t h e sample arrangement 

f o r t h e measurement o f d i e l e c t r i c p r o p e r t i e s a t 9.4GHz . I t 

i s i m p o r t a n t t h a t t h e sample can be i n s e r t e d and removed 

from t h e c a v i t y w i t h o u t s i g n i f i c a n t l y changing t h e Q of the 

u n p e r t u r b e d c a v i t y . The c a v i t y may be taken a p a r t , t h e 

sample i n s e r t e d and t h e c a v i t y reassembled. This i s 

a c c e p t a b l e p r o v i d e d t h a t t h e re p e a t e d reassembly does not 

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

i f t h e c a v i t y i s t o be d i s m a n t l e d t h e r e must be no microwave 

c u r r e n t f l o w i n g i n t h e w a l l across t h e mechanical j o i n t s 

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

c o u l d n o t be r e g a i n e d . To overcome t h i s problem t he sample 

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

s i l i c a r o d was observed t o s h i f t t h e resonant frequency o f 

th e c a v i t y and lowered t h e Q o f t h e c a v i t y q u i t e 

s i g n i f i c a n t l y . However, a v e r y t h i n Lindemann g l a s s rod 

(o f t h e t y p e used i n X-ray powder d i f f r a c t i o n ) when 

f u l l y i n s e r t e d i n t o t h e empty c a v i t y g i v e s a frequency s h i f t 
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o f about iMHz. and t h e Q o f t h e c a v i t y remained unchanged. 

Care has a l s o t o be t a k e n i n mounting t h e specimen. For 

example, i t was found t h a t t h e g l u e ( D u r o f i x ) used p r e v i o u s l y 

by some o t h e r workers t o s t i c k t h e sample on t o t h e g l a s s rod 

was v e r y l o s s y ; a l s o t h e amount used had t o be q u i t e l a r g e . 

Here, as an a l t e r n a t i v e , vacuum grease has been used because 

i t was d i s c o v e r e d t h a t o n l y a t h i n l a y e r was r e q u i r e d and 

t h a t i t was v i r t u a l l y l o s s l e s s . A micrometer i s used t o 

lower t h e g l a s s r o d i n t o t h e c a v i t y . T h i s ensures t h a t t h e 

sample under s t u d y i s p l a c e d a t t h e same p o s i t i o n i n t h e 

c a v i t y . Only a f t e r e l i m i n a t i n g a l l o t h e r f a c t o r s can t h e 

changes when t h e sample i s i n s e r t e d be s a f e l y assumed t o be 

caused by t h e sample a l o n e . 

F i g . 6.2 shows t h e b l o c k diagram o f t h e e x p e r i m e n t a l 

arrangement used i n t h e c a v i t y p e r t u r b a t i o n method. The 

power s u p p l y f o r t h e r e f l e x k l y s t r o n has i t s own m o d u l a t i o n , 

t h e r e f o r e an e x t e r n a l ramp g e n e r a t o r i s n o t r e q u i r e d . 

However a d u a l t r a c e o s c i l l o s c o p e (D66) w i t h a u t o m a t i c 

s y n c h r o n i s a t i o n had t o be used t o o b t a i n a s t a b l e d i s p l a y of 

b o t h t r a c e s ( i n c i d e n t and r e f l e c t e d ) . The arrangement 

c o n s i s t e d o f t h e f o l l o w i n g components: 

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

r e f l e x k l y s t r o n , 

a t t e n u a t o r , 

i s o l a t o r , 

d i r e c t i o n a l c o u p l e r ( i n c i d e n t power), 

d i r e c t i o n a l c o u p l e r ( r e f l e c t e d power), 

c a v i t y 

a t t e n u a t o r 
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9) wavemeter, 
10) c r y s t a l d e t e c t o r , 

11) a t t e n u a t o r , 

12) c r y s t a l d e t e c t o r , 

13) d u a l t r a c e o s c i l l o s c o p e . 

6.4 APPRAISAL OF THE METHOD 

6.4.1 MEASUREMENTS OF THE FREQUENCY SHIFT USING 

DIFFERENT LENGTHS OF SILICA ROD 

An o r d i n a r y s i l i c a r o d , about 0.5mm. i n diameter and 

about 3cm. i n l e n g t h was mounted on t h e end o f t h e 

mic r o m e t e r . By t u r n i n g t h e micrometer t h e s i l i c a r o d c o u l d be 

i n t r o d u c e d by known d i s t a n c e s i n t o t h e c a v i t y . The resonant 

f r e q u e n c y and t h e Q o f t h e c a v i t y were determined f o r each 

i n s e r t i o n l e n g t h . F i g . 6.3 shows the p l o t o f t h e l e n g t h of 

th e r o d i n s i d e t h e c a v i t y a g a i n s t t he resonant frequency. 

I n i t i a l l y t h e Q o f t h e c a v i t y decreased s i g n i f i c a n t l y when 

t h e r o d was j u s t i n t r o d u c e d i n t o t h e c a v i t y ; f u r t h e r 

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

o n l y a s m a l l f u r t h e r r e d u c t i o n i n Q-value. However, i t can 

be seen f r o m t h e p l o t i n F i g . 6.3, t h a t t h e re s o n a n t frequency 

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

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

volume, t h e f r e q u e n c y s h i f t i s t h e r e f o r e d i r e c t l y 

p r o p o r t i o n a l t o t h e volume o f the r o d i n s i d e t h e c a v i t y . 

T h i s o b s e r v a t i o n i s c o n s i s t e n t w i t h e q u a t i o n 6.5, i . e 

when £ ' i s c o n s t a n t f o r t h e whole l e n g t h o f t h e s i l i c a r o d , 

t h e f r e q u e n c y s h i f t , A f , i s p r o p o r t i o n a l t o the volume of 

t h e sample, Vg. I t was observed a l s o t h a t even when the 
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f r e q u e n c y s h i f t , was about 40MHz , e q u a t i o n 6.5 s t i l l 

h e l d . T h e r e f o r e i t can be concluded here t h a t t h e 

p e r t u r b a t i o n f o r m u l a e , o r e f f e c t i v e l y e q u a t i o n 6.5, w i l l 

h o l d ( f o r a c i r c u l a r r o d sample) i f t h e frequency s h i f t , A f f 

i s l e s s t h a n 40MHz However, as a f u r t h e r check t h a t e q u a t i o n 

8.5 would g i v e t h e c o r r e c t d i e l e c t r i c parameters, two s e r i e s 

o f measurements were made w i t h s t a n d a r d r e f e r e n c e samples. 

6.4.2 MEASUREMENTS WITH STANDARD SAMPLES 

Two t y p e s o f sample have been used, namely pure 

magnesium o x i d e s i n g l e c r y s t a l (MgO) and v i t r e o s i l ( S i 0 2 ) . 

The samples were i n t h e form o f r e c t a n g u l a r rods ( s i n c e 

c i r c u l a r r o d samples were n o t easy t o produce) and i n t h e 

case o f t h e pure MgO a number o f samples w i t h d i f f e r e n t 

dimensions were used. The h o l e t h a t a l l o w s t h e sample t o be 

i n s e r t e d i n t o t h e c a v i t y i s o n l y about 2mm. i n d i a m e t e r , 

t h e r e f o r e t h e w i d t h o f t h e samples i s about 1mm. and t h e 

t h i c k n e s s o f t h e samples v a r i e s from about 0.3mm. t o about 

0.6mm.. By v a r y i n g t h e l e n g t h o f t h e sample , i t was observed 

t h a t samples h a v i n g l e n g t h s o f l e s s t h a n 5mm. ( c o r r e s p o n d i n g 

t o a sample volume o f l e s s than. 2x10 m ) gave r e s u l t s 

c o n s i s t e n t w i t h t h e r e p o r t e d v a l u e . T h i s i s shown by Fig.6.4 

i n w h i c h t h e c a v i t y r e s o n a n t frequency i s p l o t t e d as a 

f u n c t i o n o f sample volume. The l i m i t s below which r e l i a b l e 

measurements may be made i s shown by t h e v e r t i c a l d o t t e d 

l i n e . Comparing t h e p l o t s i n F i g . 6.3 ( f o r a c i r c u l a r r o d ) and 

F i g . 6.4 ( f o r a r e c t a n g u l a r r o d ) i t i s obvious t h a t t h e sample 

s i z e t h a t can be used w i t h o u t v i o l a t i n g t h e c r i t e r i a i s v e r y 

l i m i t e d i n t h e case o f a r e c t a n g u l a r r o d . Measurements on 



9390 

N X 
\ 
>̂  
Z3 

W 

9380 h 

c 
o 
cu a: 

9370h 

9360h 

3^ -9 Volume/m x10 

F i g . 6.4 V a r i a t i o n o f resonant frequency w i t h sample 

volume ( r e c t a n g u l a r MgO r o d ) 



66 

v i t r e o s i l produced r e s u l t s which were v e r y c o n s i s t e n t w i t h 
t h e r e p o r t e d v a l u e s , i . e t h e measured v a l u e s f o r e' = 3.759 
and t h a t o f e'' = 5.2 xlO , and t h e r e p o r t e d v a l u e s are 
e' = 3.84 and < 10"^. 

6.5 DISCUSSION 

The f r e q u e n c y s h i f t f o r m u l a (eq. 6.3) i s v a l i d t o a 

h i g h degree o f accuracy. However, t h e h i g h accuracy o f the 

f o r m u l a w i l l o n l y be r e a l i s e d i f t h e specimen shape 

(geometry) i s s u i t a b l y chosen and i f t h e specimen i s 

c o r r e c t l y p l a c e d i n t h e c a v i t y . The sample must be placed i n 

a p o s i t i o n o f zero magnetic f i e l d f o r t h e measurement o f t h e 

d i e l e c t r i c p r o p e r t i e s o f t h e m a t e r i a l ( o r s i m i l a r l y o f zero 

e l e c t r i c f i e l d f o r p e r m e a b i l i t y measurement). I t has been 

shown t h a t , f o r a sample i n t h e shape o f a rod ( c i r c u l a r ) 

p l a c e d i n t h e c a v i t y so t h a t i t s l e n g t h i s p a r a l l e l t o the 

e l e c t r i c f i e l d , e q u a t i o n 6.5 w i l l h o l d even f o r a frequency 

s h i f t o f about 40MHz b u t w i l l n o t i f t h e r o d i s o f 

r e c t a n g u l a r shape. A l s o , from t h e measurements on v i t r e o s i l , 

i t was found t h a t t h e accuracy a t t a i n a b l e w i t h t h e c a r e f u l l y 

assembled c a v i t y p e r t u r b a t i o n method was about ±2% o f the 

th e r e p o r t e d v a l u e s . 



67 

REFERENCES 
6.1 " P e r t u r b a t i o n t h e o r y o f resonant c a v i t i e s " 

. R.A. Waldron - The I n s t i t u t i o n o f E l e c t r i c a l Engineers 

Monograph N0.373E (1960). 

6.2 "Note on c a v i t y p e r t u r b a t i o n t h e o r y " 

E.G. Spencer, R.C. LeCraw and L.A. A u l t 

J. A p p l i e d P h y s i c s , Vol.28, N o . l , p l 3 0 , (1957). 

6.3 "Handbook o f microwave measurements - Vol.2" 

M. Sucher and J. Fox - P o l y t e c h n i c I n s t i t u t e o f 

B r o o k l y n press - I n t e r s c i e n c e p u b l i s h e r s - Pennsylvania 

(1963) 

6.4 "A h i g h frequency c o n d u c t i v i t y study o f NiO" 

S. Kabashima and S. Kawakubo 

J. Phys. Soc. Jap., Vol.24, p493, (1968) 

6.5 "On t h e t h e o r y o f e l e c t r o m a g n e t i c waves i n resonant 

c a v i t i e s " - H.B.G. Casimir 

P h i l i p Res. Rep. No.6, p l 6 2 , (1951) 

6.6 "High f r e q u e n c y d i e l e c t r i c measurem.ents" 

G.W. Chamberlain - Science & Technology Press - London 

(1967) 



68 
CHAPTER 7 

PREPARATION AND GENERAL PROPERTIES OF REACTION BONDED 

SILICON NITRIDE (RBSN) 

7.1 INTRODUCTION 

Research and e x t e n s i v e s tudy on S i l i c o n N i t r i d e (SigN^) 

was i n i t i a t e d i n t h e e a r l y 1960s a t t h e A d m i r a l t y M a t e r i a l s 

L a b o r a t o r y i n England. The i n t e r e s t i n t h e ceramic i s due t o 

i t s many good p r o p e r t i e s which make Si3N4 an i m p o r t a n t 

t e c h n o l o g i c a l m a t e r i a l . Thermal shock r e s i s t a n c e and small 

h i g h t e m p e r a t u r e c r e e p , e r o s i o n and c o r r o s i o n r e s i s t a n c e 

make Si3N4 a t t r a c t i v e f o r such components o f gas t u r b i n e 

engines as r o t o r s , s t a t o r s , h eat exchangers and combustion 

chambers. I t i s r e p l a c i n g m e t a l as an e n g i n e e r i n g m a t e r i a l 

i n h i g h t e m p e r a t u r e a p p l i c a t i o n s ; i t has been s u c c e s s f u l l y 

used a t te m p e r a t u r e s up t o 1870°C i n n e u t r a l and re d u c i n g 

atmospheres [ 7 . 1 ] . These p r o p e r t i e s , and t h e a b i l i t y t o 

manufacture t o c l o s e d i m e n s i o n a l t o l e r a n c e s w i t h o u t the use 

of expensive g r i n d i n g t e c h n i q u e s , make i t s u i t a b l e as an 

e n g i n e e r i n g ceramic t h a t m i g h t be capable o f r e p l a c i n g 

alumina as a s t r u c t u r a l m a t e r i a l i n a p p l i c a t i o n s f o r which 

i n t r i c a t e shaping and/or s u p e r i o r t h e r m a l shock r e s i s t a n c e 

i s r e q u i r e d . I t s low d e n s i t y (2.3 - 2.6 g/cm^) makes i t 

u s e f u l i n a p p l i c a t i o n s where t h e l i m i t a t i o n o f wei g h t i s 

i m p o r t a n t ; a p r o m i s i n g m a t e r i a l f o r r o c k e t n o z z l e s . Si3N4 

t h i n f i l m s a r e used e x t e n s i v e l y f o r p a s s i v a t i o n i n the semi­

conductor i n d u s t r y because o f t h e i r chemical s t a b i l i t y 

( i n e r t n e s s ) and h i g h r e s i s t a n c e t o d i f f u s i o n o f i m p u r i t i e s ; 
13 

i t s h i g h e l e c t r i c a l r e s i s t i v i t y (about 7x10 ohm cm) makes 

t h e m a t e r i a l a good i n s u l a t o r (Tan6 about 0.001 - 0.01). I n f a c t 
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t h e use o f RBSN ceramic as a d i e l e c t r i c has a r i s e n because 

of i t s p o t e n t i a l use i n radomes [ 7 . 4 ] , an a p p l i c a t i o n which 

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

t o l e r a n c e s , w i t h good t h e r m a l shock r e s i s t a n c e and acc e p t a b l e 

d i e l e c t r i c p r o p e r t i e s ( t r a n s p a r e n t t o microwave r a d i a t i o n ) . 

Much o f t h e r e s e a r c h on t h e m a t e r i a l (RBSN) was done 

t o e x p l a i n t h e r e a c t i o n mechanisms d u r i n g t h e n i t r i d a t i o n 

process and t o e s t a b l i s h t h e r e a c t i o n k i n e t i c s [7.6 - 7.10]. 

Some aspects o f t h e r e a c t i o n s are becoming g e n e r a l l y accepted 

b u t because o f t h e c o m p l e x i t y o f t h e system, p a r t i c u l a r l y 

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

compact and t h e n i t r i d i n g atmosphere, f u l l d e t a i l s o f a l l 

t h e r e a c t i o n s a r e s t i l l l a c k i n g . E l e c t r i c a l measurements on 

th e m a t e r i a l ( f u l l y - n i t r i d e d ) had been p u b l i s h e d [7.12 - 7.13] 

and some measurements on a c e r t a i n range o f p a r t i a l l y n i t r i d e d 

RBSN have been - c a r r i e d o u t i n t h i s group [ 7 . 1 4 ] , i . e from 

f u l l y - n i t r i d e d RBSN (about 65% w e i g h t g a i n ) t o p a r t i a l l y -

n i t r i d e d RBSN w i t h a w e i g h t g a i n o f around 40%. F u r t h e r 

measurements on t h e whole range o f w e i g h t g a i n o f RBSN have 

now been made u s i n g t h e newly developed F o u r i e r method 

d e s c r i b e d i n e a r l i e r Chapters and an improved c a v i t y 

p e r t u r b a t i o n t e c h n i q u e . I t i s g e n e r a l l y accepted t h a t poor 

d i e l e c t r i c p r o p e r t i e s a re a s s o c i a t e d w i t h i n c o m p l e t e 

n i t r i d a t i o n and i t i s w e l l known t h a t t h e e l e c t r i c a l 

p r o p e r t i e s o f s i l i c o n are v e r y s e n s i t i v e t o v e r y small amounts 

o f c a t i o n i m p u r i t i e s . I t i s t h e aim o f t h e second p a r t o f the 

t h e s i s t o study t h e r o l e o f b o t h t h e unreacted s i l i c o n and 

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

f u l l y and p a r t i a l l y n i t r i d e d RBSN. 
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7.2 MATERIAL PREPARATION 

C r y s t a l l i n e Si3N4 e x i s t s i n two hexagonal forms 

d e s i g n a t e d t h e a and j8 phases. There are t h r e e main methods 

o f p r e p a r a t i o n , depending on t h e r e q u i r e d usage, namely 

Chemical Vapour D e p o s i t i o n (CVD), Hot P r e s s i n g (HPSN) and 

Re a c t i o n Bonding (RBSN). The CVD method produces t h i n f i l m s 

s u i t a b l e f o r use i n t h e semi-conductor i n d u s t r y w h i l e HPSN and 

RBSN are b u l k ceramics f o r e n g i n e e r i n g a p p l i c a t i o n s . E a r l y 

d i e l e c t r i c s t u d i e s on CVD-Silicon N i t r i d e [ 7 . 1 5 ] , HPSN [7.16] 

and RBSN [7.12 -7.14] show s i g n i f i c a n t v a r i a t i o n s i n 

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

p r e p a r a t i o n . To h e l p i n e x p l a i n i n g t h e d i f f e r e n c e s i n a l l 

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

p r e p a r a t i o n i s necessary. 

7.2.1 CHEMICAL VAPOUR DEPOSITION (CVD)-Si3N4 

The CVD method i s ' one o f t h e most u s e f u l techniques 

f o r p r e p a r i n g Si3N4 t h i n - f i l m s , w i t h h i g h d e n s i t y and p u r i t y 

a t r e l a t i v e l y low temper a t u r e s (about 750°C) f o r use as 

d i f f u s i o n masks o r as i n s u l a t o r s i n t h e f a b r i c a t i o n o f semi­

c o n d u c t o r d e v i c e s . I n ge n e r a l (SiH4 + NH3 ) and ( S i C l 4 + NH3) 

r e a c t i o n s a re f r e q u e n t l y employed f o r t h e p r e p a r a t i o n o f 

t h i n Si3N^ f i l m s . X-ray d i f f r a c t i o n p a t t e r n s i n d i c a t e t h a t 

a l l t h e f i l m s a re o f Q:-Si3N^ t y p e . 

7.2.2 HOT PRESSED SILICON NITRIDE (HPSN) 

HPSN i s produced by h o t - p r e s s i n g ( a t 1700°C) S i l i c o n 

N i t r i d e powder i n a g r a p h i t e d i e a t pressures between 150 -

300 MNm"̂ . S i l i c o n N i t r i d e powders are u s u a l l y produced by 

h e a t i n g f i n e s i l i c o n powder i n d r y n i t r o g e n a t about 1400°C. 

and t h i s produces m a i n l y q: phase powder. However HPSN 



71 
m a i n l y c o n t a i n s t h e (3 s t r u c t u r e , t h e a to (3 c o n v e r s i o n having 
t a k e n p l a c e d u r i n g h o t - p r e s s i n g a t 1700**C. HPSN ceramics 
u s u a l l y a r e more dense and much l e s s porous th a n RBSN 
ceramics and g e n e r a l l y have g r e a t e r s t r e n g t h . The main 
drawback i s t h a t t h e m a t e r i a l has t o be machined t o produce 
i n t r i c a t e shaped o b j e c t s and i t has been r e p o r t e d [7.17] 
t h a t t h e s t r e n g t h o f HPSN i s v e r y t e m p e r a t u r e dependent. 

7.2.3 REACTION BONDED SILICON NITRIDE (RBSN) 

The f a b r i c a t i o n o f RBSN u s u a l l y i n v o l v e s t h r e e s t a g e s , 

i . e : 

1) p r o d u c t i o n o f a s i l i c o n powder compact. The p a r t i c l e 

s i z e and d i s t r i b u t i o n , and t h e compaction o p e r a t i o n ( u s i n g 

p r e s s u r e s o f about 200 MNm~^) each e f f e c t t h e f i n a l p r o d u c t . 

2) A r g o n - s i n t e r i n g , i . e t h e compacts are heated t o about 

1200**C i n an argon atmosphere t o g a i n s u f f i c i e n t s t r e n g t h t o 

w i t h s t a n d t h e machining s t r e s s e s . I t has been r e p o r t e d [7.18] 

t h a t t h i s process h e l p s i n removing t h e o x i d e l a y e r on t h e 

s i l i c o n compact. The s i l i c o n powder compact might a l s o be 

formed d i r e c t l y i n t o t h e component shape by s l i p - c a s t i n g , 

i n j e c t i o n m o u lding o r d i e c a s t i n g . 

3) N i t r i d i n g , i . e t h e a l r e a d y shaped compact i s heated i n 

n i t r o g e n a t te m p e r a t u r e s between 1250*'C and 1450^*0 d u r i n g 

which t h e f i n a l ceramic i s formed. The n i t r i d i n g process 

g e n e r a l l y has two sta g e s ; namely h e a t i n g t h e compact ( i n a 

n i t r o g e n atmosphere) a t temperatures below 1350*'C f o r a few 

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

e n t i r e compact ( s i l i c o n m e l t s a t around 1410°C) and f i n a l l y 

r a i s i n g t h e n i t r i d i n g t e m p e r a t u r e h i g h e r than t h e m.elting 

p o i n t o f s i l i c o n t o complete t h e n i t r i d a t i o n o f th e i n n e r 
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l a y e r o f t h e compact. The amount o f s i l i c o n n i t r i d e d i n the 
f i r s t stage depends on t h e i m p u r i t i e s p r e s e n t e.g about 10% 
i f a l u m i n i u m i m p u r i t i e s a r e p r e s e n t and about 40% i f i r o n 
i m p u r i t i e s a r e p r e s e n t [ 7 . 1 9 ] . One v e r y i m p o r t a n t p r o p e r t y 
of RBSN t h a t makes i t a v e r y p r o m i s i n g e n g i n e e r i n g m a t e r i a l 
i s t h a t t h e dimensions o f t h e compact remain unchanged 
( o n l y about 1 % i n c r e a s e ) d u r i n g n i t r i d a t i o n a l t h o u g h t h e r e 
i s an i n c r e a s e o f about 22% i n t h e s o l i d volume. Both the a 
and (3 phases a r e p r e s e n t i n RBSN; t h e r a t i o o f o;/̂  depends 
on t h e n i t r i d i n g c o n d i t i o n s . 

7.3 REACTION MECHANISMS OF RBSN 

The c h o i c e o f p o s s i b l e mechanisms f o r r e a c t i o n bonding 

i s s e v e r e l y r e s t r i c t e d by t h e w e l l known f a c t t h a t no change 

i n o v e r a l l dimensions occurs d u r i n g t h e process though t he 

volume o f t h e s o l i d m a t e r i a l i n c r e a s e s by about 22%. From 

s i n t e r i n g t h e o r y , i t i s known t h a t t h e o n l y way t o t r a n s p o r t 

m a t e r i a l s when a powder compact i s heated, w i t h o u t changing 

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

c o n d e n s a t i o n . However, d e s p i t e e x t e n s i v e study o f t h e 

r e a c t i o n between s o l i d s i l i c o n and n i t r o g e n , t h e mechanisms 

of t h e f o r m a t i o n o f RBSN are s t i l l n o t f u l l y u nderstood. 

M i c r o s t r u c t u r a l and t h e r m o g r a v i m e t r i c s t u d i e s o f t h e m a t e r i a l 

have been made by many workers [7,20 - 7.22] and i t has been 

found t h a t t h e r e a c t i o n k i n e t i c s f o r t h e s i l i c o n n i t r i d a t i o n 

e x periments a r e e x t r e m e l y d i f f i c u l t t o c o n t r o l , even i n h i g h 

q u a l i t y l a b o r a t o r y c o n d i t i o n s . I t has a l s o been r e p o r t e d 

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

s i l i c o n compacts can r e s u l t i n d i f f e r i n g degrees o f s i l i c o n 

t o s i l i c o n n i t r i d e c o n v e r s i o n [ 7 . 2 3 ] . These d i f f e r e n c e s i n 
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n i t r i d i n g k i n e t i c s are b e l i e v e d t o be a t t r i b u t a b l e t o the 
many c a t i o n i m p u r i t i e s such as i r o n , t i t a n i u m , aluminium, 
e t c . p r e s e n t i n t h e s i l i c o n compact and a l s o t h e i m p u r i t i e s 
such as oxygen, water vapour and hydrogen i n t h e n i t r i d i n g 
atmosphere. I t i s n o t i n t e n d e d here t o answer a l l q u e s t i o n s 
b u t t o o u t l i n e some aspects o f t h e r e a c t i o n s t h a t have been 
g e n e r a l l y accepted and would h e l p t o e x p l a i n t h e d i e l e c t r i c 
r e s u l t s o f t h e m a t e r i a l s s t u d i e d . 

The f i r s t stage o f n i t r i d a t i o n i n v o l v e s h e a t i n g t h e 

compact a t a t e m p e r a t u r e below 1350*'C i n a n i t r o g e n 

atmosphere f o r a few hours. The s i l i c o n n i t r i d e formed i s 

g e n e r a l l y a -phase and a d e t a i l e d mechanism has been proposed 

by A t k i n s o n e t . a l . [ 7 . 2 4 ] who suggested a sequence o f 

eve n t s s c h e m a t i c a l l y i l l u s t r a t e d i n F i g . 7.1. The f o r m a t i o n 

o f t h e a - m a t t e a t t h e s u r f a c e o f t h e compact i s from t he 

vapour s t a t e . An i n v e r s e c o r r e l a t i o n has been made [7.10] 

between t h e n i t r o g e n f l o w r a t e and t h e percentage o f t h e a -

m a t t e i n t h e f i n a l p r o d u c t ; a low percentage o f the o;-matte 

can be i n t e r p r e t e d as a r e s u l t o f a gaseous i n t e r m e d i a t e 

b e i n g swept away by t h e f l o w i n g n i t r o g e n and a h i g h percentage 

as a r e s u l t o f t h e gas c o n t i n u i n g t o r e a c t i n stag n a n t 

n i t r o g e n . 

I t has been observed [ 7 . 7 ] t h a t no r e a c t i o n takes 

p l a c e a t t h e n i t r i d e - s i l i c o n i n t e r f a c e . T h e r e f o r e , when a l l 

t h e s i l i c o n s u r f a c e s are covered, t h e r e a c t i o n must c o n t i n u e 

by outward t r a n s p o r t o f s i l i c o n t h r o u g h t h e p r o d u c t l a y e r or 

by i n w a r d m i g r a t i o n o f n i t r o g e n t h r o u g h t h e n i t r i d e l a y e r . 

I n t h e case o f m i g r a t i o n o f n i t r o g e n , t h e r e a c t i o n takes 

p l a c e a t t h e i n n e r s u r f a c e o f t h e n i t r i d e l a y e r ; i n t h e 
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pores w h i c h a r e formed as a r e s u l t o f outward t r a n s p o r t o f 
s i l i c o n . I n t h i s second stage' o f n i t r i d a t i o n b o t h Ck; and j(3 
phases a r e p r e s e n t and b o t h u s u a l l y have n e e d l e - l i k e 
morphology. 

The mechanisms f o r t h e f o r m a t i o n o f needles were 

f i r s t suggested by Gr i b k o v e t . a l . [7.26] and these are 

i l l u s t r a t e d i n F i g . 7.2. I t was proposed t h a t t h e o n l y way 

th e needle can grow i s by v a p o u r - l i q u i d - s o l i d (VLS) mechanisms 

and t h e beads a t t h e t e r m i n i o f some needles o f t e n c o n t a i n 

i m p u r i t i e s w h i c h can lower t h e m e l t i n g p o i n t o f s i l i c o n . 

Many n e e d l e s , however, have no beads a t t a c h e d t o t h e i r ends 

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

mechanisms c o u l d t a k e p l a c e i f a poo l o f l i q u i d were t o form 

on t h e s u r f a c e o f a l a r g e s i l i c o n g r a i n and serve as t h e 

l i q u i d i n t h e VLS mechanism. T h i s i s i l l u s t r a t e d i n F i g . 7.3. 

The f o r m a t i o n o f /3 needles i s i l l u s t r a t e d i n F i g . 7.4; the ̂ -

s t r u c t u r e has hexagonal t u n n e l s (1.5^) [7.10, 7.27] r u n n i n g 

i n t h e c d i r e c t i o n which w i l l a l l o w t h e n i t r o g e n t h r o u g h t o 

th e r e a c t i o n s i t e . 

The i m p u r i t i e s p r e s e n t i n t h e s i l i c o n compact and i n 

th e n i t r i d i n g atmophere p l a y i m p o r t a n t r o l e s i n t h e 

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

f r o m t h e ma c h i n i n g p r o c e s s , have been s t u d i e d by many 

workers [ 7 . 8 , 7.19, 7.27, 7.28]. I r o n appears t o serve two 

i m p o r t a n t f u n c t i o n s : 

1) d e v i t r i f i c a t i o n o f t h e s i l i c o n s u r f a c e , i . e t o 

i n i t i a t e and m a i n t a i n t h e open channels (pores) a l l o w i n g 

access between t h e n i t r o g e n and s i l i c o n . 

2) i t l o w e r s t h e m e l t i n g temperature o f s i l i c o n by forming 
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Silicon nitride ' needle 

F i g . 7.2 Schematic drawing showing growth o f a-needles 

( w i t h bead) by V-L-S mechanism. 

Silicon ni t r ide needle 

Nitrogen 

Silicon 

Liquid pool 

F i g . 7.3 S c h e m a t i c i l l u s t r a t i o n showing p o s s i b l e 

mechanism f o r f o r m a t i o n of a-needle ( w i t h o u t bead) w i t h l i q u i d 

phase on s u r f a c e of s i l i c o n g r a i n . 
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Liquid pool 
(possibly FeSi2) 

or pore 

Reaction site Growth direction 

Silicon 

F i g . 7.4 S c h e m a t i c . i l l u s t r a t i o n showing p o s s i b l e 

mechanism f o r f o r m a t i o n of ^ - n e e d l e . I t e i t h e r grows a s 

n i t r o g e n d i f f u s e s t o t he r e a c t i o n s i t e through l i q u i d 

s i l i c o n , o r i t grows i n t o a c l e a n pore as n i t r o g e n s l o w l y 

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

l a r g e and i n t h e second i t i s s m a l l . 
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Fe-Si l i q u i d phase a t a temperature ( 1 2 0 8 ' ' C ) which i s lower 
t h a n t h e m e l t i n g p o i n t o f s i l i c o n ( 1 4 1 0 ' ' c ) . The l i q u i d phase 
causes f o r m a t i o n o f needle-morphology by t h e VLS mechanism. 
Messier and Wong [ 7 . 1 1 ] observed t h e c a t a l y t i c a c c e l e r a t i o n 
o f t h e n i t r i d a t i o n r e a c t i o n by t h e a d d i t i o n o f Fe and 
a t t r i b u t e d t h i s t o t o t h e f o r m a t i o n o f Fe-Si m e l t . 
Mitomo [ 7 . 1 9 ] r e p o r t e d t h a t aluminium i m p u r i t i e s enhance t he 
f o r m a t i o n o f (3 phase w h i l e M u k e r j i and Biswas [ 7 . 2 7 ] found 
t h a t t i t a n i u m forms an i n t e r s t i t i a l compound a t 1 4 0 0 " c whose 
c o m p o s i t i o n v a r i e s from TiN^ g t o TiN^ ̂  . 

The r e a c t i o n mechanism f o r t h e n i t r i d a t i o n o f s i l i c o n 

i s complex and i t was n o t t h e i n t e n t a t i o n t o p r e s e n t an 

e x h a u s t i v e survey o f t h e whole process. Two rev i e w papers by 

Moulson [ 7 . 9 ] and Jenning [ 7 . 6 ] cover most aspects o f t h e 

r e a c t i o n mechanisms. 

7 . 4 THE RBSN SAMPLES STUDIED 

The RBSN ceramics s t u d i e d i n t h e p r e s e n t work were 

s u p p l i e d by AME L t d . (Gatehead) and d e t a i l s o f t h e i r 

f a b r i c a t i o n a re d e s c r i b e d by Bushel1 [ 7 . 3 0 ] . The wei g h t 

g a i n s o f t h e samples used cover t h e whole range; i . e from 

0% ( t o t a l l y u n r e a c t e d s i l i c o n ) t o 64 .5% ( f u l l y n i t r i d e d ) . 

The t h e o r i t i c a l maximum w e i g h t g a i n s h o u l d be 66 .5% b u t i n 

p r a c t i c e t h i s cannot be achieved f o r two reasons; t he 

presence o f s m a l l amounts o f unreacte d f r e e s i l i c o n due t o 

i n c o m p l e t e n i t r i d a t i o n and secondly v o l a t i l i z a t i o n o f s i l i c o n 

d u r i n g n i t r i d a t i o n as observed by Messier and Wong [ 7 . 1 1 ] . 

Samples w i t h d i f f e r e n t w e i g h t gains have v a r y i n g percentages 

of p o r o s i t y and u n r e a c t e d f r e e s i l i c o n , and the phase 

c o m p o s i t i o n s f o r each sample may be c a l c u l a t e d u s i n g the. 
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f o l l o w i n g e q u a t i o n s [ 7 . 9 ] : 

Cp = 1 - .281Pg - .148p^ 

Gsi = l-0'72Pg - . 643p„ 

Csn = - ^ S K P ^ - Pg ) 

where C p , Cgj and Cg^ are r e s p e c t i v e l y t h e volume f r a c t i o n s 

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

compact, and p^ i s t h e d e n s i t y o f t h e green compact w h i l e 

Pg r e f e r s t o t h e n i t r i d e d m a t e r i a l . Values o f the v a r i o u s 

volume p r o p o r t i o n s f o r t h e samples s t u d i e d are shown i n 

Table 7.1. 

The samples were c u t and p o l i s h e d a c c o r d i n g t o t h e 

r e q u i r e m e n t s o f t h e t e c h n i q u e s used.- For t h e F o u r i e r a n a l y s i s 

t e c h n i q u e t h e samples a r e i n t h e form o f c i r c u l a r d i s c s about 

0.3mm t h i c k and 7mm i n d i a m e t e r . Samples f o r t h e c a v i t y 

p e r t u r b a t i o n method have two s i z e s depending on how the m a t e r i a l 

d i s t u r b s t h e Q-curve o f t h e c a v i t y . For i n s u l a t i n g samples 

(64.5% - 58% w e i g h t g a i n ) t h e sample i s i n t h e form o f a 

r e c t a n g u l a r s l i c e o f dimensions a p p r o x i m a t e l y 0.3mm by 1.5mm 

by 5mm and f o r l o s s y samples (w e i g h t g a i n l e s s than 58%) t h e 

dimensions a r e 0.3mm by 1.5mm by 3mm. Samples f o r t h e F o u r i e r 

a n a l y s i s method have t o be p o l i s h e d whereas t h i s i s n o t 

necessary f o r t h e samples used i n the c a v i t y p e r t u r b a t i o n 

method. 

For t h e s t r u c t u r a l and m i c r o s t r u c t u r a l study two se t s 

o f samples were m a i n l y used; namely those w i t h w e i g h t g a i n of 

44.44% and 6.5%. For t h e X-ray d i f f r a c t i o n study t h e same 

samples used i n t h e c a v i t y p e r t u r b a t i o n t e c h n i q u e were used. 

Samples s t u d i e d u s i n g e l e c t r o n d i f f r a c t i o n and Scanning 
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E l e c t r o n M i c r o s c o p e (SEM) t e c h n i q u e s were e t c h e d e i t h e r w i t h 
h y d r o f l o u r i c a c i d HF) o r h o t p h o s p h o r i c a c i d (H3PO4). 
F r a c t u r e s u r f a c e s were a l s o used f o r t h e SEM s t u d y . 
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CHAPTER 8 

EXAMINATION OF FULLY NITRIDED RBSN 

8.1 INTRODUCTION 

F u l l y n i t r i d e d RBSN i s known t o have good i n s u l a t i n g 

p r o p e r t i e s and can be measured by most d i e l e c t r i c measuring 

t e c h n i q u e s b ut p a r t i a l l y n i t r i d e d RBSN has v a r y i n g v a l u e s of 

d i e l e c t r i c c o n s t a n t and l o s s t a n g e n t , and some t e c h n i q u e s 

f a i l t o measure t h e d i e l e c t r i c p r o p e r t i e s because t h e 

e q u i v a l e n t c i r c u i t assumed f o r t h e p a r t i c u l a r t e c h n i q u e 

becomes i n v a l i d . The f a c t t h a t RBSN changes i t s d i e l e c t r i c 

p r o p e r t i e s w i t h w e i g h t g a i n makes i t a good m a t e r i a l t o t e s t 

t h e newly d e v e l o p e d F o u r i e r t e c h n i q u e . However documentation 

of t h e d i e l e c t r i c p r o p e r t i e s of p a r t i a l l y n i t r i d e d RBSN i s not 

a v a i l a b l e . A l though a number of p u b l i c a t i o n s [8.1 - 8.4] a r e 

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

s i l i c o n n i t r i d e , t h e v a l u e s quoted v a r y from 4 t o 12. I t 

was a c c e p t e d t h a t d i f f e r e n t methods of p r e p a r a t i o n of 

s i l i c o n n i t r i d e would produce samples w i t h d i f f e r e n t v a l u e s 

of d i e l e c t r i c c o n s t a n t . The v a r i a t i o n s have a l w a y s been 

s u g g e s t e d t o be due t o t h e f r e e ( u n r e a c t e d ) s i l i c o n p r e s e n t 

and t h e p o r o s i t y of t h e sample. However, i t i s proposed h e r e 

t h a t i m p u r i t i e s make a s i g n i f i c a n t c o n t r i b u t i o n t o the 

d i e l e c t r i c p r o p e r t i e s of RBSN and must be c o n s i d e r e d i n the 

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

Two t e c h n i q u e s a r e use f o r the d i e l e c t r i c measurements; 

namely t h e F o u r i e r a n a l y s i s t e c h n i q u e t h a t c o v e r s the range 

of f r e q u e n c i e s from 25MHz, t o about iGHz and the c a v i t y 

p e r t u r b a t i o n t e c h n i q u e , working a t about 9.4GHz . The output 
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waveform when t h e sample i s i n s e r t e d i n t h e sample h o l d e r i s 
p r e s e n t e d f o r t h e F o u r i e r method and t h e d i e l e c t r i c 
p a r a m e t e r s a r e o b t a i n e d by comparing t h e waveform w i t h t h e 
t h e o r e t i c a l l y c a l c u l a t e d waveforms s t o r e d i n t h e computer. 
The d i e l e c t r i c p a r a m e t e r s a r e p l o t t e d a g a i n s t harmonic 
number ( f r e q u e n c y ) showing t h e i r v a r i a t i o n w i t h f r e q u e n c y ; 
t h e c a v i t y p e r t u r b a t i o n r e s u l t s g i v e t h e v a l u e s a t 9.4GHz 
and t h u s e x t e n d t h e range of measurements. 

8.2 D I E L E C T R I C MEASUREMENTS 

F i g . 8 . 1 shows t h e o u t p u t waveform when t h e f u l l y 

n i t r i d e d RBSN ( 6 4 . 5 % w e i g h t g a i n ) i s i n s e r t e d i n t h e sample 

h o l d e r (As d e s c r i b e d i n d e t a i l i n C h a p t e r 3, t h e i n p u t 

waveform was t h e s t a n d a r d square-wave s i g n a l a t 25MHz ) . The 

o u t p u t waveforms f o r v i t r e o s i l and pure MgO a r e a l s o i n c l u d e d 

i n F i g . 8 . 1 t o show t h e d i f f e r e n c e s i n t h e o u t p u t waveforms 

f o r t h e s e t h r e e m a t e r i a l s . F i g . 8 . 2 i s a l o g - l o g p l o t of the 

p e r m i t t i v i t y a g a i n s t harmonic number ( f r e q u e n c y ) ; o b t a i n e d 

by comparing t h e o b s e r v e d ' o u t p u t waveform w i t h t h e range of 

t h e o r e t i c a l waveforms s t o r e d i n the computer. The t h e o r e t i c a l 

waveforms a r e o b t a i n e d by t a k i n g d i f f e r e n t p a i r s of v a l u e s 

of e ' and £•''. Here t h e c o n d u c t i o n mechanism i s known t o be 

hopping. The d a t a p o i n t f o r the c a v i t y p e r t u r b a t i o n method 

i s i n c l u d e d t o c o v e r t h e f r e q u e n c y range up t o about 9.4GHz . 

The v a l u e of t h e p e r m i t t i v i t y measured by the F o u r i e r a n a l y s i s 

t e c h n i q u e i s v i r t u a l l y f r e q u e n c y independent and has the 

v a l u e 6 . 0 ^ 0 . 5 and t h a t measured by the c a v i t y p e r t u r b a t i o n 

t e c h n i q u e i s 5 . 5 0 - 0 . 0 5 . The g r a d i e n t of t h e l o g - l o g p l o t of 

t h e p e r m i t t i v i t y a g a i n s t f r e q u e n c y i s 0.97 ±0.03. I n the 

f r e q u e n c y range o f 500MHz,' to about 7GHz d a t a p o i n t s from 
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f o r f u l l y n i t r i d e d ( 6 4 . 5 % w e i g h t g a i n ) RBSN-
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measurements made by.Ahmad [ 8 . 5 ] a r e i n c l u d e d a s a comparison 
and t o c o v e r t h e whole range of f r e q u e n c i e s from 25MHz. t o 
9GHz.. Al t h o u g h t h e range of f r e q u e n c y c o v e r e d i n the 
F o u r i e r a n a l y s i s t e c h n i q u e i s not t h e same a s t h a t of the 
s h o r t c i r c u i t and r e s o n a n t c i r c u i t method used by Ahmad, t h e 
s m a l l d i f f e r e n c e s i n t h e r e s u l t s a r e w i t h i n e x p e r i m e n t a l 
e r r o r ; t h e f a c t t h a t t h e n v a l u e f o r t h e m a t e r i a l s t u d i e d i s 
c l o s e t o u n i t y makes t h e v a r i a t i o n of t h e d i e l e c t r i c 
p r o p e r t i e s w i t h f r e q u e n c y v e r y s m a l l . Thus the p r e s e n t d a t a 
and t h e p r e v i o u s work done by Ahmad make a f a i r comparison. 

F i g . 8 . 3 shows t h e l o g - l o g p l o t of t h e l o s s f a c t o r , e'', 

of 64.5% w e i g h t g a i n RBSN a g a i n s t harmonic number ( f r e q u e n c y ) . 

The v a l u e o f t h e l o s s f a c t o r measured by the F o u r i e r method 

i s 0. 015 - 0.005 and t h a t measured by t h e c a v i t y p e r t u r b a t i o n 

method i s 0 . 0 1 - 0 . 0 0 1 . These v a l u e s a g r e e w i t h t h a t of Ahmad. 

The d a t a g i v e n i n F i g . 8 . 1 , 8.2 and 8.3 a l l r e f e r t o 

t h e b u l k 64.5% w e i g h t g a i n RBSN sample. However the sample 

i s known t o c o n t a i n v o i d s and some f r e e ( u n r e a c t e d ) s i l i c o n 

( s e e T a b l e 7.1) and i s a l s o l i k e l y t o c o n t a i n o t h e r 

i m p u r i t i e s o r i g i n a t i n g from the s t a r t i n g ( S i ) powder. 

C o r r e c t i o n s f o r a l l t h e s e i t e m s a r e n e c e s s a r y i f one w i s h e s 

t o o b t a i n a m e a n i n g f u l v a l u e of p e r m i t t i v i t y f o r pure RBSN 

s u i t a b l e f o r example, f o r comparison w i t h the t h i n f i l m (CVD) 

o p t i c a l measurement d a t a . These c o r r e c t i o n methods a r e 

c o n s i d e r e d below. 

8.3 ANALYSIS OF BULK CERAMIC PERMITTIVITY RESULTS 

The RBSN sample s t u d i e d has a t o t a l p o r o s i t y of 

a p p r o x i m a t e l y 20% ( T a b l e 7 . 1 ) , and t h e r e i s a f i n e d i s p e r s i o n 

of u n n i t r i d e d m a t e r i a l d i s t r i b u t e d throughout the c e r a m i c . 
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The u n n i t r i d e d m a t e r i a l i s u s u a l l y r e f e r r e d t o a s ' s i l i c o n ' 
b ut may , a t l e a s t i n p a r t , c o m p r i s e a l l o y s of s i l i c o n w i t h 
i r o n and, p o s s i b l y , o t h e r c a t i o n i m p u r i t i e s a s s o c i a t e d w i t h 
t h e s t a r t i n g s i l i c o n powder. Thus t h e measured parameters 
a r e v a l u e s f o r t h e he t e r o g e n e o u s ( m u l t i - p h a s e ) m a t e r i a l . 
To o b t a i n t h e t r u e v a l u e o f p e r m i t t i v i t y f o r s i l i c o n n i t r i d e 
a l o n e , t h e c o n t r i b u t i o n from o t h e r phases must be deducted 
from t h e measured v a l u e . Walton [ 8 . 1 ] i n h i s p e r m i t t i v i t y 
measurements of RBSN o n l y took i n t o a c c o u n t t h e e f f e c t of 
p o r o s i t y p r e s e n t i n v a r i o u s samples and c a l c u l a t e d h i s d a t a 
u s i n g t h e f o r m u l a : 

t = c j " " eq. 8.1 

where £q i s t h e p e r m i t t i v i t y of t h e 100% ( w i t h o u t p o r e s ) 

dense m a t e r i a l and p i s t h e volume f r a c t i o n of p o r e s . 

Waltons measured v a l u e s ; i . e g' = 5.50 and Tan6 = 0.002 f o r 

samp l e s w i t h p o r o s i t y around 20%, agree w i t h t h e p r e s e n t 

measurements. To r e p e a t t h e same c a l c u l a t i o n s i s 

i n s u f f i c i e n t h e r e , b e c a u s e i t i s thought t h a t t a k i n g o n l y 

p o r o s i t y i n t o a c c o u n t i n t r e a t i n g t h e r e s u l t s i s not enough. 

The c o n t r i b u t i o n of t h e s o - c a l l e d ' s i l i c o n ' must be 

c o n s i d e r e d h e r e . 

The s t a r t i n g p o i n t of t h i s t r e a t m e n t i s t o assume t h a t 

t h e RBSN sample s t u d i e d i s a m u l t i - p h a s e composite m a t e r i a l , 

c o m p r i s i n g s i l i c o n n i t r i d e , v o i d s , u n r e a c t e d s i l i c o n and 

o t h e r i m p u r i t i e s ( e x i s t i n g most p r o b a b l y a s a l l o y s w i t h 

s i l i c o n ) . Methods of t r e a t i n g composite d i e l e c t r i c m a t e r i a l s 

a r e g i v e n i n a r e v i e w paper on p h y s i c a l p r o p e r t i e s of 

composite m a t e r i a l s by Hale [ 8 . 7 ] who g i v e s v a r i o u s formulae 

t o c a l c u l a t e t h e d i e l e c t r i c p r o p e r t i e s . F o r t he purpose of 
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t r e a t i n g t h e p r e s e n t r e s u l t s , one of t h e a p p r o p r i a t e methods 
i s t h a t g i v e n by Wiener. T h i s has been chosen f o r i t s 
s i m p l i t y and b e c a u s e i t s upper and lower bounds a r e the 
e x t r e m e s o f a l l t h e o t h e r f o r m u l a e ; i . e c a l c u l a t i o n u s i n g 
o t h e r f o r m u l a e w i l l g i v e r e s u l t s w i t h i n t h e Wiener upper and 
l o w e r bounds. The Wiener formulae f o r t h e p e r m i t t i v i t y of a 
c o m p o s i t e m a t e r i a l a r e : 

e+ = e^V, + £2^2 ^ r ^ r + ... eq. 8.2 

1 
£_ = . _ eq. 8.3 

V i / e , + V j / e j + + Vr /e r + . . . 

where £+ and e_ a r e t h e upper and lower bounds r e s p e c t i v e l y . 

£f and Vr a r e t h e p e r m i t t i v i t y and volume p r o p o r t i o n of each 

p h a s e . I n t h i s s t u d y r = l i s f o r s i l i c o n n i t r i d e , r=2 f o r 

v o i d s , r=3 f o r u n n i t r i d e d s i l i c o n and r=4 f o r i m p u r i t i e s 

( s i l i c o n a l l o y s ) . 

8.3.1 ANALYSIS USING A THREE-PHASE MODEL 

The volume p r o p o r t i o n s of the t h r e e phases ( i . e s i l i c o n 

n i t r i d e , v o i d s , u n n i t r i d e d s i l i c o n ) i n composite RBSN a r e 

c a l c u l a t e d u s i n g t h e f o r m u l a e quoted i n S e c t i o n 7.4.1 and 

t a b u l a t e d i n T a b l e 7.1. U s i n g t h e t a b u l a t e d volume p r o p o r t i o n 

f o r e a c h phase and assuming e' = l f o r v o i d s and £-'=12 f o r the 

u n n i t r i d e d s i l i c o n [ 8 . 8 ] , t h e p e r m i t t i v i t y f o r s i l i c o n 

n i t r i d e i s g i v e n by : 

5.50 = e,x.783 + l x . 1 9 7 + 12x.02 

from w h i c h , f o r s i l i c o n n i t r i d e , 

^1 = 6.466 

Assuming = 6.466 a s t h e c o r r e c t v a l u e f o r the p e r m i t t i v i t y 

f o r s i l i c o n n i t r i d e , t h e lower bound of the Wiener formula 

would g i v e s f o r t h e c omposite e_= 3.127. 
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The a c c e p t e d r e f e r e n c e v a l u e f o r pure s i l i c o n n i t r i d e ( i . e 

t h i n f i l m CVD m a t e r i a l ) o b t a i n e d from o p t i c a l measurements i s 

a p p r o x i m a t e l y e q u a l t o 4; u s i n g t h i s v a l u e i n t h e Wiener 

f o r m u l a would g i v e = 3.569 and e_ = 2.535. The two ra n g e s 

o f v a l u e s , i . e t h e measured v a l u e s of e+ = 5.50 and 

£•_ = 3.127 and t h e c a l c u l a t e d v a l u e s of ^+ = 3.569 and 

^- = 2.535, o v e r l a p b u t i t i s obvious t h a t t h e measured 

v a l u e i s h i g h e r t h a n t h e t h e o r e t i c a l p r e d i c t i o n (assuming 

a c o m p o s i t e s y s t e m of o n l y t h r e e - p h a s e s ) . However t h e 

c o r r e c t e d v a l u e o f = 6.466 i s much c l o s e r t o t h e r e f e r e n c e 

v a l u e (about 4) t h a n i s t h e c a l c u l a t i o n by Walton which a l l o w e d 

o n l y f o r p o r o s i t y and which g i v e v a l u e s i n t h e r e g i o n of 

9 and 10. 

8.4 CONCLUSIONS 

The i n t e r e s t i n RBSN a s a c a n d i d a t e f o r a radome 

m a t e r i a l was i n t e r m i t t e n t i n t h e p a s t because g e n e r a l l y 

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

i n a d e q u a t e . Improvement i n f a b r i c a t i o n t e c h n i q u e s of RBSN 

has l e d many w o r k e r s [8.1 - 8.3] t o e s t a b l i s h e d the f a c t 

t h a t RBSN can be produced w i t h s a t i s f a c t o r y d i e l e c t r i c 

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

T a b l e 8.1 shows r e p o r t e d v a l u e s of measured p e r m i t t i v i t y 

of s i l i c o n n i t r i d e . Some v a l u e s f o r HPSN [ 8 . 9 ] and t h i n f i l m 

[ 8 . 1 0 ] s i l i c o n n i t r i d e a r e i n c l u d e d t o show t h a t the 

p e r m i t t i v i t y of t h e m a t e r i a l depends g r e a t l y on the method of 

p r e p a r a t i o n . T a b l e 8.2 show some r e p o r t e d v a l u e s of t h e l o s s 

t a n g e n t . 

I n t h e p r e s e n t s t u d y t h e measured v a l u e of 5.50 f o r 

th e p e r m i t t i v i t y of f u l l y n i t r i d e d RBSN w i t h 20% p o r o s i t y . 
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F r e q u e n c y 

GHz. 

F a b r i c a t i o n method Comments R e f e r e n c e s 

(8 -10) 4.5-5.6 r e a c t i o n - b o n d e d 35%-20% 8.1 

p o r o s i t y 

9.34 5.65 h o t - p r e s s e d 5 w/o MgO 1.3 

added 

4.85 s l i p - c a s t . 

9.37 6.8 f l a m e d - s p r a y e d 

8.3 h o t - p r e s s e d 8.3 

0.5-9.34 4.5 r e a c t i o n - b o n d e d 

T a b l e 8.1 R e p o r t e d v a l u e s of t h e p e r m i t t i v i t y of Si3N4. 

F r e q u e n c y 

GHz. 

Tan6 F a b r i c a t i o n method R e f e r e n c e s 

9.34 1.6x10"^ r e a c t i o n - b o n d e d 1.14 

9.37 7 x 1 0 " ^ h o t - p r e s s e d 8.3 

9.34 4.02x10"^ h o t - p r e s s e d 1.3 

10 1x10"^ r e a c t i o n - b o n d e d 8.2 

8-10 7x10"^ r e a c t i o n - b o n d e d 8.1 

T a b l e 8.2 R e p o r t e d v a l u e s of Tan6 of Si3N4. 
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a g r e e s e x a c t l y w i t h t h a t o f W a l t o n [ 8 . 1 ] and W e l l s [ 8 . 2 ] 
and a l s o w i t h i n e x p e r i m e n t a l e r r o r w i t h t h a t o f Ahmad [ 8 . 5 ] . 
The v a l u e f o r l o s s t a n g e n t a g r e e s w i t h t h a t o f W a l t o n and 
Ahmad. T h i s a g r e e m e n t shows t h a t RBSN w i t h n e a r l y t h e same 
d e n s i t y and p e r c e n t a g e o f p o r o s i t y can have t h e same 
d i e l e c t r i c p r o p e r t i e s a l t h o u g h , on t h e c o n t r a r y , v a r i a t i o n 
o f t h e d i e l e c t r i c p r o p e r t i e s has a l s o been r e p o r t e d [ 8 . 4 ] . 
The a g r e e m e n t h e r e i s t h o u g h t t o be c o - i n c i d e n t a l and t h e 
v a r i a t i o n i s t h o u g h t t o be due t o t h e c o n t r i b u t i o n o f 
u n c o n t r o l l e d ( u n a c c o u n t e d ) i m p u r i t i e s . However, t h e r e i s a t 
p r e s e n t n o d a t a c o n c e r n i n g t h e e f f e c t o f u n r e a c t e d ' s i l i c o n ' 
( s i l i c o n , s i l i c o n - i m p u r i t i e s ) on t h e d i e l e c t r i c p r o p e r t i e s 
o f RBSN. I n f a c t , n o p u b l i s h e d w o r k on t h i s a s p e c t o f r e s e a r c h 
has b een d i s c o v e r e d and i t i s f e l t t h a t t h e a n a l y s i s i n t h i s 
C h a p t e r i s t h e f i r s t a t t e m p t t o i n c l u d e t h e e f f e c t o f 
i m p u r i t i e s o n t h e d i e l e c t r i c p r o p e r t i e s o f RBSN. However a 
d e t a i l e d q u a n t i t a t i v e s t u d y w o u l d p r e s e n t d i f f i c u l t i e s b u t 
t h e r e s u l t s o f s u c h a s t u d y w o u l d be o f g r e a t i m p o r t a n c e t o 
o p t i m i z e t h e n i t r i d a t i o n p r o c e s s o f RBSN and a l s o t o s e r v e 
as a q u a l i t y c o n t r o l p a r a m e t e r . 
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CHAPTER 9 

EXAMINATION OF PARTIALLY NITRIDED RBSN 

P a r t i a l l y n i t r i d e d RBSN samples a r e p r o d u c e d b y v a r y i n g 

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

f u r n a c e . D e t a i l s o f t h e p r o c e s s have been f u l l y d e s c r i b e d i n 

B u s h e l l ' s t h e s i s [ 9 . 1 ] . The samples s t u d i e d i n t h i s s e c t i o n 

v a r i e d f r o m 0% w e i g h t g a i n ( p u r e s i l i c o n ) t o a b o u t 64.5% 

w e i g h t g a i n ( a l m o s t f u l l y n i t r i d e d ) . B o t h t h e F o u r i e r 

a n a l y s i s m e t h o d and an i m p r o v e d c a v i t y p e r t u r b a t i o n method 

have been u s e d i n t h e d i e l e c t r i c measurements. I n t h e c a v i t y 

p e r t u r b a t i o n m e t h o d , s m a l l e r sample s i z e s have t o be used 

f o r l o s s y m a t e r i a l t o o b t a i n a m e a s u r e a b l e Q-curve on t h e 

o s c i l l o s c o p e . R e s u l t s f o r f u l l y n i t r i d e d RBSN ( C h a p t e r 8) 

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

t h e w h o l e r a n g e o f w e i g h t g a i n . S t r u c t u r a l s t u d i e s were made 

u s i n g X - r a y d i f f r a c t i o n and R e f l e c t i o n H i g h E n e r g y E l e c t r o n 

D i f f r a c t i o n (RHEED). M i c r o s t r u c t u r a l s t u d i e s were a l s o 

u n d e r t a k e n u s i n g t h e S c a n n i n g E l e c t r o n M i c r o s c o p e (SEM) 

c o u p l e d w i t h i t s E n e r g y D i s p e r s i v e A n a l y s i s by X - r a y (EDAX) 

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

e x p l a i n i n g t h e d i e l e c t r i c measurements o f RBSN samples 

h a v i n g v a r i o u s d e g r e e s o f n i t r i d a t i o n . 

9.1 RESULTS 

9.1.1.1 FREQUENCY VARIATION OF e ' AND e " 

The r e s u l t s f o r t h e p a r t i a l l y n i t r i d e d RBSN a r e 

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

s a m ple i n C h a p t e r 8. F i v e s a m p l e s w i t h d i f f e r e n t w e i g h t 



92 
g a i n s h ave been i n v e s t i g a t e d u s i n g t h e F o u r i e r a n a l y s i s 
m e t h o d . F o r t h i s m e t h o d t h e s i z e o f a l l t h e s a m p l e s ' was 
k e p t t h e same, i . e . a c i r c u l a r d i s c w i t h a d i a m e t e r o f a b o u t 
7mm. and 3 m m . . t h i c k . F i g . 9.1 shows t h e o u t p u t waveforms 
when s u c c e s s i v e s a m p l e s w i t h d i f f e r e n t w e i g h t g a i n s were 
i n s e r t e d i n t h e sample h o l d e r . S i m i l a r l y , t h e d i e l e c t r i c 
p a r a m e t e r s w e r e o b t a i n e d b y c o m p a r i n g w i t h t h e t h e o r e t i c a l 
w a v e f o r m s s t o r e d i n t h e c o m p u t e r . F o r t h e c a v i t y p e r t u r b a t i o n 
t e c h n i q u e , e i g h t s a m p l e s w i t h d i f f e r e n t w e i g h t g a i n s have 
b e e n u s e d . The s i z e o f t h e sample f o r t h i s t e c h n i q u e c a n n o t 
be k e p t t h e same as samp l e s w i t h l o w w e i g h t g a i n a b s o r b much 
o f t h e m i c r o w a v e e n e r g y and t h u s c ause e x t r e m e l y l a r g e 
b r o a d e n i n g o f t h e a b s o r p t i o n c u r v e o f t h e c a v i t y . Sample 
s i z e s have t o be r e d u c e d so t h a t a r e a s o n a b l e a b s o r p t i o n 
c u r v e c an be d i s p l a y e d on t h e o s c i l l o s c o p e and t h e Q - f a c t o r 
o f t h e cavit„y c a n be d e t e r m i n e d . S m a l l e r samples mean t h e 
u n c e r t a i n t y o r e r r o r s i n d e t e r m i n i n g t h e volume o f t h e sample 
a r e h i g h e r a nd t h u s t h e measurements o f t h e d i e l e c t r i c 
p a r a m e t e r s a r e l e s s a c c u r a t e as compared t o t h e measurements 
o f t h e f u l l y n i t r i d e d RBSN w i t h b i g g e r sample s i z e . 

F i g . 9.2 c o m b i n e s a l l t h e r e s u l t s and shows t h e l o g - l o g 

p l o t o f p e r m i t t i v i t y , e', a g a i n s t f r e q u e n c y f o r samples w i t h 

d i f f e r e n t w e i g h t g a i n . F i g . 9.3 shows t h e l o g - l o g p l o t o f 

t h e l o s s f a c t o r , e'', a g a i n s t f r e q u e n c y f o r t h e same s e t o f 

s a m p l e s . The g r a d i e n t s o f a l l t h e p l o t s i n F i g . 9.2 and 

F i g . 9.3 a r e a l l a b o u t 0.97 1 0 . 0 3 , s i m i l a r t o t h a t o f t h e 

f u l l y n i t r i d e d RBSN i n C h a p t e r 8. Thus i t a p p e a r s t h a t a 

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

w h o l e r a n g e o f p a r t i a l l y and f u l l y n i t r i d e d RBSN. T h e r e i s , 
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F i g . 9.1 O u t p u t w a v e f o r m s f o r p a r t i a l l y n i t r i d e d RBSN; 

a ) ' 59.33% w e i g h t g a i n { A ) , b) 48.18% w e i g h t g a i n ( • ) , 

c) 39.18% w e i g h t g a i n ( O ) and d) 22.47% w e i g h t g a i n ( I 

[ W a v e f o r m f o r 0% w e i g h t g a i n ( s i l i c o n ) i s t h e same as b ) 
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h o w e v e r , no p r e v i o u s r e f e r e n c e w i t h w h i c h t o compare t h e 
d i e l e c t r i c p r o p e r t i e s r e s u l t s f o r t h e w h o l e r a n g e o f w e i g h t 
g a i n o f RBSN. Ahmad [ 9 . 2 ] . m a d e measurements on t h e p a r t i a l l y 
n i t r i d e d RBSN f r o m a b o u t 63% t o a b o u t 38% w e i g h t g a i n and 
t h e s e r e s u l t s a r e used as a c o m p a r i s o n w i t h t h e p r e s e n t 
m e a s u r e m e n t s . 

9.1.1.2 VARIATION OF MEASURED PERMITTIVITY WITH 

WEIGHT GAIN 

The v a r i a t i o n o f t h e measured p e r m i t t i v i t y w i t h 

f r e q u e n c y i s t h e same f o r a l l t h e w e i g h t g a i n s . T h e r e f o r e , 

t h e v a r i a t i o n o f t h e measured p e r m i t t i v i t y w i t h w e i g h t g a i n 

a t a p a r t i c u l a r f r e q u e n c y i s t h e same a t any o t h e r measured 

f r e q u e n c y . The c a v i t y p e r t u r b a t i o n method i s c h o s e n t o show 

t h i s v a r i a t i o n b e c a u s e i t i s more a c c u r a t e and t h e samples 

a r e much . e a s i e r t o p r e p a r e s i n c e t h e y do n o t need t o be 

p o l i s h e d n o r c u t i n t o c i r c u l a r s hapes. E i g h t samples w i t h 

w e i g h t g a i n s r a n g i n g f r o m 0% ( p u r e s i l i c o n ) t o 64.5% ( a l m o s t 

f u l l y n i t r i d e d RBSN) have been used t o show t h i s v a r i a t i o n . 

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

F i g . 9.4 w h i c h shows t h e p l o t o f t h e measured p e r m i t t i v i t y 

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

The v a r i a t i o n o f t h e measured p e r m i t t i v i t y w i t h w e i g h t 

g a i n f o r RBSN goes t h r o u g h a peak a t a b o u t 22% w e i g h t g a i n . 

The v a l u e o f t h e p e r m i t t i v i t y a t t h e peak i s a b o u t 15, h i g h e r 

t h a n t h a t o f p u r e s i l i c o n , w h i c h has a v a l u e o f 12 [ 9 . 3 ] . 

The a c c u r a c y o f t h e measurements on t h e l o s s y p a r t i a l l y 

n i t r i d e d RBSN i s a b o u t 10.5 and t h e d i f f e r e n c e b e t w e e n t h e 

peak and t h e v a l u e f o r t h e 0% ( p u r e s i l i c o n ) w e i g h t g a i n 

s a m p l e i s a b o u t 4.5; t h e peak i s t h u s g e n u i n e . Ahmad's 
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F i g . 9 . 4 V a r i a t i o n o f £'with w e i g h t g a i n ; p r e s e n t < ^ ) / Ref.9..2 
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r e s u l t s , f o r s a m p l e s w i t h w e i g h t g a i n r a n g i n g f r o m 63% t o 38% 

show t h e same t r e n d i n t h i s r e s t r i c t e d r a n g e o f w e i g h t g a i n 

and h a v e been i n c l u d e d i n F i g . 9.4. 

The p r e s e n c e o f t h i s peak i s one o f t h e most 

i n t e r e s t i n g a s p e c t s o f t h e p r e s e n t s t u d y o f RBSN. I t does 

n o t a g r e e w i t h t h e e x t r a p o l a t i o n made by Ahmad. The 

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

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

t o t h e h i g h e r v a l u e f o r p u r e s i l i c o n , (due t o t h e i n c r e a s i n g 

amount o f u n n i t r i d e d s i l i c o n ) c a n n o t be f u l l y a c c e p t e d . The 

r e a s o n s f o r n o t a c c e p t i n g Ahmad's p r e v i o u s e x p l a i n a t i o n a r e 

c o m p l e x and w i l l be g i v e n i n t h e n e x t s e c t i o n s . I n f a c t t h e 

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

b a c k g r o u n d f o r an e x p l a i n a t i o n o f t h e v a r i a t i o n o f t h e 

me a s u r e d p e r m i t t i v i t y w i t h w e i g h t g a i n , as shown i n F i g . 9.4. 

I t w i l l be seen t h a t o n l y a s e m i - q u a n t i t a t i v e t r e a t m e n t 

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

i n d e t a i l w o u l d h a v e r e q u i r e d f u l l c o n t r o l o f t h e m a t e r i a l 

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

t h e s t a r t i n g m a t e r i a l and i n t h e n i t r i d i n g a t m o s p h e r e , 

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

and c o n t r o l . 

An e m p i r i c a l e q u a t i o n d e s c r i b i n g t h e c u r v e shown i n F i g . 

^ 9.4 has been o b t a i n e d . A l e a s t s q u a r e method o f c u r v e f i t t i n g 

was u s e d [ 9 . 5 ] . The v a r i a t i o n was t a k e n t o be o f t h e f o r m : 

y = a + bx + c x ^ eq. 9.1 

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

w i t h r e s p e c t t o t h e c o e f f i c i e n t s gave t h r e e e q u a t i o n s i n 

each o f w h i c h t h e c o - o r d i n a t e v a l u e s o f t h e e x p e r i m e n t a l 
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p o i n t s c o u l d be s u b s t i t u t e d i n o r d e r t o d e t e r m i n e t h e b e s t -
f i t v a l u e s o f t h e t h r e e c o e f f i c i e n t s , a, b and c 
r e s p e c t i v e l y . The v a l u e s f o u n d were a = 10.767, b = 0.3058 
and c = - 0 . 0 0 6 1 . T h e r e f o r e t h e r e s u l t a n t e q u a t i o n t h a t 
e m p i r i c a l l y d e s c r i b e s t h e v a r i a t i o n o f p e r m i t t i v i t y o f RBSN 
w i t h w e i g h t g a i n i s :. 

e ' = 10.767 + 0.3058Wg - 0.006lwJ — eq. 9.2 

wh e r e Wg i s t h e p e r c e n t a g e w e i g h t g a i n . I t may be n o t e d t h a t 

t h e 'a' v a l u e o f 10.767 r e p r e s e n t s e' f o r p u r e s i l i c o n . 

F u r t h e r , i f t h e same v a r i a t i o n h o l d s f o r h i g h e r w e i g h t g a i n s 

t h a n w e r e e x a m i n e d h e r e , t h e e' v a l u e f o r f u l l y n i t r i d e d 

m a t e r i a l ( i . e Wg = 66.5%) s h o u l d be r e d u c e d t o 4.0. 

9.1.2.1 STRUCTURAL AND MICROSTRUCTURAL STUDIES OF RBSN 

C r y s t a l l i n e s i l i c o n n i t r i d e e x i s t s i n t w o f o r m s r e f e r r e d 

t o p r e v i o u s l y as O! and / 3 . B o t h s t r u c t u r e s a r e h e x a g o n a l and 

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

t e t r a h e d r o n j o i n e d so t h a t e ach n i t r o g e n i s s h a r e d by t h r e e 

t e t r a h e d r a [ 9 . 6 ] . The l a t t i c e p a r a m e t e r s , f o r t h e o:-phase 

a r e , a=7.755 ,c=5.616 , and f o r t h e j S-phase a r e , a=7.606 , 

c=2.907 [ 9 . 7 ] , I t i s n o t t h e a i m h e r e t o c h e c k t h e s e 

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

p r e s e n t i n RBSN. Knowledge o f t h e s t r u c t u r e o f t h e i m p u r i t i e s 

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

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

r e a c t i o n mechanism d u r i n g t h e n i t r i d a t i o n p r o c e s s w h i c h 

p r o d u c e s RBSN. 

T h r e e methods have been used t o s t u d y t h e i m p u r i t i e s 

p r e s e n t i n RBSN. The X - r a y powder method has been used t o 

o b t a i n t h e d i f f r a c t i o n p a t t e r n s o f t h e b u l k m a t e r i a l , t h e RHEED 
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t e c h n i q u e e x a m i n e s t h e r e g i o n c l o s e t o t h e s u r f a c e o f t h e 
. c e r a m i c and a SEM c o u p l e d w i t h an EDAX f a c i l i t y has been used 

t o s t u d y t h e m i c r o s t r u c t u r e o f e t c h e d s u r f a c e s and i d e n t i f y 
t h e i m p u r i t i e s p r e s e n t i n t h e sample. B a s i c a l l y t w o d i f f e r e n t 
s a m p l e s w e r e i n v e s t i g a t e d ; f u l l y n i t r i d e d RBSN ( 6 4 . 5 % o r 63% 

% w e i g h t g a i n ) and p a r t i a l l y n i t r i d e d RBSN ( 4 4 . 4 4 % o r 35.6% 
w e i g h t g a i n ) . 

9.1.2.2 X-RAY DIFFRACTION 

I n t h e c o n v e n t i o n a l X - r a y powder t e c h n i q u e , t h e 

s p e c i m e n i s g r o u n d t o a f i n e powder and mounted i n su c h a 

way t h a t i t c a n be i r r a d i a t e d by a m o n o c h r o m a t i c X - r a y beam. 

However RBSN i s p o l y c r y s t a l l i n e m a t e r i a l w i t h a v e r y s m a l l 

g r a i n s i z e , i . e a s m a l l . p i e c e o f t h e sample i s made up o f a 

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

and i n c l u d i n g i m p u r i t i e s and v o i d s . C o n s e q u e n t l y , i t i s n o t 

n e c e s s a r y t o g r i n d s u c h a sample i n o r d e r t o make i t 

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

l i k e s a m p l e t h i n a nd s m a l l enough t o m i n i m i s e X-ray 

a b s o r p t i o n . M o r e o v e r t h e t h i n s l i c e sample used i n t h e c a v i t y 

p e r t u r b a t i o n t e c h n i q u e c a n a l s o be u s e d f o r t h e X-r a y 

d i f f r a c t i o n m e a s u r e m e n t s . The sample i s f i x e d a t t h e end o f 

a g l a s s ( L i n d e r m a n n ) r o d and mounted as i n t h e n o r m a l X - r a y 

powder m e t h o d . D e t a i l s o f t h e powder t e c h n i q u e can be 

o b t a i n e d i n many t e x t s . 

Two s a m p l e s w i t h w e i g h t g a i n s o f 64.5% and 44.44% were 

i n v e s t i g a t e d . T a b l e 9.1 g i v e s t h e measured d - s p a c i n g s f o r a 

sample w i t h 44.44% w e i g h t g a i n and T a b l e 9.2 g i v e s t h o s e f o r 

s i m i l a r m e a s urements f r o m t h e 64.5% w e i g h t g a i n sample. 

A n a l y s i s o f t h e d i f f r a c t i o n l i n e s p r o d u c e d i s v e r y d i f f i c u l t 
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E x p t . r e s u l t s S i a - S i g N4 / 3 - s i 3 N4 CaSi 2 F e S i j 

R/cm I d/X d/X I / I o d/X I / I o d/X I / I o d/X I / I o 

2.150 s 4.072 4.320 50 

2.355 s 3.80 3.88 30 

2.375 w 3.76 3.82 20 

2.72 w 3.32 3 .37 30 

2.75 w 3.23 3.31 85 3.31 12 

2.92 • v s 3.055 3.09 3.08 12 

2.95 w 3.034 3.08* 12 

3.175 m 2.83 2 .89 85 

3.45 s 2.604 2.599 75 2.668 100 2.66 40 

3.52 s 2.53 2.547 100 2.55 28 

3.6 s 2.492 2.492 100 

3.65 ms 2 .465 2 .37 60 

3.95 ms 2.28 2.32 60 2.312 9 

4.0 w 2.25 2.18 35 

4.25 m 2.13 2.158 30 2.13 16 

4.425 m 2.05 2.083 55 1.904 5 

4.8 v s 1,..893 1.893 1.892 5 1.92 100 1 .89 30 

4.85 w 1.88 1.884 8 

4.95 m 1.843 1.827 20 1 .84 100 

5.125 w 1.782 1.806 12 1 .753 70 1 .78 15 

T a b l e 9.1 I n t e r p l a n a r s p a c i n g s ( X - r a y ) f o r 44.44% w e i g h t g a i n RBSN 

compared w i t h ASTM d a t a . [ s = s t r o n g , w= weak, m= medium, v s = v e r y , 

s t r o n g , ms= medium s t r o n g , d= i n t e r p l a n a r s p a c i n g , 1= i n t e n s i t y ] 
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E x p t . r e s u l t s S i N4 i S - S i 3N4 CaSi 2 FeSia 

R/cm I d/A d/X d/X I / I o d/A I / I o d/X I / I o d/A I / I o 

2.15 m 4.147 

2.18 s 4.32 50 

2.34 m 3.797 3.88 30 

2.4 s 3.82 20 

2.42 • w 3.673 

2.7 m . 3.298 3.37 30 

2.75 s 3.239 3.31 85 3.31 12 

2.85 s 3.128 3.09 3.08 12 

3.15 m . 2. 837 

3.25 s 2.76 2.89 85 

3.3 w 2.711 2.823 5 

3.425 s 2.616 2.668 100 2.66 40 

3.5 s 2.561 2.599 75 2.55 28 

3.575 s 2.509 2.547 100 

3.65 s 2.459 2.49 100 

3.725 m 2.412 2.37 63 

3.95 w 2.279 2. 312 9 

4.025 s 2.238 2.32 60 • 

4.1 w 2.199 2.283 8 

4.275 w 2.113 2.244 5 

4.325 w 2.09 

4.45 m '2.034 2.158 30 2.18 35 2.13 16 

4.5 s 2.012 2.083 55 

4.75 s 1.912 1.92 100 1.89 30 

4.875 s 1.866 1.84 100 

T a b l e 9.2 I n t e r p l a n a r s p a c i n g s ( X - r a y ) f o r 64.5% w e i g h t g a i n RBSN 

compared w i t h ASTM d a t a . 
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c o n s i d e r i n g t h a t so many components a r e p r e s e n t c a u s i n g many 
d i f f r a c t i o n l i n e s f r o m one component t o o v e r l a p w i t h t h o s e 
f r o m a n o t h e r . The measured d - s p a c i n g s have been compared 
w i t h t h e v a l u e s g i v e n b y t h e ASTM ( A m e r i c a n S o c i e t y f o r 
T e s t i n g M a t e r i a l s ) , i n d e x f o r t h e p u r e a and (3 phases o f 
s i l i c o n n i t r i d e . I n a d d i t i o n , p u r e s i l i c o n i s a l s o e x p e c t e d 
t o be p r e s e n t and i t s ASTM d - s p a c i n g s a r e a l s o i n c l u d e d i n 
b o t h t h e T a b l e s . E x a m i n a t i o n o f t h e two T a b l e s shows t h a t 
t h e s e t h r e e m a t e r i a l s a c c o u n t f o r most o f t h e l i n e s p r e s e n t 
i n t h e d i f f r a c t i o n p h o t o g r a p h s . I t s h o u l d be n o t e d t h a t t h e 
r e l a t i v e i n t e n s i t y I/I© o f ea c h component can be m i s l e a d i n g 

. m a i n l y b e c a u s e t h e v a l u e s g i v e n b y t h e ASTM i n d e x a r e f o r 
s i n g l e c r y s t a l s o f e a c h m a t e r i a l . B u t when a sample 
c o m p r i s i n g s e v e r a l components i s s t u d i e d , f o r example 
RBSN, t h e n t h e amount o f ea c h component p r e s e n t i n t h e 
c e r a m i c w i l l d e t e r m i n e t h e r e l a t i v e i n t e n s i t y o f each l i n e . 

R e t u r n i n g t o t h e e x t r a l i n e s n o t a c c o u n t e d f o r by t h e 

p r e s e n c e o f s i l i c o n and a and j8 phases ( s e e T a b l e 9.1 and 9.2) 

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

m i g h t be p r e s e n t . From t h e p a p e r s w h i c h d i s c u s s t h e r e a c t i o n 

mechanism, i t i s known t h a t i r o n s i l i c i d e i s f r e q u e n t l y 

o b s e r v e d as an i m p u r i t y i n t h i s t y p e o f m a t e r i a l . I n 

a d d i t i o n , SEM s t u d i e s ( d e s c r i b e d b e l o w ) show t h a t c a l c i u m 

compounds a r e p r e s e n t . A c c o r d i n g l y , ASTM d a t a f o r t h e 

s i l i c i d e s o f i r o n and c a l c i u m have been c o n s i d e r e d and t h o s e 

w i t h t h e p a r t i c u l a r c h e m i c a l c o m p o s i t i o n o f FeSi2 and C a S i j 

g i v e t h e b e s t f i t t o t h e e x t r a l i n e s . F o r t h i s r e a s o n t h e 

ASTM d a t a f o r FeSi2 and CaSig a r e i n c l u d e d i n T a b l e 9.1 and 

'9.2. U n f o r t u n a t e l y e ach o f t h e compounds has s e v e r a l l i n e s 

w h i c h o v e r l a p w i t h e i t h e r t h e p u r e s i l i c o n , o r t h e QJ-SigN^ 
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o r | 3 - S i 3 N 4 and i n a d d i t i o n t h e ASTM d a t a f o r t h e Q ; - S i 3 N 4 
does n o t i n c l u d e h i g h G l i n e s . T h u s no f u r t h e r c o n c l u s i v e 
i d e n t i f i c a t i o n c o u l d be made f r o m t h e X - r a y d i f f r a c t i o n s t u d y . 

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

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

n i t r i d e d RBSN, i t i s o b v i o u s t h a t t h e amount o f p u r e s i l i c o n 

i n t h e f u l l y n i t r i d e d s ample i s much l e s s t h a n i n t h e 

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

g i v e n i n T a b l e 7 . 1 . A l s o , t h e ̂ -Si^li^ d i f f r a c t i o n l i n e s a r e 

much more e a s i l y i d e n t i f i a b l e i n t h e f u l l y n i t r i d e d sample. 

T h i s i s due t o t h e f a c t t h a t d u r i n g t h e f i r s t s t a g e o f 

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

Q:-Si3N4 i s m a i n l y f o r m e d . However, f u l l y n i t r i d e d RBSN has 

a b o u t 15% /3-phase. The c o n c l u s i o n t h a t F e S i j i s t e n t a t i v e l y 

i d e n t i f i e d as t h e p a r t i c u l a r phase o f i r o n s i l i c i d e p r e s e n t 

a s a n i m p u r i t y i n RBSN a g r e e s w i t h t h e p r o p o s a l s b y Moulson 

[ 9 . 7 ] . The new o b s e r v a t i o n o f t h i s s t u d y i s t h e 

i d e n t i f i c a t i o n o f C a S i j a s an i n c l u d e d i m p u r i t y i n t h e RBSN 

s t u d i e d . 

9.1.2.3 REFLECTION HIGH ENERGY ELECTRON DIFFRACTION 

The RHEED me t h o d w o r k s on t h e same p r i n c i p l e as X-r a y 

d i f f r a c t i o n ( i n b o t h c a s e s B r a g g ' s l a w i s obeyed i . e 

= 2 d ^ j ^ | S i n ^ ) b u t i n s t e a d o f h a v i n g X= 1.54 ( f o r Cu-Ka) as 

i n t h e powder m e t h o d , an e l e c t r o n beam w i t h e n e r g y lOOKeV. 

has an a s s o c i a t e d w a v e l e n g t h X= 0.04 , w h i c h r e s u l t s i n t h e 

B r a g g d i f f r a c t i o n a n g l e b e i n g < 1°. F u l l y n i t r i d e d ( 6 4 . 5 % 

w e i g h t g a i n ) and p a r t i a l l y n i t r i d e d ( 3 5 . 6 % w e i g h t g a i n ) 

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

g i v e any d i s t i n c t i v e d i f f r a c t i o n p a t t e r n s . I n f a c t p o l i s h i n g 
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t h e s u r f a c e o f t h e sample p r o b a b l y made i t c o m p l e t e l y 
amorphous. To remove t h e p o l i s h e d s u r f a c e , t h e samples have 
been e t c h e d w i t h HF and hot (IGO^C) p h o s p h o r i c a c i d (H3PO4). 
Two e t c h a n t s have been us e d w i t h t h e hope t h a t e i t h e r one or 
both have p r e f e r e n t i a l r e a c t i o n s t o d i s s o l v e e i t h e r t h e pure 
s i l i c o n o r s i l i c o n n i t r i d e ; l e a v i n g the. s u r f a c e w i t h a h i g h e r 
c o n c e n t r a t i o n o f t h e i m p u r i t y p h a s e s . 

P l a t e s 9.1a and 9.1b i l l u s t r a t e t h e d i f f r a c t i o n p a t t e r n s 

of t h e sample ( 3 5 . 6 % . w e i g h t g a i n ) e t c h e d i n HF and HgPO^ 

r e s p e c t i v e l y . The a n a l y s e s of t h e s e p a t t e r n s a r e t a b u l a t e d 

i n T a b l e 9.3 and 9.4 r e s p e c t i v e l y . A l l t h e l i n e s i n T a b l e 9.3 

a r e a t t r i b u t a b l e t o theCl^-SigN^ and pure s i l i c o n . T h i s i s i n 

com p l e t e agreement w i t h t h e r e s u l t s of t h e X-ray s t u d y . 

However, f o r t h e sample e t c h e d i n H3PO4 ( s e e T a b l e 9.4) t h e r e 

a r e e x t r a l i n e s n o t a t t r i b u t a b l e e i t h e r t o t h e s i l i c o n 

n i t r i d e (6J^andy^) o r t h e pure s i l i c o n . The ASTM d a t a f o r 

C a S i a r e i n good agreement w i t h t h e e x t r a l i n e s p r e s e n t . 

Thus t h e t e n t a t i v e i d e n t i f i c a t i o n (which was p r o v i d e d by the 

X- r a y d i f f r a c t i o n measurement) of CaSi2 as an i m p u r i t y i n the 

RBSN s t u d i e d i s c o n v i n c i n g l y c o n f i r m e d . 

P l a t e s 9.2a and 9.2b show t h e comparison of t he 

d i f f r a c t i o n p a t t e r n s of two samples, w i t h 64.5% and 35.6% 

w e i g h t g a i n , both e t c h e d i n HF f o r 18 h o u r s . The a n a l y s e s 

o f t h e d i f f r a c t i o n p a t t e r n s i n p l a t e 9.2a and 9.2b a r e 

p r e s e n t e d i n T a b l e 9.5. The sample w i t h 35.6% weight g a i n 

c o n s i s t s p r e d o m i n a n t l y of Ct-Si^¥l^ and pure s i l i c o n . I n f a c t , 

t h e p r e s e n c e of ̂ - p h a s e cannot be i d e n t i f i e d i n t h i s 

p a r t i c u l a r sample. However t h e f u l l y n i t r i d e d sample i s 

p r e d o m i n a n t l y CJ'-SigN^ and t h e ^ - S i g N ^ can now be i d e n t i f i e d 

e a s i l y ; t h e pure s i l i c o n l i n e s a r e not seen i n t h i s c a s e . 
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P l a t e 9.1a RHEED p a t t e r n f o r 35% w e i g h t g a i n RBSN; HF etched. 

E x p t . r e s u l t s S i a - s i g N4 

R/cm I d/A d/X I / I o 

1.75 v s 4.23 4.32 50 

2.25 s 3.29 3.37 30 

2.45 s 3.02 3.089 

2.55 w 2.90 2.89 85 

2.95 s 2.51 2.547 100 

3.3 s 2.24 2.32 60 

3.55 w 2.085 2.158 30 

3.95 w 1.873 1.892 2.083 55 

4.25 m 1.741 1.771 25 

4.5 m 1.64 1.613 

4.7 m 1.57 1.596 35 

T a b l e 9,3 RHEED d a t a f o r 35% we i g h t g a i n RBSN; HF e t c h e d . 
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P l a t e 9.1b RHEED p a t t e r n f o r 35% w e i g h t g a i n RBSN; H3PO4 et c h e d 

E x p t . r e s u l t s S i OC-Si 3N4 CaSi2 

R/cm I d/l d/X d/X I / I o d/A I / I o 

1.05 w 7.03 6.69 8 

1.70 v s 4.35 4.32 50 

1.85 s 4.00 3.88 30 

2.20 v s 3.30 3.37 30 3.31 12 

2.30 s 3.22 3.089 3.08 12 

2.55 s 2.90 2.893 85 

2.85 v s 2.596 2.599 75 2.66 40 

3.20 s 2.31 2.547 100 2.55 28 

3.45 w 2.145 2.13 16 

3.85 s 1.92 1.892 1.92 100 

4.20 w 1.76 1.771 25 

4.55 w 1.626 1.64 16 

4.60 w 1.608 1.613 1.596 35 1.55 12 

T a b l e 9.4 R H E E D d a t a f o r 35% weight g a i n R B S N ; H 3 P O 4etched. 



P l a t e 9.2a RHEED p a t t e r n f o r 35% w e i g h t g a i n RBSN, HF e t c h e d 

P l a t e 9.2b RHEED p a t t e r n f o r 64.5% w e i g h t g a i n RBSN, HF e t c h e d 
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35% w e i g h t g a i n 64.5% w e i g h t g a i n 

Expt. r e s u l t s S i Q;-Si3 Expt. r e s u l t s ^-Si3 
R/cm I d/A d/X d/X I / I o R/cm I d/X d/X I / I o 

1.35 s 4.133 4.32 50 1.3 s 4.29 

1.45 s 3.85 3.82 20 

1.675 s 3.33 3.37 30 1.67 s 3.34 3.31 85 

1.90 m 2.94 2.893 85 1.95 s 2.84 2.668 100 

2.2 m 2.54 2 .354 7 100. 2.20 vs 2 .54 2.49 100 

2.45 m 2.27 2.32 60 2.45 s 2.27 

2.65 w 2.106 2.158 30 2.65 m 2.106 

2.083 55 2.75 m 2.03 

2.90 m 1.924 1.892 

3.05 w 1.83 1.83 20 

3.15 m 1.771 1.771 25 3.20 m 1.74 1 .75 70 

3.45 m 1.617 1.613 

3.50 w 1.594 1.596 35 3.55 m 1.572 1.57 35 

Table 9.5 Comparison o f RHEED da t a f o r t h e 35% w e i g h t g a i n and 

64.5% w e i g h t g a i n RBSN; b o t h etched w i t h HF f o r 18 hours. 

[ R e f e r t o P l a t e 9.3 and P l a t e 9.4] 
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These o b s e r v a t i o n s a r e c o n s i s t e n t w i t h t h e X-ray d i f f r a c t i o n 
s t u d i e s . 

Thus i n Summary t h e s t r u c t u r a l s t u d i e s on RBSN u s i n g 

t h e X-ray powder photograph t e c h n i q u e and t h e RHEED tec h n i q u e 

i d e n t i f y t h e main i m p u r i t i e s p r e s e n t i n t h e p a r t i a l l y 

n i t r i d e d samples (35.6% and 44.44% w e i g h t g a i n ) as FeSij and 

CaSi2 . Other i m p u r i t i e s may be p r e s e n t b u t i n s u f f i c i e n t i n 

q u a n t i t y t o be i d e n t i f i e d by these d i f f r a c t i o n t e c h n i q u e s . 

To e x p l o r e f u r t h e r p o s s i b i l i t i e s , t h e SEM t o g e t h e r w i t h i t s 

EDAX f a c i l i t y was employed as d e s c r i b e d i n t h e n e x t s e c t i o n . 

9.1.2.4 SCANNING ELECTRON MICROSCOPE AND EDAX STUDY 

The Energy D i s p e r s i v e A n a l y s i s by X-ray f a c i l i t y o f 

t h e SEM has been used t o analyse t h e i m p u r i t i e s p r e s e n t on 

th e e t c h e d o r f r a c t u r e d s u r f a c e s o f t h e samples. The 

m i c r o s t r u c t u r e o f t h e s u r f a c e o f t h e sample was r e v e a l e d 

by t h e secondary e m i s s i o n o f t h e spectrum o f t h e SEM; 

m a g n i f i c a t i o n s f r o m about SOX t o about 10,000X have been 

used. The e l e c t r o n beam can be focussed on a v e r y s m a l l area 

o f a d i s t i n c t f e a t u r e o f t h e s u r f a c e and t h e EDAX f a c i l i t y i s 

a b l e t o p r i n t o u t t h e X-ray emi s s i o n spectrum o f t h e elements 

p r e s e n t i n t h a t s m a l l area. Three types o f s u r f a c e have been 

examined; two o f th e s e were etched s u r f a c e s where t h e 

e t c h a n t s were HF and H3PO4 r e s p e c t i v e l y ( note t h a t these 

were t h e same samples used i n t h e RHEED st u d y ) and t h e t h i r d 

t y p e o f s u r f a c e was produced by f r a c t u r i n g t h e samples. The 

p r e s e n t a t i o n o f t h e o b s e r v a t i o n s and t h e i r a n a l y s i s i s g i v e n 

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

a) HF et c h e d s u r f a c e 

I n t h e semiconductor i n d u s t r y HF i s r e g u l a r l y used t o 
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remove t h e s i l i c o n o x i d e l a y e r from t h e s u r f a c e o f s i l i c o n , 
l e a v i n g a m a t r i x o f pure s i l i c o n on t h e s u r f a c e . Samples 
w i t h 44.44% and 63.29% w e i g h t g a i n have been etched i n 40% 
HF f o r two ho u r s . P l a t e 9.3a shows t h e g e n e r a l m i c r o s t r u c t u r a l 
f e a t u r e s o f RBSN (44.44% w e i g h t g a i n ) etched i n HF. The 
e v e n l y d i s t r i b u t e d f e a t u r e s on t h e s u r f a c e o f t h e sample are 
pure s i l i c o n . Almost t h e same g e n e r a l m i c r o s t r u c t u r a l 
f e a t u r e s can be seen f o r t h e sample w i t h 63.29% w e i g h t g a i n ; 
b u t t h e r e was much l e s s evidence o f pure s i l i c o n . The 
m i c r o g r a p h o f t h e s u r f a c e o f t h e 63.29% w e i g h t g a i n sample 
c o u l d n o t be r e c o r d e d w i t h o u t a p p l y i n g a c o n d u c t i n g c o a t i n g 
t o t h e s u r f a c e . T h i s i s due t o t h e h i g h l y i n s u l a t i n g n a t u r e 
o f t h e sample whi c h g e t s e a s i l y charged up when t h e e l e c t r o n 
beam i s f o c u s s e d on t h e s u r f a c e , thus making t h e image 
u n s t a b l e . 

P l a t e 9.3b shows a whi s k e r ( f i l a m e n t ) w i t h a gl o b u l e . , 

a t i t s end. The EDAX t r a c e o f the g l o b u l e [ F i g . 9.5] shows 

t h e presence o f i r o n (Fe-Ktf) b u t no i r o n can be observed 

a l o n g t h e f i l a m e n t . P l a t e 9.4a shows two f i l a m e n t s r e s t i n g 

on t h e pure s i l i c o n f e a t u r e and P l a t e 9.4b shows t h a t one o f 

th e s e f i l a m e n t s has disappeared d u r i n g e x a m i n a t i o n . T h i s can 

be e x p l a i n e d by t h e f a c t t h a t t he f i l a m e n t s are v e r y 

i n s u l a t i n g and t h i s p a r t i c u l a r one become charged by the 

e l e c t r o n beam c a u s i n g i t s e j e c t i o n from t h e f i e l d o f view. 

F i g . 9.6 shows an EDAX p l o t from a g l o b u l e - l i k e f e a t u r e 

o f t h e 63.29% w e i g h t g a i n sample etched i n HF. The p l o t i s a 

comparison between t h e background (shaded) and the g l o b u l e 

( d o t t e d ) . The background i s t h e EDAX a n a l y s i s o u t s i d e the 

g l o b u l e and t h e spectrum from t he g l o b u l e i s ta k e n by 

f o c u s s i n g t h e e l e c t r o n beam onto i t . Both t r a c e s have a r a t h e r 
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P l a t e 9.3a M i c r o s t r u c t u r a l f e a t u r e s o f 44.44% weight g a i n 

RBSN, HF e t c h e d 

4^. 

P l a t e 9.3b A w h i s k e r and g l o b u l e i n 44.44% weight g a i n RBSN, 

HF e t c h e d 
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F i g . 9.5 EDAX s p e c t r a from 44.44% w e i g h t g a i n RBSN a f t e r 

e t c h i n g i n HF [ R e f e r t o P l a t e 9.3b]. 



P l a t e 9.4a Two f i l a m e n t s on pure s i l i c o n f e a t u r e s (44.44% 

w e i g h t g a i n RBSN, HF e t c h e d ) 

P l a t e 9.4b Subsequent e x a m i n a t i o n of r e g i o n shown i n 

P l a t e 9.4a 
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F i g . 9.6 EDAX s p e c t r a from 63.29% w e i g h t g a i n RBSN a f t e r 

e t c h i n g i n HF. The spectrum i n d i c a t e d by t h e d o t t e d t r a c e was 

re c o r d e d from t h e g l o b u l e w h i l e t he shaded one r e p r e s e n t s t h e 

background spectrum. 
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i n t e n s e o f Si-Ka l i n e ; p r o b a b l y a c o n t r i b u t i o n from Si3N4. 
The background t r a c e does n o t show any presence o f 
i m p u r i t i e s . However, aluminium (Al-KQ), potassium (K-Ka), 
Calcium (Ca-Ka), t i t a n i u m (Ti-Ka) and i r o n (Fe-Ka) are 
d e f i n i t e l y p r e s e n t i n t h e g l o b u l e . T h i s would suggest t h a t 
a l l t h e i m p u r i t i e s p r e s e n t i n t h e sample tend t o form 
p r e c i p i t a t e s i n d i c a t i n g t h a t d u r i n g t h e n i t r i d a t i o n process, 
a l i q u i d p o o l o f pure s i l i c o n and i m p u r i t i e s i s p r o b a b l y 
formed. I n t h e n i t r i d a t i o n process t h e s i l i c o n i s co n v e r t e d 
t o s i l i c o n n i t r i d e , l e a v i n g t h e pool o f i m p u r i t i e s t o form 
p r e c i p i t a t e s as t h e f i n a l p r o d u c t . This o b s e r v a t i o n i s 
c o n s i s t e n t w i t h t h e mechanisms o f f o r m a t i o n o f RBSN t h a t have 
p r e v i o u s l y been r e p o r t e d , 

b) H PO etched s u r f a c e s 

Samples w i t h 44.44% and 63.29% w e i g h t g a i n have been 

s t u d i e d and t h e e t c h i n g was c a r r i e d o u t a t a temperature of 

160"C f o r about h a l f an hour. P l a t e 9.5a shows some d i s t i n c t 

f e a t u r e s ( l a r g e f i b r e ) on t h e H3PO4 etched s u r f a c e o f the 

44.44% w e i g h t g a i n sample. A t h i g h e r m a g n i f i c a t i o n ( P l a t e 

9.5b) i t can be seen t h a t t h e sample i s v e r y porous. Fig.9.7 

shows t h e background EDAX t r a c e o f samples w i t h 35.6% and 

44.44% w e i g h t g a i n . No i m p u r i t i e s are observed except 

phosphorus which i s l i k e l y t o have been i n t r o d u c e d i n t o the 

sample by t h e H3PO4 e t c h a n t . 

P l a t e 9.6a shows a l a r g e f i b r e j o i n e d t o another. The 

EDAX p l o t f r o m t h i s ( F i g . 9.8) shows t h a t c a l c i u m i s t he 

main i m p u r i t y p r e s e n t i n t h e l a r g e f i b r e . A lso t r a c e s o f 

aluminium ( A l ) , potassium (K) and t i t a n i u m ( T i ) are observed. 

P l a t e 9.6b shows ano t h e r f e a t u r e on t h e H3PO4 etched s u r f a c e . 

The EDAX p l o t ( F i g . 9.9) from t h i s f e a t u r e again shows 



P l a t e 9.5a F e a t u r e s on 4 4 . 4 4 % w e i g h t g a i n RBSN , 

H3PO4 e t c h e d 

P l a t e 9.5b H i g h e r m a g n i f i c a t i o n m i c r o g r a p h of P l a t e 9.5a 
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F i g . 9.7 EDAX s p e c t r a from backgrounds o f samples w i t h 

44.44% and 35.6% w e i g h t g a i n . 
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P l a t e 9.6a J u n c t i o n o f two l a r g e f i b r e s (44.44% w e i g h t g a i n 

RBSN, H3PO4 e t c h e d ) 

3 

4 | l 

P l a t e 9.6b S u r f a c e f e a t u r e , H3PO4 e t c h e d s u r f a c e (44.44%) 
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F i g . 9.8 EDAX s p e c t r a o f a f e a t u r e ( l a r g e f i b r e j o i n e d t o 

an o t h e r ) f r o m 44.44% w e i g h t g a i n RBSN; H^PO^ etched. 

[ R e f e r t o P l a t e 9.6a]. 
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F i g . 9.9 EDAX s p e c t r a of two r e g i o n s of a f e a t u r e [ P l a t e 9.6b] 

from 44.44% w e i g h t g a i n RBSN; H3PO4 e t c h e d . 
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c a l c i u m a s t h e main i m p u r i t y w i t h t r a c e s of A l , K, and T i 
p r e s e n t . P l a t e s 9.7a and 9.7b show two more d i s t i n c t f e a t u r e s 
on t h e same s u r f a c e and EDAX p l o t s ( F i g . 9.10 and 9.11) 
show t h a t c a l c i u m i s a g a i n t h e main i m p u r i t y i n both t h e s e 
f e a t u r e s and t r a c e s of A l and T i a r e p r e s e n t as. w e l l . I t can 
be c o n c l u d e d h e r e t h a t e t c h i n g t h e s u r f a c e of t h e sample 
w i t h h o t H3PO4 has l e f t t h e s u r f a c e w i t h d i s t i n c t f e a t u r e s 
c o n t a i n i n g i m p u r i t i e s , m a i n l y c a l c i u m w i t h t r a c e s of A l , K 
and T i . T h i s s u p p o r t s t h e c o n c l u s i o n of t h e RHEED s t u d y on 
HgPO^ e t c h e d s a m p l e s , t h a t t h e e x t r a d i f f r a c t i o n l i n e s n o t 
a t t r i b u t a b l e t o pure s i l i c o n and s i l i c o n n i t r i d e can be 
a t t r i b u t e d t o C a S i j . 

B e c a u s e o f t h e c h a r g i n g e f f e c t s mentioned above i n t h e 

c a s e of t h e 63.29% w e i g h t g a i n sample, no mic r o g r a p h i s 

a v a i l a b l e f o r t h i s specimen. However, t h e sample was 

c a r e f u l l y s t u d i e d and i t was found t h a t t h e s u r f a c e d i d not 

r e v e a l t h e p r e s e n c e o f any c a l c i u m f i b r e s a s seen i n t h e 

sample w i t h 44.44% w e i g h t g a i n . The EDAX p l o t . F i g , 9.12, 

of a p r e c i p i t a t e on t h e s u r f a c e of t h e sample shows t h e 

p r e s e n c e o f s u l p h u r and c h l o r i n e . The c a l c i u m peak cannot be 

d i s t i n g u i s h e d from t h e background. Thus i t can be assumed 

t h a t most o f t h e i m p u r i t i e s must have v o l a t i l i z e d d u r i n g t h e 

long n i t r i d a t i o n p r o c e s s of n e c e s s a r y t o produce t h e f u l l y 

n i t r i d e d sample. 

c ) f r a c t u r e s u r f a c e 

The g e n e r a l m i c r o s t r u c t u r e of a f r a c t u r e s u r f a c e of a 

sample w i t h 44.44% w e i g h t g a i n i s shown i n P l a t e 9.8a, P l a t e 

,9.8b shows a t y p i c a l p r e c i p i t a t e seen on the f r a c t u r e 

s u r f a c e . The c o r r e s p o n d i n g EDAX p l o t . F i g . 9.13 shows the 



^ B A 

P l a t e 9.7a S u r f a c e f e a t u r e s , H3PO4 e t c h e d s u r f a c e (44.44%) 

P l a t e 9.7b S u r f a c e f e a t u r e , H3PO4 e t c h e d s u r f a c e (44.44%) 
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F i g . 9.10 EDAX s p e c t r a of a f e a t u r e [ P l a t e 9.7a] from 

44.44% w e i g h t g a i n RBSN; H3PO4 e t c h e d . 
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F i g . 9.11 EDAX s p e c t r a o f a f e a t u r e [ R e f e r t o P l a t e 9.7b] f r o m 

44.44% w e i g h t g a i n RBSN; H^PO^ e t c h e d . ' 
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F i g , 9,12 EDAX s p e c t r a o f a p r e c i p i t a t e on t h e s u r f a c e o f 

6 3 . 2 9 % • w e i g h t g a i n RBSN (H^PO^ e t c h e d ) ; shaded t r a c e r e p r e s e n t 

t h e b a c k g r o u n d . 



P l a t e 9.8a M i c r o g r a p h o f f r a c t u r e s u r f a c e (44.44% w e i g h t 

g a i n RBSN) 

P l a t e 9.8b P r e c i p i t a t e s e e n on f r a c t u r e s u r f a c e (44.44%) 
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F i g . 9,13 EDAX s p e c t r a o f a p r e c i p i t a t e on t h e f r a c t u r e s u r f a c e 

o f 44.44% w e i g h t g a i n RBSN [ R e f e r t o P l a t e 9 , 8 ] ; shaded t r a c e 

r e p r e s e n t s t h e b a c k g r o u n d . 
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p r e s e n c e o f s u l p h u r ( S ) , c h l o r i n e ( C I ) , p o t a s s i u m ( K ) , 
c a l c i u m ( C a ) , t i t a n i u m ( T i ) , chromium ( C r ) and i r o n ( F e ) i n 
t h i s p r e c i p i t a t e . T h e r e was no phosphorus o b s e r v e d ; t h u s the 
a s s u m p t i o n t h a t t h e phosphorus seen i n t h e EDAX p l o t of the 
s u r f a c e e t c h e d w i t h H3PO4 came from the a c i d i t s e l f i s v a l i d . 
A p a r t from phosphorus a l l the o t h e r mentioned i m . p u r i t i e s 
p r e s e n t on t h e e t c h e d s u r f a c e s can be d e t e c t e d i n the 
f r a c t u r e s u r f a c e ; t h u s a l l t h e i m p u r i t i e s a r e g e n u i n e l y 
p r e s e n t i n t h e b u l k o f t h e samples s t u d i e d . 

I n c o n c l u s i o n , t h e s t r u c t u r a l s t u d i e s on t h e RBSN samples 

s u p p l i e d by AME ( G a t e s h e a d ) r e v e a l e d the two major i m p u r i t i e s 

t o be F e S i j and C a S i 2 . F u r t h e r , the m i c r o s t r u c t u r a l 

s t u d i e s u s i n g t h e SEM and EDAX f a c i l i t y showed t r a c e s of 

aluminium, c h l o r i n e , s u l p h u r , p o t a s s i u m , c a l c i u m , t i t a n i u m , 

chromium and i r o n p r e s e n t i n the sample. Furthermore the 

i m p u r i t i e s a r e much more e a s i l y d e t e c t e d i n the p a r t i a l l y 

n i t r i d e d sample. The f a c t t h a t t h e i m p u r i t i e s tend t o 

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

d i s t r i b u t e d e v e n l y i n t h e sample, makes t h e i r c o n t r i b u t i o n 

t o t h e d i e l e c t r i c p r o p e r t i e s of the sample much more 

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

t h a t t h e c o n t r i b u t i o n from i m p u r i t i e s must be c o n s i d e r e d i n 

t h e a n a l y s i s of t h e d i e l e c t r i c measurement r e s u l t s . 

9.2 D I E L E C T R I C THEORY OF COMPOSITE MATERIALS 

A b r i e f r e v i e w i s f i r s t g i v e n of p r e v i o u s work on the 

p e r m i t t i v i t y of c o m p o s i t e m a t e r i a l s c o n s i s t i n g of s e p a r a t e 

known p h a s e s s u c h t h a t the m a t e r i a l can be c o n s i d e r e d i n the 

same way a s a m i x t u r e of d i f f e r e n t powders. The p e r m i t t i v i t y 

of a c o m p o s i t e m a t e r i a l depends not o n l y on the p e r m i t t i v i t y 
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of e a c h phase and i t s volume f r a c t i o n b ut a l s o on t h e 

geometry of e a c h of t h e p a r t i c l e s of t h e composite p h a s e s . 

However, t h e p e r m i t t i v i t y o f a two phase composite m a t e r i a l 

must be between c e r t a i n l i m i t s whatever t h e geometry of each 

c o n s t i t u e n t and i f some knowledge of the p a r t i c l e geometry 

i s a v a i l a b l e , s t i l l c l o s e r bounds can be s e t on the p o s s i b l e 

v a l u e s o f t h e p e r m i t t i v i t y . The t h e o r e t i c a l work on the 

d i e l e c t r i c b e h a v i o u r o f heterogeneous systems has been 

d e s c r i b e d i n a r e v i e w by Van Beek [ 9 . 7 ] . A r e v i e w paper on 

t h e p h y s i c a l p r o p e r t i e s of. composite m a t e r i a l s by Hale [ 9 . 9 ] 

g i v e s some o f t h e more i m p o r t a n t p e r m i t t i v i t y r e l a t i o n s h i p s 

f o r two phase c o m p o s i t e m a t e r i a l s . H a l e ' s v a l u e s g i v e n i n 

T a b l e s I and I I and F i g . 2 of R e f e r e n c e 9.9 a r e r e s p e c t i v e l y 

r e p r o d u c e d i n T a b l e s 9.6 and 9.7 and F i g . 9.14. The p e r m i t t i v i t y 

of t h e c o m p o s i t e i s r e p r e s e n t e d by e*, t h e upper and lower 

bounds by e+ and £•_ , t h e volume f r a c t i o n s of t h e two phases 

by Vi and ' ^^id t h e p e r m i t t i v i t y by e-j and £2 ( ) . 

From t h e p l o t i n F i g . 9.14 i t i s obv i o u s t h a t s*, the 

p e r m i t t i v i t y of t h e com p o s i t e m a t e r i a l , does not go h i g h e r 

t h a n • f a c t a l l t h e t r a c e s i n the p l o t show e* s l o w l y 

d e c r e a s e s from t h e v a l u e a t E2 t o the v a l u e of e j , i . e the 

v a l u e s of e* l i e between t h e two l i m i t s , £2 and . 

However, t h e s a l i e n t f e a t u r e of t h e e x p e r i m e n t a l r e s u l t s 

( F i g . 9.4) i s t h a t t h e measured p e r m i t t i v i t i e s f o r medium 

w e i g h t g a i n RBSN samples a r e s u b s t a n t i a l l y h i g h e r t h a n t h e 

v a l u e of p e r m i t t i v i t y f o r pure s i l i c o n . The v o i d s have a 

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

l i t t l e t o t h e o v e r a l l p e r m i t t i v i t y of the c e r a m i c . T h e r e f o r e 

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

pure s i l i c o n and v o i d s s h o u l d not have a p e r m i t t i v i t y v a l u e 
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T A B L E 9-6 

System Dilute suspension 

Spheres 
t* = e Eq.91 e - r , Eq.91 

e* = e, 
2e, +€, 

Eq.9-2 

Discs or 
lamellae f* = e, Eq.9-3 

Rods, needles 
or fibres 

^ 1 ,̂(6, - - f , ) (5 f , + f , ) 
3(c, + ( , ) 

Eq.9A 

SCS approximation 

2f* 4 e, 
Eq.9-5 

e* = e, + 
- e , ) ( f * 4 2e,) 

3e, 
Eq.9-6 

- e , ) ( 5 f » 4 e , ) 
3 ( f * 4 f , ) 

Eq.9-7 
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T A B L E 9-7 

Bounds for ^hfe^ielectric constants of isotiopic 
two-phase composites 

Wiener 
= -^'^y^ Eq .9 8 

'<•> " ( K . / e . ) ! ( K , / c , ) ^ ' l ^ ^ 

Hashin and Shtrikman 

*''> = ' ' ^ l / ( e . - . , ) ' ) V ( K , / 3 . . ) 

'<-. = ' . ^ H ; ( . . - . . > 7 . ( , . / 3 . . ) ^ - l ^ " 

where «j > c, 
Beran 

• _ r / l \ _ (4/9<e>')(cVe)» 

" I W 0/3<f>')<(cV/f> + / 

1-1 
Eq.9-13 

where 

/ = ^ f f A'<f'(0)fV)f'(o>Va.. 

1 f r /g'<fV)f'(5)/f(0))W,j, 

eix) = dielectric constant at point x 
e'(x) = f ( x ) - < c ) 

<e) = ensemble average of e(x) (assumed to 
be equal to the spatial average) 

<c'(0)e'(Oc'(s)> = ensemble average of the product of*' 
at some co-ordinate origin within the 
composite, e at a position r from the 
origin and e' at position & 

r, J = sets of three orthogonal space vectors 
with 8 common origin. 

Kp V, = volumes of infinite spheres in vector 
spaces denoted by subscripts. 



F i g . 9.14 D i e l e c t r i c c o n s t a n t o f c o m p o s i t e m a t e r i a l s 

( f^ / g - j = 0 . 1 ) . ( 1 ) Weiner bounds ( e q u a t i o n s 9.8 and 9 . 9 ) , 

( 2 ) H a s h i n and S h t r i k m a n bounds f o r a r b i t r a r y g e o m e t r y 

( e q u a t i o n s 9.10 and 9 . 1 1 ) , ( 3 ) B o t t c h e r SCS a p p r o x i m a t i o n 

f o r s p h e r e s i n a c o n t i n u o u s m a t r i x ( e q u a t i o n 9 . 5 ) . 
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h i g h e r t h a n t h a t of t h e pure s i l i c o n . Thus, i n t h e samples 
examined t h e most l i k e l y e x p l a n a t i o n i s t h a t o t h e r phases 
a r e p r e s e n t w h i c h have p e r m i t t i v i t y v a l u e s much h i g h e r than 
t h a t o f s i l i c o n . T h i s i s p a r t i a l l y s u p p o r t e d by t he r e s u l t s 
of t h e s t r u c t u r a l and m i c r o s t r u c t u r a l s t u d i e s of the 
m a t e r i a l , w h i c h show t h e p r e s e n c e of both F e S i 2 and C a S i 2 
p h a s e s , though i t i s u n f o r t u n a t e t h a t a l i t e r a t u r e s e a r c h 
has not r e v e a l e d p u b l i s h e d d a t a f o r t h e p e r m i t t i v i t y of 
t h e s e s i l i c i d e s . 

C o n s i d e r a b l e c a r e must be t a k e n however i n a t t e m p t i n g 

t o a p p l y t h e Wiener t h e o r y d i r e c t l y t o t h e s i t u a t i o n s which 

a r i s e i n p a r t i a l l y - n i t r i d e d RBSN. I n the f i r s t p l a c e i t 

must be borne i n mind t h a t t h e t e m p e r a t u r e and time 

c o n d i t i o n s u s e d f o r n i t r i d i n g d i f f e r f o r each d i f f e r e n t 

w e i g h t g a i n ( c . f . T a b l e 7 . 1 ) . C o n s e q u e n t l y the v a r i a t i o n of 

c o m p o s i t i o n w i t h w e i g h t g a i n i s complex and the o c c u r r e n c e 

of c e r t a i n a d d i t i o n a l s i l i c i d e p hases may w e l l be impo r t a n t 

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

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

t e m p e r a t u r e n i t r i d i n g s uch a s would be used f o r producing 

h i g h w e i g h t g a i n m a t e r i a l . Thus M e s s i e r and Wong [9.14] i n a 

t h e r m o - g r a v i i n e t r i c s t u d y on RBSN have r e p o r t e d t h e l o s s of 

s i l i c o n d u r i n g c o n t r o l l e d n i t r i d a t i o n , a t t r i b u t i n g t h i s to 

v o l a t i l i z a t i o n . The n i t r i d a t i o n t e m p e r a t u r e used t o make 

h i g h w e i g h t g a i n samples can go up t o a t l e a s t 1450V; i t i s 

known t h a t t h e m e l t i n g p o i n t of F e S i j i s 1208°C, so i t i s 

p o s s i b l e t h a t v a p o u r i s a t i o n may a l s o a p p l y to some s i l i c i d e 

p h a s e s under s i m i l a r c o n d i t i o n s . 
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9.5 CONCLUSIONS AND SUGGESTIONS 

The dominant a . c c o n d u c t i o n mechanism f o r the whole 
range o f w e i g h t g a i n of RBSN i s a hopping p r o c e s s . The 
l o g - l o g p l o t s o f t h e d i e l e c t r i c p a r a m e t e r s a g a i n s t f r e q u e n c y 
f o r a l l t h e samples s t u d i e d a r e s t r a i g h t l i n e s w i t h g r a d i e n t s 
of about 0 . 9 7 i 0.03. However t h e p l o t of t h e measured 
p e r m i t t i v i t y a g a i n s t t h e w e i g h t g a i n goes through a peak a t 
about 22% w e i g h t g a i n . A t h r e e phase model c o n s i s t i n g o n l y 
o f s i l i c o n n i t r i d e , pure s i l i c o n and v o i d s cannot a c c o u n t f o r 
t h e peak. I t i s s u g g e s t e d t h a t t h e c o n t r i b u t i o n of t h e 
i m p u r i t i e s must be c o n s i d e r e d t o e x p l a i n t h e p r e s e n c e of the 
peak. S t r u c t u r a l s t u d i e s on t h e c e r a m i c u s i n g t h e X-ray 
d i f f r a c t i o n and RHEED t e c h n i q u e s r e v e a l t h a t t h e main 
i m p u r i t i e s a r e F e S i 2 and C a S i j . The m i c r o s t r u c t u r a l study 
u s i n g t h e SEM w i t h t h e EDAX f a c i l i t y showed t r a c e s of 
aluminium, s u l p h u r , c h l o r i n e , p o t a s s i u m , c a l c i u m , t i t a n i u m , 
chromium and i r o n t o be p r e s e n t . I t would be of c o n s i d e r a b l e 
i n t e r e s t t o a n a l y s e t h e p e r m i t t i v i t y d a t a of F i g . 9.4 by 
making a more d e t a i l e d c h a r a c t e r i s a t i o n of t h e p r o p e r t i e s of 
eac h phase p r e s e n t a t each p a r t i c u l a r w e i g h t g a i n and t o 
a t t e m p t t o c o r r e l a t e t h e shape of t he p e r m i t t i v i t y c u r v e w i t h 
t h e growth and decay of i m p u r i t y p h a s e s . 
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