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ABSTRACT 

Two methods of measuring the d i e l e c t r i c p r o p e r t i e s 

of m a t e r i a l s - matched t e r m i n a t i o n and c o a x i a l l i n e resonance 

- have been developed and used to study the p r o p e r t i e s of two 

groups of nitr o g e n ceramics, namely, s i l i c o n n i t r i d e s and 

o x y n i t r i d e glasses. I n these methods advantage i s taken of the 

wide frequency range, from 500 MHz up t o about 9 GHz, covered 

by a s i n g l e apparatus - the General Radio s l o t t e d c o a x i a l 

l i n e . Previous measurements i n t h i s Department have i n d i c a t e d 

the d i f f i c u l t i e s i n the determination of the loss tangent of 
-3 -2 

low to medium loss samples ( t a n 6 ^ 10 - 10 ). The two 

methods developed reduced these d i f f i c u l t i e s . The 

a p p l i c a b i l i t y o f these methods was assessed using known 

m a t e r i a l s i n c l u d i n g the high loss l i q u i d s water and 

chlorobenzene, medium loss s o l u t i o n s of chlorobenzene i n 

cyclohexane and the low loss s o l i d s polymethyl methacrylate 

and p o l y t e t r a f l u o r o e t h y l e n e . 

The s i l i c o n n i t r i d e ceramics were i n various 

degrees of n i t r i d a t i o n given by the weight gain which ranged 

from 3 8 % f o r p a r t i a l l y - n i t r i d e d to a maximum of 6 3 . 2 % f o r 

the f u l l y - n i t r i d e d samples. The d i e l e c t r i c constant a t 1 GHz 

increased from 4.51 f o r f u l l y - n i t r i d e d t o about 9.9 f o r the 

3 8 % weight gain samples. The f u l l y - n i t r i d e d m a t e r i a l has a 
-3 -1 

loss ( a c t o r of 7.6 x 10 ; t h i s increased to 1.85 x 10 as 
the w i ' i ' i h l ' j . j i n doc r e.osed t o 3fJ % . Those- v o l u o s h , i v e been 



i i 

e x t r a p o l a t e d to 'zero weight gain' and compared w i t h pure 

s i l i c o n f o r which the d i e l e c t r i c constant i s 11.7 and the 

loss f a c t o r approximately 0.2. The o x y n i t r i d e s have d i e l e c t r i c 

constants between 6.5 and 7.5 depending on the c a t i o n present 

and the percentage of n i t r o g e n s u b s t i t u t e d f o r oxygen i n the 

glasses. £' increased i n the c a t i o n order Kg, Y, Ca and 

increased w i t h i n c r e a s i n g n i t r o g e n s u b s t i t u t i o n i n each c a t i o n 

s e r i e s . The loss f a c t o r , however, depends not only on these 

c a t i o n types but also on the other c o n s t i t u e n t s of the 

glasses. 

The d i e l e c t r i c constant of both the s i l i c o n 

n i t r i d e ceramics and o x y n i t r i d e glasses f i t t e d the Jonscher 

u n i v e r s a l law of d i e l e c t r i c response ( £' - £ ) oc u j n \ 
CD 

where the exponent n 1 f o r a l l the samples. S i m i l a r l y , the 

loss f a c t o r f o r these m a t e r i a l s showed a frequency dependence 

E" OC QJ n \ again w i t h n approximately 1. This i s a 

l i m i t i n g case of d i e l e c t r i c behaviour corresponding t o a 

frequency independent loss where most d i p o l a r processes have 

been e l i m i n a t e d . 
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CHAPTER 1 

INTRODUCTION 

1.1 OBJECTIVES 

One of the prime i n t e r e s t s of the present work i s 

to extend and develop previous measurements on the d i e l e c t r i c 

p r o p e r t i e s o f two groups of n i t r o g e n ceramics, namely (a) 

s i l i c o n n i t r i d e s and (b) o x y n i t r i d e glasses. I n previous work 

c a r r i e d out i n t h i s Department the studies on these m a t e r i a l s 

were r e s t r i c t e d i n two ways, i . e . i n general to the low 
3 4 

frequency range (1 x 10 t o 5 x 10 Hz) and by the f a c t t h a t 

the d i e l e c t r i c constant could be f a i r l y w e l l measured w h i l e 

various problems were encountered i n the determination of the 

loss f a c t o r . Hence t h i s research p r o j e c t developed i n two 

complimentary ways. F i r s t l y , the development of techniques, 

e s p e c i a l l y of the loss f a c t o r a t high frequencies, and secondly 

t h e i r a p p l i c a t i o n s t o the two groups of m a t e r i a l s mentioned. 

employed i n d i e l e c t r i c p r o p e r t y measurements i n the frequency 

range from 100 MHz up t o 10 GHz was undertaken t o e s t a b l i s h 

which l i n e s o f approach would be more appropriate and t h i s i s 

given i n s e c t i o n 1.2 below. The choice of the methods t o be 

used would depend on the p o s s i b i l i t y of the same equipment 

p r o v i d i n g coverage over a wide frequency range. Preference 

would also be given t o the p o t e n t i a l use of few or j u s t one 

A general review of conventional methods c u r r e n t l y 

983 J i 2 MAY 1983 
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sample c o n f i g u r a t i o n over the whole frequency range of 

i n t e r e s t . 

1.2 GENERAL REVIEW 

1.2.1 Microwave D i e l e c t r i c Measurements 

Microwave d i e l e c t r i c p r o p e r t y measurements have 

been t r a d i t i o n a l l y associated w i t h the f i e l d s of e l e c t r i c a l 

engineering and telecommunications. Recently however, a v a r i e t y 

of techniques have been developed f o r the non-destructive 

determination and c o n t r o l of the thickness, d i e l e c t r i c constant 

and moisture content of s l a b - l i k e m a t e r i a l s i n production 

environments £ 1.1, 1.2 "] . Extensive use of microwaves i n 

domestic and i n d u s t r i a l food processing and the general problem 

of electromagnetic p o l l u t i o n have r e s u l t e d i n in c r e a s i n g 

research i n t o the b i o l o g i c a l e f f e c t s o f microwave r a d i a t i o n 

[_ 1.3 ] . I n a g r i c u l t u r e , data on the frequency dependence of 

d i e l e c t r i c p r o p e r t i e s o f grains and i n s e c t s are u s e f u l f o r the 

determination o f the optimum frequency range f o r s e l e c t i v e 

d i e l e c t r i c heating of s t o r e d - g r a i n i n s e c t s w i t h microwave 

energy [ l . 4 ] . Other a p p l i c a t i o n s i n t h i s area t h a t depend 

upon the d i e l e c t r i c p r o p e r t i e s of grains and seeds i n c l u d e 

microwave treatment of hard seeds t o a s s i s t germination C-^*^] 

and the e l e c t r i c a l determination of moisture content i n grains 

£l.6 3 . Microwave d i e l e c t r i c measurements may be an 

i n v a l u a b l e non-invasive technique f o r i n v e s t i g a t i n g some 

p r o p e r t i e s of p r o t e i n s [ l . 7 ] , f o r example some d i e l e c t r i c 
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p r o p e r t i e s of l i p o p r o t e i n s o f normal and s i c k i n d i v i d u a l s 

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

been observed between sera or erythrocytes of normal i n d i v i d u a l s 

and those of solid-tumor p a t i e n t s [ l , 8 ] . Together w i t h the 

development of i n v i v o measurement methods £ 1.9, l . l o ] these 

microwave techniques appear p o t e n t i a l l y able t o provide 

d i a g n o s t i c and therapeutic treatments [ ] l . 3 , 1.8 3 . 

Various microwave d i e l e c t r i c p roperty measurement 

techniques employing c o a x i a l l i n e s , hollow waveguides, open 

transmission l i n e s and resonant c a v i t i e s have been described 

i n the l i t e r a t u r e i n both the frequency and time domains [ e.g 

1.11-1.20 ] . I t i s not intended here t o elaborate on nor t o 

give an exhaustive l i s t o f these techniques. However, the 

c o a x i a l l i n e r e f l e c t i o n methods, i n p a r t i c u l a r the s h o r t - c i r c u i t 

t e r m i n a t i o n method, w i l l be described t o some extent (see 

l a t e r ) . I n the c o a x i a l l i n e methods (and f o r waveguides i n 

general) the s t r u c t u r e t o be measured may be viewed as the 

t e r m i n a t i o n or transmission type depending on whether i t 

possesses one or more accessable p o r t s or t e r m i n a l p a i r s i n i t s 

network r e p r e s e n t a t i o n [ l . 2 1 ] . The t e r m i n a t i o n - t y p e 

s t r u c t u r e can be represented as a one p o r t e q u i v a l e n t network 

whose parameters can be obtained from a s i n g l e i n p u t 

measurement. The transmission-type s t r u c t u r e , on the other 

hand, can be analyzed by t e r m i n a t i n g the s t r u c t u r e on the 

output side w i t h various known loads. 

f 
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1.2.2 Coaxial Line R e f l e c t i o n Methods 

1.2.2.1 Sample Configurations 

I n the c o a x i a l l i n e r e f l e c t i o n methods the 

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 the 

i n p u t impedance or the r e f l e c t i o n c o e f f i c i e n t ( or the 

s c a t t e r i n g parameter Ŝ ^ [ 1.21 - 1.23 ] ) on the i n p u t side 

of the sample holder. A reference plane i s i n i t i a l l y d e f i n e d , 

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

d i e l e c t r i c sample ( t h e plane A-A i n Fig.1.1 ( a ) , say). I n 

the case of the s l o t t e d c o a x i a l l i n e s , measurements of the 

voltage standing-wave r a t i o (VSWR) and the p o s i t i o n of the 

voltage standing-wave minimum w i t h respect t o a reference plane 

y i e l d the r e f l e c t i o n c o e f f i c i e n t f o r the sample [ 1.12, 1.13, 

1.17 ] . The r e f l e c t i o n c o e f f i c i e n t can also be determined by 

other means, f o r example, by using a network analyzer [ 1.24, 

1.25 ] and by forming a resonator terminated by the sample 

[ 1.24 ] . Possible sample c o n f i g u r a t i o n s f o r the c o a x i a l l i n e 

r e f l e c t i o n methods are i l l u s t r a t e d i n Pig.1.1. The samples 
* 

are denoted by the complex r e l a t i v e p e r m i t t i v i t y £ and 

f i n i t e sample thicknesses are denoted by d. Wherever i t i s 

i n d i c a t e d t h a t an e q u i v a l e n t e l e c t r i c a l l e n g t h should be 

i n f i n i t y , the sample should be s u f f i c i e n t l y long f o r the 

e l e c t r i c f i e l d to be a t l e a s t two orders of magnitude less 

behind the sample than i t s value a t the i n t e r f a c e w i t h the 

c o a x i a l l i n e . I n a l l cases the sample i s placed a t or near 

the end of a c o a x i a l l i n e of i n t e r n a l diameter a, outer 
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diameter b and of c h a r a c t e r i s t i c impedance Z . Some of 
o 

the samples may be machined t o the i n t e r n a l dimensions of the 

c o a x i a l l i n e c r o s s - s e c t i o n and c o n s t i t u t e p a r t of i t , as f o r 

example i n Fi g . 1 . 1 ( a ) , (c) and ( e ) . I n other cases they 

may terminate the c o a x i a l l i n e , l i k e those i n F i g . l . l ( i ) , 

( j ) and ( k ) . Some of the c o n f i g u r a t i o n s allow easy m o n i t o r i n g 

and c o n t r o l o f the sample temperature; t h i s i s g e n e r a l l y t r u e 

f o r those i n which the sample i s placed against a s h o r t - c i r c u i t , 

examples of which are f u r n i s h e d by Fig.1.1(b) and ( d ) . The 

c o a x i a l l i n e operates i n the transverse electromagnetic (TEM) 

mode and does not support higher order modes. 

1.2.2.2 Equivalent C i r c u i t s 

Fig.1.2 shows some of the u s e f u l equivalent 

c i r c u i t s [ l , 1 3 , 1.14, 1.27 ] f o r the sample c o n f i g u r a t i o n s 

given i n Fig.1.1. The equ i v a l e n t c i r c u i t s i l l u s t r a t e d i n F i g . 

1.2(a) are very general and are also a p p l i c a b l e t o othe r wave

guides [ l , 1 3 ] . For low microwave power (small s i g n a l theory) 

i t can be assumed t h a t the d i e l e c t r i c p r o p e r t i e s of the samples 

are l i n e a r . The samples can be taken as symmetric 1.21 ] and 

so are t h e i r impedance ( Z ) , admittance (Y) and s c a t t e r i n g 

(S) r e p r e s e n t a t i o n s . I n t h i s case the c i r c u i t elements 

Z22 = Z l l 5 Z 2 1 = Z12 ' Y22 = Y l l a n d Y 2 1 ~ Y12 * s i m i l a r l y 
the s c a t t e r i n g parameters = and S = • I n 

general the equivalent c i r c u i t shown i n Fig.1.2(b) can be 

, i p p ] i f - ' ( I l ( j . i I 1 I h o . . . n i i p l o (.•( HI 1 i i j u r . 11 i ( HI : ; w h e n l l i o :MIM |>IO 
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t h i c k n e s s d i s s m a l l compared t o t h e g u i d e w a v e l e n g t h \ , 

[ l . .28 ] . W i t h r e s t r i c t i o n s p t h e s i m p l i f i e d v e r s i o n g i v e n i n 

F i g . 1 . 2 ( c ) a p p l i e s t o a l l b u t t h e c o n f i g u r a t i o n s shown i n 

F i g . 1.1(c) and ( g ) . When t h e c o a x i a l l i n e and sample a r e 

t e r m i n a t e d by a c i r c u l a r waveguide, F i g . 1 . 1 ( e ) and ( f ) , 

t h e e q u i v a l e n t c i r c u i t may be g i v e n as i n F i g . 1 . 2 ( d ) , [ 1.19, 

1.24 ] . For a l o s s y d i e l e c t r i c t h e c a p a c i t a n c e C( E ) i n 

F i g . 1 . 2 ( c ) a l s o i n c l u d e s t h e conductance due t o t h e l o s s e s 

[ 1.28 ] . The e q u i v a l e n t c i r c u i t f o r samples t e r m i n a t i n g t h e 

c o a x i a l l i n e s , as i n F i g . l . l ( i ) - ( I ) , c o n t a i n s an a d d i t i o n a l 

e l e m e n t , say R, wh i c h r e p r e s e n t s t h e r a d i a t i o n c o nductance i n 

p a r a l l e l w i t h t h e c i r c u i t elements i n F i g . 1 . 2 ( c ) . The 

d i e l e c t r i c p r o p e r t i e s o f l i q u i d s and powders may be measured 

u s i n g a l l t h e c o n f i g u r a t i o n s e x c e p t t h o s e i n F i g . 1 . 1 ( d ) and 

( g ) , by p l a c i n g s u i t a b l e 'windows' a t t h e c o a x i a l l i n e - sample 

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

r e p r e s e n t a t i o n s . S i g n i f i c a n t e r r o r s may be i n t r o d u c e d , however, 

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

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

have been a p p l i e d t o t h e v a r i o u s sample c o n f i g u r a t i o n s , b u t 

t h a t g i v e n i n F i g . 1 . 1 ( a ) g i v e s poor ac c u r a c y [ 1.28 ] . For 

a l l t h e c o n f i g u r a t i o n s i n w h i c h t h e s i z e o f t h e sample can be 

c o n t r o l l e d t h e r e i s an optimum sample s i z e , f o r a g i v e n 

f r e q u e n c y and p e r m i t t i v i t y , t h a t w i l l g i v e t h e s m a l l e s t 

u n c e r t a i n t y o f t h e measurements [ 1 . 1 2 , 1.13, 1.15, 1.19 ~\ . 

There i s t h u s an optimum v a l u e o f t h e c a p a c i t a n c e C( £ ) f o r 

w h i c h s m a l l changes i n £' w i l l r e s u l t i n r e l a t i v e l y l a r g e 
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changes i n t h e r e f l e c t i o n c o e f f i c i e n t . 

1.2.3 G e n e r a l Comparison 

Of a l l t h e c o n f i g u r a t i o n s shown i n F i g . 1 . 1 , o n l y 

t h o s e i n (d) and ( g ) have t h e advantage o f r e q u i r i n g s m a l l 

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

cases a r e a l s o r e l a t i v e l y s i m p l e . N e v e r t h e l e s s , c o n f i g u r a t i o n 

(g) i s seldom used, due i n p a r t t o d i f f i c u l t i e s i n a c c u r a t e l y 

l o c a t i n g t h e sample i n t h e c o a x i a l l i n e . On t h e o t h e r hand, 

t h e c o n f i g u r a t i o n ( d ) has r e c e n t l y been w i d e l y used t o s t u d y 

b i o l o g i c a l m a t e r i a l s [ 1.17, 1.18, 1,23 ] . The c a l c u l a t i o n s 

o f t h e r e l a t i v e p e r m i t t i v i t y u s i n g ( d ) and (g) are s i m p l e . 

For t h e c o n f i g u r a t i o n shown i n F i g . 1 . 1 ( d ) i t has been shown 

[ 1.17 J t h a t t h e r e i s an optimum c a p a c i t a n c e C( E ) f o r 

minimum u n c e r t a i n t y o f t h e measurements f o r a f r e q u e n c y range as 

b r o a d as one t e n t h t o t e n t i m e s t h e f r e q u e n c y a t w h i c h t h e 

optimum c a p a c i t a n c e i s s e l e c t e d . 

Next i n o r d e r o f s i m p l i c i t y o f sample p r e p a r a t i o n 

are t h e c o n f i g u r a t i o n s i n F i g . 1 . 1 ( b ) and ( f ) . Those g i v e n 

i n F i g . 1 . 1 ( a ) , ( c ) and (e) r e q u i r e c a r e f u l m a c h i n i n g t o 

ensure t h a t t h e s a m p l e - a i r i n t e r f a c e s a r e p a r a l l e l and 

p e r p e n d i c u l a r t o t h e l e n g t h o f t h e c o a x i a l l i n e . A l s 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 between t h e c o a x i a l l i n e and sample a r e 

e s s e n t i a l . A s l i g h t a i r space between t h e sample and i n n e r 

c o n d u c t o r i s more s e r i o u s t h a n when t h e r e i s a s i m i l a r a i r 

space between t h e sample and t h e o u t e r c o n d u c t o r and p r o p e r 
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c o r r e c t i o n s may have t o be a p p l i e d [ l , 1 2 , 1.13 ] . I t i s 

t h u s more i m p o r t a n t t o have a b e t t e r f i t a t t h e i n n e r r a t h e r 

t h a n a t t h e o u t e r c o n d u c t o r . These a i r gap e r r o r s become 

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

[ 1.13 3 . A s l i d i n g f i t i s t h u s e s s e n t i a l f o r t h e s e sample 

c o n f i g u r a t i o n s , and a f o r c e f i t may become necessary i n some 

cases. 

The c l a s s i c a l method i l l u s t r a t e d i n P i g . 1 . 1 ( a ) 

p r o v i d e s f o r good a c c u r a c y i n a narrow f r e q u e n c y range [ 1 . 1 2 , 

1.13 ] o n l y when t h e sample t h i c k n e s s i s an odd number o f a 

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

e q u a t i o n i n v o l v e d t h e r e e x i s t s t h e o r e t i c a l l y an i n f i n i t e number 

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

may become necessary t o know an a p p r o x i m a t e v a l u e o f t h e 

d i e l e c t r i c c o n s t a n t b e f o r e h a n d . A l t e r n a t i v e l y , two sample 

l e n g t h s have t o be used t o p i n - p o i n t t h e r i g h t s o l u t i o n . T h i s 

can be a s e r i o u s drawback when b e s i d e s an a p p r o x i m a t e v a l u e o f 

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

o f t h e m a t e r i a l i s a v a i l a b l e . The c o n f i g u r a t i o n i n F i g . 1 . 1 ( c ) 

o f f e r s no advantage o v e r t h a t i n (a) e x c e p t f o r t h e s i m p l e r 

c a l c u l a t i o n s s i n c e no t r a n s c e n d e n t a l e q u a t i o n i s i n v o l v e d . 

For t h e c o a x i a l l i n e opened i n t o a c i r c u l a r wave

g u i d e . F i g . 1 . 1 ( e ) t h e e q u i v a l e n t c i r c u i t o f F i g . 1 . 2 ( d ) has 

been employed ^1.29 ] . Formulae f o r t h e f r i n g i n g - f i e l d 

c a p a c i t a n c e C f a r e a v a i l a b l e C l . 3 0 , 1.31 ] and hence t h e 

c a l c u l a t i o n 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 s h o u l d be s t r a i g h t -
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f o r w a r d . A s i m i l a r sample c o n f i g u r a t i o n t o t h a t above i s t h e 

one g i v e n i n F i g . l . l ( f ) , ( o r F i g . 1 . 1 ( h ) ) , t h e d i f f e r e n c e 

b e i n g t h a t i n t h i s case t h e sample i s p l a c e d on t h e c i r c u l a r 

waveguide s i d e , hence t h e sample p r e p a r a t i o n i s r e l a t i v e l y 

s i m p l e r . T h is i s v e r y s u i t a b l e f o r m e a s u r 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 l i q u i d s and powders when a p r o p e r window i s p l a c e d 

a t t h e c o a x i a l l i n e and c i r c u l a r waveguide i n t e r f a c e . 

A n a l y t i c a l s o l u t i o n s f o r 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 a v a i l a b l e 

H i . 8 3 and t h e c a l c u l a t i o n s a r e n o t d i f f i c u l t a l t h o u g h some 

r e f e r e n c e s t a n d a r d s must be used. A s h i e l d e d o p e n - c i r c u i t 

t e r m i n a t i o n c o n f i g u r a t i o n f l . 1 9 , 1.32]] may be c o n s i d e r e d as a 

s p e c i a l case o f t h e c o a x i a l l i n e opened i n t o a c i r c u l a r waveguide. 

T h i s i s a g a i n v e r y s u i t a b l e f o r measurements o f l i q u i d s and 

powders and t h e c a l c u l a t i o n s a r e n o t t o o d i f f i c u l t £ 1.24 3 • 

Formulae f o r t h e c a l c u l a t i o n o f t h e e f f e c t i v e p o s i t i o n o f t h e 

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

impedances and d i f f e r e n t g e o m e t r i e s o f t h e i n n e r c o n d u c t o r ends 

may be f o u n d i n r e f e r e n c e s H i . 1 9 and 1.33 J , 

The sample c o n f i g u r a t i o n s shown i n F i g . l . l ( i ) , ( j ) 

and ( k ) p r o v i d e f o r s i m p l i c i t y i n sample p r e p a r a t i o n ; f o r 

samples t h a t a r e a l r e a d y f l a t i n an area as l a r g e as t h e c o a x i a l 

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

c o n f i g u r a t i o n ( i ) . S i m i l a r l y , a p a r a l l e l - s i d e d s l a b may be used 

s t r a i g h t away as i n case ( j ) . One d i s a d v a n t a g e o f t h e s e 

c o n f i g u r a t i o n s i s t h a t t h e samples must be a v a i l a b l e i n r a t h e r 

l a r g e q u a n t i t i e s . N e v e r t h e l e s s , t hese a r e p o t e n t i a l l y s u i t a b l e 
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f o r i n v i v o measurements, as i n t h e case o f b i o l o g i c a l 

specimens. A g a i n F i g . 1 . 1 ( 1 ) o f f e r s t h e same advantage as 

above e x c e p t t h a t i t may o n l y be s u i t a b l e f o r l i q u i d s o r 

powdered samples s i n c e i t i s v e r y d i f f i c u l t t o ensure t h a t t h e 

space w i t h i n t h e r e g i o n C i s p r o p e r l y f i l l e d by t h e samples. 

Table 1.1 summarizes q u a l i t a t i v e l y t h e r e l a t i v e 

m e r i t s o f t h e v a r i o u s measurement methods i n t h e f r e q u e n c y 

range 100 MHz t o 10 GHz. The r e l a t i v e complex p e r m i t t i v i t y 

i s i n d i c a t e d i n terms o f i t s components where £ = £ - j £ . 

Here £' o r t h e r e l a t i v e d i e l e c t r i c c o n s t a n t i s a s s o c i a t e d 

w i t h t h e a b i l i t y o f t h e m a t e r i a l t o s t o r e e l e c t r i c a l e n e rgy. 

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

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

1.3 SUMMARY OF THESIS 

The f o r e g o i n g g e n e r a l s u r v e y o f t h e c o a x i a l l i n e 

methods was c a r r i e d o u t t o i d e n t i f y t h e most s u i t a b l e t e c h n i q u e s 

o f m e a s u r 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 t h e two groups o f 

n i t r o g e n c e r a mics i n t h e f r e q u e n c y range 500 MHz t o 9 GHz. 

As o n l y r e l a t i v e l y s m a l l q u a n t i t i e s o f t h e o x y n i t r i d e g l a s s e s 

were a v a i l a b l e and s i n c e t h e i r c r o s s - s e c t i o n s were very much 

s m a l l e r t h a n t h a t o f t h e c o a x i a l l i n e a v a i l a b l e (14-mm General 

Radio GR 874 LBB s l o t t e d c o a x i a l l i n e ) , t h e r e was, i n 

p r a c t i c e , l i t t l e c h o i c e o f t h e measurement methods i n t h i s 

case. P r e l i m i n a r y t e s t s i n d i c a t e d t h a t t h e o x y n i t r i d e g l a s s e s 

were o f low l o s s , w h i l e t h e s i l i c o n n i t r i d e s c o m p r i s e d o f a 
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range o f m a t e r i a l s from h i g h t o low l o s s . The s h o r t - c i r c u i t 

t e r m i n a t i o n method was adequate f o r measurements o f t h e 

d i e l e c t r i c c o n s t a n t . I t has been assumed i n g e n e r a l t h a t 

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

l o w l o s s m a t e r i a l s by t h i s method ^ 1 . 1 3 ] a l t h o u g h q u a n t i t a t i v e 

e s t i m a t e s a re n o t a v a i l a b l e . A c o n s i d e r a b l e p r o p o r t i o n o f 

t i m e was t h e r e f o r e d e v o t e d t o t h e development, a n a l y s i s and 

assessment o f t e c h n i q u e s . Thus Ch a p t e r 2 d e s c r i b e s t h e 

s h o r t - c i r c u i t t e r m i n a t i o n method w h i l e Chapters 3 and 4 

d i s c u s s t h e matched t e r m i n a t i o n and resonance methods w h i c h 

were f o u n d necessary and advantageous i n a c c u r a t e measurements 

o f t h e d i e l e c t r i c l o s s . 

I n a d d i t i o n t o t h e c o a x i a l l i n e t e c h n i q u e s t h e 

c a v i t y p e r t u r b a t i o n method was a l s o employed a t t h e X-band 

f r e q u e n c y o f 9.34 GHz. T h i s was t o p r o v i d e t h e h i g h f r e q u e n c y 

end o f t h e measurement range s i n c e t h e c o a x i a l l i n e methods 

c o u l d n o t be used up t o t h i s f r e q u e n c y due t o t h e o n s e t o f 

h i g h e r o r d e r modes and f o r v a r i o u s o t h e r reasons w h i c h w i l l be 

g i v e n l a t e r . C h a p t e r 7 d e s c r i b e s t h e e x p e r i m e n t a l r e s u l t s on 

t h e s i l i c o n n i t r i d e s and t h e i r i n t e r p r e t a t i o n . The s t u d y on 

t h e o x y n i t r i d e g l a s s systems a re g i v e n i n Chapter 8. 

Chap t e r 9 g i v e s some o v e r a l l c o n c l u s i o n s . 
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CHAPTER 2 

THE SHORT-CIRCUIT TERMINATION METHOD 

2.1 GENERAL OUTLINE 

I n t h i s c h a p t e r a t t e n t i o n w i l l be f o c u s s e d on t h e 

method u t i l i z i n g t h e sample c o n f i g u r a t i o n ( d ) i n Pig.1.1 

s i n c e i t i s employed i n t h i s work. I t i s re-emphasised t h a t 

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

i n s m a l l q u a n t i t i e s . F u r t h e r m o r e , i t has t h e advantage 

o v e r o t h e r s i n t h a t i t r e q u i r e s o n l y s i m p l e VSWR m e a s u r i n g 

equipment t h a t i s a v a i l a b l e c o m m e r c i a l l y and t h e sample 

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

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

components o f t h e r e l a t i v e complex p e r m i t t i v i t y i s r e l a t i v e l y 

s i m p l e t o c a r r y o u t . 

When a t r a n s m i s s i o n l i n e c a r r y i n g a s i n u s o i d a l wave 

i s o p e r a t e d w i t h a mismatched t e r m i n a t i o n o r l o a d t h a t 

p r o v i d e s a r e f l e c t e d wave, t h e i n c i d e n t and r e f l e c t e d waves 

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

th e l i n e . A t some p o i n t s a l o n g t h e l i n e t h e i n c i d e n t ; and 

r e f l e c t e d waves w i l l be i n t i m e phase w i t h one a n o t h e r and 

th e r e s u l t a n t w i l l be a maximum. S i m i l a r l y , p o i n t s w i l l 

e x i s t where t h e two waves w i l l be i n a n t i - p h a s e w i t h one 

a n o t h e r and a t t h e s e p o i n t s t h e r e s u l t a n t w i l l be a minimum. 
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T h i s r e s u l t s i n a standing-wave p a t t e r n i n which the minimum 

p o i n t s (or nodes) and the maximum p o i n t s ( o r antinodes) 

a l t e r n a t e along the l i n e and occur a q u a r t e r of a wavelength 

a p a r t . The v o l t a g e standing-wave r a t i o , denoted by the 

symbol S, i s u s u a l l y d e f i n e d as [ 2.1 ] 

s . , I _ ± ! 
V • 1 -

i I mm 

so t h a t S l i e s i n the range 1 < S < oo. 

| V| and l v l are the maximum and minimum v o l t a g e I Imax I I mm 

amplitudes r e s p e c t i v e l y . The magnitude of the r e f l e c t i o n 

c o e f f i c i e n t | ( ' | can be d e r i v e d from the VSWR as 

s -1 in = 

The r e f l e c t i o n c o e f f i c i e n t a t a d i s t a n c e from the load 

i s expressed as 

r = I r l e x p ( - j e ) (2-3) 

where i t s phase angle 

9 = 2 p i - (2n+ 1)TT (2.4) 

Here p1 = 2 Tt i s the phase constant, \g i s the guide 

wavelength and the i n t e g e r n denotes the number of the 

v o l t a g e nodes i n f r o n t of the sample. I n p r i n c i p l e the 
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measurements c o n s i s t of measuring the VSWR and the p o s i t i o n s 

of the vo l t a g e standing-wave minima with and without the 

sample. T h i s y i e l d s the r e f l e c t i o n c o e f f i c i e n t which can then 

be r e l a t e d to the d i e l e c t r i c p r o p e r t i e s of the m a t e r i a l v i a a 

s u i t a b l e e q u i v a l e n t c i r c u i t r e p r e s e n t a t i o n . A r e f e r e n c e plane 

f o r the measurements of the phase s h i f t s i s u s u a l l y obtained 

by s h o r t - c i r c u i t i n g the sample-holder and l o c a t i n g the voltag e 

minimum n e a r e s t to i t (n = 1 ) . Then when the sample i s 

introd u c e d i n t o the sample-holder the phase s h i f t L w i l l be 

given by the d i s t a n c e of the n e a r e s t v o l t a g e minimum from the 

r e f e r e n c e plane. However, s i n c e the minimum rep e a t s every 

h a l f a wavelength these minima a r e e q u i v a l e n t p o i n t s and i n 

p r a c t i c e a more a c c u r a t e v a l u e of the phase s h i f t i s obtained 

by averaging the displacements of a few minima l o c a t i o n s with 

the sample from those without i t i n the sample-holder. 

2.2 D E R I V A T I O N O F T H E D I E L E C T R I C CONSTANT AND L O S S F A C T O R 

The e q u i v a l e n t c i r c u i t f o r t h i s method i s as shown 

i n F i g . 1 . 2 ( c ) . For the sample-holder without the t e s t 
* 

m a t e r i a l the c a p a c i t a n c e C ( £ ) = C ^ can be taken as the 

p a r a l l e l p l a t e c a p a c i t a n c e formed by the i n n e r conductor and 

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

c a p a c i t a n c e [ 2.2 - 2.4 ] . When a t e s t sample i s i n s e r t e d 

i n t o the sample-holder the c a p a c i t a n c e C ( £ ) = C q £ and 

the t o t a l c a p a c i t a n c e i s given by [ 2 . 4 , 2,5 ] : 
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* TT 2 

o/7 f 4 
+ 2 a e i , n ( M ( 2 . 5 ) 

d 0 I 2d / 

provided t h a t t h i s s a t i s f i e s the c o n d i t i o n s Xg <5; (b - a) 
-12 -1 

and d<g:(b - a) where £ Q = 8.854 x 10 F m i s the 

p e r m i t t i v i t y of f r e e space. The impedance l o o k i n g i n t o the 

t e r m i n a l plane of the sample-holder i s 

Z = — — (2.6) 

where uo = 2 Kf i s the r a d i a n frequency and f i s the 

frequency i n Hz. From t r a n s m i s s i o n l i n e theory the r e f l e c t i o n 

c o e f f i c i e n t [ 1.14 ] i s then given by 

r = r i e x p H e = _. ° = — - — — r

 f-=r (2.7) 

where the symbols have a l l been p r e v i o u s l y d e f i n e d . I t i s 

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

p a r a l l e l p l a t e c a p a c i t o r causes only a n e g l i g i b l y s m a l l 

v a r i a t i o n i n the f r i n g i n g - f i e l d c a p a c i t a n c e C f C 1.19, 2.4 ~ } . 

From equation (2.7) we have 

r 1 - 11 I e x p ( - j G ) 
* / // 

S u b s t i t u t i n g f o r £ = E - j £ and s o l v i n g f o r the 

d i e l e c t r i c c o n s t a n t s' and the l o s s f a c t o r s ' we o b t a i n 



23 

e / _ 2 | r | s i n ( - e ) _ ^ 
wC a Z Q [ 1 + 2 |r |cos(9) + I r l 2 ] C 0 

, I r l 2 ( 2 - 9 ) 

// I — I I I 

w c , z 0 [ i + 2 irkos(e) + i r l 2 ] 

I t i s seen t h a t the e f f e c t of the f r i n g i n g - f i e l d i s to d e c r e a s e 

the v a l u e of the d i e l e c t r i c c o n s t a n t by C-/C w h i l e the l o s s 
f o 

f a c t o r remains u n a f f e c t e d . The l o s s tangent,, which i s 

p r o p o r t i o n a l to the r a t i o of the power l o s t i n heat to the 

energy s t o r e d per c y c l e of the a p p l i e d f i e l d , i s then simply 

c a l c u l a t e d from the e x p r e s s i o n 

E " 

t a n 6 = - V < 2- l 0> 
e' 

When the d i r e c t c u r r e n t c o n d u c t i v i t y i s c o m p a r i t i v e l y n e g l i g i b l e , 

the high frequency c o n d u c t i v i t y can then be obtained from the 

equation 

Q = U ) £ 0 £ " (2.11) 

I t has been pointed out t h a t the c a l c u l a t i o n of the 

r e a l and imaginary components of the complex p e r m i t t i v i t y f o r 

t h i s c a p a c i t a n c e method, as o r i g i n a l l y suggested i n r e f e r e n c e 

[ 1.12 3 „ i s not very a c c u r a t e . A f u l l a n a l y s i s of the 

method and a more rigourous d e r i v a t i o n of E ' and £." have 

been given i n r e f e r e n c e s [ 1.27 and 2.6 ] . With s u i t a b l e 
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m o d i f i c a t i o n s and when c e r t a i n c o n d i t i o n s a r e s a t i s f i e d the 

method may be extended up to 18 GHz, 

2„3 ANALYSIS OF THE METHOD 

Thi s method has been used f o r the measurements of the 

d i e l e c t r i c p r o p e r t i e s of l o s s y m a t e r i a l s [ e.g. 1.14, 1.19, 2 . 7 ] 

and t h a t i s i t s t r a d i t i o n a l a r e a of a p p l i c a t i o n . An a n a l y s i s o f 

t h i s method has been c a r r i e d out i n t h i s work, w i t h the view of 

choosing the optimum sample dimensions, minimizing the f r i n g i n g -

f i e l d e f f e c t s and to e v a l u a t e the s u i t a b i l i t y o f the method f o r 

measuring the d i e l e c t r i c p r o p e r t i e s from medium to low l o s s 

m a t e r i a l s i n the frequency range from 100 MHz to 10 GHz. For 

a given m a t e r i a l a t a gi v e n frequency of measurement and 

u n c e r t a i n t y i n the measurement of the r e f l e c t i o n c o e f f i c i e n t i t 
* 

can be shown t h a t the u n c e r t a i n t y i n the measured va l u e of c 

may be minimized by a proper s e l e c t i o n of the p a r a l l e l p l a t e 

c a p a c i t a n c e C q (Appendix A)„ T h i s optimum c a p a c i t a n c e has 

been c a l c u l a t e d to be 
c - 1 1 

o p < 2TtfZ„ i / £ '2 • e « 2 1 • 

Fig.2.1 i l l u s t r a t e s the optimum c a p a c i t a n c e v a l u e s over the 

frequency range 100 MHz to 10 GHz f o r a c o a x i a l l i n e of 

c h a r a c t e r i s t i c impedance 50 ohms and f o r v a l u e s of 

|£*|=\/£/2 + Z"1 up to 100. The v a l u e s of Z* has a c t u a l l y 

been used i n the c a l c u l a t i o n s , s i n c e f o r medium ( £ " ^7 l 0 ~ ^ ) 

to low l o s s e s s u b s t i t u t i o n of f o r I E * I when £' ̂ > 5 has 
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a n e g l i g i b l e e f f e c t on the r e s u l t s . S i n c e |£ | > 1 when a 

m a t e r i a l i s i n s e r t e d i n t o the sample-holder, the e l e c t r i c 

f i e l d l i n e s tend to c o n c e n t r a t e i n t o the m a t e r i a l , hence the 

v a l u e of the f r i n g i n g - f i e l d c a p a c i t a n c e given i n equation 

(2,5) i s probably an overestimate and r e p r e s e n t s an upper 

l i m i t of the f r i n g i n g - f i e l d e f f e c t [_ 1.14, 2.4 ] . The lower 

bound of the c a p a c i t a n c e of the empty sample-holder may be 

estimated as f o l l o w s : f o r example, by r e q u i r i n g t h a t 

should be l e s s than 5 p e r c e n t of the v a l u e of C Q | £ *| , 

f o r a c o a x i a l l i n e having an i n t e r n a l conductor diameter 

Q CHL 6.2 mm and assuming f o r convenience |£*|^/10, we 

have C q 0.4 pF. T h i s i m p l i e s t h a t the sample t h i c k n e s s 

d £y 0.67 mm. 

I n Fig.2.2 the v a l u e s of the c a p a c i t a n c e of the 

empty sample-holder and the r a t i o C f / C
Q
 a r e p l o t t e d as 

f u n c t i o n s of the sample t h i c k n e s s and the r a t i o (b - a ) / d , 

where, as before, a and b are the i n n e r and outer 

conductor diameters r e s p e c t i v e l y . The percentage c o n t r i b u t i o n 

of the f r i n g i n g - f i e l d e f f e c t can be found by d i v i d i n g the 

r a t i o C f / C
Q given i n percentage by the d i e l e c t r i c c o n s t a n t . 

S i n c e the sample t h i c k n e s s must s a t i s f y the i n e q u a l i t i e s 

f o l l o w i n g equation (2.5) f o r the f r i n g i n g - f i e l d e f f e c t 

assumption to be v a l i d , t h i s s e t s an upper l i m i t of about 

2.5 mm. T h i s corresponds to an empty sample-holder c a p a c i t a n c e 

of C q > 0.1 pF. with t h i s r e s t r i c t i o n and r e f e r r i n g to 

Fig.2.1 i t w i l l be noted t h a t these v a l u e s of sample 
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t h i c k n e s s and a i r - c a p a c i t a n c e give optimum measurements of 

m a t e r i a l s w i t h d i e l e c t r i c c o n s t a n t ^ 10 i n the frequency 

range up to about 5 GHz. 

F i g . 2.3 i s a t y p i c a l multi-parameter p l o t of 

the v a r i a t i o n s of the d i e l e c t r i c c o n s t a n t and l o s s tangent 

with the r e f l e c t i o n c o e f f i c i e n t magnitude | T | and i t s 

phase angle 6 f o r medium to low l o s s m a t e r i a l s . The 

r e f l e c t i o n c o e f f i c i e n t magnitude i s a l s o given i n terms of 

the VSWR and i t s e q u i v a l e n t i n d e c i b e l s . I t can be seen 

t h a t maximum s e n s i v i t i e s of | P | as i n d i c a t e d by maximum 

s e p a r a t i o n s of the tan 6 curves occur f o r samples having 

v a l u e s between about 5 and 25. The phase angles of 

the r e f l e c t i o n c o e f f i c i e n t s are a l s o w e l l spaced a p a r t f o r 

d i e l e c t r i c c o n s t a n t v a l u e s up to about 25. Going on to 

Fig.2.4 one s e e s s i m i l a r trends i n the tan6 curves but 

the s' curves a r e now d i s p l a c e d towards higher (- 6) 

v a l u e s . T h i s s i m i l a r i t y i n the tan 6 curves and the s h i f t 

of the £.' curves with r e s p e c t to the phase angle of the 

r e f l e c t i o n c o e f f i c i e n t with i n c r e a s i n g frequency f o r a 

co n s t a n t sample t h i c k n e s s has been found to hold g e n e r a l l y . 

From t h i s i t can be seen t h a t on going to higher f r e q u e n c i e s 

the h i g h e s t s e n s i t i v i t i e s i n the r e f l e c t i o n c o e f f i c i e n t 

measurements w i l l be found i n m a t e r i a l s having lower £' 

v a l u e s . Thus t h i s w i l l i n d i c a t e the l i m i t i n g high frequency 

a t which a m a t e r i a l with a given d i e l e c t r i c c o n s t a n t and 

t h i c k n e s s can be a c c u r a t e l y measured with the s h o r t - c i r c u i t 

method. 
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Another important p o i n t observed from F i g u r e s 

2.3 and 2.4 i s t h a t of the lower l o s s tangents t h a t can 

be r e a d i l y measured. One sees t h a t , i n Fig.2.3 f o r 
_2 

example, f o r tan6 ?6 10 the VSWR i s g r e a t e r than about 
_3 

300. For low l o s s m a t e r i a l s , t a n S ~ l O say, the VSWR 

t h a t would have to be measured then would be very high 
3 4 

( 10 to ) . Not only i s there a l a r g e u n c e r t a i n t y i n 

measuring high v a l u e s of VSWR, i t could a l s o be time 

consuming to c a r r y out £ 2.8 

2.4 EXPERIMENTAL 

2.4.1 S l o t t e d C o a x i a l L i n e P r i n c i p l e 

S i n c e the standing-wave p a t t e r n p r o v i d e s a 

d i r e c t comparison between the i n c i d e n t and r e f l e c t e d waves 

on a t r a n s m i s s i o n l i n e , the measurement of VSWR can 

provide a c c u r a t e v a l u e s of the r e f l e c t i o n c o e f f i c i e n t and 

e f f e c t i v e impedance a t any p a r t i c u l a r frequency. A r a d i a l 

e l e c t r i c - f i e l d probe i s u s u a l l y used to map the standing-wave 

p a t t e r n i n a c o a x i a l l i n e . The probe must be mounted on a 

s l i d i n g c a r r i a g e so t h a t i t can be moved a x i a l l y along the 

l i n e over a d i s t a n c e of a t l e a s t one half-wavelength, i n 

ord e r to ensure t h a t a t l e a s t one maximum and minimum of the 

p a t t e r n can be measured. At low f r e q u e n c i e s , where the 

wavelength i s too l a r g e to a l l o w a half-wavelength s e c t i o n to 

be used, the e f f e c t i v e l e n g t h of the measurement s e c t i o n 

may be i n c r e a s e d by i n s e r t i n g a d d i t i o n a l s e c t i o n s of l i n e 
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of known len g t h i n order to be able to l o c a t e the maximum 

and minimum of the p a t t e r n . 

A f i e l d probe can be i n s e r t e d i n t o a c o a x i a l l i n e 

through a narrow s l o t c u t a x i a l l y along the o u t e r conductor 

as i n d i c a t e d i n F i g . 2 . 5 . The presence of the s l o t does not 

d i s t u r b the f i e l d p a t t e r n s a p p r e c i a b l y as the 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 the c u r r e n t flow i n the conductors i s 

a x i a l . A diode i s used to r e c t i f y the volta g e induced i n the 

probe and the system i s tuned to resonance by a s h o r t -

c i r c u i t e d s t u b , which a l s o provides a r e t u r n path f o r the 

r e c t i f i e d diode c u r r e n t . The depth of p e n e t r a t i o n of the 

probe must be kept as s m a l l as p o s s i b l y , c o n s i s t e n t with 

measurement s e n s i t i v i t y , to minimise the power e x t r a c t e d 

and the r e f l e c t i o n s due to the presence of the probe i t s e l f . 

I n the General Radio GR874 LBB s l o t t e d l i n e used i n t h i s 

work the probe p e n e t r a t i o n depth of 1.55 mm from the i n n e r 

s u r f a c e of the outer conductor was found to g i v e a symmetrical 

standing-wave p a t t e r n about the minimum. A power meter was 

connected to the end of the s l o t t e d s e c t i o n of the c o a x i a l 

l i n e w hile the probe depth was a d j u s t e d i n order to ensure 

t h a t the presence of the probe has only a n e g l i g i b l y s m a l l 

e f f e c t . Although i t i s p o s s i b l e to use the r e c t i f i e d v oltage 

or c u r r e n t from the diode d i r e c t l y , a l a r g e i n c r e a s e i n 

s e n s i t i v i t y can be obtained by using a modulated microwave 

s i g n a l generator, so t h a t the diode output can be fed to 

a narrow-band audio-frequency a m p l i f i e r . S i n c e the 
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microwave generators use d i r e c t modulation of the o s c i l l a t o r 

s t a g e a square-wave modulation was used to reduce frequency 

modulation of the r e s u l t i n g microwave s i g n a l . The s i g n a l 

g enerators employed i n t h i s work c o n s i s t e d of a Marconi TF 

1060 o p e r a t i n g between 500 MHz and 1.25 GHz, a F l a n 

Microwave Instruments PCLS f o r the range 1.5 GHz to 5 GHz 

and another F l a n Microwave Instruments PCLX source covered 

the range 4 GHz to 12 GHz. A l l of the s i g n a l generators 

can be square-wave modulated a t 1 kHz and 3 kHz; normally 

the 1 kHz modulation was used. 

A s a t i s f a c t o r y s i g n a l - t o - n o i s e r a t i o can be 

obtained a t microwave power l e v e l s o f a few m i l l i w a t t s and 

a t these power l e v e l s the diode output v o l t a g e i s p r o p o r t i o n a l 

to the square o f the e l e c t r i c f i e l d s t r e n g t h . The c a l i b r a t e d 

VSWR s c a l e of commercial i n d i c a t o r s , i n c l u d i n g t h a t of the 

Marconi Type 6503A used here, i s normally based on t h i s 

assumption. Under such a c o n d i t i o n the VSWR measurement 

can be made by s e t t i n g the gain to gi v e f u l l - s c a l e d e f l e c t i o n 

a t a volLoqe maximum and then reading o f f the i n d i c a t e d v a l u e 

d i r e c t l y a t a vo l t a g e minimum. I f t h e r e i s any doubt about 

the d e t e c t o r c h a r a c t e r i s t i c i t can be checked q u i t e e a s i l y 

s i n c e the standing-wave p a t t e r n f o r a s h o r t - c i r c u i t s e c t i o n of 

l i n e v a r i e s s i n u s o i d a l l y with d i s t a n c e from the minimum. A 
2 

p l o t of d e t e c t o r v o l t a g e a g a i n s t s i n (2Ttx/\g), where x i s 

the d i s t a n c e measured from a p a t t e r n minimum, w i l l r e v e a l 

any departure from the square-law c h a r a c t e r i s t i c . Such p l o t s 
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were c o n s t r u c t e d i n the i n i t i a l c a l i b r a t i o n and p r e p a r a t o r y 

procedure and the square law c h a r a c t e r i s t i c of the diode 

employed was found to occur a t power l e v e l s corresponding to 

2 mV or l e s s . 

A block diagram of the s h o r t - c i r c u i t t e r m i n a t i o n 

method i s i l l u s t r a t e d i n Fig.2.6. I n p r a c t i c e the sample-

h o l d e r i s u s u a l l y an extended i n n e r conductor p r o t r u d i n g 

i n t o an open c i r c u i t component. The sample-holder used here, 

shown i n F i g . 2 . 7 , c o n s i s t e d of an i n n e r conductor element 

extended by a copper p i e c e and a General Radio open c i r c u i t 

element, the GR 874 WO. Harmonics i n the s i g n a l generator 

output can mask the a c t u a l standing-wave p a t t e r n and a 

s u i t a b l e low-pass f i l t e r i s r e q u i r e d i f the harmonic output 

from the generator i s s i g n i f i c a n t . The fundamental o p e r a t i n g 

frequency was checked by measuring the d i s t a n c e between 

s u c c e s s i v e minima which should be e x a c t l y one half-wavelength. 

Next i s the matched a t t e n u a t o r pad which provide a t l e a s t 

10 dB of a t t e n u a t i o n i n order to i s o l a t e the generator from 

v a r i a t i o n s i n the e f f e c t i v e load impedance by a t t e n u a t i n g the 

r e f l e c t e d wave from the l o a d under t e s t . I n p r a c t i c e i t was 

found t h a t even a 10 dB a t t e n u a t o r r e s u l t e d i n an output 

l e v e l too low to g i v e s a t i s f a c t o r y r e s u l t s when the Marconi 

TF 1066 was o p e r a t i n g between 500 MHz and 750 MHz. 

Otherwise, a t l e a s t 16 dB of a t t e n u a t i o n was r e q u i r e d to 

ensure proper i s o l a t i o n of the s i g n a l s o u r c e s . 
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There a r e v a r i o u s methods o f measuring t h e VSWR 

and which one i s s u i t a b l e depends on t h e magnitude t o be 

measured. B a s i c a l l y t h r e e d i f f e r e n t methods a r e u s u a l l y 

used, namely (a) t h e d i r e c t method wh i c h employs t h e VSWR 

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

t h e d i o d e d e t e c t o r , (b) t h e a t t e n u a t i o n method wh i c h 

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 maximum and 

minimum, s i n c e t h e VSWR i s g i v e n by 

SWR(dB) = 20 log(VSWR) 
(2.13) 

o r VSWR = a n t i l o g ( d B / 2 0 ) 

and ( c ) t h e t w i c e - m i n i m u m - v o l t a g e method. The d i r e c t method 

i s t h e e a s i e s t , n e v e r t h e l e s s , i t i s n o t s u i t a b l e f o r VSWR 

va l u e s g r e a t e r t h a n a b o u t 50. I n t h e second method a 

c a l i b r a t e d a t t e n u a t o r may be i n c l u d e d i n p l a c e o f th e f i x e d 

a t t e n u a t o r pad o r i n a d d i t i o n t o i t , so t h a t t h e VSWR can 

be measured by a l t e r i n g t h e a t t e n u a t o r s e t t i n g so as t o 

m a i n t a i n a f i x e d o u t p u t a t t h e VSWR i n d i c a t o r when t h e probe 

c a r r i a g e i s moved f r o m a v o l t a g e maximum t o a v o l t a g e minimum. 

Th i s method o f measurement e l i m i n a t e s t h e p o s s i b i l i t y o f e r r o r 

due t o n o n - l i n e a r i t y o f t h e c h a r a c t e r i s t i c s o f t h e d e t e c t o r 

and t h e VSWR i n d i c a t o r as t h e y a r e o p e r a t e d a t c o n s t a n t 

s i g n a l l e v e l s . The l a s t method mentioned w i l l be 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 . A l l o f th e s e methods a r e u t i l i z e d i n 

t h i s p r o j e c t s i n c e t h e VSWR v a l u e s measured spanned t h e 

range from below t e n t o t h e o r d e r o f a thousand. However, 



32 

the second method was l i m i t e d by the a v a i l a b i l i t y of 

s u i t a b l y c a l i b r a t e d a t t e n u a t o r s and the l a c k of c a l i b r a t i o n 

below 3 dB ( t h e s m a l l e s t a t t e n u a t o r ) was made up by 

adjustments i n the VSWR i n d i c a t o r a t t e n u a t o r ? thus t h i s 

gave only approximate values„ The t h i r d method was found 

s u i t a b l e f o r high VSWR v a l u e s and a t the low f r e q u e n c i e s ; 

a t h i g h e r f r e q u e n c i e s when the wavelengths become s h o r t , the 

width of the curve around the minimum was found to be the 

l i m i t i n g f a c t o r f o r high VSWR measurements ( s e e F i g . 2 . 8 ) . 

2.4.2 Measurements of Extreme Values of VSWR 

When the standing-wave r a t i o becomes s m a l l i t 

becomes i n c r e a s i n g l y d i f f i c u l t to l o c a t e the p o s i t i o n of the 

p a t t e r n minimum with a c c u r a c y . The e r r o r i n the measurement 

can be c o n s i d e r a b l y reduced by the p r o c e s s of b r a c k e t t i n g as 

i n d i c a t e d i n F i g . 2 . 8 ( a ) . P o i n t s on e i t h e r s i d e of the 

p a t t e r n minimum, corresponding to a f i x e d v o l t a g e amplitude, 

are l o c a t e d a t x^ and x 2 . The p o i n t midway between x^ 

and then r e p r e s e n t s a f i r s t approximation to the p o s i t i o n 

of the minimum, x
m ^ n • T h i s approximation can be improved by 

re p e a t i n g the process f o r s e v e r a l v o l t a g e amplitudes and 

drawing the loc u s of the mid-points to i n t e r s e c t the p a t t e r n 

a t x . 

nun 

When the VSWR i s very l a r g e i t i s very d i f f i c u l t 

to make a c c u r a t e measurements of the maximum and minimum 

amplitudes on one range of the measuring instrument. Hence 
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e r r o r s are introduced because of the i n a c c u r a c y of the range 

a t t e n u a t o r s or due to the l a r g e v o l t a g e amplitudes a t the 

d e t e c t o r . An a l t e r n a t i v e method of measurement i s i n d i c a t e d 

i n F i g . 2 . 8 ( b ) . This depends on the measurements of the 

v o l t a g e standing-wave p a t t e r n near the minimum and uses a 

r e s t r i c t e d v o l t a g e range [ 2.1, 2.9 ] . I t can be shown t h a t 
2 

the VSWR can be c a l c u l a t e d u s i n g an a r b i t r a r y v a l u e k 

times the voltag e minimum from the r e l a t i o n 

(2.14) s = h 2 - cos 2(2Ti : x /X q ) 
s in(2TUX /X g ) 

where X i s the h a l f - w i d t h of the p a t t e r n f o r an a r b i t r a r y 
2 v o l t a g e k V , The s u c c e s s f u l a p p l i c a t i o n of t h i s min 

2 
r e l a t i o n s h i p depends upon a c c u r a t e measurements of k and x . 

Once again a b e t t e r v a l u e can be obtained by r e p e a t i n g the 
2 

measurement f o r s e v e r a l v a l u e s of k . On choosing the v a l u e 
2 

k = 2 equation (2.14) becomes 

S = / 1 + 1/sirrt2iwa g) ( 2 - 1 5 ) 

T h i s r e l a t i o n s h i p i s p l o t t e d out i n Fig . 2 . 9 . when x i s 

s m a l l the above e x p r e s s i o n i s f u r t h e r reduced to 

S ^ \/2K0C (2.16) 

T h i s method was found to be very u s e f u l when the VSWR 

va l u e s were i n excess of 100 and when the frequency of 

measurement was low. 
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2.4.3 C o r r e c t i o n Due t o L i n e A t t e n u a t i o n 

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

t o o l o n g , so t h a t t h e measurement o f t h e VSWR has t o be 

made f a r f r o m t h e end o f a l o n g s e c t i o n o f l i n e , t h e e f f e c t 

o f a t t e n u a t i o n can be s i g n i f i c a n t . However, as t h e 

r e f l e c t i o n c o e f f i c i e n t i s reduced by a c o n s t a n t f a c t o r b o t h 

when t h e l o a d i s c o n n e c t e d and when i t i s r e p l a c e d by a 

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

VSWR and t h e impedance a t t h e l o a d . F or example, l e t us 

suppose t h a t when a s h o r t - c i r c u i t i s co n n e c t e d i n p l a c e o f 

t h e l o a d t h e VSWR a t t h e measurement p o s i t i o n i s some 

v a l u e \ i n s t e a d o f i n f i n i t y , t h e VSWR w i t h t h e l o a d 

c onnected i s SL and t h e n o r m a l i s e d impedance w i t h t h e l o a d 

i s g i v e n by t h e p o i n t z = (a + j b ) on a Smith c h a r t . The 

l i n e a t t e n u a t i o n between t h e l o a d and t h e measurement p o s i t i o n 

can be f o u n d by d r a w i n g t h e c i r c l e on t h e Smith c h a r t 

and p r o j e c t i n g downwards f r o m t h e p o i n t o f i n t e r s e c t i o n w i t h 

t h e r e a l a x i s on t o t h e t r a n s m i s s i o n - l o s s s c a l e . T h i s 

c o n s t r u c t i o n i s i l l u s t r a t e d i n Fig.2.l0„ Under s h o r t - c i r c u i t 

c o n d i t i o n s ' t h e VSWR s h o u l d c o r r e s p o n d w i t h t h e p e r i m e t e r o f 

t h e c h a r t , so t h a t t h e l i n e a t t e n u a t i o n i s t h e number o f 

dB s t e p s between t h e c h a r t p e r i m e t e r and t h e S'̂  c i r c l e , 

shown as N dB i n Fig.2.10. The t r u e v a l u e o f t h e VSWR 

a t t h e l o a d i s g r e a t e r t h a n t h e measured v a l u e and can be 

fo u n d by i n c r e a s i n g t h e r a d i u s o f t h e measured l o a d VSWR 

c i r c l e by N dB t o compensate f o r t h e known l o s s . The 
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c o r r e c t e d impedance i s t h e n r e p r e s e n t e d by t h e p o i n t 

z c = (c + j d ) c o r r e s p o n d i n g t o t h e c o r r e c t e d VSWR. 

2,4.4 E r r o r s Due t o Connector Mismatch 

I f a c o n n e c t o r o r a d a p t o r i s used between t h e 

s l o t t e d l i n e s e c t i o n and t h e l o a d , t h e s m a l l d i s c o n t i n u i t y 

i n t r o d u c e d may have a s i g n i f i c a n t e f f e c t on t h e measurement 

a c c u r a c y . When t h e r e f l e c t i o n c o e f f i c i e n t s due t o t h e 

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

a d d i t i v e , b u t t h e i r r e l a t i v e phase i s unknown. Hence, i f 

t h e magnitudes 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 s f o r t h e 

c o n n e c t o r and l o a d a r e | 1 ^ | and I £ I r e s p e c t i v e l y , t h e 

t o t a l r e f l e c t i o n c o e f f i c i e n t can v a r y o v e r t h e range 

( | | ± | f 7 | ) w i t h a c o r r e s p o n d i n g v a r i a t i o n i n t h e phase 

a n g l e . Maximum e r r o r o c c u r s when t h e two r e f l e c t e d waves 

a r e e i t h e r e x a c t l y i n phase o r i n a n t i - p h a s e w i t h each o t h e r . 

F i g . 2 . 1 1 i n d i c a t e s t h e u n c e r t a i n t y due t o a c o n n e c t o r w i t h 

a VSWR o f 1.0 5 and s e r v e s t o emphasize t h e i m p o r t a n c e o f 

m i n i m i z i n g t h e number o f c o n n e c t o r s o r a d a p t o r s between t h e 

l o a d and measurement s e c t i o n when a c c u r a t e measurements must 

be made. 

2.5 COMMENTS AND CONCLUSIONS 

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

has been examined; F i g . 2 . 1 p r o v i d e s a u s e f u l q u i c k g u i d e f o r 
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choosing the best sample t h i c k n e s s and i t g i v e s an e s t i m a t i o n 

of the high frequency l i m i t up to which measurements of the 

d i e l e c t r i c p r o p e r t i e s u s i n g the c o a x i a l l i n e s h o r t - c i r c u i t 

t e r m i n a t i o n method can be a p p l i e d . I n i t i a l l y a f i r s t 

approximation to the d i e l e c t r i c c o n s t a n t can be obtained 

f a i r l y e a s i l y by n e g l e c t i n g the e f f e c t s of the f r i n g i n g f i e l d 

and then F i g u r e s 2.1 and 2.2 can be used as a guide f o r 

more a c c u r a t e d e t e r m i n a t i o n s . I n a d d i t i o n examination of the 

p l o t s such as those g i v e n i n F i g u r e s 2.3 and 2.4 would 

r e v e a l the maximum s e n s i t i v i t y r e g i o n f o r the l o s s f a c t o r 

determination. These l a s t two f i g u r e s a l s o i n d i c a t e t h a t the 

angles of the r e f l e c t i o n c o e f f i c i e n t s , 9 , hence the phase 

s h i f t s , f o r medium to low l o s s m a t e r i a l s do not a p p r e c i a b l y 

a f f e c t the v a l u e of the d i e l e c t r i c c o n s t a n t f o r d i f f e r e n t 

degrees of l o s s e s ( t h i s i s i n d i c a t e d by the p a r a l l e l v e r t i c a l 

l i n e s f o r £ ' ) . An important c o n c l u s i o n drawn from t h i s i s 

t h a t t h i s method can be used to determine o n l y the d i e l e c t r i c 

c o n s t a n t a f t e r i t i s s a t i s f i e d t h a t the m a t e r i a l i s not l o s s y 

(as would be i n d i c a t e d by checking t h a t the VSWR i s r a t h e r 

l a r g e when i t i s p l a c e d i n the s a m p l e - h o l d e r ) . F o r low l o s s 
-2 

m a t e r i a l s , say t a n 6 •< 10 , the VSWR t h a t has to be 

measured would be of the order of 500 or g r e a t e r . A 

c o n s i d e r a b l e amount of d i f f i c u l t i e s would be encountered i n 

measuring t h i s high VSWR as can be deduced from Fig.2.8. 

I f a method can be found to measure j u s t the l o s s ( w i t h £ ' 

determined from the above method) i t would avoid the 
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d i f f i c u l t i e s mentioned. The next two c h a p t e r s explore t h i s 

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

means of measuring the complex d i e l e c t r i c p e r m i t t i v i t y and 

the l o s s tangent. 
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CHAPTER 3 

THE MATCHED TERMINATION METHOD 

3.1 INTRODUCTION 

The a n a l y s i s of the method d e s c r i b e d i n the l a s t 

c h a p t e r i n d i c a t e d t h a t high VSWR v a l u e s have to be measured 

f o r low l o s s m a t e r i a l s . I n the p r e s e n t c h a p t e r a method aimed 

a t reducing t h i s d i f f i c u l t y , by u s i n g a te r m i n a t i o n matched to 

the c h a r a c t e r i s t i c impedance of the c o a x i a l l i n e , w i l l be 

i n v e s t i g a t e d . T h i s method r e q u i r e s simple c o n v e n t i o n a l 

apparatus f o r measuring VSWR and i s a p p l i c a b l e both to 

s o l i d s and l i q u i d s without any m o d i f i c a t i o n to the c o a x i a l 

sample-holder. F o r s o l i d samples the i n n e r conductor i s 

s p r i n g - l o a d e d to ensure good e l e c t r i c a l c o n t a c t between the 

sample and conductor. When n o n - v o l a t i l e l i q u i d s a re measured 

the s p r i n g can be unloaded and t h i n l a y e r s of the l i q u i d are 

simply h e l d between the i n n e r conductor gap by t h e i r v i s c o s i t y 

f o r c e s and s u r f a c e t e n s i o n s . 

3.2 GENERAL PRINCIPLE 

I n t h i s method the sample i s p l a c e d between a gap 

i n the i n n e r conductor of a c o a x i a l sample-holder. The 

measurement c o n s i s t s of determining the VSWR and the v o l t a g e 

standing-wave minima n e a r e s t the sample-holder when the sample 

i s i n s e r t e d i n t o i t . Maintaining the same gap spaci n g as with 
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the sample the VSWR and the corresponding v o l t a g e s t a n d i n g -

wave minimum p o s i t i o n are then measured without the sample. 

As before, whenever the s i t u a t i o n permits, a few minima 

p o s i t i o n s may be ne c e s s a r y and advantageous i n p r o v i d i n g 

average v a l u e s of the standing-wave minima displacement. The 

d i f f e r e n c e i n the standing-wave minima l o c a t i o n s and the VSWR 

va l u e s are then used to c a l c u l a t e the r e l a t i v e d i e l e c t r i c 

c o n s t a n t and l o s s f a c t o r of the sample. 

3.3 THEORY 

A c a p a c i t i v e gap i n the i n n e r conductor of a 

c o a x i a l l i n e f i n d s common a p p l i c a t i o n s i n f i l t e r c i r c u i t s a t 

r a d i o and microwave f r e q u e n c i e s \^3.1S 3.2 ~] . The 

d i s t r i b u t i o n of the e l e c t r i c f i e l d l i n e s i n the v i c i n i t y o f 

a gap i n the i n n e r conductor of a c o a x i a l l i n e i s shown i n 

F i g . 3 . 1 ( b ) . A simple s e r i e s c a p a c i t a n c e r e p r e s e n t a t i o n of the 

gap has been found to be inadequate i n e x p l a i n i n g the 

behaviour of the l i n e s e c t i o n o r f i l t e r c i r c u i t Q 3.2, 3.3 ] . 

The d i s t o r t i o n of the normal t r a n s v e r s e e l e c t r o m a g n e t i c f i e l d 

l i n e s around the gap may be d e s c r i b e d i n terms of a f r i n g i n g -

f i e l d c a p a c i t a n c e £ 3.3 - 3.6 ] . I t i s assumed t h a t the 

r e d i s t r i b u t i o n of the f i e l d i s n e g l i g i b l e o u t s i d e a r e g i o n 

about the gap approximately the s i z e of the c o a x i a l l i n e 

c r o s s - s e c t i o n C3.4, 3.6 ]] „ Thus a more ap p r o p r i a t e 

e q u i v a l e n t c i r c u i t f o r the gap i s a Tl -network of 

c a p a c i t o r s as shown i n Fig.3.2. 
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The sample-holder c o n s t r u c t e d and used i n the 

pr e s e n t work i s based on such a gap and i t s n -network of 

c a p a c i t o r s e q u i v a l e n t c i r c u i t r e p r e s e n t a t i o n . I t i s 

ev i d e n t t h a t when a sample i s introduced i n t o the sample-
* 

h o l d e r the s e r i e s c a p a c i t a n c e would be given by C Q £ 
* 

where t i s the complex r e l a t i v e p e r m i t t i v i t y of the 

sample. C q i s the s e r i e s c a p a c i t a n c e of the empty sample-

h o l d e r c a l c u l a t e d from the i n n e r conductor and gap dimensions 

and r e p r e s e n t s the f r i n g i n g - f i e l d c a p a c i t a n c e a s s o c i a t e d 

w i t h the d i s c o n t i n u i t i e s of the i n n e r conductor. For reasons 

s i m i l a r to those given i n chapt e r 2, the f r i n g i n g - f i e l d 

c a p a c i t a n c e i s assumed to be an upper l i m i t . When a load 

matched to the c h a r a c t e r i s t i c impedance of the c o a x i a l l i n e 

i s connected to the output of the sample-holder f and assuming 

(JOZ^C^ < ^ 1 f o r most p r a c t i c a l purposes C 3.7 2f t the 

impedance looking i n t o the sample-holder a t the plane A - A 

of F i g . 3 . 2 may be approximated by 
_ 1 + J u ) Z . I C . e * * C f ) ( J - 1 ] 

j w i c . e " * c f ) 

where 10 = 2TC f i s the r a d i a n frequency and f i s the 

frequency i n Hz. When a i r i s the d i e l e c t r i c i n the i n n e r 

conductor gap, the s e r i e s c a p a c i t a n c e may be taken as the 

vacuum c a p a c i t a n c e C q and the r e f l e c t i o n c o e f f i c i e n t [ 3 . 8 ] 

a t the plane A - A i s then given by 

igexp(-j8) = Is Isl = ! , 3 . 2 ) 
Z „ + Z 0 1 + j 2 o j Z 0 [ C 0 + C f ) 
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where \Q i s the r e f l e c t i o n c o e f f i c i e n t magnitude > 

9^ i s the phase angle of the r e f l e c t i o n c o e f f i c i e n t , 

i s the i n p u t impedance a t the plane A - A. 

S i m i l a r l y , when a sample of complex r e l a t i v e p e r m i t t i v i t y 

£ i s i ntroduced i n t o the sample-holder the r e f l e c t i o n 

c o e f f i c i e n t a t the plane A - A can be w r i t t e n as 

|rs|exp(-j^)= z * " z ° = \ 5 ( 3 - 3 > 
z,+ z0 1 • j2wz 0(c 0e" + cf) 

where the s u b s c r i p t s denotes q u a n t i t i e s s i m i l a r to the 

ones d e f i n e d above but i n t h i s c a s e p e r t a i n i n g to the sample. 

On d i v i d i n g e q n { 3 . 2 ) by e q n ( 3 . 3 ) and s u b s t i t u t i n g f o r 

£ = £' - j £ " we have 

| r j / l t | exp J (es -ej = i+ ^z 0 c 0 r-+ j ^ z ^ + c, /g , , 4 ) 

' 1 + j2wz0c0(i • c f / g 

Expanding the l e f t - h a n d s i d e of the above equation and 

t r a n s p o s i n g r e s u l t s i n 

|rQ|/|rJ[cos(es-eQ) + j sin(es- e j ] [ i + j2ooz0c0d + c f / c 0 j ] 

= 1 + 2u)Z0Coe" + j 2 0 ) ^ 6 ' + Cf/C0) ( 3 . 5 ) 

Equating r e a l and imaginary p a r t s , s o l v i n g f o r £' and £" 

and s i m p l i f y i n g we o b t a i n 
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e' =J& j £ i [ u *C /C )eos2p ( t - t ) + s i n 2 | 3 l t s " t « 1 

I t IL ' 0 5 0 2u)Z 0 : 0 J 
(3.6) 

"IITIL 2 w Z f , f 0 

"0 -0 
( 3 . 7 ) 

where the phase c o n s t a n t (3 = 2TI/ Ag with as the 

guide wavelength; £ Q and £ s are r e s p e c t i v e l y the v o l t a g e 

standing-wave minima l o c a t i o n s with a i r and the sample as the 

d i e l e c t r i c . The phase angle of the r e f l e c t i o n c o e f f i c i e n t with 

a i r , 9 Q „ i s r e l a t e d to P and £ Q through the equation 

[ 3 . 8 ] 
0 = 2(3t - (2n + 1)TC 0.8) 

where the i n t e g e r n r e f e r s to the number of the standing-wave 

nodes i n f r o n t of the t e r m i n a l plane A - A. A s i m i l a r 

d e f i n i t i o n a p p l i e s to the phase angle of the r e f l e c t i o n 

c o e f f i c i e n t 9 S when the m a t e r i a l under t e s t i s i n t r o d u c e d 

i n t o the sample-holder. Once the d i e l e c t r i c c o n s t a n t and l o s s 

f a c t o r are known, the l o s s tangent and c o n d u c t i v i t y can be 

c a l c u l a t e d i n the u s u a l way. 

3.4 SAMPLE-HOLDER DESIGN AND CONSTRUCTION 

3.4.1 L i n e Parameters and C h a r a c t e r i s t i c Impedance 

The geometry of the c o a x i a l l i n e l e a d s to 

p a r t i c u l a r l y simple forms f o r the e l e c t r i c and magnetic f i e l d s . 
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For the TEM mode the 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 

the magnetic 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 the i n n e r conductor as i n d i c a t e d i n F i g . 3 . 3 . T h i s 

permits easy c a l c u l a t i o n s of the b a s i c l i n e parameters: the 

shunt c a p a c i t a n c e and conductance, which are determined by the 

l i n e geometry and the d i e l e c t r i c medium between the conductors, 

and t h e i r s e r i e s inductance and r e s i s t a n c e . At high frequency, 

when the s k i n e f f e c t i s important, c u r r e n t flow i s r e s t r i c t e d 

to the a d j a c e n t s u r f a c e s of the conductors and the magnetic 

f i e l d to the space between them. The dominant l i n e parameters, 

the inductance L and c a p a c i t a n c e C per un i t l.r-mgth of l i n e , 

which c o n t r o l i t s high frequency c h a r a c t e r i s t i c impedance, can 

e a s i l y be shown to be given by [^3.10, 3 . 1 l ] : 

L = l±ln(b/a) 0.9) 2Tt 
and 

C = 2Tie/£n(b/a) (3.10 

where £ r and |J r a r e r e s p e c t i v e l y the p e r m i t t i v i t y and 

p e r m e a b i l i t y of the medium f i l l i n g the space between the 

conductors. The high frequency r e s i s t a n c e of the conductors 

i s the r e s i s t a n c e of the a p p r o p r i a t e s u r f a c e l a y e r s , i . e . 

R = i 
2TC 

1,1 
a b 

( 3 . 1 1 ) 

where the e q u i v a l e n t s u r f a c e r e s i s t a n c e of the conductors i s 

given by R r 1/(J 5 with Q the c o n d u c t i v i t y and 6 

the s k i n depth of the conductor m a t e r i a l . As R i s 
s 
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p r o p o r t i o n a l to the square root of the frequency, the l i n e 

l o s s tends to be p r o p o r t i o n a l to -Jf . For a low l o s s l i n e 

R must be minimized. I t i s then necessary to make R 
s 

s m a l l and to choose l a r g e v a l u e s of the conductor diameters 

Q and b £ 3.9 ] . The c h a r a c t e r i s t i c impedance of a 

low l o s s l i n e can be c a l c u l a t e d from the v a l u e s of the 

d i s t r i b u t e d inductance and c a p a c i t a n c e using the equation 

C3.10 ] : 
Z 0 = /L/C = _L / i y e r £ n ( b / a ) < 

The sample-holder used i n t h i s work was c o n s t r u c t e d 

of b r a s s ; the e x t e r n a l diameter of the inn e r conductor Q was 

6.20 mrn wh i l e the i n t e r n a l diameter of the outer conductor b 

was 14.29 mm. Thi s gave a diameter r a t i o of 2.305 and would 

t h e o r e t i c a l l y y i e l d a c h a r a c t e r i s t i c impedance very c l o s e to 

50 ohms, Q 3.9 - 3 . 1 1 ] I Table 3.1. F i g . 3.4 shows the 

dominant l i n e parameters L and C and the c h a r a c t e r i s t i c 

impedance Z as a f u n c t i o n of the diameter r a t i o b / d . 

Table 3.1 50 ft C o a x i a l L i n e Conductor Diameters £ 3.12 ] 

14-mm l i n e 7-mm l i n e 
mm i n . mm i n . 

0.2756 Outer diameter of 
i n n e r conductor 14.2875 0.5625 7.000 

i n . 

0.2756 

In n e r diameter of 
ou t e r conductor 6.2041 0.24425 3.040 0.1197 
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The s i z e of the i n t e r n a l conductor o f the sample-holder 

chosen was a p p r o p r i a t e f o r most p r a c t i c a l s i t u a t i o n s s i n c e 

samples of t h i s c r o s s - s e c t i o n can be r e a d i l y obtained. This 

was a l s o c o n s i s t e n t w i t h minimizing the conductor l o s s e s 

mentioned e a r l i e r and f o r minimizing the e r r o r i n length 

measurements. Another advantage i n t h i s case was t h a t the 

main l i n e used had i d e n t i c a l diameter s i z e s , thus the 

a d d i t i o n a l problem a s s o c i a t e d with s t e p d i s c o n t i n u i t i e s when 

transforming to d i f f e r e n t conductor diameters 3 . 6 ] ] 

was avoided. 

3.4.2 I n n e r Conductor Supports 

For reasons of mechanical s t a b i l i t y and alignment, 

i t would be b e t t e r i n p r i n c i p l e to have some kind of support 

f o r the i n n e r conductor of the sample-holder. Fig.3.5 

i l l u s t r a t e s s c h e m a t i c a l l y some of the p o s s i b l e ways of 

supporting the i n n e r conductor w h i l e minimizing the r e f l e c t i o n s 

of the elect r o m a g n e t i c waves due to the supports themselves. 

The presence of such supports i n c r e a s e s the c h a r a c t e r i s t i c 

impedance a t the p o i n t s of support s i n c e the c a p a c i t a n c e per 

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

to keep the d i e l e c t r i c c o n s t a n t and l o s s e s of such supports as 

low as p o s s i b l e to minimize the r e f l e c t i o n s . Table 3.2 below 

l i s t s some of the p o t e n t i a l m a t e r i a l s f o r the inner conductor 

supports. 
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Fig. 3-5 Some ways of minimising reflections due to 

bead supports for the inner conductors of coaxial 

lines 
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(After references 3-10, 3-16, 3-17) 

Fig. 3-5 (Continued) 
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The e f f e c t of a s i n g l e support may be r e p r e s e n t e d 

by an e x t r a c a p a c i t a n c e a t t h a t p o i n t and i f i t s t h i c k n e s s 

d <g: \ we may say t h a t the c a p a c i t a n c e i s c o n c e n t r a t e d a t 

a p o i n t . Over a l i m i t e d frequency range t h i s e f f e c t may be 

c a n c e l l e d by i n c o r p o r a t i n g a shorted length of l i n e as shown 

i n F i g . 3 . 5 ( a ) . I n a d d i t i o n , where the s i t u a t i o n p e r m i t s , 

the e f f e c t of the support can be f u r t h e r reduced by p l a c i n g 

i t a t the node of a v o l t a g e standing-wave. For s m a l l v a l u e s 

of 2 TT >/e d / \ where £ i s the d i e l e c t r i c c o n s t a n t of the 

supporting m a t e r i a l the r e f l e c t i o n F introduced by the 

support i s g i v e n by []3.16 ] : 

r = - j (£ - 1} T C d / X g ( 3 . i 3 ) 

Another way of minimizing the r e f l e c t i o n s introduced by the 

supporting beads w h i l e m a i n t a i n i n g a c o n s t a n t c h a r a c t e r i s t i c 

impedance i s to use undercut beads as i l l u s t r a t e d i n Fig.3.5 

( b ) . To a c h i e v e t h i s the o u t e r r a d i u s of the i n n e r conductor 

should be reduced to a v a l u e r given by the e x p r e s s i o n 

C 3.16, 3.17 ] 

2r (3.14) 

I f i t becomes necessary to support the i n n e r conductor with 

more than one bead, as i n F i g . 3 . 5 ( c ) , then these beads 

should be placed a d i s t a n c e t apart, [ \ j . l 6 , 3. 17 ] .such 

t h a t : 

file:///j.l6


50 

I = t a n 
2TT 

-1 i£_ 

1 + £ 

c o t 2 T C v / e d 
X 

(3.15) 

A l t e r n a t i v e l y i f C i s the c a p a c i t a n c e due to one support 

I t i s a l s o p o s s i b l e to m a i n t a i n the c h a r a c t e r i s t i c impedance 

c o n s t a n t a t the p o i n t s where the supports a r e pl a c e d by 

making the o u t e r conductor s l i g h t l y l a r g e r a t those p o i n t s 

quarter-wavelength s t u b as i l l u s t r a t e d i n F i g . 3 . 5 ( d ) . 

T h i s produces low r e f l e c t i o n s i n a narrow frequency range. 

A l t e r n a t i v e l y , the s t u b support can be made h a l f a wavelength 

long so t h a t the t r a n s f o r m a t i o n r a t i o i n a l i m i t e d frequency 

range i s independent of the c h a r a c t e r i s t i c impedance. 

Some of the schemes l i k e those d e s c r i b e d above 

have been c o n s i d e r e d , n e v e r t h e l e s s problems remained which 

were 

( i ) schemes (a) and (d) were found s u i t a b l e only 

f o r a l i m i t e d frequency range 

( i i ) supports l i k e those shown i n F i g . 3 . 5 ( c ) were 

the d i s t a n c e t may be expressed as C 3.17 ] 

2 T X £ 2 Z t a n ou C X 
(3.16) 

[^3.6 ] . The i n n e r conductor may a l s o be supported by a 

in c o n v e n i e n t as the s e p a r a t i o n can be very 

long a t lower f r e q u e n c i e s and i t has to be 
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continuously adjusted f o r d i f f e r e n t frequencies 

( i i i ) The problems i n m a i n t a i n i n g a uniform c r o s s - s e c t i o n , 

s t r a i g h t edges over a long length of c o a x i a l sample-

holder and the mechanism f o r moving the bead 

supports smoothly along i t presents considerable 

d i f f i c u l t i e s and could not be overcome s a t i s f a c t o r i l y . 

I n i t i a l l y the scheme i l l u s t r a t e d i n Pig.3 „5(b) was adopted 

and t e s t s i n d i c a t e d t h a t the r e s i d u a l VSWR values (see l a t e r ) 

of the sample-holder were s t i l l q u i t e high, A combination of 

undercut and overcut beads gave an improvement although the 

r e s i d u a l VSWR values could s t i l l be reduced; the i n a b i l i t y 

o f minimizing the VSWR values very much f u r t h e r might 

a c t u a l l y be an i n h e r e n t l i m i t a t i o n C 3 . 1 8 ] of t h i s k i n d o f 

bead support i t s e l f . By t r i a l and e r r o r a l i n e s e c t i o n about 

10 cm long was found t o be s u i t a b l e . Nevertheless, two i n n e r 

conductor supports o f the overcut and undercut type machined 

from p o l y t e t r a f l u o r o e t h y l e n e ( t r a d e name Teflon) were used 

and modified by t r i a l t o produce lower r e f l e c t i o n s . 

Commercial 14-mm l i n e supports were a c t u a l l y i n c o r p o r a t e d 

i n t o the sample-holder as they were compensated [ ^ 3 . 1 8 , 3.19 ~} . 

The f i n a l working c o n s t r u c t i o n i s shown i n F i g . 3 . 6 , the 

various p a r t s l a b e l l e d beings 

A and E s f i x e d sections of inner conductor 

B : removable p o r t i o n of inner conductor 

C s t h i n - w a l l e d s l i d i n g tube 
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D : compression s p r i n g 

F s r e t a i n i n g r i n g 

G • l i n k i n g annulus 

H • Teflon bead support 

I and J s GR 874 connector s e t . 

One p o r t i o n of the i n n e r conductor, s e c t i o n B, i s removable 

t o f a c i l i t a t e the loading and unloading of the compression 

s p r i n g . Access t o the i n n e r conductor gap i s v i a a window, 

approximately 3 . 5 cm by 1 2 0 ° o f arc , on the o u t e r 

conductor. When the sample-holder i s i n use a s l i d i n g 

c l o s e - f i t t i n g r i n g clamps the cover of the access window 

onto the o u t e r conductor. 

3 . 5 SAMPLE-HOLDER VSWR AND CALIBRATION 

The block diagram o f the measurement set-up i s 

very s i m i l a r t o the conventional arrangement o f measuring 

VSWR's as shown i n F i g . 2 . 6 , except t h a t i n place o f the 

s h o r t - c i r c u i t i s a matched t e r m i n a t i o n (GR 874 WN was used 

here ) . The o v e r a l l performance of the sample-holder may be 

given i n terms of the r e s i d u a l VSWR, By t h i s i s meant 

the VSWR values obtained when the i n n e r conductor gap i s 

closed ( o r a dummy metal piece of s i m i l a r c r o s s - s e c t i o n as 

the i n n e r conductor i n s e r t e d i n t o the gap) and the sample-

holder terminated w i t h a matching load. I n view o f the f a c t 

t h a t the l i n e losses increase w i t h i n c r e a s i n g frequency 

[ 3 . 9 ] and t h a t most general purpose commercial components 
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have r e s i d u a l VSWR values of the order 1 . 0 5 i n the 1 -

10 GHz range o f frequencies, a requirement l e v e l of 

re s i d u a l VSWR of about 1 . 0 5 t o 1 . 1 5 from about 500 

MHz t o 10 GHz was assumed to be s u f f i c i e n t l y s u i t a b l e . 

S i l v e r c o a t i n g o f the surfaces bounding the electromagnetic 

f i e l d was found t o g i v e only marginal improvements i n the 

r e s i d u a l VSWR's. Hence i n the f i n a l sample-holder the 

i n t e r n a l surfaces were not s i l v e r coated but were simply 

p o l i s h e d t o a smooth shiny f i n i s h . Measured values o f the 

r e s i d u a l VSWR are compared w i t h the requirement l e v e l i n 

F i g . 3 . 7 . 

The v a r i a t i o n s of the VSWR of the empty sample-

holder ( a i r d i e l e c t r i c ) w i t h a i r capacitance C q (or gap 

spacing) f o r various frequencies are shown i n f i g . 3 . 8 . 

With the s p r i n g unloaded the gap spacing was se t to a 

p a r t i c u l a r value by means of a feeler-gauge. This was c a r r i e d 

out s l o w l y , t o a l l o w s u f f i c i e n t time f o r a i r t o get i n t o o r 

out o f the c l o s e - f i t t i n g s l i d i n g tube C, i n order t o ensure 

t h a t the gap was s e t t o the c o r r e c t spacing. For a p a r t i c u l a r 

gap spacing and frequency the measured value i s compared w i t h 

the c a l c u l a t e d ones, as shown i n F i g . 3 . 8 . This serves both 

as a check against the approximations assumed i n the 

c a l c u l a t i o n s of the r e f l e c t i o n c o e f f i c i e n t s and as a 

c a l i b r a t i o n f o r l a t e r c a l c u l a t i o n s of £' and £" . I t w i l l 

be observed t h a t f o r the lower frequencies considerable 

d e v i a t i o n s between 5 and 10 from the c a l c u l a t e d values 
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occur f o r gap spacings greater than about 0.8 mm, (C 

•^j 0.35 pF). For smaller gap spacings corresponding t o 

a i r capacitances C q 0.35 pF, the measured VSWR's 

can be said to be i n s a t i s f a c t o r y agreement w i t h the 

c a l c u l a t e d values. 

3.6 COMMENTS AND CONCLUSIONS 

Equations r e l a t i n g the d i e l e c t r i c constant and 

loss f a c t o r t o the r a t i o o f r e f l e c t i o n c o e f f i c i e n t magnitudes 

and the d i f f e r e n c e i n t h e i r phase angles w i t h and wi t h o u t the 

sample were derived on c e r t a i n assumptions. Thus 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 can be found from 

measurements on a di s c sample placed w i t h i n a gap i n the 

inner conductor of a sample-holder. Various geometries of 

the sample-holder and schemes of supporting the inner conductor 

were s t u d i e d . The c r i t e r i a f o r a s u i t a b l e sample-holder were 

f i r s t l y t h a t i t should provide coverage over a wide frequency 

range so as t o take advantage of a s i m i l a r f e a t u r e of c o a x i a l 

l i n e s and secondly, t h a t the c h a r a c t e r i s t i c impedance should 

remain w i t h i n a c e r t a i n l e v e l i n the e n t i r e frequency range. 

A sample-holder which met these requirements was 

s a t i s f a c t o r i l y constructed p a r t l y using commercially 

a v a i l a b l e connectors and bead supports. This considerably 

reduced the problems associated w i t h c o a x i a l l i n e 

d i s c o n t i n u i t i e s due to geometrical f a c t o r s and was also 

compatible w i t h the e x i s t i n g l i n e c r o s s - s e c t i o n a l dimensions. 
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However, due to i n c r e a s i n g l i n e losses i n general and the 

losses due t o connectors a t higher frequencies, the r e s i d u a l 

VSWR value was found t o exceed the requirement l e v e l above 

about 8 GHz. The VSWR p l o t s i l l u s t r a t e d i n Fig.3.8 

i n d i c a t e t h a t s u i t a b l e values of the gap spacing can be 

chosen so as to lower the VSWR. 
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CHAPTER 4 
THE COAXIAL LINE RESONANCE METHOD 

4.1 INTRODUCTION 

The matched t e r m i n a t i o n method described i n the 

l a s t chapter i n d i c a t e s t h a t the high frequency l i m i t up t o 

which the method may be employed i s about 3 GHz since a t 

t h i s frequency the VSWR before a d i e l e c t r i c i s introduced 

i n t o the sample-holder i s o f the order of 10. When a 

sample i s i n s e r t e d i n t o the sample-holder the VSWR would 

then drop t o a value close t o between one and two thus 

i n c r e a s i n g the u n c e r t a i n t y i n the l o c a t i o n s o f the vo l t a g e 

standing-wave minima. An increase i n the VSWR value such 

t h a t i t can be measured a c c u r a t e l y w h i l e a t the same time 

not s a c r i f i c i n g the accuracy i n l o c a t i n g the standing-wave 

minima, w i t h and w i t h o u t the sample, may be achieved i f the 

50 ohm t e r m i n a t i o n i s reduced t o a lower value, say 20 ohms. 

This would then extend the usefulness o f the method t o a 

higher frequency l i m i t . Nevertheless, the c a l c u l a t i o n s of 

£.' and Z" become complicated [ see equations (3.2) 

and (3.3) ] and cannot be solved i n a s t r a i g h t f o r w a r d 

manner as cross products o f £' and £." appear i m p l i c i t l y 

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

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

some small i n d u c t i v e o r c a p a c i t i v e e f f e c t s a t the high 

frequencies [_ 4.1, 4.2 3 . 



59 

4.2 GENERAL PRINCIPLE 

An a l t e r n a t i v e way t o overcome the shortcomings 

mentioned above i s t o use a pu r e l y r e a c t i v e t e r m i n a t i o n 

i n s t e a d o f a r e s i s t i v e one. A whole range of continu o u s l y 

v a r i a b l e r e a c t i v e load i n a c o a x i a l l i n e system can be 

provided by a stub tuner [[4.3 ] . I n t h i s case the stub 

tuner can be adjusted so as to cancel the r e a c t i v e component 

o f the impedance due t o the d i e l e c t r i c when i t i s placed i n 

the sample-holder. The r e s u l t i n g p u r e l y r e s i s t i v e impedance 

seen a t the i n p u t t e r m i n a l o f the sample-holder can then be 

used t o c a l c u l a t e the d i e l e c t r i c l o s s o f the sample. The 

same sample-holder used i n the matched t e r m i n a t i o n method 

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

4.3 THEORY OF THE METHOD 

When a v a r i a b l e r e a c t i v e load i s connected t o the 

output t e r m i n a l o f the sample-holder, the equ i v a l e n t c i r c u i t 

may be given as i n Fig.4.1. Let the impedance due to the 

sample be 

1 z = 
j u > c o e * 

1 e" - j e ' 

ju )C o (e ' - j e " ) " 0)C o (e ' 2 + e" 2) 

where the symbols have t h e i r usual meanings, when the 

v a r i a b l e r e a c t i v e t e r m i n a t i o n i s adjusted such t h a t i t 

(4.1) 
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ca n c e l l s o f f the r e a c t i v e component due to the sample, the 

r e s u l t a n t impedance l o o k i n g i n t o the i n p u t t e r m i n a l o f the 

sample-holder would be pu r e l y r e s i s t i v e and a t i t s minimum 

value. This r e s u l t s i n a resonance c o n d i t i o n and w i l l 

produce a maximum value o f the VSWR detected on the 

s l o t t e d - l i n e s e c t i o n . I f we w r i t e the impedance due t o the 

sample i n the form R + jX , then a t the resonance c o n d i t i o n 

when X i s cancelled o f f , the net impedance w i l l be j u s t R. 

Thus we may w r i t e 

R = (4.2) 
U )C 0 (£ ' 2 + £" 2) 

Since the loss f a c t o r i s r e l a t e d t o the loss tangent through 

the r e l a t i o n z" = E'tan 6 , on s u b s t i t u t i n g t h i s i n t o 

the above equation we have 

D tan 6 
R = ~— (4.3) 

wC o e'(1 + t a n 2 6) 

Therefore 

U)RC0£'tan26 - t a n 6 + cuRC 0£' = 0 ( 4 . 4 ) 

Since the frequency, a i r capacitance, d i e l e c t r i c constant 

and re s i s t a n c e R are a l l r e a l p o s i t i v e q u a n t i t i e s , the 

p r a c t i c a l s o l u t i o n of equation (4.4) can be shown t o be 

t a n 6 = A - / A 2 - 1 (4.5) 
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s u b j e c t t o the c o n d i t i o n A ^ + 1 ( f o r s i m i l a r reasons 

as above), where 

A = ]- j (4. 
2(JORC 06' 

A pur e l y r e s i s t i v e impedance f a l l s on the r e a l 

a x is o f the Smith c h a r t £ 4.4] and the normalized value of 

R i s then given by the r e c i p r o c a l o f the VSWR a t the 

resonance c o n d i t i o n ; hence R = Z / VSWR. I n p r a c t i c e 
o 

there w i l l be a small resistance associated w i t h the 

connector o f the r e a c t i v e load. The value o f R would then 

include t h i s resistance i n a d d i t i o n to the r e s i s t i v e 

component of the impedance due t o the sample. An estimate 

o f the r e s i s t a n c e due t o the connector can be made by 

measuring the VSWR a t the resonance c o n d i t i o n w i t h o u t the 

sample. Assuming t h a t t h i s r e s i s t a n c e i s i n s e r i e s w i t h the 

r e s i s t i v e p a r t o f the impedance due t o the sample, the 

l a t t e r can be found from the d i f f e r e n c e o f the resistances 

w i t h and w i t h o u t the sample. 

4.4 EFFECTS OF SAMPLE-HOLDER LOSSES 

Since the resistance a t the resonance c o n d i t i o n 

i s given by the expression R = Z / VSWR , i f we l e t the VSWR 

at the resonant c o n d i t i o n w i t h and w i t h o u t the sample be S 
* s 

and S r e s p e c t i v e l y , the net resistance due t o the sample i s 
a 

then 
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1 1 (4.7) 

Equation ( 4 . 3 ) can be w r i t t e n as; 

u>C 0e'(1 + t a n 2 5 ) 

tan 6 (4.8) 

S u b s t i t u t i n g = 2TTf and rearranging we o b t a i n : 

Constant, f C e' 
o 

1 + t a n 2 6 > 
tan 6 

1 
( 4 . 9 ) 

P l o t s of the f u n c t i o n on the right-hand side o f the above 

equation against the loss tangent f o r various values o f 

fC £' are given i n F i g . 4 . 2 . A proper s e l e c t i o n o f the 

holder can be made so as t o lower the VSWR values when 

the d i e l e c t r i c i s i n s e r t e d i n t o the sample-holder. 

l i n e losses are s i g n i f i c a n t , the VSWR a t resonance w i t h o u t 

the sample would be f i n i t e . This can a c t u a l l y be 

advantageous i f i t s value i s not too close t o t h a t when the 

m a t e r i a l under t e s t i s i n s e r t e d i n t o the sample-holder. F i g . 

4 . 3 i l l u s t r a t e s the v a r i a t i o n of the VSWR of the sample 

a t resonance f o r cases when the VSWR of the empty sample-

holder, under a s i m i l a r c o n d i t i o n , are f i n i t e , together 

w i t h the i d e a l l o s s l e s s case when the VSWR, S , i s i n f i n i t e . 

o 
values of fC £.' 

o 
and the capacitance o f the empty sample-

When the r e s i s t a n c e due t o the connectors and 

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

one assumes t h a t t h e VSWR o f t h e empty s a m p l e - h o l d e r a t 

t h e resonance c o n d i t i o n i s i n f i n i t e , even when i t s v a l u e i s 

as l a r g e as /v 10,000. For example, assuming an i d e a l 

s i t u a t i o n t h e r e s i s t a n c e o f t h e sample i s say 0.0 5 ohms, 

c o r r e s p o n d i n g t o a VSWR o f 1000. I f t h e VSWR v a l u e a t 

t h e r e s o n a n t c o n d i t i o n w i t h o u t t h e sample i s a c t u a l l y 10,000, 

t h i s would have meant t h a t t h e t r u e r e s i s t a n c e o f t h e sample 

i s 0.045 ohms ; t h e e r r o r i n assuming an i n f i n i t e VSWR 

w i t h o u t t h e sample would amount t o /v/ 10 % . P l o t s s i m i l a r 

t o t h o s e g i v e n i n Fig.4.3 may a l s o be used as c a l i b r a t i o n 

c u r v e s . I f t h e VSWR a t resonance w i t h o u t t h e sample i n t h e 

h o l d e r becomes t o o h i g h , hence t h e u s u a l d i f f i c u l t i e s i n 

measurements, a known s t a n d a r d sample - f o r example q u a r t z 

o r p o l y t e t r a f l u o r o e t h y l e n e (PTFE) - may be used f o r 

c o m p a r i s o n , i n wh i c h case a p p r o p r i a t e a d j u s t m e n t s must be 

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

under t e s t . 

4.5 DISCUSSION 

A c o a x i a l l i n e resonance method o f m e a s u r i n g t h e 

l o s s t a n g e n t o f a m a t e r i a l w i t h c o r r e c t i o n s f o r l o s s e s due t o 

t h e c o n n e c t o r o f a v a r i a b l e r e a c t i v e l o a d has been s u g g e s t e d . 

S i n c e t h i s method uses t h e same s a m p l e - h o l d e r as t h e matched 

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

and l i q u i d s . As l o n g as t h e VSWR v a l u e s a t resonance w i t h 
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and w i t h o u t t h e sample a r e n o t t o o c l o s e t h e method i s 

a p p a r e n t l y n o t r e s t r i c t e d t o any s p e c i f i c degree o f l o s s . 

I n a d d i t i o n , i f i d e n t i c a l g e o m e t r i c a l c o n d i t i o n s can be 

met t h e method l e n d s i t s e l f t o a comparison t y p e o f 

measurement u s i n g known samples as t h e s t a n d a r d . 
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CHAPTER 5 

ASSESSMENT OP METHODS 

5.1 INTRODUCTION 

E x p e r i m e n t a l e v a l u a t i o n o f t h e measurement methods 

d e s c r i b e d i n Chapters 3 and 4 may be r e a d i l y c a r r i e d o u t 

u s i n g l i q u i d s s i n c e t h e a i r c a p a c i t a n c e o f t h e empty sample-

h o l d e r C^ can be c o n v e n i e n t l y s e t t o any s u i t a b l e v a l u e by 

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

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

chemica l p r o p e r t i e s , f o r example, t h e i r s u r f a c e t e n s i o n s and 

v i s c o s i t i e s s h o u l d a l l o w them t o be e a s i l y p l a c e d i n t o the 

in n e r c o n d u c t o r of t h e c o a x i a l sample-hoLder; and, of c o u r s e , 

t h e y s h o u l d na>t r e a c t w i t h t h e m e t a l l i c c o n d u c t o r s . S i m i l a r l y , 

an assessment o f t h e methods u s i n g known o r s t a n d a r d s o l i d s 

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

d i s c s machined f r o m t h e b u l k . There i s , however, a l a c k 

o f f l e x i b i l i t y w i t h r e g a r d tothe t h i c k n e s s o f s o l i d samples i n 

comparison t o t h e l i q u i d s whose thickness can be continuously varied. 

5.2 MEASUREMENTS OF KNOWN MATERIALS 

5.2.1 LIQUID SAMPLES 

5.2.1.1 Matched T e r m i n a t i o n Method 

(:hlorobenzene ( o f c h e m i c a l f o r m u l a C,H C l ) was 

* Chemical laboratory grade 
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chosen f o r t h e assessment o f measurements on l i q u i d s s i n c e 

i t met t h e p h y s i c a l and c h e m i c a l p r o p e r t y r e q u i r e m e n t s . Among 

o t h e r f a c t o r s t a k e n i n t o c o n s i d e r a t i o n were t h a t i t s p u r e 

form has been recommended as a s t a n d a r d c a l i b r a t i o n l i q u i d 

Q5.1 - 5.3 ] and i t s e f f e c t s on c o n t a c t w i t h t h e s k i n were 

w i t h i n t h e s a f e t y l i m i t s [ ] 5 . 4 , 5.5]] . Measurements u s i n g 

t h i s method were made between 500 MHz and 3 GHz . The 

l i q u i d t o be measured was c a r e f u l l y p l a c e d i n t o t h e sample-

h o l d e r by means o f a f i n e - t i p p e d d r o p p e r , c a r e b e i n g t a k e n t o 

wi p e o f f excess l i q u i d t h a t smeared o t h e r p a r t s o f t h e i n n e r 

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

t e n s i o n , t h e gap s p a c i n g was chosen such t h a t t h e w e i g h t o f 

t h e l i q u i d was o b s e r v e d n o t t o d i s t o r t i t s shape. A v a l u e 

between about 0.50 mm and 0.80 mm was f o u n d s u i t a b l e } t h i s 

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

0.54 pF and 0.36 pF. A l t h o u g h a s m a l l e r gap s p a c i n g was 

d e s i r a b l e i n o r d e r t o reduce t h e f r i n g i n g - f i e l d e f f e c t s , t h i s 

was f o u n d more d i f f i c u l t t o s e t a c c u r a t e l y and i n s e r t i o n o f 

t h e sample was t i m e consuming ( t h i s was i n v i e w o f t h e f a c t 

t h a t c h l o r o b e n z e n e was r a t h e r v o l a t i l e ) . 

The VSWR o f t h e empty s a m p l e - h o l d e r was e i t h e r 

r e a d o f f t h e c a l i b r a t i o n c u r v e s i n Fig.3.8 o r s e p a r a t e l y 

measured i f i t was n o t g i v e n t h e r e . P o s i t i o n s o f t h e v o l t a g e 

s t a n d i n g - w a v e minima were l o c a t e d on t h e s l o t t e d c o a x i a l l i n e 

by t h e pr o c e s s o f b r a c k e t t i n g ( s e c t i o n 2.4.2) j t h i s was 

e s p e c i a l l y e s s e n t i a l when measurements w i t h t h e l i q u i d s were 



68 

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

wave minima s h i f t and t h e VSWR v a l u e s w i t h and w i t h o u t t h e 

l i q u i d i n t h e s a m p l e - h o l d e r were t h e n used t o c a l c u l a t e t h e 

r e a l and i m a g i n a r y components o f t h e r e l a t i v e p e r m i t t i v i t y 

f r o m e q u a t i o n s (3.6) and ( 3 . 7 ) . Fig.5.1 shows t h e VSWR 

v a l u e s w i t h and w i t h o u t p u r e c h l o r o b e n z e n e f o r an empty sample-

h o l d e r c a p a c i t a n c e o f 0.45 pF i n t h e f r e q u e n c y range 

i n v e s t i g a t e d . I n Tabl e 5.1 t h e v a l u e s o f £' and £" 

averaged o v e r empty s a m p l e - h o l d e r c a p a c i t a n c e s o f 0.38, 0.45 

and 0.54 pF a r e compared w i t h t h o s e f r o m t h e l i t e r a t u r e . 

These averaged v a l u e s a r e p l o t t e d o v e r t h e f r e q u e n c y range o f 

Table 5.1 Complex P e r m i t t i v i t y o f Chlorobenzene Determined 
by t h e Matched T e r m i n a t i o n Method (iH 20°C) 

Matched T e r m i n a t i o n Method L i t e r a t u r e v a l u e s 

f (GHz) £" f(GHz) £' e" References 

0.5 5.65 0.1122 0.5 5.72 0.158 5.1, 5.3 
(20°C) 

1.0 5.51 0.2127 

1.5 5. 50 0.3029 0.4 5.58 0.0 762 
5.6 

2.0 5.45 0.400 5 1.0 5.55 0.146 
(23°C) 

2.4 5.48 0.4800 3.0 5.48 0.653 

measurements i n F i g . 5 . 2 . A p l o t i l l u s t r a t i n g maximum 

d i f f e r e n c e s i n t h e phase a n g l e s 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 s 

w i t h and w i t h o u t t h e sample t o g e t h e r w i t h t h e r a t i o o f 
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r e f l e c t i o n c o e f f i c i e n t magnitudes a r e shown i n Fig.5.3 f o r 

the c a s e C - 0.45 pF. o 

5.2.1.2 C o a x i a l L i n e Resonance Method 

With t h i s method of measurement the frequency 

range covered was much wider (from 500 MHz up to about 8 

GHz). Chlorobenzene was again found s u i t a b l e and, i n a d d i t i o n , 

a mixture of 10.6 molar p e r c e n t of chlorobenzene i n 

cyclohexane ( C ^ H ^ ) was used. I n t h i s method sample 

t h i c k n e s s e s ranged from 0.50 mm up to 0.80 mm. P l o t s of 

the maximum VSWR v a l u e s a t resonance i n the frequency range 

500 MHz up to 7.2 GHz are given i n Fig . 5 . 4 . The d i e l e c t r i c 

c o n s t a n t s r e q u i r e d f o r the l o s s tangent c a l c u l a t i o n s were 

taken from the matched t e r m i n a t i o n measurements and from the 

s h o r t - c i r c u i t method, together w i t h those from the l i t e r a t u r e 

[5.6, 5.7 ] . The measured v a l u e s of the l o s s tangents a r e 

compared w i t h those from v a r i o u s s o u r c e s i n Table 5.2 below. 

Table 5.2 l o s s Tangents of Chlorobenzene Determined from 

the C o a x i a l L i n e Resonance Method ( c£ 20°C) 

C o a x i a l Resonance Method L i t e r a t u r e v a l u e s 

f (GHz) tan 6 f (GHz) tan 6 References 

0.5 0.0148 0.5 0.0276 5.1, 5.3 
(20°C) 

1.0 0.0278 1.0 0,0264 

2.0 0.0638 3.0 0.1182 
5.6 

(23°C) 

5.0 0.1974 5.0 0.2028 

7.2 0.2860 7.52 0.2680 
5.8 

(22°C) 
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V a r i a t i o n s o f t h e l o s s t a n g e n t s o f t h e p u r e c h l o r o b e n z e n e and 

the 10.6 p e r c e n t c h l o r o b e n z e n e s o l u t i o n i n c y c l o h e x a n e w i t h 

f r e q u e n c y are p l o t t e d i n F i g . 5 . 5 . 

The c o a x i a l resonance method o f d e t e r m i n i n g t h e 

l o s s t a n g e n t was a l s o e v a l u a t e d u s i n g a r e l a t i v e l y h i g h 

d i e l e c t r i c c o n s t a n t l i q u i d - p u r e w a t e r . E x p e r i m e n t a l d a t a 

f o r p u r e w a t e r a r e known t o f i t w e l l [ 5 . 1 0 - 5.16 ] t h e 

Cole - C o l e e q u a t i o n [ 5 . 1 7 ] ; 

£ = e : + K - e l 
1 + ( j U ) T ) 

1 - a 
(5.1) 

where £^ and £ ^ a r e t h e s t a t i c and h i g h f r e q u e n c y d i e l e c t r i c 

c o n s t a n t s r e s p e c t i v e l y , T t h e r e l a x a t i o n t i m e and (X t h e 

r e l a x a t i o n t i m e s p r e a d p a r a m e t e r . A f t e r n o r m a l i z a t i o n one can 

r e a d i l y show from e q u a t i o n (5.1) t h a t : 

£' = £ / + ( g ; - E p [ l + (a jT) 1 - a sin(oar /2 )1 
L1 - a ,2(1-a) 1 + 2(u)T) sinkxTi/2) + (an Y 

Table 5.3 l i s t s some d i e l e c t r i c q u a n t i t i e s f o r p u r e w a t e r a t 

(5.2) 

T a b l e 5.3 Quoted D i e l e c t r i c Data f o r Pure Water (20 C) 

y u a n t i t y V a l u e 

S t a t i c d i e l e c t r i c c o n s t a n t , £' 
' s 

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

R e l a x a t i o n t i m e c o n s t a n t , T 

R e l a x a t i o n t i m e s p r e a d p a r a m e t e r , CX 

80.4 

4.42 
-12 

9.3 x 10 s 

0.013 

* freshly dist i l led water 
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20°C t a k e n from v a r i o u s s o u r c e s [ see f o r example, 5.13 -

5.16 ] . Together w i t h t h e e x p e r i m e n t a l d a t a i n T a b l e 5.3, 

e q u a t i o n (5.2) was used t o p r o v i d e the d i e l e c t r i c c o n s t a n t 

v a l u e s a t the measurement f r e q u e n c i e s shown i n Table 5.4 

below. Values o f t h e VSWR a t resonance f o r samples o f 

Table 5.4 D i e l e c t r i c C o n s t a n t o f Pure Water Used For 

t h e Loss Tangent D e t e r m i n a t i o n (20 C) 

l' requency D i e l e c t r i c Frequency D i e l e c t r i c 
f(GHz) c o n s t a n t f(GHz) c o n s t a n t 

0.8 80.0 2.4 78.5 

0.9 79.9 3.7 76.4 

1.0 79.8 4.0 75.8 

1.2 79.7 5.0 73.7 

1.5 79. 5 6.0 71.3 

1.8 79.2 7.2 68. 2 

2.0 78.9 

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

c a p a c i t a n c e s a r e p l o t t e d i n Fig.5.6 t o r t h e f r e q u e n c y 

range g i v e n i n Table 5.4. I n Table 5.5 t h e measured 

l o s s t a n g e n t v a l u e s a r e compared w i t h those f r o m t h e 

l i t e r a t u r e . The averaged v a l u e s o f t a n 6 c a l c u l a t e d 

from t h e measured VSWR v a l u e s i n Fig.5.6 a r e p l o t t e d 

a gainst; f r e q u e n c y i n F i g . 5. 7. 
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T a b l e 5.5 l o s s Tangent o f Pure Water Determined from 
th e C o a x i a l L i n e Resonance Method ( c± 20°) 

C o a x i a l Resonance Method L i t e r a t u r e v a l u e s 

f (GHz) t a n 6 f (GHz) t a n 5 References 

1.0 0.0 586 1.0 0.0556 5.18 (20°C) 

2.0 0.1154 2.0 0.1040 5.20 (23°C) 

3.7 0.2113 3.65 0.2045 5.12 (20°C) 

4.0 0.2289 4.0 0.2212 5.18 (20°C) 

7.2 0.4031 7.95 0.3810 5.14 (25°C) 

5.2.2 SOLID SAMPLES 

5.2.2.1 Matched T e r m i n a t i o n Method 

E x p e r i m e n t a l e v a l u a t i o n o f t h i s method f o r s o l i d s 

was c a r r i e d o u t u s i n g samples machined f r o m t h e b u l k m a t e r i a l . 

C i r c u l a r d i s c s o f p o l y m e t h y l m e t h a c r y l a t e (PMMA) about 6.5 

mm i n d i a m e t e r and o f v a r i o u s t h i c k n e s s e s were used. 

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

the case o f t h e l i q u i d samples,, e x c e p t t h a t i n t h i s case t h e 

i n n e r c o n d u c t o r was s p r i n g l o a d e d when measurements w i t h t h e 

s o l i d samples were b e i n g t a k e n . The average v a l u e 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 l o s s t a n g e n t f r o m 500 MHz up t o 2 

GHz a r e g i v e n i n Tab l e 5.6 below. These may be compared 

w i t h t h e l i t e r a t u r e v a l u e s o f 2.59 - 2.60 f o r t h e d i e l e c t r i c 
-3 -3 

c o n s t a n t and 5.7 x 10 - 6.7 x 10 f o r t h e l o s s t a n g e n t 
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between 100 MHz and 10 GHz [ 5 . 2 1 , 5.22 ] . 

T a b l e 5.6 The D i e l e c t r i c C o n s t a n t and Loss Tangent o f PMMA 

Measured by t h e Matched T e r m i n a t i o n Method 

Frequency D i e l e c t r i c Loss t a n g e n t 

f (GHz) c o n s t a n t t a n 6 x 10^ 

0.5 2.59 5.67 

0.6 2.58 5.21 

0.7 2.58 5.26 

0.8 2.60 5.48 

0.9 2.62 4.94 

1.0 2.63 5.87 

1.2 2.60 5.58 

1.5 2.55 5.08 

2.0 2.58 5.64 

5.2.2.2 C o a x i a l L i n e Resonance Method 

The PMMA samples above were a l s o used i n t h e 

c o a x i a l l i n e resonance method o f d e t e r m i n i n g t h e l o s s t a n g e n t . 

A t y p i c a l c u r v e o f t h e v a r i a t i o n o f t h e VSWR a l o n g t h e 

s l o t t e d c o a x i a l l i n e when t h e r e a c t i v e l o a d was c o n t i n u o u s l y 

v a r i e d , f o r an empty s a m p l e - h o l d e r c a p a c i t a n c e o f 0.32 pF 

a t a f r e q u e n c y o f 2 GHz, i s i l l u s t r a t e d i n F i g . 5 . 8 . I n 

t h i s i n s t a n c e t h e maximum v a l u e o f t h e VSWR was abo u t 93 
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Fig.5-8 Resonance peak for a PMMA sample at 2 GHz 
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g i v i n g a l o s s t a n g e n t v a l u e o f 5.73 x 10 . Sinc e t h e h i g h 

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

s c a r c e and f a r between t h o s e f r o m 1 MHz t o 138 GHz 

[_ 5„21 - 5.23] have been p l o t t e d o u t s e p a r a t e l y . The v a l u e s 

d e t e r m i n e d by t h i s method a r e t h e n compared w i t h t h e 

l i t e r a t u r e v a l u e s i n t h e h i g h f r e q u e n c y r e g i o n , Fig.5.9. 

5.3 COMMENTS AND CONCLUSIONS 

The matched t e r m i n a t i o n and c o a x i a l resonance 

methods o f mea s u r 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 d e s c r i b e d i n 

c h a p t e r s 3 and 4 have been a p p l i e d t o known s o l i d and 

l i q u i d samples. I t was f o u n d t h a t t h e f i r s t method was 

a p p l i c a b l e t o t h e f r e q u e n c y range f r o m 500 MHz up t o about 

3 GHz, w h i l e t h e second method c o u l d be used up t o about 

8 GHz. The o n s e t o f h i g h e r o r d e r modes (~9.3 GHz) f o r 14-

mm c o a x i a l l i n e s [_ 3.10, 3 . 1 2 ] and t h e v a l i d i t y o f lumped 

c i r c u i t element r e p r e s e n t a t i o n s when t h e sample t h i c k n e s s 

becomes comparable t o t h e w a v e l e n g t h s e t t h e upper f r e q u e n c y 

l i m i t o f measurement i n t h e second case. I n p r a c t i c e , when 

t h e r e was no m a t e r i a l i n t h e s a m p l e - h o l d e r t h e VSWR was 

fo u n d t o be v e r y h i g h and t h u s assumed i n f i n i t e such t h a t t h e 

r e s i s t a n c e c o u l d be t a k e n t o be z e r o i n comparison t o t h e 

s i t u a t i o n s w i t h c h l o r o b e n z e n e , w a t e r and t h e PMMA samples. 

N e v e r t h e l e s s , t h i s VSWR was e s t i m a t e d f r o m measurements on 

d i f f e r e n t t h i c k n e s s e s o f PMMA samples t o be o f t h e o r d e r o f 

l'jOOO. T h i s has o n e g l i g i b l y .small e f f e c t on the m a n u r e d 
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v a l u e s o f t h e l o s s t a n g e n t s o f t h e samples and t h u s may be 

t a k e n t o be i n f i n i t e i n most p r a c t i c a l s i t u a t i o n s . The 

o v e r a l l agreement o f t h e measured q u a n t i t i e s w i t h t h o s e f r o m 

t h e l i t e r a t u r e f o r t h e known samples was r e a s o n a b l e } i n 

c o n c l u s i o n i t may be s a i d t h a t t h e two methods p r o p o s e d 

p r o v i d e a l t e r n a t i v e means o f 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 m a t e r i a l s between about 500 MHz and 10 GHz„ 

The o v e r a l l a c c u r a c y o b t a i n a b l e w i t h t h e c o a x i a l l i n e methods 

was a b o u t 10 % j t h i s b e i n g d e t e r m i n e d p r i m a r i l y i n t h e 

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

minima and i n t h e c o a x i a l resonance method by t h e h i g h v a l u e 

Of VSWR. 
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CHAPTER 6 

DIELECTRIC THEORY 

6.1 DEFINITIONS AND BASIC IDEAS 

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

m a t e r i a l r e s u l t s i n t h e appearance o f a n e t d i p o l e moment p e r 

u n i t volume, known as t h e p o l a r i z a t i o n P. For s i m p l i c i t y , 

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

s l a b . The e x t e r n a l m a n i f e s t a t i o n o f t h e p o l a r i z a t i o n i s t h e 

appearance o f a charge q = P on t h e s u r f a c e o f t h e m a t e r i a l . 
d 

Assuming t h a t t h e f i e l d E i s produced by t h e a p p l i c a t i o n o f a 

p o t e n t i a l d i f f e r e n c e between two e l e c t r o d e s a t t a c h e d t o 

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

e l e c t r o d e s i s g i v e n by 

Q = q + q = D t 6 - 1 ) 

where q^ i s t h e charge due t o t h e f r e e space between t h e 

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

D i s d e f i n e d as t h e d i e l e c t r i c i n d u c t i o n . Most d i e l e c t r i c 

measurements a r e concerned e s s e n t i a l l y w i t h t h e d e t e r m i n a t i o n 

o f the charge Q. The d i e l e c t r i c b e h a v i o u r i s d e s c r i b e d by 

the t i m e dependence o f t h e charge Q ( t ) under e x c i t a t i o n o f 

a t i m e - v a r y i n g e l e c t r i c f i e l d E f t ) . For s i m p l i c i t y , f i r s t 

c o n s i d e r a d e l t a f u n c t i o n e x c i t a t i o n 5 ( t ) a t t i m e t = 0. 

The s t r e n g t h o f t h i s d e l t a f u n c t i o n i s g i v e n by t h e p r o d u c t 
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o f t h e a m p l i t u d e o f t h e f i e l d E and i t s d u r a t i o n A t i n t h e 

l i m i t At-S>0. The d i e l e c t r i c response f u n c t i o n f ( t ) may 

be d e f i n e d as t h e response o f t h e p o l a r i z a t i o n o f t h e medium 

t o the d e l t a f u n c t i o n e x c i t a t i o n 

P(t) = e Q E A t f ( t ) ( 6 - 2 > 

where £ Q i s t h e p e r m i t t i v i t y o f f r e e space. The p h y s i c a l 

cause o f t h e t i m e dependence o f P ( t ) i s t h e i n e v i t a b l e 

" i n e r t i a " o f any m a t e r i a l medium t h a t c a n n o t i n s t a n t a n e o u s l y 

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

S i n c e t h e r e can be no r e a c t i o n b e f o r e t h e cause and s i n c e we 

do n o t e x p e c t any permanent p o l a r i z a t i o n a f t e r an i n f i n i t e 

t i m e w i t h o u t t h e e x t e r n a l f i e l d , t h e f u n c t i o n f ( t ) has t h e 

p r o p e r t i e s : 

f(t) = 0 for t <0 
(6.3) 

f(t) -» 0 for t -*co 

Making t h e a s s u m p t i o n t h a t t h e system i s l i n e a r (hence t h e 

s u p e r p o s i t i o n p r i n c i p l e h o l d s ) , t h e response t o c o n s e c u t i v e 

e x c i t a t i o n s i s t h e sum o f t h e responses due t o i n d i v i d u a l 

e x c i t a t i o n s . Thus t h e p o l a r i z a t i o n due t o a t i m e - v a r y i n g 

f i e l d E(t) may be w r i t t e n i n t h e f o r m o f a c o n v o l u t i o n 

i n t e g r a l 
oo 
r 

P(t ) = £ f(x)E(t - i ) d i (6.4) 

I f E ( t ) i s now a s t e p f u n c t i o n w i t h a m p l i t u d e E and 



81 

f ( t ) = 0 f o r t < 0, t h e n e q u a t i o n (6.4) becomes 

P(t) = e Q E f ( i ) d i (6.5) 

By d e f i n i t i o n , t h e charge q Q due t o t h e response o f f r e e 

space i s i n s t a n t a n e o u s so t h a t 

q (t) = £ E (6.6) 

r e g a r d l e s s o f t h e f o r m o f E ( t ) . The t o t a l d i e l e c t r i c 

i n d u c t i o n D ( t ) i s t h e sum o f q Q and P ( t ) . I t i s e v i d e n t 

t h a t t h e t o t a l c h a r g e q^ a r i s i n g f r o m t h e s t e a d y - s t a t e 

p o l a r i z a t i o n o f t h e d i e l e c t r i c m a t e r i a l must be r e c o v e r e d i n 

t h e p r o c e s s o f d i s c h a r g e , so t h a t 

oo 
f 

f ( t ) d t (6.7) 
J 

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

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

E ( t ) = E s i n OOt a t a r a d i a n f r e q u e n c y w . L e t t h e p h y s i c a l 

q u a n t i t i e s E ( t ) , P ( t ) and D ( t ) have complex F o u r i e r 

t r a n s f o r m s ^p(oo) and j&(u)) r e s p e c t i v e l y . A p p l y i n g 

t h e F o u r i e r t r a n s f o r m t o e q u a t i o n (6.4) t h e c o n v o l u t i o n 

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

= e 0x(w)E(to) (6.8) 

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

causes i t s own response o f t h e p o l a r i z a t i o n component 

t h r o u g h t h e t r a n s f e r f u n c t i o n X ( ^ ) * whic h i s r e f e r r e d t o 

as t h e d i e l e c t r i c s u s c e p t i b i l i t y 

X(w) = x'(w) - jxV» (6-9) 

The r e a l and i m a g i n a r y components o f X ( ^ ) a r e r e s P e c t i v e l y 

t h e c o s i n e and s i n e F o u r i e r t r a n s f o r m s o f f ( t ) , where 

CO 

X(w) = j f (t) exp ( - jo ) t ) dt (6.10) 
o 

The i m a g i n a r y component X " (W) i s t h e d i e l e c t r i c l o s s s i n c e 

t h e e l e c t r i c c u r r e n t due t o t h i s component i s i n phase w i t h 

t h e d r i v i n g f i e l d w h i l e t h e r e a l p a r t X ' ( ^ ) d e f i n e s t h e 

energy o f p o l a r i z a t i o n s t o r e d i n t h e m a t e r i a l . The 

s u s c e p t i b i l i t y f u n c t i o n X ^ ) d e f i n e s t h e d i e l e c t r i c 

response o f t h e m a t e r i a l medium between t h e e l e c t r o d e s and t h e 

t o t a l response o f t h e system i s g i v e n by t h e sum o f t h i s and 

t h e f r e e space c o n t r i b u t i o n , t h u s f r o m e q u a t i o n s ( 6 . 1 ) , (6.6) 

and (6.8) 

f ) ( w ) = e o [ l + x l w ) ] E ( w ) ( 6 . i i ) 

The r a t i o ^ ( ( j O l / E t C d ) i s d e f i n e d as t h e d i e l e c t r i c p e r m i t t i v i t y 

so t h a t 

JD(UJ) = e ( o j ) j i M = £ o e r (u))B(uj) (6.12) 
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where ER(CU) i s known as t h e r e l a t i v e d i e l e c t r i c p e r m i t t i v i t y 

o r d i e l e c t r i c c o n s t a n t . For b r e v i t y s t h e t e r m ' r e l a t i v e ' i s 

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

h e n c e f o r t h s i m p l y r e f e r r e d t o as t h e complex p e r m i t t i v i t y . 

The u n i t y i n b r a c k e t s i n e q u a t i o n (6.11) r e p r e s e n t s t h e f r e e 

space c o n t r i b u t i o n and i s p u r e l y r e a l . The e n t i r e l o s s comes 

fro m t h e m a t e r i a l medium and we may w r i t e f o r t h e r e a l and 

i m a g i n a r y components o f t h e complex p e r m i t t i v i t y 

e'(oj) = 1+x ' (w) , e " M = x"(<*>) (6-13) 

The t r a n s f o r m s may be i n v e r t e d t o g i v e 

ao 

f ( t ) = ^ c o s cot dt 
o 
oo (6.14) 

= Tt I X " ( w ) s i n wt dt 

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

e q u a t i o n (6.9) t h a t X ' ( ^ ) ^s a n e v e n f u n c t i o n ; t h e s t a t i c 

v a l u e i s o b t a i n e d by s e t t i n g 00 = 0 i n e q u a t i o n (6.10) 

OD 

X ( O ) = f f ( t ) d t (6.15) 

w h i c h c o r r e s p o n d s d i r e c t l y t o e q u a t i o n ( 6 . 7 ) . S i m i l a r l y , X ' l ^ ) 

i s an odd f u n c t i o n o f CO and has a s e r i e s e x p a n s i o n o f t h e 

f o r m 

X " M = cr /co + aco + [higher odd powers] te.iej 
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where the f i r s t term on the right-hand s i d e ( t h a t g i v e s a 

s i n g u l a r i t y a t the o r i g i n ) a r i s e s from a f i n i t e value of the 

d.c„ c o n d u c t i v i t y , n e c e s s a r i l y p r e s e n t i n measurements, and 

does not belong to the a c t u a l d i e l e c t r i c response. 

2quations (6.9) and (6.14) show t h a t a n d 

X ^ f l O ) a r e i n t e r r e l a t e d and may be expressed as H i l b e r t 

transforms and known as the Kramers-Kronig r e l a t i o n s : 

oo 

o 
oo (6.17) 

X"(G0) = 4 / d s 

' V o S Z - ( J U 2 

S i n c e £ (CO) i s r e l a t e d to through equation (6.13) and 

t h a t the H i l b e r t transform of a cons t a n t i s zero, the 

i n t e g r a l r e l a t i o n s i n equations(6.17) a r e a l s o t r u e f o r £(C0). 

6.2 MECHANISMS OF POLARIZATION 

An atom comprises a p o s i t i v e l y charged i n n e r core 

surrounded by e l e c t r o n clouds having symmetries determined by 

t h e i r quantum s t a t e s . On a p p l i c a t i o n of an e l e c t r i c f i e l d , 

the e l e c t r o n clouds a r e d i s p l a c e d s l i g h t l y with r e s p e c t to the 

p o s i t i v e c o r e s , c a u s i n g atoms to take up an induced d i p o l e 

moment. Thi s phenomenon i s termed e l e c t r o n i c p o l a r i z a t i o n . 

Consider next a diatomic molecule made of atoms X 
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and Y„ The i n t e r a c t i o n between the c o n s t i t u e n t atoms r e s u l t s 

i n a r e d i s t r i b u t i o n of the e l e c t r o n s which would g e n e r a l l y be 

a x i a l l y symmetrical along XY. One would expect the diatomic 

molecule to po s s e s s a d i p o l e moment i n the d i r e c t i o n XY, 

except where X and Y are i d e n t i c a l , when the d i p o l e moment 

should v a n i s h f o r reasons of symmetry. Molecules of t h i s k i n d 

a r e t r u e d i p o l e s and termed as p o l a r ; a t y p i c a l example being 

h y d r o c h l o r i c a c i d i n which there i s a displacement of the 

charge i n the bonding between the H and C l atoms. Under 

the i n f l u e n c e of an a p p l i e d f i e l d the p o l a r i z a t i o n of a p o l a r 

m a t e r i a l can change i n two ways. F i r s t l y , the f i e l d may 

cause the atoms to be d i s p l a c e d r e s u l t i n g i n a change i n the 

d i p o l e moment, t h i s may be c a l l e d atomic p o l a r i z a t i o n . 

Secondly, the whole molecule may r o t a t e and t r y and a l i g n 

i t s e l f with the f i e l d . T h i s i s r e f e r r e d to as o r i e n t a t i o n a l 

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

I n r e a l c r y s t a l s t h e r e e x i s t a l a r g e number of 

d e f e c t s such as l a t t i c e v a c a n c i e s , i m p u r i t y c e n t r e s , 

d i s l o c a t i o n s , e t c . F r e e charge c a r r i e r s m i g r a t i n g through the 

c r y s t a l , under the i n f l u e n c e of an a p p l i e d f i e l d , may be 

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

l o c a l i z e d accumulation of charge which w i l l induce i t s image 

charge on an e l e c t r o d e and give s r i s e to a d i p o l e moment. 

T h i s c o n s t i t u t e a s e p a r a t e p o l a r i z a t i o n mechanism known as 

i n t e r f a c i a l p o l a r i z a t i o n . 
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I n an i o n i c o r p a r t i a l l y i o n i c s o l i d , under the 

i n f l u e n c e of an e x t e r n a l f i e l d , the p o s i t i v e and negative 

i o n s a r e d i s p l a c e d from t h e i r e q u i l i b r i u m p o s i t i o n s . T h i s 

g i v e s r i s e to i o n i c p o l a r i z a t i o n . 

There may e x i s t s e v e r a l p o l a r i z a t i o n mechanisms 

i n any p a r t i c u l a r m a t e r i a l , each c h a r a c t e r i z e d by i t s own 

frequency dependence. The d i e l e c t r i c response of the m a t e r i a l 

i s obtained by summing the i n d i v i d u a l c o n t r i b u t i o n s , thus 

e(w) = e 0 { l + Z|X((J0) * (6,18) 

The l o s s e s due to some of the mechanisms become i n s i g n i f i c a n t 

i n c e r t a i n frequency ranges below the r e s p e c t i v e l o s s peaks, 

so t h a t the p a r t i c u l a r )^(0) v a l u e s may be added to £ q to 

gi v e an e f f e c t i v e high-frequency p e r m i t t i v i t y , hence 

e ( u ) ) = v e o E ( X ( a ) ) •
 i K m ] (6,19) 

where k^ i s now the f i r s t mechanism w i t h a non-vanishing 

l o s s i n the frequency range under c o n s i d e r a t i o n . T h i s i 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 Fig.6.1 f o r a h y p o t h e t i c a l 

m a t e r i a l having t h r e e non-overlapping p o l a r i z a t i o n mechanisms. 

For most purposes the e l e c t r o n i c p o l a r i z a t i o n i s so r a p i d , 
- I S 

r^j 10 s e c , t h a t i t may be regarded as i n s t a n t a n e o u s . The 

same may be s a i d of i o n i c p o l a r i z a t i o n , with response times 

of the order 10 ^ s e c . Both mechanisms can thus be s a i d to 
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simply c o n t r i b u t e to £ . 

6.3 EMPIRICAL CHARACTERIZATION OF DIELECTRIC RESPONSE 

The study of d i e l e c t r i c response of m a t e r i a l s i s 

s i m p l i f i e d i f the v a r i o u s p o l a r i z a t i o n mechanisms a r e 

s u f f i c i e n t l y w e l l s e p a r a t e d i n frequency so t h a t they do not 

o v e r l a p , which i s o f t e n found i n p r a c t i c e . The d i e l e c t r i c 

behaviour i n p a r t i c u l a r regions of the frequency spectrum i s 

then best represented i n terms of the d i e l e c t r i c s u s c e p t i b i l i t y 

X(w) = X ' M - j X " ( w ) = £ M - eoo < 6- 2 0> 

The frequency dependence i s the most fundamental manner of 

p r e s e n t i n g the d i e l e c t r i c response and i n t h i s r e s p e c t the 

imaginary component £"((jj) i s the more s e n s i t i v e i n d i c a t o r , 

being an odd f u n c t i o n of frequency and shows more f e a t u r e s 

than the even f u n c t i o n £ y((x)). S i n c e we are d e a l i n g with 

the frequency dependence of a complex parameter, t h e r e are 

s e v e r a l ways of r e p r e s e n t i n g the experimental i n f o r m a t i o n , 

e.g. by the y^' - p l o t and the l i n e a r p l o t s of 

X'(CO) and ^ " ( ( j j ) a g a i n s t tog CJ • These r e p r e s e n t a t i o n s 

a r e very u s e f u l f o r the study of the neighbourhood of l o s s 

peaks which are emphasised i n these graphs, but the d e t a i l s 

of the response away from the l o s s peaks a r e l o s t to a l a r g e 

e x t e n t . 

The c o n v e n t i o n a l s t a r t i n g p o i n t i n the approach 
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to the d i e l e c t r i c response i n m a t e r i a l s i s through the 

c l a s s i c a l Debye model [ 6 . 1 ] d e s c r i b e d by the e x p r e s s i o n 

Y(U>) = (6.21) 
1 + jU)T 

where A i s a c o n s t a n t and T the r e l a x a t i o n time. The 

d i e l e c t r i c l o s s ^"(U)) r e p r e s e n t s a symmetric peak a t OJp 

w i t h a width a t h a l f - h e i g h t o f \ ^ = 1.144 decades, 

F i g . 6 . 2 . Although a response of the Debye type may be an 

a c c e p t a b l e approximation to the behaviour of some l i q u i d s and 

s o l u t i o n s of simple p o l a r molecules [ 6.2 ] , the overwhelming 

m a j o r i t y of m a t e r i a l s , p a r t i c u l a r l y s o l i d s , do not f o l l o w 

such a response [ 6.3, 6.4 ] . 

Attempts to e x p l a i n d e p a r t u r e s from the Debye 

model take many forms. From a very e a r l y s t a g e d i s t r i b u t i o n s 

of r e l a x a t i o n times (DRT's) have been proposed, when one 

alone i s inadequate [ 6 . 2 , 6.3 ] . Amongst the p r i n c i p a l 

e m p i r i c a l r e l a t i o n s suggested are the Cole-Cole c i r c u l a r 

f u n c t i o n with depressed c e n t r e s [ 6.5 ] , the skewed-arc 

f u n c t i o n of Cole-Davidson [[6.6 ] , the Fuoss-Kirkwood 

f u n c t i o n [ 6 . 7 ] , the Havriliak-Negami equation [ 6.8, 6.9 ] 

and the William-Watts d i p o l e c o r r e l a t i o n f u n c t i o n [ 6.10 ] . 

These equations w i l l not be d e t a i l e d here as they have a l r e a d y 

been d i s c u s s e d i n d e t a i l elsewhere [[ e . g . 6.2 - 6.4 ] . The 

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

o r o t h e r w i s e , c e r t a i n assumptions about the expected model 
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which i s to be used i n t h e i r i n t e r p r e t a t i o n . I t o f t e n appears 

t h a t the o r i g i n a l assumptions made about a p a r t i c u l a r model 

ar e subsequently f o r g o t t e n and t h a t the same p r e s e n t a t i o n i s 

l a t e r a p p l i e d to systems which do not obey the o r i g i n a l model 

[6 . 1 2 ] thereby " f o r c e - f i t t i n g " the experimental r e s u l t s with 

the model. The c h o i c e of the model thus seems a r b i t r a r y . 

R e c e n t l y Jonscher [6.13 ] and H i l l [ 6.14 ] noted t h a t an 

overwhelming m a j o r i t y of experimental evidence, when presented 

i n the form of a log X" - l°gX' p l o t , can be approximated 

by the e x p r e s s i o n 

X"(W) <*C 1 (6.22) 
(OUT) + (00X) 

with the parameters m and n i n the range 0 and 1; w h i l e 

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

X'(oo) o c 0 J n _ 1 for u) » (JOP 

(6.23) 

X'(w) = constant for U) « 0J p 

OJp i s the frequency a t which the l o s s peak o c c u r s . H i l l 

[ 6 . 1 5 ] has c o l l e c t e d one hundred s e t s of data on p o l a r s o l i d s 

and l i q u i d s and showed t h a t the exponents m and n a r e 

u n c o r r e l a t e d and concluded t h a t they must t h e r e f o r e r e p r e s e n t 

independent p h y s i c a l mechanisms. The above e x p r e s s i o n f o r 

the l o s s may be regarded as a g e n e r a l i z a t i o n of the Kuoss-

Kirkwood equation to which i t reduces l o r m - 1 - n - OC . 
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For m d i f f e r e n t from 1 - n i t y i e l d s an asymmetric l o s s 
. . . . . . .-M-n) 

peak with l i m i t i n g power law dependences as ((JU/UJp) f o r 

U) » C0p and ( t 0/(jd p) m f o r 0) « G0p } thereby resembling 

the other e m p i r i c a l equations as s p e c i a l c a s e s . Jonscher has 

d e s c r i b e d the p a t t e r n of behaviour i n H i l l ' s examples and many 

o t h e r s [ e.g. 6.4, 6.11 ] as the " u n i v e r s a l law of d i e l e c t r i c 

response" and concluded t h a t i t was n e c e s s a r y to seek a 

u n i v e r s a l framework w i t h i n which a l l t h e s e m a t e r i a l s would 

f i n d a common i n t e r p r e t a t i o n . 

6.4 THE UNIVERSAL DIELECTRIC RESPONSE 

A wide-ranging study of d i e l e c t r i c behaviour of 

v a r i o u s m a t e r i a l s by J o n s c h e r and co-workers [ 6.4, 6.11 -

6.17 ] has l e d to a f o r m u l a t i o n of a g e n e r a l c l a s s i f i c a t i o n of 

a l l known types of d i e l e c t r i c response i n the wide frequency 

range below the quantum regimes. T h i s i s shown s c h e m a t i c a l l y 

i n Fig.6.3 which g i v e s the log )('(0J) and l o g ^ C O ) a g a i n s t 

log 00 p l o t s and the complex ^ " ( u ) ) - )('(10) p l o t s . On the 

r i g h t i s the i d e a l Debye response, which i s h a r d l y seen i n 

s o l i d s . Moving to the l e f t , we go through a range of 

i n c r e a s i n g l y 'non-Debye' types of responses with i n c r e a s i n g 

widths of the l o s s peaks. The near-Debye response peaks found 

i n many f e r r o e l e c t r i c s a t g i g a h e r t z f r e q u e n c i e s are 

approximated by the Cole-Cole equation; the symmetric peaks 

may a l s o be represented by the Fuoss-Kirkwood equation. Next, 

the asymmetric peaks with the accepted Cole-Davidson and 
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William-Watts formalisms, and f u r t h e r s t i l l towards the l e f t 

i n which the p o l a r i z a t i o n i s dominated by hopping e l e c t r o n i c 

or i o n i c charge c a r r i e r s w ith the absence of l o s s peaks. 

Th i s i s followed by a region of strong low-frequency 

d i s p e r s i o n obeying the Kramers-Kronig r e l a t i o n s ; then 

f i n a l l y on the extreme l e f t i s the l i m i t i n g case of f l a t 

frequency and temperature independent l o s s , ( n - * l ) . 

The high-frequency l i m i t o f both the Cole-Cole 

and Cole-Davidson e x p r e s s i o n s , 

X(o) 
1 + ( j 001) 

1-ot 
(6.24) 

and X(o) 

(1 + j O J T ) 1 -ot 
(6.25) 

r e s p e c t i v e l y , of the form 

X ( O J ) ( j o j ) 
n-1 

s i n ( ^ ) - jcos(Pf) 
n -1 

O J (6.26) 

i s r e f e r r e d to as the u n i v e r s a l law of d i e l e c t r i c response. 

The c h a r a c t e r i s t i c f e a t u r e of t h i s law of frequency dependence 

i s the f a c t t h a t the r e a l and imaginary components of the 

complex s u s c e p t i b i l i t y are the same f u n c t i o n s of frequency so 

t h a t t h e i r r a t i o i s frequency independent 

X ' M / X . ' M = 
£"(00) 

e ' M -
= c o t ( ^ (6.27) 
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T h i s i s c o n s i s t e n t with the f a c t t h a t the high-frequency 

branch of the complex ")(_ p l o t i s a s t r a i g h t l i n e and i s 

a l s o a consequence of the Kramers-Kronig r e l a t i o n s - the 
n - 1 

" u n i v e r s a l " f u n c t i o n CO has the unique property t h a t i t 

remains i n v a r i a n t , except f o r a c o n s t a n t , under the H i l b e r t 

t r a n s f o r m a t i o n [ 6 . 4 ~\ . The constancy of t h i s r a t i o i s i n 

s t a r k c o n t r a s t with the Debye response, f o r which i t i s 

equal to COT . Equation (6.26) has the p h y s i c a l s i g n i f i c a n c e 

t h a t the r a t i o of the energy l o s t per r a d i a n to the energy 

s t o r e d i n the system a t the peak of the p o l a r i z a t i o n i s 

independent of frequency: 

energy l o s t per r a d i a n 

energy s t o r e d - co t ( JSJ - ) (6.28) 
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CHAPTER 7 

DT -Z" "CT'ilC PROPERTIES Of Sir,ICON NITRIDE CERAMICS 

7.1 INTUODUCTION 

I n c r e a s i n g i n t e r e s t has been shown i n s i l i c o n 

n i t r i d e ( o i ^ N ^ ) s i n c e i t s t e c h n o l o g i c a l p o t e n t i a l s have been 

i d e n t i f i e d . Much e f f o r t has been made t o i n v e s t i g a t e i t s 

p r e p a r a t i o n , c h a r a c t e r i z a t i o n and p r o p e r t i e s . T h i n f i l m 

s i l i c o n n i t r i d e has been e x t e n s i v e l y d e s c r i b e d i n t h e 

l i t e r a t u r e ; the Handbook, o f E l e c t r o n i c M a t e r i a l s e d i t e d by 

M i l e k [ 7.1] and a r e c e n t r e v i e w by Morosanu [ 7.2 "] i n d i c a t e 

t h e scope o f r e s e a r c h i n t h i s a r e a . D e p o s i t s o f S ^ 3 N 4 f i l m s 

a r e now w i d e l y used i n t h e s e m i c o n d u c t o r and i n t e g r a t e d c i r c u i t 

t e c h n o l o g y [_ e.g. 7.3 - 7.5 3 • * n b u l k form s i l i c o n n i t r i d e 

has been i d e n t i f i e d as a u s e f u l r e f r a c t o r y c e r a m i c w i t h a 

c o m b i n a t i o n o f p r o p e r t i e s f o u n d i n v e r y few o t h e r s [ 7.6 - 7.8 ~] 

I t possesses a h i g h s p e c i f i c modulus, a h i g h d e c o m p o s i t i o n 

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

f r i c t i o n , good o x i d a t i o n r e s i s t a n c e and i s h i g h l y r e s i s t a n t 

t o c o r r o s i v e e n v i r o n m e n t s . Hence i t has been a l e a d i n g 

c o n t e n d e r f o r a wide range o f h i g h t e m p e r a t u r e e n g i n e e r i n g 

a p p l i c a t i o n s such as i n gas t u r b i n e s , f l a m e cans and h i g h 

t e m p e r a t u r e gas b e a r i n g s . 

7.1.1 SIEICON NITRIDE STRUCTURE 

E a r l i e r s t u d i e s on t h e c r y s t a l l o g r a p h y o f s i l i c o n 
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n i t r i d e were c a r r i e d o u t by Ha r d i e and Jack [ 7.9 ] , Forgeng 

and Decker [ 7.10 ] , and f u d d l e s d o n and Popper [ 7 . 1 1 ] 

u s i n g powder and s i n g l e c r y s t a l samples. S i l i c o n n i t r i d e i s 

known t o e x i s t i n two s t r u c t u r a l phases ( Ot and j3 ) b o t h 

o f which a r e b u i l t up o f S^ 1^ t e t r a h e d r a ; t h e y b o t h have 

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

l a t t i c e d i m e n s i o n s . The ato m i c arrangement o f [B - S ;i-3 N4 ^ s 

t h e same as t h a t o f p h e n a c i t e , Be^SiO^ [ 7,9 ] , whereas 

0C- S:>-3N4 d e m o n s t r a t e s an a l t e r n a t i v e way o f j o i n i n g ^ 3 ^ 4 

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

( 3 - S i N ( T a b l e 7.1; F i g . 7 . 1 ) . From c r y s t a l l o g r a p h i c 

s t u d i e s and C - V measurements i t has been r e p o r t e d [ 7 . 1 2 ] 

t h a t i n view o f t h e two hexagonal forms i t i s r e l a t i v e l y easy 

t o change t h e Ct t o t h e |3 phase; t h e a p p l i c a t i o n o f a h i g h 

e l e c t r i c f i e l d may be s u f f i c i e n t . I t i s a l s o s a i d t h a t a t 

room t e m p e r a t u r e t h e two phases may c o - i n h a b i t t h e same 

c rys ta 1. 

Table 7.1 The C r y s t a l S t r u c t u r e o f S i l i c o n N i t r i d e 

[ 7.9 - 7.11 ] 

Phases a l p h a b e t a 

C r y s t a l System hexagonal hexagonal 

Space Group 

L a t t i c e 

1 .1 ramoters 

Pb 31c 

a - 7.748 A 

h = ^.617 A 

Pb 3/m Space Group 

L a t t i c e 

1 .1 ramoters 

Pb 31c 

a - 7.748 A 

h = ^.617 A 

a = 7.608 A 

b - 2.911 A 



s 

O N 

( a ) 

> 0 

(b) 

Fig. 7-1 The crystal s t ructure of: 

(a) p - silicon nitr ide, Si 6 N g 

(b) a-s i l i con ni t r ide, Si N 
12 16 
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R e c e n t l y t h e r e has been a d i s c u s s i o n [ 7.13 ] on 

t h e e l e c t r o n i c s t r u c t u r e o f Si.N. based on c a l c u l a t i o n s 
3 4 

w i t h i n t h e framework o f a l i n e a r c o m b i n a t i o n o f atomic 

o r b i t a l s (LCAO). Each S i atom i s t h o u g h t o f as c o v a l e n t l y 

bonded t o f o u r N atoms i n a t e t r a h e d r a l arrangement and i n 

t u r n each N atom i s bonded t o t h r e e S i atoms, w i t h a 

S i - N - S i bond a n g l e o f ~ 120°. On t h i s b a s i s , w i t h a 

c e n t r a l N atom, a bond i n g u n i t composed o f n i t r o g e n 2s 

and 2p s t a t e s a l o n g w i t h t h r e e s i l i c o n sp"^ h y b r i d s 

d i r e c t e d towards t h e N atom i s c o n s i d e r e d ; t h e n i t r o g e n I s 

and s i l i c o n I s , 2s and 2p s t a t e s b e i n g t a k e n as c o r e 

s t a t e s . These c o n s i d e r a t i o n s r e s u l t i n a p r i m i t i v e c e l l 

c o n s i s t i n g o f f o u r bonding u n i t s , F i g . 7 . 2 . 

7.1.2 MANUFACTURE OF SILICON NITRIDE CERAMICS 

Two main ways o f m a n u f a c t u r i n g s i l i c o n n i t r i d e s a r e 

now used: h o t - p r e s s i n g and r e a c t i o n - b o n d i n g - hence t h e 

i d e n t i f i c a t i o n HPSN and RBSN f o r Hot-pressed and R e a c t i o n -

bonded S^N^ r e s p e c t i v e l y . The te r m r e a c t i o n - b o n d e d has 

been p r e f e r r e d t o r e a c t i o n - s i n t e r e d by Moulson [ 7 . 1 4 ] s i n c e 

t h e word " s i n t e r " u s u a l l y i m p l i e s d e n s i f i c a t i o n by s o l i d - s t a t e 

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

o f PBSN. HPSN i s m a n u f a c t u r e d f r o m commercial s i l i c o n 

powder w h i c h i s n i t r i d e d d i r e c t l y t o g i v e OL - Si^N^ powder. 

T h i s i s t h e n h o t - p r e s s e d a t 1700°C i n a i r a t a p r e s s u r e 
-2 -2 between 150 MNm and 300 MNm t o g i v e a maximum d e n s i t y 



p z 

p p h 

2 

s 

Fig-7-2 The electronic structure of Silicon Nitride 

(A f te r [7=13] ) 
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p o r e - f r e e p - Si^N^. There i s , however, one main 

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

p o s s i b l e t o h o t - p r e s s complex shapes. Hence t h e f i n i s h i n g 

p r o c e s s i s e x p e n s i v e . 

The s t a r t i n g m a t e r i a l f o r RBSN i s a g a i n 

commercial s i l i c o n powder. I n i t i a l l y a s i l i c o n powder compact 

i s p r o d u c e d , e i t h e r as a b i l l e t o r i n t h e shape o f t h e 

component b e i n g f a b r i c a t e d , by i s o s t a t i c p r e s s i n g a t up t o 
_2 

200 MNm i n an argon atmosphere. A f t e r s h a p i n g t h e component 

i s h e a t e d i n n i t r o g e n t o between 1250°C and 1450°C when 

r e a c t i o n - b o n d i n g o c c u r s . The s i l i c o n powder compact m i g h t 

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 , e x t r u s i o n , i n j e c t i o n m o u l d i n g , d i e - p r e s s i n g o r 

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

r o u t e i s t h a t v e r y l i t t l e s i z e change i s observed d u r i n g 

d e n s i f i c a t i o n and c l o s e t o l e r a n c e s ( a p p r o x i m a t e l y 1 % ) on 

t h e d i m e n s i o n s o f a f i n i s h e d component can be r e a d i l y 

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

However, s i n c e S ^ 1 ^ * s c o v a l e n t l y bonded i t has a low s e l f -

d i f f u s i v i t y , hence t h e d e s i r e d d e n s i t y c a n n o t be a c h i e v e d by 

t h i s method due t o t h e presence o f p o r e s . T y p i c a l l y RKSN 

has a p o r o s i t y o f about 20 - 25 % w i t h r o u g h l y f o u r - f i f t h s 

o f t h e p o r e s l e s s t h a n 0.1 pm i n s i z e [ 7.15 ] g t h i s 

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

r e s i s t a n c e , h i g h t e m p e r a t u r e s t r e n g t h and r e s i s t a n c e t o 

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



99 

e f f e c t i v e s u r f a c e a r e a . 

7.1.3 RBSN SAMPLES STUDIED 

7.1.3.1 Weight Gain and I m p u r i t i e s 

The s i l i c o n n i t r i d e c e r a m i c s 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 . (Gateshead) 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 r e d e s c r i b e d i n a t h e s i s by 

B u s h e l l [ 7.16 ] . These m a t e r i a l s were i n v a r i o u s degrees 

o f n i t r i d a t i o n ; t o assess t h i s degree o f n i t r i d a t i o n t h e y 

a r e r e f e r r e d t o by t h e " w e i g h t g a i n " o f t h e c e r a m i c , which 

i s t h e p e r c e n t a g e by wh i c h t h e w e i g h t o f t h e g r e e n ceramic 

has i n c r e a s e d i n t h e r e a c t i o n . I f one assumes t h a t a l l 

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

maximum w e i g h t g a i n would t h e o r e t i c a l l y be 66.5 % . However, 

i n p r a c t i c e t h e maximum w e i g h t g a i n t h a t c o u l d be a c h i e v e d 

was s l i g h t l y l e s s (63.2 % ) . There i s th u s a s m a l l amount 

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

t o reach t h e r e m a i n i n g s i l i c o n as t h e r e a c t i o n p r o g r e s s e s . 

T a b l e 7.2 l i s t s t h e i m p u r i t i e s i n t h e s t a r t i n g 

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

s i l i c o n powders [ 7.14 ] . I r o n i s a m a j o r i m p u r i t y , w h i c h 

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

s i l i c o n powder. R e c e n t l y Boyer and K o u l s o n [ 7.17 ] and 

Moulson [ 7 . 1 4 ] have proposed mechanisms f o r t h e f o r m a t i o n 

o f :u'5N t a k i n g i n t o a c c o u n t t h e e f f e c t s o f l'e as t h e major 
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I'able 7.2 I m p u r i t i e s i n S i l i c o n Powder Used 

f o r M a n u f a c t u r i n g PBSN Samples 

I m p u r i t y 
Weight P e r c e n t o f I m p u r i t i e s 

I m p u r i t y 
ANE Powder Commercial Powder 

Fe 0.45 0.90 

A l 0.25 0.20 

Ca 0.052 0.30 

T i - 0.10 

0 - 1.0 
( n a t i v e o x i d e ) 

Y'a r t i c l e S t a n d a r d M i c r o n i z e d 15 pm 

j i z e 90 % < 30 pm (mean) 

i m p u r i t y i n t h e s t a r t i n g powder - as was t h e case w i t h t h e AME 

m a t e r i a l s used i n t h i s s t u d y . 

The proposed mechanisms a r e : 

(a) t h e v o l a t i z a t i o n o f S i ( m e l t i n g p o i n t l4lO°C) and 

i t s subsequent vapour phase r e a c t i o n w i t h N , a CVD 

pro c e s s l e a d i n g t o t h e f o r m a t i o n o f CX - S ^ 1 ^ J 

(h) s o l u t i o n o f N i n a l l o y s which are l i q u i d a t t h e 

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

(B - S i 3 N 4 . 

7.1.3.2 C o m p o s i t i o n o f Samples 

The m a t e r i a l s s t u d i e d were m a n u f a c t u r e d by v a r y i n g 
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t h e f i r i n g s c h e d u l e s i n t h e development f u r n a c e a t AME. 

These f i r i n g c y c l e s and n i t r o g e n p a r t i a l p r e s s u r e p r o f i l e 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 [_ 7.16 ] . 

Table 7.3 l i s t s t h e c o m p o s i t i o n s o f t h e s i l i c o n n i t r i d e s 

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

d e n s i t i e s . I t was n o t p o s s i b l e t o produce s y s t e m a t i c w e i g h t 

g a i n i n t e r v a l s o v e r t h e whole c o m p o s i t i o n range as t h e 

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

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

The phase c o m p o s i t i o n o f RBSN ce r a m i c s may be 

c a l c u l a t e d Q 7.14 3 u s i n g t h e f o l l o w i n g e q u a t i o n s : 

C = 1 - 0-218 p - 0 - U 8 p 

C = 1-072 p - 0-643 p ( 7 . D 
Si g n 

C = 0-791 (p - p ) 
sn n g 

where C . O . and C a r e r e s p e c t i v e l y t h e volume p S i sn ^ 1 

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 ^ N . i n a n i t r i d e d 
3 4 

compact. I n these e q u a t i o n s p i s t h e d e n s i t y o f t h e 

green ceramic w h i l e 0 r e f e r s t o t h a t o f t h e n i t r i d e d 
' n 

m a t e r i a l . Values o f t h e v a r i o u s volume f r a c t i o n s f o r t h e 

samples are shown i n Table 7.3; t h e p o r o s i t y v a r y between 

about 17 and 26 p e r c e n t . 

( i 2 MAY 1983 J 
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7. 2 RESULTS: FULLY-NITP. IDED SAMPLES 

7.2.1 DIELECTRIC CONSTANT 

The r e a l p a r t o f t h e complex p e r m i t t i v i t y 

o f t h e f u l l y n i t r i d e d sample (Run no.8, 63.2 w e i g h t g a i n ) 

was measured from 500 MHz up t o 5 GHz w i t h b o t h t h e matched 

and s h o r t - c i r c u i t t e r m i n a t i o n c o a x i a l l i n e methods. A d d i t i o n a l 

measurements were a l s o made a t 9.34 GHz u s i n g t h e r e s o n a n t 

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

the c a v i t y w i t h and w i t h o u t t h e sample were f i r s t measured. 

These f r e q u e n c i e s , t o g e t h e r w i t h t h e volumes o f t h e sample and 

empty c a v i t y , a r e d i r e c t l y r e l a t e d t o t h e d i e l e c t r i c c o n s t a n t 

(see Appendix B ). Samples o f about 6.8 mm d i a m e t e r and 

t h i c k n e s s e s f r o m 0.43 mm up t o 0,68 mm were c u t from t h e 

b u l k m a t e r i a l . I t was i m p o r t a n t t o ensure t h a t t h e s u r f a c e s 

were p a r a l l e l and smooth; t h i s was done u s i n g a L o g i t e c h 

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

t o w i t h i n 0.25 pm. Much c a r e was necessary i n t h e sample 

p r e p a r a t i o n p r o c e s s s i n c e t h e ceramics were b r i t t l e . 

F ig.7.3 shows t h e v a r i a t i o n o f t h e d i e l e c t r i c 

c o n s t a n t i n t h e f r e q u e n c y range f r o m 500 MHz t o 9.34 GHz 

f o r t h e f u l l y - n i t r i d e d samples. I n o r d e r t o compare t h e 

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

account must be t a k e n o f t h e p o r o s i t y o f >•>. ES N. The f u l l y -

n i t r i d e d samples measured had a p o r o s i t y of 19.7 % . 

Walton [ 7.8] found t h a t t h e d i e l e c t i i c c o n s t a n t of porous 



N 
ID 

0 •==>• 

> 
8 

a c o i/) ai 

I 
© 

i +-
t 6 
o •s 

a c 

01 O *- .e 
•*-

__ ai 

I ® I 
® 

I 
© 

a 

e 

CM 

i n 



104 

low l o s s s i l i c o n n i t r i d e s f o l l o w t h e r e l a t i o n 

1 - p 

e ' (p ) = e ' ( o ) ( 7«2) 

where £ '(O) and £ '(p) a r e r e s p e c t i v e l y t h e d i e l e c t r i c 

c o n s t a n t o f dense ( z e r o p o r o s i t y ) and o f t h a t w i t h a 

volume f r a c t i o n p o f p o r e s . The q u a n t i t y measured 

e x p e r i m e n t a l l y i s i n f a c t £'(p), (where i n t h i s case p = 

19.7 % ) . T h i s r e l a t i o n s h i p i s shown i n Fig.7.4. To o b t a i n 

£ ' ( O ) , t h e p o i n t c o r r e s p o n d i n g t o g i v e n v a l u e s o f p and 

£'(p) i s s e l e c t e d and £'(0) fou n d by t r a c i n g back a l o n g 

t h e a p p r o p r i a t e l i n e t o p - 0. 

The reduced d i e l e c t r i c c o n s t a n t £'(0) - £ . when 
oo 

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

v a r i a t i o n , Fig.7.5, and i s v i r t u a l l y i n d e p e n d e n t of the 

measurement f r e q u e n c y . T h i s f r e q u e n c y v a r i a t i o n may be f i t t e d 

w i t h t h e Jonsch e r " u n i v e r s a l d i e l e c t r i c response l a w " , ( s e c t i o n 

6.4) : 
n - 1 

£'(0) - £ 
oo 

< ^ U) (7.3) 

where t h e exponent n had t h e v a l u e 0.98 + 0.02. 

7.2.2 r.CSS FACTOR OF i'BSN 

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

f u l l y - n i t r i d e d samples was d e t e r m i n e d u s i n g t h e matched 

t e r m i n a t i o n method up t o 1.5 GHz. Above 1 GHz up t o a b o u t 

8 GHz, t h e c o a x i a l l i n e resonance method was used. Values 
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o f t h e d i e l e c t r i c c o n s t a n t r e q u i r e d f o r t h e d e t e r m i n a t i o n o f 

from about 6 GHz t o ab o u t 8 GHz were o b t a i n e d by 

i n t e r p o l a t i o n between t h e measured v a l u e s up t o 5 GHz and 

t h a t o f t h e r e s o n a n t c a v i t y method a t 9.34 GHz. The same 

c o a x i a l l i n e d i s c shaped samples were used i n t h e r e s o n a n t 

c a v i t y method o f measurement. A l o g - l o g p l o t o f £." v e r s u s 

f r e q u e n c y i n t h e measured range i s shown i n F i g . 7 . 6 . I t i s 

obse r v e d t h a t S" i s v i r t u a l l y c o n s t a n t t h r o u g h o u t t h e 

f r e q u e n c y range, h a v i n g a v a l u e ~ 7 x 10 ^. F i t t i n g w i t h 

t h e u n i v e r s a l d i e l e c t r i c response law f o r t h e l o s s component 
. n-1 

£ oC (jO , gave t h e v a l u e o f t h e exponent as n = 0.97 + 0.02, 

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

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

As would be expected f r o m t h e c o n s t a n c y o f b o t h 

t h e d i e l e c t r i c c o n s t a n t and l o s s f a c t o r , t h e l o s s t a n g e n t 

v a r i e s l i n e a r l y w i t h f r e q u e n c y as shown i n F i g . 7 . 6 . 

7.3 RESULTS; PARTIALLY-NITRIDED SAMPLES 

7.3.1 DIELECTRIC CONSTANT 

The p a r t i a l l y - n i t r i d e d samples were a g a i n i n t h e 

form o f c i r c u l a r d i s c s o f about 6.8 mm d i a m e t e r h a v i n g 

t h i c k n e s s e s between 0.40 mm and 0.60 mm. C o a x i a l l i n e and 

re s o n a n t c a v i t y t e c h n i q u e s were used as f o r the f u l l y - n i t r i d e d 

samples. phese p a r t i a l l y - n i t r i d e d samples had w e i g h t g a i n s 

f r o m 3 8 % up t o 5 7 % compared t o t h e w e i g h t g a i n o f 6 3 . 2 % 
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f o r t h e f u l l y - n i t r i d e d samples. For a l l w e i g h t g a i n s t h e 

matched t e r m i n a t i o n method was s u i t a b l e o n l y up t o about 1.5 

GHz; above t h i s f r e q u e n c y up t o about 5 GHz t h e s h o r t -

c i r c u i t t e r m i n a t i o n method was p r e f e r a b l e . Measurements 

become i n c r e a s i n g l y more d i f f i c u l t and l e s s a c c u r a t e as t h e 

w e i g h t g a i n decreased. I t was i m p o s s i b l e t o o b t a i n d a t a f o r 

w e i g h t g a i n s l e s s t h a n 38 % as t h e samples became v e r y 

l o s s y and 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 s h o r t -

c i r c u i t method i s no l o n g e r v a l i d . The v a r i a t i o n o f 

w i t h f r e q u e n c y f o r t h e s e samples a r e g i v e n i n Fig.7.7. An 

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

v a r i o u s w e i g h t g a i n s . 

7.3.2 LOSS FACTOR 

I n t h e f r e q u e n c y range f r o m 500 MHz up t o about 

1.5 CMz c a l c u l a t i o n s o f t h e l o s s f a c t o r were made fr o m t h e 

measurements u s i n g t h e matched t e r m i n a t i o n method. For a l l 

t h e l o w e r w e i g h t g a i n samples, measurements u s i n g t h e s h o r t -

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

t h e l o s s e s were h i g h , w h i c h gave low VSWR v a l u e s . T h i s 

method t o g e t h e r w i t h t h e c o a x i a l l i n e r e s o n a n t method c o v e r e d 

t h e range f r o m 1 GHz up t o about 8 GHz. I t was fo u n d t h a t 

t h e s e two methods gave good agreement f o r t h e h i g h e r l o s s 

samples. On t h e whole t h e l o s s f a c t o r s o b t a i n e d by t h e 

re s o n a n t c a v i t y method a t 9.34 GHz appeared s l i g h t l y l o w e r 

f o r a l l w e i g h t g a i n s . Fig.7„8 shows t h e v a r i a t i o n s of the 
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l o s s f a c t o r with frequency f o r the range of percentage weight 

g a i n s measured. 

7.4 DISCUSSION 

7.4.1 FULLY-NITRIDED SAMPLES 

The measured d i e l e c t r i c c o n s t a n t of the f u l l y 

n i t r i d e d samples, having 1 9 . 7 % by volume f r a c t i o n of pores, 

was v i r t u a l l y independent of frequency throughout the 

measurement range. The v a l u e s obtained, between 4.50 and 

4.65, were c l o s e to the l i m i t i n g high-frequency d i e l e c t r i c 

c o n s t a n t , ( ~ 4 ) , deduced from v a r i o u s o p t i c a l 

measurements on t h i n f i l m s i l i c o n n i t r i d e s [ e.g. 7.1, 7.14 ] 

Comparison with other reported r e s u l t s f o r both RBSN and 

HPSN, given i n Table 7.5, shows t h a t t h e £ y ( 0 ) v a l u e s i n 

Table 7.4 agree reasonably w e l l w i t h the quoted f i g u r e s f o r 

Table 7.4 D i e l e c t r i c Constants of F u l l y N i t r i d e d Samples 
( P r e s e n t Study) 

frequency (GHz) £'(19.7 % ) £'(0) 

0.5 4. 55 6.60 

1.0 4.55 6.60 

1.5 4. 59 6.67 

2.0 4. 52 6.54 

4.0 4. 51 6.53 

5.0 4. 50 6.51 

9.34 4,51 6.53 



108 

w 
QJ 
u c CO o 
QJ CD rH rH oo 
u o o o • 0) r~ r~ f> r-
4-( 
<1J 

O o 
x> s > 
c -o QJ 
0) 

1 
1 0) 

0 "O 
in 

ad
d 1 

0 o LD -U 
ft 
3 

o 

th
o X) 

QJ ed
 

X) >i 
QJ TD TD T 3 •o QJ X ) rH 

C 0) C QJ 4J >i Q) rH Q 10 bo
 W w <C w X J 

c XI W bo
 

U) w u QJ 
0 1 QJ i QJ u ft a* •H w •H C U c S-i Ul u U w -u o ft 0 a ft 1 ft HJ QJ 
13 •H 1 •H i •H QJ 1 +J IH U 4J +J 4J + J rH -U W ft •H u 0 U 0 o3 o 0 ft 
i-l x: <0 X! rH x; W X) QJ QJ •H 
T! <x V-i fc. 

u 
•rH •P vX> ro C a a • -P (0 LTI oo in in r- in in 
u 4J in i£ CO 00 m 
01 Irt | • a t 9 « 0 • « 1 r-t C 00 QJ 0 in in 
•H u a in • Q e 

m 
in 

o >, U cn O o c m o rH •H 
QJ — o -H o N rH rH X o X r~ Q) <— rH X X r~ 

m 
1 
CO 

rH ro 
0̂  

rH cn 



109 

HPSN, I n p a r t i c u l a r , the d i e l e c t r i c c o n s t a n t s obtained here 

are i n good agreement with the low l o s s s i l i c o n n i t r i d e s 

measured by Walton [_ 7.8 ] . As can be seen from Table 7.5 

the reported v a l u e s (from 4.5 to about 9.5) vary g r e a t l y ; 

t h i s may be due to the d i v e r s e f a b r i c a t i o n techniques 

employed. On the whole the more dense HPSN values a r e 

higher as would be expected. Another f a c t o r may be a t t r i b u t e d 

to the f r e e s i l i c o n c o n t e n t ( s e e l a t e r ) . 

The l o s s tangents of the f u l l y - n i t r i d e d samples 

are compared i n Table 7.6 wi t h v a l u e s reported f o r v a r i o u s 

s i l i c o n n i t r i d e s prepared by v a r i o u s f a b r i c a t i o n r o u t e s , and 

Table 7.6 l o s s Tangents of S i l i c o n N i t r i d e s 

Frequency 
( H B ) 

t a n 6 
F a b r i c a t i o n 

Method 
References 

1.0 x 1 0 9 

9.34 x 1 0 9 

1.67 x 10~ 3 

1.58 x 1 0 - 3 

Reaction-bonded 
P r e s e n t 

study 

9.37 x 1 0 9 -3 -2 
7.0x10 - 1.7x10 Hot-pressed 7.20 

1.05 x 1 0 5 

9.34 x 1 0 9 

5.0 x 10" 3 

4.0 2 x 1 0 ~ 3 

Hot-pressed 7.18 

1.0 x 1 0 1 0 -2 -1 1.0x10 - 1.49x10 Reaction-bonded 7.19 
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appears somewhat lower. The e a r l i e r s i l i c o n n i t r i d e s 

i n v e s t i g a t e d by Messeir and co-workers [ e.g. 7.19 ] and 

P e r r y and Moules [ 7 . 2 o ] f o r radome a p p l i c a t i o n s were v e r y 

l o s s y . The cause of t h i s high l o s s have been under 

i n v e s t i g a t i o n and i t was not u n t i l the mid 1970's t h a t 

s i l i c o n n i t r i d e s with s u i t a b l y low l o s s e s ( t a n 6 ^ 10 ) 

were produced. 

7.4.2 PARTIALLY-NITRIDED SAMPLES 

The v a r i a t i o n of reduced d i e l e c t r i c c o n s t a n t , 

( £' - £ ), w ith frequency could not be d i r e c t l y observed s i n c e 

no £ value was a v a i l a b l e f o r any of the p a r t i a l l y - n i t r i d e d 

samples. N e v e r t h e l e s s , s i n c e E ^ i s a c o n s t a n t q u a n t i t y 

f o r each m a t e r i a l , s u b t r a c t i n g t h i s from the measured 

d i e l e c t r i c c o n s t a n t would not a l t e r the g r a d i e n t of each of 

the p l o t s i n F i g . 7 . 7 . I t can thus be i n f e r r e d t h a t the 

p a r t i a l l y n i t r i d e d samples f o l l o w the u n i v e r s a l d i e l e c t r i c 
n-1 

response law ( £ — £ od_ CO ) w i t h a l l n v a l u e s c l o s e 
C O 

to u n i t y . The v a r i a t i o n of £' w i t h weight g a i n a t any 

p a r t i c u l a r frequency i s i l l u s t r a t e d by the p l o t i n F i g . 7 . 9 , 

where the v a l u e f o r pure s i l i c o n ( i . e . 1 1 . 7 ) , [ 7.21, 7.22 ] 

has a l s o been i n c l u d e d . The v a r i a t i o n suggested by the curve 

i n d i c a t e s t h a t the i n c r e m e n t a l change i n £' with i n c r e a s i n g 

weight gain i s much more pronounced a t h i g h e r weight g a i n s . 

Assuming t h a t a decrease i n weight g a i n r e p r e s e n t s an 

i n c r e a s e i n f r e e s i l i c o n content, t h i s confirms t h a t £' 
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of s i l i c o n n i t r i d e i s n o t i c e a b l y dependent on the f r e e s i l i c o n 

content. Measurement of the d i e l e c t r i c c o n s t a n t can thus 

provide an estimate of the degree of n i t r i d a t i o n . 

Fig. 7 . 8 shows t h a t the l o s s f a c t o r s of samples 

from the f u l l y - n i t r i d e d to the lowest weight gain measurable 

spanned about one and a h a l f decades from about 4.5 x 10~^ to 

1.8 x 10 \ At any p a r t i c u l a r frequency i n the measurement 

range the v a r i a t i o n of l o s s f a c t o r with weight g a i n i s 

i l l u s t r a t e d by the p l o t i n Fig. 7 . 1 0 . I n t h i s p l o t the v a l u e 

of the l o s s f a c t o r of pure s i l i c o n (of r e s i s t i v i t y 16,000 

ohm-cm} [ 7.22 ] ) i s i n c l u d e d i n order to show the most 

l i k e l y shape of the curve. The l o s s d a t a f o r the lowest 

weight g a i n measurable (38 % ) i s seen to depart c o n s i d e r a b l y 

from the curve; t h i s i s probably due to the f a c t t h a t 

measurements became l e s s a c c u r a t e as the samples became more 

l o s s y . 

I t i s reasonable to a t t r i b u t e the l a r g e i n c r e a s e s 

i n d i e l e c t r i c c o n s t a n t and l o s s f a c t o r to the presence of 

f r e e unreacted s i l i c o n , as i n d i c a t e d by Table 7.3. Moreover, 

ESR s t u d i e s by B u s h e l l [ 7.16 ] have shown t h a t both pure 

s i l i c o n and 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 e x h i b i t d e f e c t 

c e n t r e resonance l i n e s which have s l i g h t l y d i f f e r e n t g 

v a l u e s ; i n h i s ESR examination of p a r t i a l l y - n i t r i d e d 

samples B u s h e l l showed t h a t the r e l a t i v e p r oportion of the 

s i l i c o n and s i l i c o n n i t r i d e l i n e s c l o s e l y followed the 
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p r o p o r t i o n expected from the known weight g a i n s . Th i s 

suggested t h a t there was a c l o s e c o r r e l a t i o n between weight 

gain and f r e e s i l i c o n content. The e f f e c t s of f r e e s i l i c o n 

on the d i e l e c t r i c p r o p e r t i e s of s i l i c o n n i t r i d e had a l s o been 

observed by Messeir and co-workers [ 7.19 ] , and P e r r y and 

Moules [7 .20 J where d i e l e c t r i c c o n s t a n t s between 4.8 and 
_3 

8,3 , and l o s s tamgents between 5.0 x 10 and 0.12 were 

reported f o r samples having d e n s i t i e s of 2.2 to 2.6 g/cm^. 

Not only i s the e f f e c t due to f r e e s i l i c o n observed i n bulk 

m a t e r i a l s but i t i s a l s o noted by Sin h a and Smith [ 7.23 J 

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

i n c r e a s e d from about 6 to approximately 8 as the f i l m s 

become r i c h i n s i l i c o n . 
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CHAPTER 8 

DIELECTRIC PROPERTIES OF OXYNITRIPE GLASSES 

8 01 INTRODUCTION 

8.1.1 OXYNITRIPE GLASS SYSTEMS 

There a r e d i f f i c u l t i e s i n producing f u l l y dense 

s i l i c o n n i t r i d e by s t r a i g h t f o r w a r d reaction-bonding or hot-

p r e s s i n g . Those a r i s i n g i n reaction-bonding have a l r e a d y been 

d i s c u s s e d i n the pre v i o u s c h a p t e r and some p o i n t s r e l a t i n g to 

the h o t - p r e s s i n g techniques should be mentioned. Hot-pressing 

s i l i c o n n i t r i d e w i t h s m a l l amounts ( 2 w / o ) of oxide 

a d d i t i v e s such as magnesia, MgO, y t t r i a , Y
2°3» c e r i a , Ce0 2, or 

z i r c o n i a , ZrO_, [ 8.1 - 8.3 3 can a c h i e v e a f u l l y dense 

product with high s t r e n g t h s up to 1000°C. S i l i c o n n i t r i d e s 

w i t h l e s s than 5 volume p e r c e n t p o r o s i t y can a l s o be obtained 

by s i n t e r i n g with l a r g e r amounts ( 5 - 1 0 w / o ) of oxide 

a d d i t i v e s [8.4 ] . Magnesia r e a c t s with the s u r f a c e l a y e r of 

s i l i c a which i s always p r e s e n t on the n i t r i d e to g i v e a g r a i n -

boundary phase, f i r s t thought to be a s i l i c a t e l i q u i d [8.1 D p 

which c o o l s to g i v e a low softening-temperature g l a s s . These 

types of grain-boundary phases cause the creep r e s i s t a n c e of 

the high d e n s i t y product to decrease r a p i d l y above 1000°C. 

The l i q u i d phase and the g l a s s e s t h a t form from i t are now 

e s t a b l i s h e d as o x y n i t r i d e s [ 8 . 5 - 8.7 ] , with y t t r i a 
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a d d i t i v e the Y-Si-O-N l i q u i d y i e l d s h i g h l y r e f r a c t o r y 

q u a r t e r n a r y o x y n i t r i d e phases g i v i n g improved high temperature 

p r o p e r t i e s [8.2 ~] . F u r t h e r e f f o r t s i n the d e n s i f i c a t i o n 

p r o c e s s l e d to the d i s c o v e r y t h a t i t i s p o s s i b l e to r e p l a c e 

s i l i c o n by aluminium and n i t r o g e n by oxygen i n s i l i c o n n i t r i d e 

without changing i t s s t r u c t u r e £ 8.8, 8.9 J . I t i s a l s o found 

t h a t s i l i c o n n i t r i d e may be " a l l o y e d " with alumina and o t h e r 

metal oxides or n i t r i d e s to form what i s known by the acronym 

" s i a l o n " , d e r i v e d from the r e s u l t i n g Si-Al-O-N phases. From 

t h i s development i t i s now p o s s i b l e to prepare bulk o x y n i t r i d e 

g l a s s e s i n the Mg, Ca, Y and Nd s i a l o n systems {_ 8.10 J . 

These g l a s s e s a r e important because the high temperature 

s t r e n g t h and creep r e s i s t a n c e of n i t r o g e n ceramics depend 

markedly on the amount and c h a r a c t e r i s t i c s of the grain-boundary 

g l a s s [^8.4 3 . They are a l s o important i n t h e i r own r i g h t 

s i n c e s m a l l amounts of n i t r o g e n i n oxide g l a s s e s have been 

reported to i n c r e a s e t h e i r v i s c o s i t y and r e s i s t a n c e to 

d e v i t r i f i c a t i o n [_ 8.11 ~J . 

R e c e n t l y Thorp and Kenmuir ^8.12 ~] have reported 

measurements on the d i e l e c t r i c p r o p e r t i e s of Ca and Mg 

o x y n i t r i d e g l a s s e s . Room temperature measurements of the 

d i e l e c t r i c c o n s t a n t and l o s s f a c t o r , using bridge techniques 

from 500 Hz to 10 kHz, showed t h a t f o r each p a r t i c u l a r 

composition the data f i t t e d w e l l with the u n i v e r s a l d i e l e c t r i c 

response law. I t was a l s o found t h a t the a d d i t i o n of n i t r o g e n 

i n the g l a s s e s i n c r e a s e s £' and furthermore t h a t changing 
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from Mg to Ca i n c r e a s e d £.' i n e i t h e r the pure oxide or 

o x y n i t r i d e g l a s s e s . These i n v e s t i g a t i o n s have s i n c e been 

extended to cover two more new g l a s s systems [ 8.13 3 » namely 

Y and Nd o x y n i t r i d e s , together with f u r t h e r compositions 

i n both the Mg and Ca o x y n i t r i d e g l a s s e s . The p r e s e n t work 

i s an e x t e n s i o n to h i g h e r f r e q u e n c i e s of the e a r l i e r s t u d i e s 

c a r r i e d out i n t h i s Department and was undertaken to see 

whether the trends of behaviour found i n the lower frequency 

region a l s o held over the frequency range from 500 MHz to 10 

GHz. 

8.1.2 GLASS COMPOSITIONS STUDIED 

O x y n i t r i d e g l a s s e s of the form M-Si-Al-O-N (where 

the c a t i o n M = Mg, Y, and Ca) s t u d i e d here have been prepared 

a t the C r y s t a l l o g r a p h y Laboratory, U n i v e r s i t y of Newcastle-upon-

Tyne [ 8 . 1 4 J . Table 8.1 shows the compositions of these 

g l a s s e s where i t can be seen t h a t the compositions were v a r i e d 

s y s t e m a t i c a l l y . L'ach of the c a t i o n systems i n c l u d e d an oxide 

g l a s s without n i t r o g e n . The o x y n i t r i d e s of the systems are 

formed by s u b s t i t u t i n g chemical e q u i v a l e n t s of n i t r o g e n f o r 

proportions of oxygen of the oxide g l a s s . The percentage of 

oxygen r e p l a c e d i n t h i s manner i s given i n Table 8.1 f o r each 

of the o x y n i t r i d e compositions. P r o p o r t i o n s of the o t h e r 

elements were held c o n s t a n t , although the decrease i n the t o t a l 

number of atoms caused by the s u b s t i t u t i o n of two n i t r o g e n atoms 

f o r three oxygen atoms n a t u r a l l y i n c r e a s e d the numerical v a l u e s 
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of t h e i r concentrations when expressed i n atomic percent. The 

same p a t t e r n was fol l o w e d between the d i f f e r e n t c a t i o n s e r i e s , 

which t h e r e f o r e contained equal chemical equivalents of e i t h e r 

Mg, Y or Ca. The r a t i o o f t o t a l p o s i t i v e valences to t o t a l 

negative valences d i d not vary w i t h e i t h e r n i t r o g e n c o n c e n t r a t i o n 

or c a t i o n type and was equal to one f o r a l l the m a t e r i a l s 

s t u d i e d . Table 8.1 also includes the l i m i t i n g high-frequency 

d i e l e c t r i c constant, , deduced from o p t i c a l r e f r a c t i v e 

index measurements [ 8.14 3 • 

8.2 RESULTS 

8.2.1 SAMPLES AND MEASUREMENT METHODS 

Disc shaped samples of about 6.5 mm t o 8 mm i n 

diameter and thicknesses between 0.50 mm and 0.65 mm were 

c u t from the bulk o x y n i t r i d e glasses using conventional diamond 

wheel c u t t i n g techniques f o l l o w e d by diamond paste p o l i s h i n g t o 

f i n i s h e s of 0.25 (jm. Besides being used f o r the c o a x i a l l i n e 

measurement techniques these same samples were also used i n the 

c a v i t y p e r t u r b a t i o n measurements a t 9.34 GHz. I n a d d i t i o n , 

cubic samples of sides about 2 mm t o 5 mm were also used i n 

the l a t t e r measurement method. The d i e l e c t r i c constants of the 

samples were determined using the s h o r t - c i r c u i t t e r m i n a t i o n 

method from 500 MHz up to 5 GHz. These were used i n the 

loss determinations using the c o a x i a l l i n e resonance method 

from 1 to c> GHz. I t was found t h a t the matched te r m i n a t i o n 
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method was only a p p l i c a b l e up to 1 GHz and more s u i t a b l e 

f o r the lower d i e l e c t r i c constants. Above 5 GHz the VSWR 

measured by the c o a x i a l l i n e resonance method becomes very 

high thus e f f e c t i v e l y s e t t i n g an upper frequency l i m i t o f 

about 5 GHz f o r the loss measurements on these glasses. 

A l l the measurements were made a t room temperature. 

8.2.2 MAGNESIUM OXYNITRIDE GLASSES 

The d i e l e c t r i c constants of these glasses were 

found to be almost independent o f frequency w i t h i n the 

measurement range. Values o f £.' ranged from about 5.6 

to 6.5 f o r a s e r i e s o f o x y n i t r i d e s having R between 0 % 

and 14.8 % (R i s the percentage o f oxygen replaced by 

n i t r o g e n ) . The d i e l e c t r i c constants f o r the various 

compositions are given i n Table 8.2 along w i t h those f o r 

the Y and Ca o x y n i t r i d e glasses. The v a r i a t i o n s o f the 

reduced d i e l e c t r i c constants ( £' — £ ) w i t h frequency 
oo 

are shown i n Fig.8.1. According t o Jonscher ( s e c t i o n 6.4) 
n " 1 

the frequency dependence should f o l l o w ( E — S ) o<- QJ 

and the i n d i v i d u a l l o g - l o g p l o t s f o r each o f these compositions 

gave the n value of 1.0 _+ 0.05. Fig.8,2 i l l u s t r a t e s the 

changes of the loss f a c t o r s w i t h frequency, where i t i s 

evident t h a t f o r a l l the compositions the n values deduced 
n-1 

from the r e l a t i o n £ o d CO gave the same n value 1.0 + 

0.0 5 as f o r the reduced d i e l e c t r i c constant versus frequency 

p l o t s . Since the loss f a c t o r and d i e l e c t r i c constant are 
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Table 8.2 D i e l e c t r i c P r o p e r t i e s of Mg, Y and 
Ca O x y n i t r i d e Glasses at 1 GHz 

O x y n i t r i d e 
Glass Systems 

% Oxygen 
Replaced by 
Nitrogen (R) 

e " tan6 x103 

0 5.64 0.016 2,87 

Mg 8.1 6.18 0.021 3.32 

14.8 6.48 0.026 4.00 

0 6.60 0.017 2.51 
Y 

14.8 7.14 0.014 2.00 

0 6.93 0.017 2.48 

8.1 7.22 0.020 2.81 

Ca 9.8 7.31 0.022 3.00 

11.5 7.39 0,023 3.10 

14.8 7.49 0.024 3.23 



N 
X o JO CO 

CO 
II II CU 

to 

Lfi 

CU 

OJ 

I/I 
ai 

cu 

01 

• 
CO Lfl 
C71 

u_ 

00 



II 
CO 
II 

CO 

II 
ex. 

° 5 
t/) 
<u 
</> 
(A 

a 

in 

.3 
cu c 

E 

•o o 
C3 

o 

o in <u 

<u 

X 
o 

CSI 

c 

C 
<u 
<V T3 

c o 

E i_ ai 

a 
e 

•a o 
JZ 

e 

< 

• 

O 

° 
o 

irt 
o 

>» u c 0) 
cr 

<£> 
cn 

LP 
o o 

o 
o 

0) 



o 
II 

(X. 

CO 
II 
ex. 

sol c> 

GO 

II 

OJ 
l/> 

a 
cn 

E 
V) <u c cn a E 

< O 

c 
OJ cn c 
t3 

CO 
o 

< O 

• < 

CM 

C 
•o c 
OJ 
CL 
OJ 

• D 

c 
OJ 
CT 
ai 

< o 
• I 
• 

< 

< 

m 
CO 
chl 

a < o 

1 
LP 
O 
o 

o o 

c: 
C3 

4 m o o 
CNI o o 

o o 
o 



123 

almost independent of frequency, the loss tangent also 

f o l l o w t h i s behaviour; Fig.8.3. 

8.2.3 YTTRIUM OXYNITRIDE GLASSES 

The d i e l e c t r i c constants of the y t t r i u m o x y n i t r i d e 

glasses s t u d i e d are also almost independent of frequency i n 

the measurement range, having values of about 6.6 and 7.2 

f o r the compositions w i t h R = 0 % and P. = 1 4 . 8 % 

r e s p e c t i v e l y . The slopes of the l o g - l o g p l o t s o f reduced 

d i e l e c t r i c constants w i t h frequency gave n values close t o 

u n i t y , Fig.8.4. Again from the loss f a c t o r versus frequency 

p l o t s i n Fig.8.5, the slopes y i e l d n values i n agreement 

w i t h those from the reduced d i e l e c t r i c constants versus 

frequency p l o t s . The v a r i a t i o n w i t h frequency of the loss 

tangents f o r these glasses are shown i n Fig.8.6. 

8.2.4 CALCIUM OXYNITRIDE GLASSES 

These glasses were found t o have d i e l e c t r i c 

constants from about 6.9 t o 7.5 f o r the f i v e compositions 

f o r the range of R values s i m i l a r t o those f o r both the Mg 

and Y o x y n i t r i d e glasses. Once again a l l the Ca o x y n i t r i d e 

glasses showed l i n e a r v a r i a t i o n s o f the reduced d i e l e c t r i c 

constants and loss f a c t o r s w i t h frequency, Figures 8.7 

and 8,8. The n values deduced from both these sets o f 

p l o t s against frequency again gave values of 1.0 + 0.05 
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f o r a l l the f i v e compositions. The loss tangent v a r i a t i o n s 

w i t h frequency are given i n Fig.8.9. 

8.3 DISCUSSION 

For a l l the oxide and o x y n i t r i d e glasses s t u d i e d 

i t was found t h a t f o r each composition the reduced d i e l e c t r i c 

constant (£' - E^) showed a l i n e a r v a r i a t i o n w i t h frequency. 

I n a l l the systems, a t any given frequency i n the measurement 

range, the value o f £' was observed t o depend on the 

composition, i n c r e a s i n g as the n i t r o g e n c o n centration 

increased. I n a d d i t i o n , a t each c o n c e n t r a t i o n , i n c l u d i n g 

the oxide glasses, £' increased w i t h c a t i o n type i n the 

order Mg, Y, Ca. These are shown i n Fig.8.10. E a r l i e r 

Thorp and Kenmuir [8.12, 8.13 ~] have observed the same 

trends i n the v a r i a t i o n s o f E' on composition f o r Mg, Ca, 

Y and Nd o x y n i t r i d e glass systems between 500 Hz and 10 

kHz. They had also observed t h a t £' increased w i t h c a t i o n 

type i n the same order Mg, Y, Ca. The power law behaviour 

on frequency i s i n good agreement w i t h the u n i v e r s a l 
n-1 

d i e l e c t r i c response law i n s o l i d s i n t h a t (£ - £ ) oC CO > 
oo 

where the exponent n had the same value 1.0 _+ 0.0 5 f o r 

a l l the compositions s t u d i e d . P l o t s o f the loss f a c t o r s 

also showed l i n e a r v a r i a t i o n s w i t h frequency f o r a l l the 
compositions. These p l o t s again y i e l d , from the dependence 

n-1 

£ y oC CO > n values s i m i l a r t o those found f o r the 

d i e l e c t r i c constant p l o t s . Since the a.c. c o n d u c t i v i t y may 
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be c a l c u l a t e d from the l o s s f a c t o r through the r e l a t i o n 

(J = U J £ o £ / / , i t can be i n f e r r e d t h a t the v a r i a t i o n of 

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

a power law dependence (J odd) , w i t h an n value about 

1. The f a c t t h a t the same n value was found f o r a l l the 

samples suggests t h a t , a t room temperature f o r t h i s 

frequency range, d i e l e c t r i c p o l a r i z a t i o n and a.c. 

c o n d u c t i v i t y i n a l l the compositions examined r e s u l t from 

the same hopping mechanism, and t h a t t h i s mechanism i s 

not changed by the s u b s t i t u t i o n of n i t r o g e n . 

However, u n l i k e the behaviour of the d i e l e c t r i c 

c o n s t a n t , the dependence of the d i e l e c t r i c l o s s on n i t r o g e n 

c o n c e n t r a t i o n v a r i e d from one system to another. S u b s t i t u t i o n 

of 14 .8% of oxygen by n i t r o g e n i n c r e a s e d ton 5 by 39% 

f o r magnesium g l a s s e s , by 22% f o r c a l c i u m g l a s s e s and 

decreased tan6 by 16% f o r y t t r i u m g l a s s e s , Fig. 8 . 1 1 . 

These f i g u r e s may be compared with those of Thorp and Kenmuir 

[ 8 . 1 3 J where i n c r e a s e s of 55% and 13% f o r magnesium and 

c a l c i u m g l a s s e s , and a decrease of 20% f o r y t t r i u m g l a s s e s 

were observed between 500 Hz and 10 kHz f o r the same 

i n c r e a s e i n n i t r o g e n c o n c e n t r a t i o n . I t i s i n t e r e s t i n g to note 

the c l o s e s i m i l a r i t y between the v a l u e s obtained i n the two 

frequency ranges and f u r t h e r t h a t the c o n t r a s t i n behaviour 

between the y t t r i u m g l a s s and the o t h e r s has been confirmed. 

S i m i l a r d i e l e c t r i c behaviour have been noted by Loehman 

[ 8 . 1 5 ] and Leedecke and Loehman [ 8.16 ] . I t was 



en 

10 I / I 
l / l 10 to to cn to 

ID ID ID 
a/ 

>- QJ Lfi an 

to 
01 to uo oo 

QJ 

8 

• o 

CD 
cn 



126 

reported t h a t the d i e l e c t r i c c o n s t a n t i n c r e a s e d when 1.5 atomic 

pe r c e n t of nitrog e n was s u b s t i t u t e d f o r the same amount of oxygen i n 

a y t t r i u m o x y n i t r i d e g l a s s . For t h i s g l a s s the l o s s tangent and room 

temperature a.c. c o n d u c t i v i t y decreased w i t h n i t r o g e n s u b s t i t u t i o n 

by amounts l a r g e r than those observed by Thorp and Kenmuir and i n 

the p r e s e n t c a s e . 

I t i s evi d e n t t h a t s u b s t i t u t i o n of n i t r o g e n i n t o oxide 

g l a s s e s i n c r e a s e s the d i e l e c t r i c c o n s t a n t and produces changes i n 

the l o s s i n a manner which a l s o depends on the othe r c o n s t i t u e n t s of 

the g l a s s e s . Systematic v a r i a t i o n s i n the compositions a r e n e c e s s a r y 

i f the e f f e c t s of nitrogen are to be d i s t i n g u i s h e d . O x y n i t r i d e 

g l a s s e s may be prepared i n which the d i e l e c t r i c p r o p e r t i e s can be 

c o n t r o l l e d and hence enhance other p h y s i c a l p r o p e r t i e s , f o r example, 

by i n c o r p o r a t i n g n i t r o g e n the m o b i l i t y o f a l k a l i i o n s i n the m a t e r i a l 

i s reduced, i n c r e a s i n g d.c. r e s i s t i v i t y and reducing d e v i t r i f i c a t i o n 

near e l e c t r o d e s due to e l e c t r o l y s i s [ 8.11, 8.17 ] . I t i s a l s o 

found t h a t o x y n i t r i d e g l a s s e s a r e harder and more r e f r a c t o r y [ 8.11, 

8.18, 8.19 ] . 

S i n c e the present measurements, made over the range 500 

MHz to 9.34 GHz, and the previous o b s e r v a t i o n s , made by Thorp, 

K u l e s z a and Kenmuir [ 8 . 13 ] over the lower frequency region from 

500 Hz to 20 kHz, were a l l taken with the same s e r i e s of o x y n i t r i d e 

g l a s s samples a unique opportunity e x i s t s f o r a s s e s s i n g the 

d i e l e c t r i c behaviour over t h i s very e x t e n s i v e frequency range. A 

number of important f e a t u r e s are r e v e a l e d . 

F o r each i n d i v i d u a l g l a s s composition the frequency 
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dependence of both the d i e l e c t r i c c o n s t a n t £ and l o s s £ f o l l o w s 

the v a r i a t i o n expected front the U n i v e r s a l Law of d i e l e c t r i c response 

with the value of the exponent n being n = 1„0 + 0 . 1 . Taking the 

r e s u l t s f o r a l l the i n d i v i d u a l compositions c o l l e c t i v e l y r e v e a l s t h a t 

t h i s whole group of r i g i d ceramics g i v e s d i e l e c t r i c behaviour 

corresponding to the l i m i t i n g form o f " l a t t i c e l o s s " [ 6.11 ] i n 

which most d i p o l a r p r o c e s s e s have been e l i m i n a t e d and frequency 

independent l o s s i s expected. T h i s i s not common though i t i s 

i n t e r e s t i n g to note t h a t s i m i l a r p r o p e r t i e s have been reported both 

f o r doped magnesium oxide, a r i g i d r e f r a c t o r y oxide ceramic and f o r 

s e v e r a l s i a l o n m a t e r i a l s , high s t r e n g t h r e f r a c t o r y ceramics 

c o n t a i n i n g oxygen and ni t r o g e n [ 8 . 2 0 , 8.21 ] . 

A second p o i n t o f i n t e r e s t i s to note the range of v a l u e 

of t which can be obtained by compositional changes i n the g l a s s 

systems. At the lowest extreme one f i n d s £' ~ 5.6 a t 1 GHz f o r 

magnesium oxide g l a s s and a t the h i g h e s t £' = 11.6 a t 1 kHz f o r 

a neodyoium o x y n i t r i d e g l a s s c o n t a i n i n g 8.8 atomic percent n i t r o g e n . 

T h i s wide range suggests p o t e n t i a l f o r the c h o i c e of s p e c i a l g l a s s e s 

where d i e l e c t r i c matching i s important, e.g. i n s u b s t r a t e m a t e r i a l s 

f o r d e v i c e s . I n the oxide g l a s s e s £' i s dependent on the c a t i o n type 

and i n c r e a s e s i n the order Mg, Y, Ca, Nd wh i l e i n a l l the systems the 

a d d i t i o n of n i t r o g e n i n c r e a s e s £ ' „ I t should be noted however t h a t 

t h e r e a r e l i m i t s to the l a t t e r method f o r i n c r e a s i n g £' s i n c e , 

depending on the p a r t i c u l a r system, the maximum ni t r o g e n s o l u b i l i t y 

l i e s i n the range 1 0 - 1 5 atomic p e r c e n t , the h i g h e s t n i t r o g e n 

c o n t a i n i n g g l a s s e s so f a r produced [ 8.14 ] being i n the Y-Si-Al-O-N 

system. I t would be of i n t e r e s t to compare s i m p l e r oxide and n i t r i d e 
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s y s t a n s (e.g. A l

2 ° 3 a n d A l N » S*-°2 a n d S i 3 N 4 ' t o f i n d whether there 

are g e n e r a l i z e d behaviour r u l e s f o r n i t r o g e n s u b s t i t u t i o n o r whether 

the e f f e c t s d e s c r i b e d above are s p e c i f i c to the o x y n i t r i d e g l a s s e s 

examined here. 

A t h i r d f e a t u r e r e v e a l e d by a comparison of 

measurements i n the d i f f e r e n t frequency ranges r e l a t e s to the 

c a t i o n order found to g i v e i n c r e a s 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 . 

T h i s f e a t u r e may most e a s i l y be demonstrated by r e f e r e n c e to oxide 

g l a s s e s . At lower f r e q u e n c i e s ( i . e . 1.6 kHz, [ 8.13 ] ) i t can be 

s t a t e d q u i t e d e f i n i t e l y t h a t E ' changes with c a t i o n i n the or d e r 

Mg < Y < Ca < Nd j here the d i f f e r e n c e s i n £' between compositions 

a r e very much g r e a t e r than any p o s s i b l e experimental e r r o r s so the 

trend i s f i r m l y e s t a b l i s h e d . A s i m i l a r r e s u l t has now been found a t 

the higher f r e q u e n c i e s (between 500 MHz and 10 GHz) and the c o a x i a l 

l i n e and p e r t u r b a t i o n measurements confirm t h a t E/ i n c r e a s e s i n 

the order Mg < Y < Ca. However, the v a l u e s of E ^ , obtained from 

r e f r a c t i v e index measurements made i n the v i s i b l e range a t wave

lengths near 500 nm, determine the c a t i o n order f o r i n c r e a s i n g E ^ 

as Mg < Ca < Y < Nd . Assuming the v a l i d i t y of the o p t i c a l 

measurements [ 8 . 1 4 ] , which t h e r e i s no apparent reason to doubt, 

t h i s suggests a changeover i n order between y t t r i u m and c a l c i u m 

somewhere between the microwave and o p t i c a l r e g i o n s . 

Some remarks may be made i n c o n c l u s i o n regarding the 

i n f l u e n c e of nitrog e n s u b s t i t u t i o n on the d i e l e c t r i c l o s s £ " . 

Un l i k e the behaviour of the d i e l e c t r i c c o n s t a n t £ / the dependence 

of d i e l e c t r i c l o s s on n i t r o g e n c o n c e n t r a t i o n v a r i e d from system to 
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system. The measurements i n the lower frequency range showed t h a t 

an i n c r e a s e i n n i t r o g e n c o n c e n t r a t i o n produced a r e l a t i v e l y l a r g e 

i n c r e a s e i n tan 6 i n the magnesium g l a s s e s and a s m a l l e r though 

d e f i n i t e i n c r e a s e i n the c a l c i u m g l a s s e s ; by c o n t r a s t a s m a l l 

decrease was observed i n the y t t r i u m g l a s s e s . The d i f f e r e n c e s i n 

behaviour has been confirmed by the new measurements i n the h i g h e r 

frequency range. I f the changes i n d i e l e c t r i c l o s s a r e to be 

a t t r i b u t e d to changes i n chemical bonding th e r e seems no obvious 

reason why the y t t r i u m i o n should d i f f e r so markedly from both 

calcium and magnesium. The v a l u e of tan6 f o r y t t r i u m o x y n i t r i d e 

g l a s s e s can approach 0.001 which puts them i n a c o m p e t i t i v e 

p o s i t i o n r e l a t i v e to o t h e r m a t e r i a l s (e.g. SiC^) accepted as good 

i n s u l a t o r s . I t must be borne i n mind however t h a t , a t the p r e s e n t 

s tage of development of the p r e p a r a t i v e techniques f o r making the 

o x y n i t r i d e g l a s s e s , t h e r e may be o t h e r i m p u r i t i e s p r e s e n t a t low 

l e v e l s and t h a t the measured d i e l e c t r i c l o s s may be determined by 

these r a t h e r than being a d i r e c t monitor of the changes i n c a t i o n -

oxygen or c a t i o n - n i t r o g e n bonding schemes. Th i s re-emphasises the 

d e s i r a b i l i t y f o r undertaking d i e l e c t r i c measurements on s i m p l e r 

oxide, n i t r i d e and o x y n i t r i d e systems which can be obtained i n a 

h igher s t a t e of p u r i t y . 
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CHAPTER 9 

CONCLUSIONS 

For t h e most p a r t i n t h i s t h e s i s t h e r e l e v a n t 

d i s c u s s i o n s and c o n c l u s i o n s have been made a t t h e end o f t h e 

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

make g e n e r a l comments and summary c o n c l u s i o n s a t t h e end o f 

t h i s work. S u g g e s t i o n s o f p o s s i b l e improvements t o t h e 

measurement methods dev e l o p e d a r e a l s o o u t l i n e d . As a whole 

t h e r e s e a r c h suggests two main areas o f i n t e r e s t f i r s t l y , t h e 

development and r e f i n e m e n t s o f t h e measurement t e c h n i q u e s and 

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

f o r m . 

I n an e f f o r t t o reduce t h e VSWR t o a c c e p t a b l e 

measurement l e v e l s , t h e matched t e r m i n a t i o n was used. W i t h 

t h e a i r gap s p a c i n g s < 0.6 mm i t produced v a l u e s o f VSWR o f 

100 a t f r e q u e n c i e s o f 500 MHz o r h i g h e r . T h i s i s v e r y 

much l e s s t h a n i n t h e u s u a l s h o r t - c i r c u i t method where t h e 

\ SWP's a r e o f t h e o r d e r o f thousands. However, i n t h e matched 

t e r m i n a t i o n case a t h i g h e r f r e q u e n c i e s , t h e VSWR becomes t o o 

low when a m a t e r i a l under t e s t i s i n t r o d u c e d i n t o t h e sample-

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

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

t h e method t o l o w e r f r e q u e n c i e s , i n s t e a d o f t h e matched 

t e r m i n a t i o n (Z ) , s m a l l e r r e s i s t i v e l o a d s may be used t o 
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t e r m i n a t e t h e s a m p l e - h o l d e r . These l o a d s may be i n t h e form o f 

two matched t e r m i n a t i n g l o a d s c o n n e c t e d i n p a r a l l e l by a 

c o a x i a l T - j u n c t i o n , g i v i n g h a l f t h e i n i t i a l v a l u e ( Z ^ / 2 ) . 

C a l c u l a t i o n s f o r l o a d s o f Z /4 up t o 3Z /4 showed t h a t 
o ^ o 

e a s i l y measurable VSWP. v a l u e s a r e o b t a i n e d f o r an empty sample-

h o l d e r w i t h gap s p a c i n g s o f about 0.5 mm and f o r f r e q u e n c i e s 

up t o 8 GHz. The necessary e q u a t i o n s f o r s o l v i n g E' and £ 7 / 

o r tan6 were n o t f u l l y d e r i v e d , however, s i n c e t h i s would 

i n v o l v e more d e t a i l e d c o n s i d e r a t i o n s o f t h e e q u i v a l e n t c i r c u i t . 

T h i s i s one p o s s i b l e way which can be dev e l o p e d f o r d i e l e c t r i c 

measurements. 

The c o a x i a l l i n e resonance method may be f u r t h e r 

i mproved and extended t o c o v e r good i n s u l a t i n g low l o s s 

m a t e r i a l s by r e - e x a m i n i n g t h e a n a l y s i s o f t h e e q u i v a l e n t 

c i r c u i t when a t h i c k e r sample i s used. T h i s w i l l decrease t h e 

c a p a c i t a n c e o r e q u i v a l e n t l y i n c r e a s e t h e impedance due t o t h e 

sample, hence l o w e r i n g t h e maximum VSWR a t resonance. Low l o s s 

m a t e r i a l s h a v i n g t a n 6 < 10 , w h i c h would n o r m a l l y g i v e 

v e r y h i g h V'SWR's, can thus be b r o u g h t w i t h i n t h e measurable 

range. I t was found t h a t even t h e l o w l o s s PTFE sample ( t a n 6 
-4 

im 3 x 10 ) o f t h i c k n e s s 1 mm gave a maximum VSWR a t 

resonance o f 530 a t 1 GHz (Appendix C). I n comparison t h e 

s h o r t - c i r c u i t method would have g i v e n a VSWR o f t h e o r d e r 
4 

/v 2 x 10 , w h i c h c a n n o t n o r m a l l y be measured i n p r a c t i c e 

because o f o v e r l o a d i n g o f t h e d i o d e d e t e c t o r and v e r y p o o r 

s i g n a l - t o - n o i s e r a t i o a t t h e s t a n d i n g - w a v e minima. As t h e 
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sample t h i c k n e s s i n c r e a s e s a r i g o r o u s t r e a t m e n t o f t h e 

i n c r e a s e d f r i n g i n g - f i e l d e f f e c t i s r e q u i r e d b e f o r e advantage 

can be t a k e n o f t h e reduced VSWR a t resonance. T h i s l i n e o f 

approach has n o t been u n d e r t a k e n s i n c e one o f t h e p r i m a r y 

aims o f t h i s r e s e a r c h was t o c o n s t r u c t a s u i t a b l e sample-

h o l d e r and t o t e s t t h e matched t e r m i n a t i o n and r e s o n a n t l i n e 

i d e a s . The v a l i d i t y o f t h e s e i d e a s have been amply d e m o n s t r a t e d 

by t h e good agreement w i t h p u b l i s h e d d a t a o f a wide v a r i e t y o f 

m a t e r i a l s f r o m s o l i d s t o l i q u i d s and s p a n n i n g a wide range o f 

l o s s . 

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

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

response law o f J o n s c h e r . A dependence o f d i e l e c t r i c c o n s t a n t 

w i t h f r e q u e n c y , i . e . ( £' - £ ) cxz ( j j " ^ , was o b s e r v e d f o r 
00 

each o f the samples where n was a p p r o x i m a t e l y u n i t y . 

S i m i l a r l y , f o r each sample t h e l o s s f a c t o r v a r i a t i o n w i t h 

f r e q u e n c y f i t t e d t h e r e l a t i o n & u OJ n ^ , where a g a i n n 

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

d i e l e c t r i c l o s s where most d i p o l a r p r o c e s s e s have been 

e l i m i n a t e d . 

I n t h e s i l i c o n n i t r i d e c e r a m i c s , c h e m i c a l , X-ray 

o r s p e c t r o g r a p h i c a n a l y s e s would be r e q u i r e d t o n u m e r i c a l l y 

r e l a t e w e i g h t g a i n w i t h f r e e s i l i c o n c o n t e n t . T h i s would t h e n 

e n a b l e w e i g h t g a i n t o be a q u a n t i t a t i v e measure o f t h e amount 

o f f r e e s i l i c o n . T h i s i n t u r n i m p l i e s t h a t the d i o l e c t r i c 
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c o n s t a n t o r l o s s f a c t o r may be used as an i n d i r e c t measure o f 

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

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 . 

The measurements o b t a i n e d f r o m o x y n i t r i d e g l a s s e s 

i n w h i c h n i t r o g e n was s u b s t i t u t e d f o r oxygen c o n f i r m e d t h e 

t r e n d s observed a t l o w e r f r e q u e n c i e s by Thorp and Kenmuir 

[ 8.12, 8 .13] and o t h e r s [ 8.15, 8.16 J . I n a l l t h e g l a s s e s , 

a t any f r e q u e n c y i n t h e measurement range, t h e d i e l e c t r i c 

c o n s t a n t i n c r e a s e d w i t h i n c r e a s i n g n i t r o g e n c o n c e n t r a t i o n . 

A l s o , a t each n i t r o g e n c o n c e n t r a t i o n t h e d i e l e c t r i c c o n s t a n t 

i n c r e a s e d w i t h c a t i o n t y p e i n t h e o r d e r Mg, Y, Ca. However, 

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

dependence o f t h e l o s s f a c t o r on n i t r o g e n c o n c e n t r a t i o n 

v a r i e d from one system t o a n o t h e r . W h i l e t h e l o s s f a c t o r 

i n c r e a s e d w i t h i n c r e a s i n g c o n c e n t r a t i o n i n t h e Mg and Ca 

o x y n i t r i d e s , t h e Y g l a s s e s showed a decrease. The anomalous 

b e h a v i o u r e x h i b i t e d by t h e Y o x y n i t r i d e s have a l s o been 

o b s e r v e d a t l o w e r f r e q u e n c i e s \_ 8.13, 8 . 1 6 ] . S y s t e m a t i c 

v a r i a t i o n s i n c o m p o s i t i o n s a r e necessary i f t h e e f f e c t s o f 

n i t r o g e n o r any c o n s t i t u e n t on t h e d i e l e c t r i c p r o p e r t i e s a r e 

t o be i d e n t i f i e d . 

Some s u g g e s t i o n s f o r i m p r o v i n g t h e measurements 

o f d i e l e c t r i c p r o p e r t i e s have a l r e a d y been d e s c r i b e d e a r l i e r . 

I n t h i s and t h e f o l l o w i n g p a r a g r a p h s a d d i t i o n a l e x t e n s i o n s o f 

t h e methods whi c h may be c a r r i e d o u t i n f u t u r e a r e d e s c r i b e d . 
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A p o s s i b i l i t y t h a t can be t e s t e d i s t o i n t e n t i o n a l l y i n c o r p o r a t e 

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

s a m p l e - h o l d e r . T h i s may t a k e t h e form o f a c a p a c i t o r i n s e r i e s 

and a d j a c e n t t o t h e m a t e r i a l under t e s t . The geometry and 

d i m e n s i o n s o f t h i 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 s can be 

m a n i p u l a t e d t o produce t h e d e s i r e d measurable VSWR. 

I n s e r t s c o n s t r u c t e d from m a t e r i a l t r a n s p a r e n t t o 

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

c o a x i a l s a m p l e - h o l d e r . T h i s would be u s e f u l f o r t h e measurement 

o f l i q u i d s and powders which a r e i m p o r t a n t i n many i n d u s t r i a l 

a p p l i c a t i o n s . I n such a way more f l e x i b i l i t y i n sample 

t h i c k n e s s f o r optimum measurement c o n d i t i o n s may be i n t r o d u c e d . 

I n a d d i t i o n , t h e meniscus e f f e c t and v o l a t i z a t i o r i problems 

a s s o c i a t e d w i t h p r e v i o u s measurements, where t h e l i q u i d i s 

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

e l i m i n a t e d . 
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APPENDIX A 

OPTIMUM CAPACITANCE CALCULATIONS 

The f r e q u e n c y dependent r e a l and i m a g i n a r y 

components o f t h e complex p e r m i t t i v i t y , f r o m e q u a t i o n ( 2 . 9 ) , 

a r e : 

2|r ( u ) ) | s i n[-e ( ( j u ) ] c f £'M = 

e"(w) = 

C o Z o [ l + 2|Roo)|cos0(a)) + l n w ) | 2 ] c c 

1 - ir(co)i2 (A.i) 
0 ) C O Z o [ 1 + 2 lnu ) ) |cos0 (a)) + IT(<J0)!2 ] 

The terms i n t h e square b r a c k e t s i n t h e de n o m i n a t o r s can be 

w r i t t e n as D(U)) . For c l a r i t y and conv e n i e n c e t h e f r e q u e n c y 

dependence w i l l be dropped o f f h e r e a f t e r and assumed 

u n d e r s t o o d . The u n c e r t a i n t i e s i n £' and Z.", assuming t h a t 

C f does n o t v a r y w i t h f r e q u e n c y and t h e s m a l l u n c e r t a i n t y i n 

C^/CQ i s n e g l i g i b l e , a r e 

AE'= 

A£"= 

(A.2) 

where A C Q , A Z Q , A | r | and A0 a r e r e s p e c t i v e l y t h e 

u n c e r t a i n t i e s i n t h e 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 , 

t h e c h a r a c t e r i s t i c impedance, t h e magnitude and phase 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 . I t w i l l be e v i d e n t t h a t 
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be' _ 
6 C 0 ' 

-2|r |s in(-9) - £ ' 
U)C 2Z 0D (QJ)~ CD 

(A.3) 

6 e ' -2ir | sin(-6) _ 

a j C 0 Z 2 D M ' Z O 

(A.4) 

6E'_ 
an~ 

2(1 - in 2 ) s in ( -9 ) w C ^ e ' E * 
U)C 0Z OD 2(ua) I D 

(A.5) 

6E' 
69 " 

2lrl{(1 + |r| 2)cos(-9) + 2 } 
w C0Z0D2(oo) 

1 + ( W C 0 Z 0 ) 2 ( E ' 2 - E " 2 ) (A.6) 

S i m i l a r l y 

5E"_ -d - in2) _ 
6 C D ~ u>C 2ZJ](u>) ' cD "o o 

.2, 
5E"_ -d - in ) _ _ E " 

& Zo U ) C Z 2 D ( U J ) ~ Z o "o o 

6E"_ 2 {2 i r h (1 ^iri 2)cos(-Q)} 
sin ~ U)C0Z0D2((JU) 

1 + ( 0 ) C O Z Q ) 2 ( £ / 2 - S / / 2) 
2u)C0z0lrl 

(A.7) 

(A.8) 

(A.9) 

and M'- W C Z / E " (A. 10) 
69 " 

Substituting equations A{3) to A(l0) i n t o equations A(2) we obtain 
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the f r a c t i o n a l uncertainties; 

Airif / U ( U ) C J J 2 ( £ ' 2 - £ / / 2 ) \2i2 o o 
2 ^ C Z e ' 

o o 

.A0 (A.11) 

(A.12) 

The uncertainties A C and A Z „ r e s u l t from the uncertainties 
o o 

i n length measurements and for modern coaxial components may be 

assumed to be ^ 1 % , [ 1 . 1 7 , 2 . 7 ] . The optimum values of COCQZQ, 

that i s the values that give minimum values of A £ ' / e ' and A E " / € " , 

can be found by d i f f e r e n t i a t i n g equations (A.11) and (A.12). 

After s i m p l i f y i n g t h i s lengthy process, certain conditions are 

found. The minimum of A £ ' / E ' occurs when 

wc o z 0 

'2e'e" A in 
, AG TT + (£'2 - E"1) »1 

4 
(A.13) 

and the minimum of A E ' / E " occurs when 

o o 
+ (£ / 2 - £"*) "2 (A.14) 

For lossless materials ( £" = 0 ) , equation (A.13) reduces to 
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— — = £ (A.15) 
OJ C Z 

o o 

Hence the optimum capacitance of the empty sample-holder i s 

given by 

1 
u ) Z „ £ 

I t w i l l be seen that equations (A.13) and (A.14) are id e n t i c a l 

i f Ae = Ain / i n and the optimum value i s obtained when 

( e / 2 + e " 2 ) 2 (A.i7) 

For medium to low loss materials ( Z" £ 10~*) and for Z! ̂  3, 

the conditions i n equations (A„16) and (A.17) may be combined to 

give 

u)Z o c o |e* |= 1 (A.i8) 

The optimum capacitance of the empty sample-holder may thus be 

taken as 
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APPENDIX B 

CAVITY PERTURBATION METHOD 

Measurements of d i e l e c t r i c properties at 9.34 GHz were 

carried out using a cubic cavity as previously described i n 

references [ ^ 7 . 1 8 J and £ 2 . 8 ~J . When a resonant cavity i s 

perturbed by the introduction of a small sample i t s resonance 

frequency i s lowered [_ 2 ] . The change i n resonance 

frequency i s a function of the d i e l e c t r i c constant £' and 

the change i n cavity Q i s a function of the loss factor £" 

of the material [^B.l - B .5 J . In practice the resonance 

frequency and the loaded Q of the cavity with and without the 

the sample are measured. The results of the perturbation 

theory are expressed i n the following form £ B . 1 , B .2 ] 

where 

and 

Q 

( e * - 1 ) [ E c E s d V 

I E 2 d V 

Af = f - t 

1 
a 

- 1 J_ 
GU Q 0 

Bd: 

B ( 2 ) 

The subscript s refers to the s i t u a t i o n with the sample i n 

the cavity and o refers to that of the empty cavity. V and f 

denote the volume and resonance frequency respectively, while 

E i s the microwave f i e l d strength i n the sample. For the 
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case of a rectangular or cubical cavity operating i n the TE^ 

mode equation B(l) reduces to the simpler forms 
on 

from whichs 

and 

Af = 2{e' - D - i -

Q 

z' 

z" 

= 1 + 

= 1 Va 
4 Vs 

2 f 0 V s 

~ J L _ ±1 

B ( 3 ) 

B ( 4 ) 

B ( 5 ) 

B(6) 

As usual the loss tangent i s calculated from tQf"l 6 = ^-"/z.' ' 

In t h i s method certain conditions must be met i n 

order to sa t i s f y the requirements of perturbation theory, 

namely; 

( 1 ) the Q of the cavity should be greater than 2 0 0 0 

( 2 ) A f / f should be smaller than 0 . 0 0 5 

o 
( 3 ) V /V should be less than 1 / 2 0 . 

s o 
A cubical cavity, of int e r n a l dimension 2 . 2 3 cm on a side, 

was constructed from copper, Fig.B.l. The y of the empty 

cavity was approximately 3 0 0 0 , Cubic samples of sides about 

2 to 5 mm gave the r a t i o V /V < 1 / 8 0 . When the coaxial 
s o 

l i n e disc-shaped samples were used here, the r a t i o v
s / v

0 

< 1 / 6 0 . In both cases the volume ratios were well wi t h i n 

the requirement ( 3 ) above. The sample was mounted at the 

centre of the cavity using a quartz rod, about half a millimetre 
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i n diameter,, so as to locate i t at the position of zero 

magnetic f i e l d and maximum e l e c t r i c f i e l d [B,4 ] , A block 

diagram of the experimental set-up i s shown i n Pig.B.2, 

where the numbers denote the followings 

1 s power supply 

2 • refl e x klystron 

3 s modulator (RAMP generator) 

4 & 7 g isolators 

5, 8, 10 & 14 ; attenuators 

6 & 9 : di r e c t i o n a l couplers 

11 s cavity wavemeter 

12 ; precision attenuator 

13 & 15 i c r y s t a l detectors 

16 s dual beam oscilloscope. 
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1.0 I n t r o d u c t i o n 

Two c o a x i a l l i n e techniques f o r the determination o f complex p e r m i t t i v i t i e s 

o f s o l i d s and l i q u i d s are described. Both methods use a co a x i a l sample-holder 

s p e c i a l l y designed f o r t h i s purpose, i n c o r p o r a t i n g a p a r a l l e l p l a t e c a p a c i t o r i n 

series w i t h the inner conductor. 

The f i r s t , matched-termination method, i s e s s e n t i a l l y a comparison technique 

using a i r as the reference d i e l e c t r i c . In t h i s case, the changes i n the voltage 

standing wave p a t t e r n are recorded when the sample m a t e r i a l i s i n s e r t e d . Precise 

measurements o f the r e f l e c t i o n c o e f f i c i e n t and s h i f t i n the standing wave minimum 

are o f importance as the theory w i l l show. In order t o improve f u r t h e r the 

accuracy o f measuring the Voltage Standing Wave Ratio, VSWR, i t s values are 

lowered by t e r m i n a t i n g the sample-holder w i t h the c h a r a c t e r i s t i c impedance, Z q. 

In the second, the resonant l i n e method, the c h a r a c t e r i s t i c impedance 

t e r m i n a t i o n i s replaced by an adju s t a b l e short c i r c u i t known as the r e a c t i v e stub. 

A f t e r the t e s t m a t e r i a l i s placed i n the sample-holder the VSWR readings are taken 

and p l o t t e d against the v a r y i n g stub lengths. Maximum occurs at resonance when 

the t e r m i n a t i o n o f the l i n e i s r e s i s t i v e and t h i s value o f VSWR, VSWR^^, i s 
e" 

r e l a t e d t o the loss tangent of the m a t e r i a l , i . e . tan6 = — . The procedure 

can be s u c c e s s f u l l y employed f o r low loss m a t e r i a l s when the value o f e' i s known 

p o s s i b l y determined by the former matched-termination technique. 

Both methods can be used f o r frequencies i n the 200 MHz t o 9 GHz range 

and normally r e q u i r e only conventional apparatus. I t w i l l be apparent from the 

f o l l o w i n g paragraphs, however, t h a t b e t t e r r e s u l t s are achievable w i t h more 

s e n s i t i v e instruments and higher p r e c i s i o n components. 

2.0 Coaxial Line Sample-Holder 

The e x t e r n a l and c r o s s - s e c t i o n a l views o f the sample-holder are shown i n 

Fig 1 (a) § ( b ) . I t was made i n brass w i t h the i n t e r n a l and e x t e r n a l diameters 

chosen t o give t h e o r e t i c a l l y a c h a r a c t e r i s t i c impedance, Z , of 50 ohms. The 

design was dimensiuna 1 1y based on the connector assembly o f the General Radio 

s l o t t e d l i n e system used i n the measurements. Part o f the inner conductor was 



2 

made replaceable to allow d i f f e r e n t sample thicknesses t o be i n s e r t e d also f o r 

a p o s s i b l e s p r i n g removal. The access t o the gap i s through a cut-out window 

on the outer conductor. When the sample-holder i s i n use a s l i d e - o n close-

f i t t i n g r i n g clamps the window cover i n place. Functional r e p r e s e n t a t i o n o f 

the gap i s given i n Fig 1. ( c ) . 

The performance of the sample-holder was examined by measuring i t s VSWR 

over the o p e r a t i o n a l frequency range when terminated w i t h Ẑ . The r e s u l t i n g 

p l o t i n Fig.2 (a) f o r the u n i t w i t h the gap closed s a t i s f i e d the requirements 

adequately. Further, the d e v i a t i o n o f VSWR from the c a l c u l a t e d values as a 

f u n c t i o n o f the a i r gap spacing i n Fig 2 (b) gave an a d d i t i o n a l check on the 

pos s i b l e e r r o r s due t o the sample-holder. These measurements helped i n 

e s t i m a t i n g the tolerances i n the values o f the r e f l e c t i o n c o e f f i c i e n t and l a t e r 

the accuracy of e' and e" components o f the complex p e r m i t t i v i t y constant. Such 

p l o t s would normally be required at the frequencies o f i n t e r e s t and f o r each 

sample-holder design. C a l i b r a t i o n o f sample-holders does not need any a d d i t i o n a l 

equipment or d i f f e r e n t procedures from those used i n the a c t u a l d i e l e c t r i c 

measurements. The block diagram i n Fig.3 shows the experimental apparatus and 

arrangement f o r the two methods. 

3.0 The Matched Termination Method 

3.1 Theory 

The sample-holder w i t h the m a t e r i a l under t e s t placed i n the gap may be 

represented by an equivalent c i r c u i t o f Fig.4. The series capacitance i s given 

by C q } where i s the r e l a t i v e complex p e r m i t t i v i t y o f the m a t e r i a l , 

e ' - j e " , and C q i n farads i s a f u n c t i o n o f the a i r p e r m i t t i v i t y , e , and the 

r a t i o o f the c r o s s - s e c t i o n a l area o f the i n n e r conductor, A, and the gap 

spacing, d, i . e . e Q j . The f r i n g i n g f i e l d capacitance, C , i s associated 

w i t h the inner conductor d i s c o n t i n u i t i e s (1,2). 

When the sample-holder i s terminated w i t h the c h a r a c t e r i s t i c impedance, 
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the r e s u l t i n g l i n e load may be approximated t o , ( 3 , 4 ) , 

Z L * 
1 + jto (C E + CJZ 

o r f o 
* jw (C e + C £) J v o r f^ 

(1) 

where to i s the radian frequency. 

The r e f l e c t i o n c o e f f i c i e n t at A-A' may be expressed i n terms o f 

impedances ( 5 ) as 

zT - z 
L o 

z. + z 
L o 

(2) 

which f o r a i r d i e l e c t r i c , i . e . = 1, may be w r i t t e n as 

- j o . 

1 + j2«Z (C + C ) o o f 
(3) 

and f o r dimensionally equivalent sample o f m a t e r i a l under t e s t 

1 + j2u)Z (C e + C.) J o o r f 
(4) 

Combining eqns (3) and (4) gives 

i r j . i ( o s - 0 a ) 
— — e 

1 + 2wZ C e" + j2wZ C U' + C 
0 0 J o o \ o 

1 + j'2u)Z C 1 + ^ o o \ C 

(5) 
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On equating the r e a l and imaginary p a r t s and s o l v i n g e x p l i c i t l y f o r 

e' and e" we f i n a l l y o b t a i n 

and 

A l l + s i n 0 6) 2u)Z C 
|r 
1 s ' 

o o o o 

1 1 t cos 0 ( 7 ) 2u)Z C 2(i)Z C 
o o o o o 

where 

0 g = 26£ g , ^ s i s the standing wave minima l o c a t i o n w i t h the sample 

m a t e r i a l as the d i e l e c t r i c 

2TT 
and g = -— , \ being the wavelength. 

A 2 

Using Eqns. (6) and (7) or d i r e c t l y from eqn.4, we can get the f o l l o w i n g i m p l i c i t 

r e l a t i o n s h i p :-

e' + f / c / o 

e" + 1/2wZ C ' o o 

leading to an approximation 

tan 0 s (8) 

e ! ^ tan 0 (9) 
2wZ C o o 

i f 

C 
• << e' and e" << ^ C 2toZ C o o o 



5 

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

p r o p e r t i e s o f the m a t e r i a l under t e s t , f o r a p a r t i c u l a r set o f dimensions 

and frequency, are shown i n Fig.5. The p l o t s were obtained using eqns. (4) and 

( 8 ) , and r e q u i r e only the experimental values o f the r e f l e c t i o n c o e f f i c i e n t 

magnitude and i t s angle t o determine e' and tan6 f o r the sample m a t e r i a l . 

3.2 Measurements 

In order t o evaluate and determine the v a l i d i t y o f the method, known 

wel1-documented m a t e r i a l s were selected. The choice o f a l i q u i d as one 

ma t e r i a l was d e l i b e r a t e , f i r s t l y as a new departure and secondly, because o f 

the ease w i t h which i t can be placed i n the gap o f the sample-holder and main

t a i n e d i n p o s i t i o n by means o f i t s surface tension p r o p e r t y . This gave also 

c e r t a i n f l e x i b i l i t y i n the gap spacings and e l i m i n a t e d lengthy p r e p a r a t i o n o f 

sample surfaces normally needed w i t h s o l i d s . 

Measurements were made using pure chlorobenzene f o r the l i q u i d and a 

type o f perspex PMMA (polymethyl-methacrylate) as the r e p r e s e n t a t i v e o f s o l i d s . 

The r e s u l t s f o r chlorobenzene covering the range 0.5 t o about 3.0 GHz are 

given i n Fig.6 (a) and compare favourably w i t h the l i t e r a t u r e value f o r e' o f 

5.7 (8,9,10). In the case o f PMMA perspex, Fig 6 ( b ) , no precise data are 

a v a i l a b l e although the value o f 2.6 f o r the e' f a l l s w i t h i n the range o f t h i s 

type o f m a t e r i a l s (16, Moreno-plexiglas, p.204). 

4.0 The Resonant Line Method 

4.1 Theory 

I f the l i n e i s terminated w i t h a reactance i n s t e a d o f the c h a r a c t e r i s t i c 

impedance, Z q, standing waves w i l l be produced along i t s l e n g t h . Such t e r m i n a t i o n 

can be achieved by using an adjustable l o s s l e s s stub connected t o the l i n e as 

the load. The l i n e , i n c o r p o r a t i n g the sample-holder w i t h a i r or m a t e r i a l under 

t e s t i n the gap, presents a c a p a c i t i v e impedance (R and C i n s e r i e s ) . By 

varyi n g the stub length a maximum reading i n the voltage standing wave r a t i o , 

VSWR, w i l l be observed when the inductance o f the stub cancels the r e a c t i v e 

p a r t (C) o f the l i n e impedance. This c o n d i t i o n o f resonance r e s u l t s in a pure 
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resistance (R) which can be r e l a t e d t o and deduced from the normalised 

minimum impedance value given by 

R 1 (10) 
z vsw: 

according to transmission l i n e theory ( 5 ) . The equivalent c i r c u i t of the 

arrangement i s shown i n Fig.7 and produces the f o l l o w i n g r e l a t i o n s h i p s . 

The impedance of the m a t e r i a l sample may be w r i t t e n as 

1 
J o r 

(11) 

where the symbols have the meanings p r e v i o u s l y defined 

On s u b s t i t u t i o n f o r the complex p e r m i t t i v i t y 

r e s u l t s i n 

e = e' - j e " 

e" - j e ' 
2 2 wC (e* + E " ) o 

(12) 

which a t resonance w i t h the v a r i a b l e t e r m i n a t i n g stub gives on equating 

the r e a l and imaginary p a r t s 

Z 
= R = T7E^ (13) 

o 

and 

u,C ( E - 2
 + E " 2 ) V S W R M A X 

OlC ( £ ' " + E " ) 
^ t— = Z tan 65. (14) 
I o r 

where 

H i s the stub length at resonance, r 
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Combining eqns. (13) and (14) leads to 

tan<5 = ~ = (15) 
4AX VSWR^ tan $1 

I f , f u r t h e r , e" << e' approximations may be obtained 

i . e . 

e' £ (16) 
OJC Z tan g£ o o r 

and 

t a n 6 * £' °° ( 1 7 ) 

or 
1 

wC Z .VSWR , A V.tan 26£ o o MAX r 
(18) 

As can be seen from the above e' may be determined from the resonant 

c o n d i t i o n knowing only the r e l e v a n t stub l e n g t h , £ . On the other hand, f o r 

E " there i s also a need t o know the maximum value of VSWR measured at resonance•.. 

The value o f tan6 i s given without any approximations by eqn.15 i n v o l v i n g both 

parameters, VSWR^^ and £ . 

4.2 Measurements 

The apparatus arrangement was again as i n Fig 3 which included the sample-

holder without any m o d i f i c a t i o n s . The only d i f f e r e n c e was th a t now the l i n e was 

terminated w i t h an adjustable short c i r c u i t . 

Chlorobenzene i n cyclohexane s o l u t i o n s and water were used i n the measure

ments as the l i q u i d samples. As p r e v i o u s l y these were introduced i n t o the gap 

of the sample-holder using a dropper and the stub was var i e d u n t i l a maximum 

reading i n VSWR was obtained. The values of tan 6 f o r pure and two s o l u t i o n s 

o f chlorobenzene i n cyclohexane, and pure d i s t i l l e d water were found i n references 
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8,9,10 and 13, and 11 and 12, r e s p e c t i v e l y , and p l o t t e d f o r comparison i n 

Fig 8(a) and 8 ( b ) . The tan 6's f o r PMMA perspex were p l o t t e d against 

references 14, 15 and 16 i n Fig 8 ( c ) . 

The changes i n the value o f maximum VSWR over the frequency range 0.6 t o 

7.0 GHz f o r the two l i q u i d s are shown i n Fig 9(a) and 9 ( b ) . Typical v a r i a t i o n s 

i n VSWR p l o t t e d against the stub l e n g t h are i l l u s t r a t e d i n Figs 10 ( a ) , 10 ( b ) , 

and 10 (c) f o r three s o l i d s , s i l i c o n , perspex and t e f l o n . 

5.0 Conelusions 

The two methods j u s t described, though independent, may be used f o r 

complementary measurements or mutual v e r i f i c a t i o n of r e s u l t s . These aims can 

be c a r r i e d out w i t h ease since the only d i f f e r e n c e between the two sets o f 

apparatus i s i n the t e r m i n a t i o n , i . e . matched load or v a r i a b l e short c i r c u i t 

stub. 

The matched t e r m i n a t i o n method produces reasonably accurate values o f 

e' as can be deduced from eqn.10 and amply supported by the r e s u l t s obtained 

f o r chlorobenzene and PMMA perspex shown i n Figs 6(a) and 6 ( b ) , r e s p e c t i v e l y . 

The values f o r e", on the other hand, were not i n such a good agreement w i t h 

the published i n f o r m a t i o n , f o r both m a t e r i a l s although s t i l l very comparable. 

I t suggests t h a t the method using matched t e r m i n a t i o n may be used w i t h some 

confidence f o r f i n d i n g e'. 

The resonant l i n e method was e s s e n t i a l l y developed f o r the purpose o f 

determining the values o f tan <5 i n low loss m a t e r i a l s . There arc two parameters 

in v o l v e d as shown by eqn.17, the maximum or the resonant value o f VSWR and the 

r e s u l t a n t stub length. Representative examples o f VSWR curves i n order o f 

inc r e a s i n g magnitudes f o r s i l i c o n , PMMA perspex and t e f l o n , r e s p e c t i v e l y are 

given i n Figs 10(a), 10(b) and 10(C). Some d i f f i c u l t y may a r i s e i n measuring 

high VSWR values expected i n the case o f good i n s u l a t o r s . Highly s e n s i t i v e 

q u a l i t y standing wave meters w i l l normally have the range o f 80 dB, 60 dB 

attenuator plus 20 dB on the meter scale. This would imply VSWR range o f up 
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to 10 (20 dB e a f a c t o r of 10) which, however, cannot be f u l l y r e a l i s e d 

i n p r a c t i c e because o f overloading and noise-at-minima problems. A VSWR 
3 -3 of 10 i s possible w i t h care a l l o w i n g tan 6 o f 10 or less t o be measured. 

There may also be a d d i t i o n a l d i f f i c u l t y o f e s t a b l i s h i n g g r a p h i c a l l y the 

act u a l VSWRj^^ a s i s apparent i n Figs 10(b) and (c) f o r perspex and t e f l o n . 

I f p r e cise measurements are not pos s i b l e around the peak, e x t r a p o l a t i o n o f 

the slopes could give an estimate o f the maximum value and the e r r o r i n v o l v e d . 
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FIG. 6. Complex permittivities of (a) Chlorobenzene and (b) 
Polymethylmethacrylate (PMMA-perspex) determined using 
the Matched Termination Method. 
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