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P r o f e s s o r  Edward K. Damon, A d v i s e r

P r e v i o u s  s t u d i e s  h a v e  shown t h a t  p e r i o d i c  a r r a y s  o f  a n t e n n a  

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

e l e c t r o m a g n e t i c  (EM) w a v e s .  T h e s e  p r e v i o u s  s t u d i e s  h av e  been  l a r g e l y  

c o n f i n e d  t o  t h e  m ic ro w av e  p o r t i o n  o f  t h e  EM s p e c t r u m  a l t h o u g h  f i l t e r s  

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

m e a s u r e d  in  t h e  f a r - i n f r a r e d .  I n  t h i s  d i s s e r t a t i o n ,  m e a s u r e d  r e s u l t s  on 

b a n d - p a s s  and b a n d - r e j e c t  f i l t e r s  f o r  t h e  m i d - i n f r a r e d  a r e  r e p o r t e d .

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

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

t h e  m e a s u r e d  d a t a ,  c a l c u l a t i o n s  o f  t h e  b a n d - r e j e c t  f i l t e r  

c h a r a c t e r i s t i c s  a r e  p r e s e n t e d .  T h e s e  c a l c u l a t e d  d a t a  w e re  o b t a i n e d  

u s i n g  c o m p u t e r  co d e s  p r e v i o u s l y  t e s t e d  i n  t h e  m ic ro w a v e  r e g i m e .  With  

some m o d i f i c a t i o n s  t o  t h e s e  co d e s  t h e  m e a s u r e d  and c a l c u l a t e d  f i l t e r  

c e n t e r  f r e q u e n c i e s  a r e  f o u n d  t o  be i n  good a g r e e m e n t .  In  a d d i t i o n ,  

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

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

d e s i g n e d  t o  o p e r a t e  i n  t h e  m i d - i n f r a r e d .

1
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CHAPTER I

INTRODUCTION

Many s t u d i e s  [ 1 - 4 , 6 - 1 3 ]  h av e  shown t h a t  p e r i o d i c  a r r a y s  o f  a n t e n n a  

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

( b o t h  b a n d p a s s  and b a n d s t o p )  f o r  p r o p a g a t i n g  wave s y s t e m s .  Most  o f  

t h e s e  s t u d i e s  h ave  bee n  l i m i t e d  t o  f r e q u e n c i e s  i n  t h e  m ic ro w a v e  and 

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

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

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

m i d - i n f r a r e d .  The u l t i m a t e  aim i s  t o  i n c r e a s e  t h e  d e s i g n  f l e x i b i l i t y  o f  

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

w i t h  c o n t r o l l a b l e  o f f - n o r m a l  c h a r a c t e r i s t i c s .  T h i s  i s  q u i t e  i m p o r t a n t  

s i n c e  many t i m e s  f i l t e r s  mus t  be p l a c e d  i n  o p t i c a l  t r a i n s  a t  v a r i o u s  

a n g l e s  o r  i n  p o s i t i o n s  w h e r e  t h e  o p t i c a l  beam i s  c o n v e r g e n t  o r  b o t h .  

O b t a i n i n g  s t a b l e  f r e q u e n c y  c h a r a c t e r i s t i c s  f o r  such  p u r p o s e s  can be 

q u i t e  d i f f i c u l t  when u s i n g  s t a n d a r d ,  m u l t i - l a y e r ,  d i e l e c t r i c  f i l t e r s  

s i n c e  t h e  o p e r a t i o n  o f  t h e  f i l t e r s  d e p e n d s  on t h e  p h a s e  d e l a y s  be tw een  

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

c h a n g e s  i n  t h e  f i l t e r  c h a r a c t e r i s t i c s .

I t  has  been  shown [ 7 , 8 , 1 0 ]  t h a t  t h e  f i l t e r  c h a r a c t e r i s t i c s  o f  

s u r f a c e s  c o n s i s t i n g  o f  i n f i n i t e  a r r a y s  o f  r e s o n a n t  e l e m e n t s  can  be 

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

The r e a s o n  f o r  t h i s  i s  t h a t  t h e  r e s o n a n c e  l o c a t i o n s  o f  t h e  e l e m e n t s  do 

n o t  c h a n g e  w i t h  a s p e c t  a n g l e .  In  a d d i t i o n ,  by p r o p e r  d e s i g n  o f  t h e  

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

s h i f t s  due  t o  d i e l e c t r i c  l o a d i n g ) ,  t h e  f i l t e r s  can be d e s i g n e d  f o r  

c o n s t a n t  b a n d w id t h  w i t h  i n c i d e n c e  a n g l e .  R e s o n a n t  s u r f a c e s  h av e  a l s o  

b e e n  b u i l t  f o r  u s e  i n  t h e  f a r - i n f r a r e d  r e g im e  w h e re  t h e  e l e m e n t s  a r e  

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

s m a l l e r  t h e  d i m e n s i o n s  o f  t h e  e l e m e n t s ) .  At t h e s e  h i g h e r  f r e q u e n c i e s ,  

t h e  e l e m e n t s  h av e  t y p i c a l l y  been v e r y  s i m p l e  f a t  d i p o l e s  ( s q u a r e  m e ta l  

e l e m e n t s )  o r  f a t  s l o t s  ( s q u a r e  h o l e s  i n  m e t a l )  [ 1 - 4 , 1 7 - 2 0 ]

U n f o r t u n a t e l y ,  t h e s e  f a r - i n f r a r e d  s u r f a c e s  h av e  been d e s i g n e d  u s i n g  a 

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

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

The main  t h r u s t  o f  t h i s  s t u d y  w i l l  be t o  show t h a t  a d v a n c e d  f i l t e r s  

f o r  t h e  m i d - i n f r a r e d  f r e q u e n c y  r e g im e  ( r o u g h l y  t h e  w a v e l e n g t h  r e g i o n  

f rom  5 m i c r o n s  t o  15 m i c r o n s )  can  be d e s i g n e d ,  b u i l t  and a c t u a l l y  

m e a s u r e d .

The r e s t  o f  t h i s  d i s s e r t a t i o n  w i l l  be o r g a n i z e d  as  f o l l o w s .  In  

C h a p t e r  I I ,  two t h e o r i e s  f o r  d e s i g n  o f  p e r i o d i c  s u r f a c e s  o r  g r i d
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s t r u c t u r e s  w i l l  be r e v i e w e d  and t h e  most  a p p r o p r i a t e  examined  i n  d e t a i l .  

T h i s  r e v i e w  i s  q u i t e  t u t o r i a l  i n  n a t u r e  and p r e s e n t s  t h e  s t r e n g t h s  and 

w e a k n e s s e s  o f  e a ch  t e c h n i q u e .

In  C h a p t e r  I I I ,  a s i m p l i f i e d  v e r s i o n  o f  t h e  more  c o m p l e t e  t h e o r y

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

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

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

e l e c t r o n - b e a m  ( e -b e a m )  l i t h o g r a p h y .  Two a p p e n d i c e s  a r e  i n c l u d e d  in  

s u p p o r t  o f  C h a p t e r  I I I .  I n  A p p e n d ix  A, t h e  t e c h n i q u e s  f o r  c o n s t r u c t i n g  

t h e  e x t r e m e l y  s m a l l  a n t e n n a  e l e m e n t s  a r e  p r e s e n t e d .  T h e s e  t e c h n i q u e s  

i n c l u d e  a l a s e r  i n t e r f e r o m e t r i c  s y s t e m  w hich  was i n a d e q u a t e  f o r  p a t t e r n  

g e n e r a t i o n  and t h e  d e s c r i p t i o n  o f  an e- beam  p a t t e r n  g e n e r a t i o n  f a c i l i t y  

w h ic h  was f i n a l l y  u s e d .  A p p e n d ix  C p r o v i d e s  i n f o r m a t i o n  a b o u t  t h e  

s u b s t r a t e  m a t e r i a l ,  c a l c i u m  f l u o r i d e  (CaF2 ) ,  w h ich  was c h o s e n  t o  p r o v i d e  

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

In  C h a p t e r  IV ,  m e a s u r e d  t r a n s m i t t a n c e  d a t a  a r e  p r e s e n t e d  f o r  t h e

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

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

( F T S ) .  A d e t a i l e d  d e s c r i p t i o n  o f  t h e  a c t u a l  s y s t e m  u s e d  i n c l u d i n g  a 

d e r i v a t i o n  o f  t h e  FTS p r o c e s s  i s  p r o v i d e d  i n  A p pend ix  B. I n c l u d e d  w i t h  

t h e  m e a s u r e d  d a t a  i n  C h a p t e r  IV a r e  s c a n n i n g  e l e c t r o n  m i c r o s c o p e  (SEM) 

p h o t o g r a p h s  o f  a l l  t h e  f i l t e r  s u r f a c e s  w hich  w e re  s u c c e s s f u l l y  b u i l t .  

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

e l e m e n t s  f o r  d e t a i l e d  m o d e l l i n g  o f  t h e  f i l t e r  c h a r a c t e r i s t i c s .
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M o d e l l i n g  o f  t h e  f i l t e r  s u r f a c e s  i s  done i n  C h a p t e r  V u s i n g  

c o m p u t e r  c o d e s  w hi ch  w e re  d e v e l o p e d  f o r  t h e  m ic ro w a v e  f r e q u e n c y  r e g i m e .  

The n e c e s s a r y  m o d i f i c a t i o n s  t o  t h e s e  co d e s  t o  a c c o u n t  f o r  t h e  d i s p e r s i v e  

n a t u r e  o f  t h e  CaF2 s u b s t r a t e  m a t e r i a l  a r e  p o i n t e d  o u t  as  w e l l  as s e v e r a l  

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

m a t e r i a l s .  The r e q u i r e d  model  f o r  CaF? i s  o b t a i n e d  i n  A p pend ix  C. An 

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

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

m e t a l  a r e  p r e s e n t e d  i n  A p p e n d ix  0 .  T h i s  a n a l y s i s  r e q u i r e s  a k n o w led g e  

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

i n  A p pend ix  E f o r  some o f  t h e  m e t a l s  u s e d  i n  t h i s  s t u d y .

In  C h a p t e r  VI ,  a summary o f  t h i s  s t u d y  i s  g i v e n .  I n c l u d e d  i n  t h i s  

s e c t i o n  a r e  r e c o m m e n d a t i o n s  f o r  f u t u r e  s t u d i e s  as  w e l l  as  a d d i t i o n a l  

i n f o r m a t i o n  w hi ch  w i l l  be n e e d e d .
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CHAPTER I I

ANALYSIS OF PERIODIC SURFACE CHARACTERISTICS

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

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

be  r e f e r r e d  t o  as g r i d  t h e o r y  (GT) o r  U l r i c h ' s  t h e o r y  a f t e r  i t s  p r im e  

d e v e l o p e r  [ 1 - 4 ] .  T h i s  t h e o r y  i s  a s p e c i a l i z a t i o n  o f  more c o m p l e t e  

r e s u l t s  p r e s e n t e d  by M a r c u v i t z  [ 5 ] ,  As a r e s u l t ,  U l r i c h ' s  t h e o r y  i s  an 

a p p r o x i m a t i o n  w h ich  i s  r e a s o n a b l y  v a l i d  o n l y  a t  low f r e q u e n c i e s  (be low 

a r r a y  f i r s t  r e s o n a n c e )  and a t  normal  i n c i d e n c e .  F o r  t h e s e  r e a s o n s ,  i t  

w i l l  n o t  be e x t e n s i v e l y  d i s c u s s e d .  A much more  c o m p l e t e  and a c c u r a t e  

t h e o r y  has  been d e v e l o p e d  by Munk and c o - w o r k e r s  [ 6 - 1 3 ] ,  T h i s  t h e o r y  

w i l l  be r e f e r r e d  t o  as p e r i o d i c  s u r f a c e  t h e o r y  (P S T ) .  PST i s  c a p a b l e  o f  

h a n d l i n g  f r e q u e n c i e s  ab o v e  r e s o n a n c e  and o f f - a x i s  e f f e c t s .  F o r  t h e s e  

r e a s o n s ,  PST has  been  u s e d  f o r  t h e  d e s i g n  and a n a l y s i s  o f  t h e  f i l t e r s  

c o n s t r u c t e d  d u r i n g  t h i s  s t u d y ,  and w i l l  t h e r e f o r e  be t r e a t e d  i n  g r e a t e r  

d e t a i l  t h a n  g r i d  t h e o r y .
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A. GRID THEORY

T h i s  t h e o r y ,  as  d e v e l o p e d  by U l r i c h ,  i s  b a s e d  on low f r e q u e n c y  

m o d e l s  f o r  s c a t t e r i n g  by o n e - d i m e n s i o n a l  ( I d )  w i r e  g r i d s .  The o r i g i n a l  

m o d e l s  d e v e l o p e d  by U l r i c h  a r e  i n  e s s e n c e  s i m p l i f i c a t i o n s  o f  mode ls  

p r e s e n t e d  by M a r c u v i t z  [ 5 ]  and o t h e r s  f o r  s c a t t e r i n g  by Id g r i d s .  

M a r c u v i t z ' s  r e s u l t s  a r e  o b t a i n e d  by e v a l u a t i n g  t h e  s c a t t e r i n g  by a 

w i r e  g r i d  v i a  i n t e g r a l  e q u a t i o n  t e c h n i q u e s  [ 1 4 , 1 5 ]  and r e t a i n i n g  t h e  

f i r s t  two d i f f r a c t i o n  m odes .  T h e s e  r e s u l t s  a r e  f o r  b o th  p o l a r i z a t i o n s  

and v a r i o u s  i n c i d e n c e  a n g l e s .  U l r i c h ' s  mod el s  a r e  o b t a i n e d  f r o m  t h o s e  

o f  M a r c u v i t z  by making two a s s u m p t i o n s  and s e v e r a l  a p p r o x i m a t i o n s .  The 

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

s u r f a c e  w h ich  r e s u l t s  in  a c o n s i d e r a b l e  s i m p l i f i c a t i o n  o f  t h e  model 

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

t r a n s p a r e n t  f o r  t h e  H - f i e l d  p o l a r i z e d  p a r a l l e l  t o  t h e  g r i d  ( i . e . ,  t h e  

i d e a l  p o l a r i z e r ) .  By c r o s s i n g  two su ch  i d e n t i c a l  g r i d s  a t  9 0 ° ,  a 

p o l a r i z a t i o n  i n s e n s i t i v e  s u r f a c e  i s  o b t a i n e d .  The r e s u l t i n g  s u r f a c e  i s  

shown i n  F i g u r e  2 . 1  w i t h  i t s  lumped c i r c u i t  model u s e f u l  f o r  low 

f r e q u e n c i e s  and normal  i n c i d e n c e .  Due t o  t h e  model u s e d ,  t h i s  s u r f a c e  

i s  r e f e r r e d  t o  in  g r i d  t e r m i n o l o g y  as  an " i n d u c t i v e  g r i d "  ( i n  PST 

t e r m i n o l o g y  a " s l o t  a r r a y " ) .  F o r  a r r a y s  c o n s i s t i n g  o f  f l a t  s t r i p s  in  

f r e e  s p a c e ,  t h e  s h u n t  im p e d a n c e  u s e d  t o  model t h e  s u r f a c e  i s  g i v e n  

by [ 1 ]

Xo / Z Q = An ( e s c  ( l i ) )  g /X  ( 2 . 1 )
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( a ) .  I n d u c t i v e  g r i d  ( f a t  s l o t  a r r a y )  i n  f r e e  s p a c e .

O -r-O -

( b ) .  T r a n s m i s s i o n  l i n e  model s how ing  s h u n t  im p e d a n c e .

F i g u r e  2 . 1 .  An i n d u c t i v e  g r i d  and i t s  g r i d  t h e o r y  t r a n s m i s s i o n  l i n e  

m o d e l .



f o r  t h e  c a s e  t  «  a «  g «  X w h e re  Z0 i s  t h e  i m p ed an c e  o f  f r e e  s p a c e .  

T y p i c a l l y ,  t h e s e  r e s t r i c t i o n s  a r e  r e l a x e d  and E q u a t i o n  ( 2 . 1 )  i s  us ed  

o v e r  v e r y  b r o a d  r e g i o n s .  U s i n g  t h e s e  r e s u l t s ,  t h e  g r i d  t r a n s m i t t a n c e  

and  r e f l e c t a n c e  a r e  g i v e n  by

T = 1 -  R .  M X q/ Z q ) _ ( 2 . 2 )

1+4< W 2
In  a d d i t i o n  t o  t h e  i n d u c t i v e  g r i d  o f  F i g u r e  2 . 1 ( a ) ,  U l r i c h  a l s o  

d e f i n e s  t h e  com plemen t  o f  t h i s  s u r f a c e  as  a c a p a c i t i v e  g r i d  (PST f a t  

d i p o l e  e l e m e n t s ) ,  an ex a m p l e  o f  w hi ch  i s  shown i n  F i g u r e  2 . 2 ( a ) .  T h i s  

s u r f a c e  i s  t h e  e l e c t r i c a l  d u a l  o f  t h a t  i n  F i g u r e  2 . 1 ( a ) .  The u t i l i t y  o f  

t h e s e  m ode l s  i s  e a s i l y  s e e n  s i n c e  m u l t i p l e  a r r a y s  may be m o d e l l e d  by 

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

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

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

w h e r e  t h e y  e x h i b i t  t h e i r  m os t  i n t e r e s t i n g  c h a r a c t e r i s t i c s .  In  a d d i t i o n ,  

t h e  U l r i c h  t h e o r y  u s i n g  more a d v a n c e d  o r  c o m p l i c a t e d  mod el s  [ 2 , 3 ]  can 

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

e f f e c t s  o f  m ut ua l  c o u p l i n g  f o r  a r r a y s  on t h i n  s u b s t r a t e s .  F i n a l l y ,  g r i d  

t h e o r y  has  p r o b l e m s  p r e d i c t i n g  t h e  p r o p e r t i e s  o f  skewed a r r a y s  which a r e  

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

s u r f a c e  t h e o r y  (PST) w h ich  i s  b a s e d  on t h e  r a d i a t i o n  p r o p e r t i e s  of  

c o n d u c t i n g  e l e m e n t s  i n  ( p o s s i b l y )  s a n d w i c h e d  d i e l e c t r i c  m e d i a .

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

g r i d  t h e o r y  h a s  been  u s ed  w i t h  f a i r  s u c c e s s .  Most a p p l i c a t i o n s  have



( a ) .  C a p a c i t i v e  g r i d  ( f a t  d i p o l e  a r r a y )  in  f r e e  s p a c e .

= F  j Yo ' o

( b ) .  T r a n s m i s s i o n  T i n e  model w i t h  s h u n t  a d m i t t a n c e .

F i g u r e  2 . 2 .  A c a p a c i t i v e  g r i d  and i t s  g r i d  t h e o r y  t r a n s m i s s i o n  l i n e  

m o d e l .



u s e d  t h e  g r i d s  as  p a r t i a l  r e f l e c t o r / t r a n s m i t t e r s  in  F a b r y - P e r o t  e t a l o n  

[ 1 6 ]  a r r a n g e m e n t s  w e l l  be l ow  a r r a y  r e s o n a n c e .  U l r i c h ,  e t  a l . ,  [ 1 7 ]  have 

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

M u e h l n e r  and Weis s  [ 1 8 ]  h a v e  u s e d  s i m i l a r  e t a l o n  a r r a n g e m e n t s  f o r  

f a r - i n f r a r e d  sky t e m p e r a t u r e  m e a s u r e m e n t s .  In  a d d i t i o n ,  s e v e r a l  r e c e n t  

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

m i l l i m e t e r  t o  f a r - i n f r a r e d  r e g i m e s .  Whi tcomb and Keene [ 1 9 ]  h ave  b u i l t  

l o w - p a s s  f i l t e r s  f o r  s u b - m i l l i m e t e r  a s t r o n o m y  and Timusk and R i c h a r d s  

[ 2 0 ]  h av e  b u i l t  b a n d p a s s  f i l t e r s  t o  o p e r a t e  i n  t h e  n e a r - m i l l i m e t e r  

r a n g e .  F i n a l l y ,  T o m a s e l l i ,  e t  a l . ,  [ 2 1 ]  h ave  c o n s t r u c t e d  f i l t e r s  w i t h  

b a n d p a s s  c h a r a c t e r i s t i c s  f o r  t h e  f a r - i n f r a r e d .  The l a t t e r  two a r t i c l e s  

[ 2 0 , 2 1 ]  a r e  i n t e r e s t i n g  s i n c e  t h e y  fo rm  r e l a t i v e l y  h i g h -Q  r e s o n a n t  

s t r u c t u r e s  by o v e r l a y i n g  i n d u c t i v e  and c a p a c i t i v e  g r i d s  t o  fo rm  

c r o s s e d - d i p o l e s  and c r o s s e d - s l o t s . F o r  more c o m p l i c a t e d  s u r f a c e s  such 

a s  t h e s e ,  t h e  e q u i v a l e n t  c i r c u i t  f o r  t h e  s u r f a c e  i m p ed an c e  i s  t y p i c a l l y  

a r e s o n a n t  t a n k  c o n s i s t i n g  o f  a s e r i e s / p a r a l l e l  c o m b i n a t i o n  o f  a 

c a p a c i t o r  and an i n d u c t o r .  In  a d d i t i o n ,  i f  any m e ta l  l o s s  i s  t o  be 

m o d e l l e d ,  a r e s i s t a n c e  may be added t o  t h e  t a n k  c i r c u i t .  The model f o r  

a c a p a c i t i v e  c r o s s  g r i d  ( c r o s s e d - d i p o l e s )  i s  shown i n  F i g u r e  2 . 3  a l o n g  

w i t h  a r e l a t i v e  t r a n s m i s s i o n  c u r v e .  No te  t h a t  t h i s  model i s  s t i l l  o n l y  

u s e f u l  i n  t h e  n o n - d i f f r a c t i o n  r e g i o n ,  g > X and normal  i n c i d e n c e .
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T
g

( a ) .

(a)

C a p a c i t i v e  c r o s s  g r i d  
s t r u c t u r e  ( c r o s s e d  
di  p o l e s ) .

L

C

R

(b)

( b ) .  E q u i v a l e n t  c i r c u i t .

RESONANCE

DIFFRACTION
REGIONz

FREQUENCY

( C )

( c ) .  R e l a t i v e  t r a n s m i s s i o n  c u r v e .

F i g u r e  2 . 3 .  A c a p a c i t i v e  c r o s s  g r i d  and i t s  g r i d  t h e o r y  t r a n s m i s s i o n  

1i ne m o d e l .
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B. PERIODIC SURFACE THEORY (PST)

The a n a l y s i s  o f  i n f i n i t e  a r r a y s  v i a  PST b e g i n s  w i t h  t h e  a s s u m p t i o n  

t h a t  an a r r a y  i n  an i n f i n i t e ,  homog en eo u s ,  l o s s l e s s  medium i s  

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

d i r e c t i o n .  The l o s s l e s s  medium c o n d i t i o n  i s  i mpos ed  t o  i n s u r e  a u n i f o r m  

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

t h e  i n t r o d u c t i o n  o f  s t r a t i f i e d  m e d i a ,  i n  whi ch  c a s e  t h e  o n l y  r e q u i r e m e n t

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

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

e l e m e n t s  o b t a i n e d  v i a  d u a l i t y  [ 2 2 ] ,  T h u s ,  we w r i t e  t h e  i n c i d e n t

e l e c t r i c  f i e l d  as

e V )  .  E1 <2 -3 >

A

wh e r e  S i s  t h e  u n i t  v e c t o r  i n  t h e  d i r e c t i o n  o f  p l a n e  wave p r o p a g a t i o n  

and i s  g i v e n  by

S = xSx + ; Sy + z s z . ( 2 . 4 )

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

y=0  w i t h  t h e  r e f e r e n c e  e l e m e n t  a t  t h e  o r i g i n  as  shown i n  F i g u r e  2 . 4 .  As 

a c o n s e q u e n c e  o f  F l o q u e t ' s  t h e o r e m  and t h e  r e g u l a r  a r r a y  s t r u c t u r e ,  t h e  

c u r r e n t  d i s t r i b u t i o n  on e a c h  e l e m e n t  i s  i d e n t i c a l  t o  a l l  t h e  o t h e r  

e l e m e n t s  e x c e p t  f o r  a l i n e a r  p h a s e  s h i f t  wh i ch  m a t c h e s  t h a t  o f  t h e  

i n c i d e n t  p l a n e  wa v e .  T h u s ,  a s s u m i n g  l i n e a r  e l e m e n t s ,  t h e  c u r r e n t  on 

e l e m e n t  (q , m)  a t  x=qDx and z=mDz +qAz i s  s i m p l y
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A
z

D„

A Z

y Y 2 + ( q D x - X  )2 +  ( mDz +  q A Z - Z  )- y

F i g u r e  2 . 4 .  P e r i o d i c  a r r a y  o f  l i n e a r  e l e m e n t s  i n  a skewed g r i d

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

o r i g i n  [ 2 3 ] .
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I ( £ )  = I ( £ ) e " J ^ z+(^ ( 2 . 5 )

To f i n d  t h e  f i e l d  o f  t h i s  a r r a y ,  we f i r s t  f i n d  t h e  f i e l d  o f  an a r r a y  o f
A

H e r t z i a n  d i p o l e s  w i t h  c u r r e n t  I ,  l e n g t h  d p ,  and o r i e n t a t i o n  p h a v i n g  t h e  

same g r i d  s t r u c t u r e ,  i . e . ,

t  * t a  - j e S x ( q D x )  " j 3 S Z (mDz +q Az )
r qm = p 1 dp e e . ( 2 . 6 )

U s i n g  P l a n e  Wave S p e c t r u m  (PWS) t e c h n i q u e s  d e v e l o p e d  i n  [ 9 ] ,  Kornbau 

[ 2 3 ]  h a s  shown t h a t  t h e  v e c t o r  p o t e n t i a l  f r o m s u c h  an a r r a y  o f  H e r t z i a n  

d i p o l e s  i s  g i v e n  by:
A

.  . - j B R - r ±
.  u I dp e (2 7)

-  p i  £ - i —  •
J x z k n y

wh e r e

A A /S A

r  + = x r x ± y r y  + z r z ( 2 . 8 )

and

r  = S + k * -  n
x x ^  0 x° z  ( 2 . 9 )

r  = S +  n *
Z 2 157

ry = V  1 - rx - rz
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In E q u a t i o n  ( 2 . 8 ) ,  t h e  l!+" i s  u s e d  i n  t h e  r e g i o n  y  > 0 and t h e  f o r  

y  < 0 .  The r e s u l t i n g  e l e c t r i c  f i e l d  i s  g i v e n  by [ 2 4 ]

- j  PR *r±
dF(iT) = I dp J c  j  l  J ---------------  J ,  , ( 2 - 1 0 )

2^ x ° z  k n ry

whe r e

A A A

e ± = [ p x r ± ] x r ± ( 2 . 1 1 )

A A A A

= [ ( r ± *p) r ± -  p]

and Zc i n  t h e  medium c h a r a c a t e r i s t i c  i mp e d a n c e  g i v e n  by

Zc = . ( 2 . 1 2 )

E q u a t i o n  ( 2 . 1 0 )  i s  s p e c i a l i z e d  f o r  t h e  r e f e r e n c e  e l e m e n t  a t  t h e  o r i g i n ;  

h o w e v e r ,  i t  i s  p o i n t e d  o u t  [ 2 5 ]  t h a t  moving t h e  r e f e r e n c e  t o  R"' moves 

t h e  f i e l d  p o i n t  R" i n  E q u a t i o n  ( 2 . 1 0 )  t o  (R’-R’1) y i e l d i n g

- j  3 (R’-R’1) *r±
dE(R)  = I dp J c  I  I  e  e+   ̂ ( 2 . 1 3 )

2Dx° z  k n ry
A

In E q u a t i o n  ( 2 . 1 3 )  t h e  "+" on r + i s  u s e d  f o r  y  > y* and t h e  f o r

y < y ' .

F i n d i n g  t h e  f i e l d  o f  an a r r a y  o f  e l e m e n t s  i s  now a r o u t i n e  m a t t e r  

o f  i n t e g r a t i n g  E q u a t i o n  ( 2 . 1 3 )  o v e r  t h e  l i m i t s  o f  t h e  r e f e r e n c e  e l e m e n t .  

T h i s  p r o c e s s  i s  u s u a l l y  s i m p l i f i e d  by d e f i n i n g  c o o r d i n a t e s  whi ch  a r e  

l o c a l  t o  t h e  e l e m e n t .  F o r  a l i n e a r  e l e m e n t  ( i . e . ,  a s t r a i g h t ,
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o n e - d i m e n s i o n a l  c u r r e n t  s o u r c e ) ,  i d e n t i f i e d  as  e l e m e n t  (1)  v i a  

s u p e r s c r i p t s ,  a c o n v e n i e n t  c h o i c e  i s

R'  = R*1 ’ + p ^ V  , a ' 1 ) < p < b < 1 >

wh e r e  " a ( l ) "  and " b U ) "  a r e  t h e  e n d p o i n t s  o f  t h e  r e f e r e n c e  e l e m e n t s  i n  

l o c a l  c o o r d i n a t e s  and R"(l) i s  a r e f e r e n c e  p o i n t  i n  g l o b a l  c o o r d i n a t e s  on 

t h e  r e f e r e n c e  e l e m e n t .  The r e s u l t i n g  f i e l d  of  t h i s  a r r a y  of  l i n e a r  

e l e m e n t s  i s

A

7 - j  6 ( R- R(•'•)) *r± b ( l )  m  . .  " ( 1 )  A
E ( R ) = I  I  e_________________  e i D  /  I ( p ) e J ^  *r±  dp .

2DxDz k n ry  “ a ( D

( 2 . 1 5 )

F o r  r e a s o n s  wh i ch  w i l l  become o b v i o u s ,  t h i s  i s  u s u a l l y  r e c a s t  i n  t h e  

f o l l o w i n g  f o r m

A

- i  0 ( R- R( 1 ) ) *r+
E ( 1 ) (R) = T(R~^1 ^) Zc . I  I  e____________________e ( ^  ( 2 . 1 6 )

2DxDz k n r y

wh e r e

P ( l > = / b ( 1 )  I ( 1 ) (p )  eJ 0 p p U ) - r ± dp ( 2 . 17)

I ( 1 ) ( R ( 1 ) ) * ( 1 )

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

Not e  t h a t  t h i s  p a t t e r n  f a c t o r  s h o u l d  no t  be c o n f u s e d  w i t h  t h e  p a t t e r n  

f a c t o r  f o r  an i s o l a t e d  e l e m e n t  even t h o u g h  t h e  two a r e  q u i t e  s i m i l a r  

[ 2 5 ] .
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S e v e r a l  i m p o r t a n t  r e s u l t s  may be drawn f r o m E q u a t i o n s  ( 2 . 1 6 )  and

( 2 . 1 7 ) .  The mos t  i m p o r t a n t  o b s e r v a t i o n  i s  t h a t  t h e  s c a t t e r e d  f i e l d  f rom 

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

w a v e s .  De p e n d i n g  on ry ( E q u a t i o n  ( 2 . 9 ) ) ,  t h e  p l a n e  waves  e i t h e r  

p r o p a g a t e  ( r y r e a l )  o r  a r e  e v a n e s c e n t  ( r y  i m a g i n a r y )  i n  n a t u r e .

N o r m a l l y ,  o n l y  t h e  p r i n c i p a l  r a y s  ( i . e . ,  r  e v a l u a t e d  f o r  k=0=n)  a r e

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

Not e  t h a t  o n l y  p r o p a g a t i n g  waves  y i e l d  r e a l  e n e r g y  t r a n s f e r ,  w h e r e a s  t h e  

e v a n e s c e n t  waves  r e p r e s e n t  s t o r e d  e n e r g y  n e a r  t h e  a r r a y .  L a t e r ,  when 

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

i n v o l v e  o n l y  t h e  k=0=n t e r m s .  H i g h e r  o r d e r  modes wh i ch  become 

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

u n c o n t r o l l e d  e n e r g y  l o s s  [ 3 4 ] .  Thus one o f  t h e  c h i e f  c o n c e r n s  i n  t h e  

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

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

c u r r e n t s  on a p e r i o d i c  s u r f a c e  a r e  unknown and must  be d e t e r m i n e d  as 

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

e x p a n d i n g  t h e  c u r r e n t  on e a c h  r e f e r e n c e  e l e m e n t  i n  some b a s i s  s e t  

( c a l l e d  c u r r e n t  modes )  as  i n  H a r r i n g t o n ' s  moment method [ 2 6 ] .  A 

s i m i l a r  method b a s e d  on R u ms e y ' s  r e a c t i o n  f o r m u l a t i o n  [ 2 7 ]  has  been used  

by Richmond [ 2 8 ]  t o  model  t h e  s c a t t e r i n g  by t h i n  w i r e  s t r u c t u r e s .  A 

r e q u i r e m e n t  o f  a l l  t h e s e  f o r m u l a t i o n s  i s  a k n o wl e d g e  o f  t h e  v o l t a g e  

i n d u c e d  i n  an a n t e n n a  e l e m e n t  due t o  an i n c i d e n t  f i e l d .
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I t  i s  now asumed t h a t  a l i n e a r  a n t e n n a  e l e m e n t  w i t h  o r i e n t a t i o n  
" ( 2 )  —(21
p x when e x c i t e d  a t  p o s i t i o n  R s u p p o r t s  a t r a n s m i t t i n g  c u r r e n t

d i s t r i b u t i o n  l ( 2 ) t ( p ) .  i f  t h i s  e l e m e n t  i s  s u b j e c t e d  t o  an i n c i d e n t  

p l a n e  wave i d e n t i c a l  i n  f o r m t o  E q u a t i o n  ( 2 . 3 ) ,  i t  has  been shown 

[ 2 9 , 3 0 ]  t h a t  a v o l t a g e

(2)    A A

V ( ^ > )  - - 1— - - J b i ( 2 ) t ( p ) e - ^ ^ ( 2 ) + p ( z ) p l - dp
I ( } (R”{ ) (2)

( 2 . 1 8 )

w i l l  be i n d u c e d  a t  t h e  t e m r i n a l s  a t  p o s i t i o n  r ( 2 ) .  E q u a t i o n  ( 2 . 1 8 )  may 

be r e w r i t t e n  as

V( 2 ) (R“( 2 ) )  = p ^ 2  ̂ ‘IT1 (R^2 ^ ) ( 2 . 1 9 )

w h e r e

( 2 )

' ( 2 ) t  = _ J _  J  I ( 2 ) t ( p )  e ' J 6 p  ^  dp ( 2 - 2 0 )
, ( 2 ) ^ 2 ) ,  a (2)

wh i ch  i s  q u i t e  s i m i l a r  t o  E q u a t i o n  ( 2 . 1 7 )  e x c e p t  f o r  t h e  e x p o n e n t  s i g n  

c h a n g e .  E q u a t i o n  ( 2 . 2 0 )  i s  a l s o  r e f e r r e d  t o  as  a p a t t e r n  f a c t o r  bu t  

a g a i n  s h o u l d  no t  be c o n f u s e d  w i t h  t h e  normal  p a t t e r n  f a c t o r  o f  an 

i s o l a t e d  e l e m e n t .  The a n a l y s i s  now p r o c e e d s  by a l l o w i n g  t h e  s c a t t e r e d  

f i e l d  f r o m e l e m e n t s  #1 t o  i l l u m i n a t e  l i n e a r  a n t e n n a  e l e m e n t  #2 .  T h i s  

p r o d u c e s  a t e r m i n a l  v o l t a g e  i n  e l e m e n t  #2 due t o  t h e  c u r r e n t s  i n  a r r a y  

#1 .  I f  we f i n d  t h e  r a t i o  of  t h i s  t e r m i n a l  v o l t a g e  t o  t h e  t e r m i n a l
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c u r r e n t  i n  a r r a y  #1 ,  t h e n  we d e f i n e  a q u a n t i t y  c a l l e d  t h e  mut ua l  

i mp e d a n c e  wh i c h  i s  g i v e n  by [ 2 9 , 3 1 ]

Z21 = -  (r ( 2 ) )

I ( 1 ) (Ff(1 ) )

-  j  0 ( ^ ( 2  ) - T T ( l ) ) . r +  ~
= -  _ h _ _  l  I t ____________________ 1  p ( 2 ) . e ( D p ( 2 ) t p ( l )  . ( 2 . 2 1 )

2 ° x ° z  k n ry

I t  i s  i m p o r t a n t  t o  p o i n t  o u t  t h a t  P ( D  s h o u l d  be e v a l u a t e d  f o r  t h e  

c u r r e n t  d i s t r i b u t i o n  whi ch  i s  a c t u a l l y  on t h e  a r r a y  e l e m e n t s  when 

e x c i t e d  by t h e  i n c i d e n t  f i e l d .  T h i s  i s  u s u a l l y  c a l l e d  t h e  s c a t t e r i n g  

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

c u r r e n t  d i s t r i b u t i o n .  F o r  t h i s  r e a s o n  P U )  i s  o f t e n  t i m e s  c a l l e d  t h e  

r e c e i v i n g  p a t t e r n  f a c t o r .  Not e  t h a t  e l e m e n t  #2 i s  t y p i c a l l y  t h e  

r e f e r e n c e  e l e m e n t  o f  a n o t h e r  a r r a y ,  and t h a t  t h i s  p r o c e s s  can be 

e x t e n d e d  t o  any number  o f  e l e m e n t s .

T h u s ,  j u s t  as  i n  R i c h m o n d ' s  t h i n  w i r e  f o r m u l a t i o n ,  PST f i n d s  t h e  

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

l i n e a r  c u r r e n t  modes ( d i f f e r e n t  d i s t r i b u t i o n s  f o r  r e c e i v i n g  and 

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

m a t r i x  whi ch  r e l a t e s  t h e  t e r m i n a l  i n p u t  c u r r e n t  o f  ea ch  a r r a y  mode t o  

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

t h e  so  c a l l e d  s e l f - i m p e d a n c e s ) .  N e x t ,  t h e  a c t u a l  t e r m i n a l  v o l t a g e s  due 

t o  t h e  i n c i d e n t  f i e l d  a r e  f o und  v i a  E q u a t i o n s  ( 2 . 1 9 )  and ( 2 . 2 0 ) .  Thus 

we have  t h e  s y s t e m  o f  e q u a t i o n s ,
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wh e r e  t h e  unknowns a r e  t h e  mode c u r r e n t  a m p l i t u d e s .  T h i s  s y s t e m  of

e q u a t i o n s  i s  t h e n  i n v e r t e d  t o  y i e l d  t h e  mode a m p l i t u d e s .  F i n a l l y ,

E q u a t i o n  ( 2 . 1 6 )  i s  u s e d  t o  f i n d  t h e  s c a t t e r e d  f i e l d s  u s i n g  t h e  r e c e i v i n g

d i s t r i b u t i o n  f o r  e a c h  mode w i t h  t h e  p r o p e r  mode a m p l i t u d e .  Not e  t h a t  i f

t h e r e  a r e  any e q u i v a l e n t  i mp e d a n c e s  t o  a c c o u n t  f o r  l o a d e d  e l e m e n t s  [ 3 2 ,  

3 3 ]  o r  ohmic l o s s  [ 3 3 ]  (Ap p e n d i x  D) ,  t h e y  s h o u l d  be adde d  t o  t h e  s e l f ­

i mp e d a n c e  t e r m s  b e f o r e  t h e  i mp ed an c e  m a t r i x  i s  i n v e r t e d .  I t  s h o u l d  a l s o  

be p o i n t e d  o u t  t h a t  any s uch  l o a d  i mp e d a n c e s  s h o u l d  b e ' c a l c u l a t e d  u s i n g  

t h e  r e c e i v i n g  c u r r e n t  mode d i s t r i b u t i o n  s i n c e  i t  i s  t h i s  mode whi ch  w i l l  

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

A comment  c o n c e r n i n g  e v a l u a t i o n  o f  E q u a t i o n  ( 2 . 2 1 )  f o r  t h e  s e l f  

i m p e d a n c e s  ( d i a g o n a l  m a t r i x  t e r m s )  s h o u l d  be made.  F o r  t h e s e  t e r m s ,  

i t  wou l d  seem t h a t  we s h o u l d  l e t  t h e  e x p o n e n t  (R"( 2 ) -R"( 1 ) )  v a n i s h ;  

h o w e v e r ,  t h i s  has  been f o u n d  t o  y i e l d  i n v a l i d  r e s u l t s .  The p r o b l e m 

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

c u r r e n t s  wh i ch  h a v e  z e r o  r a d i i .  B e t t e r  r e s u l t s  have  been o b t a i n e d  u s i n g  

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

r e c e i v i n g  modes t o  be d i s p l a c e d  l a t e r a l l y  ( i . e . ,  i n  t h e  x o r  z



d i r e c t i o n s )  by such  a r a d i u s .  In  p a s t  mi c r owave  r e g i m e  c a l c u l a t i o n s  i n  

wh i ch  t h e  c o n d u c t o r s  have  been ve r y  t h i n ,  an e q u i v a l e n t  r a d i u s  o f  1 / 4 ,  

t h e  e l e m e n t  w i d t h  has  been  us ed  s a t i s f a c t o r i l y .  F o r  t h e  o p t i c a l  

e l e m e n t s  t o  be shown t h e  t h i c k n e s s  t o  w i d t h  r a t i o s  a r e  commonly 1 : 3  o r  

g r e a t e r  and t h u s  a b e t t e r  w i r e  r a d i u s  model  i s  r e q u i r e d .  Such a model  

was o b t a i n e d  f rom t h e  Mi crowave  E n g i n e e r s  Handbook and B u y e r ' s  Gui de  

[ 3 7 ]  and i s  g i v e n  i n  F i g u r e  2 . 5 .

The l a s t  ma j o r  p o r t i o n  o f  PST i s  a m o d i f i c a t i o n  o f  t h e  p r e c e e d i n g  

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

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

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

e l e m e n t s .  F u r t h e r m o r e ,  t h e  p r o p e r  d e s i g n  o f  t h e  l a y e r s  ( i . e . ,  

d i e l e c t r i c  c o n s t a n t s  and t h i c k n e s s e s )  h a s  been  f o u n d  t o  h a v e  a 

s t a b i l i z i n g  e f f e c t  on s u r f a c e  b an d w i d t h  c h a r a c t e r i s t i c s  [ 3 4 , 3 5 ] .  The 

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

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

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

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

q u a n t i t y  c a l l e d  t h e  "T" f a c t o r  ( o r  T r a n s f o r m a t i o n  f u n c t i o n )  t h e  

d e r i v a t i o n  o f  whi ch  i s  s t r a i g h t f o r w a r d  b u t  n o n t r i v i a l  [ 3 6 ] .  F o r  t h i s  

r e a s o n ,  t h e  f o r m o f  t h e  T f a c t o r  w i l l  n o t  be r e d e r i v e d  h e r e .

A m a j o r  p r o p e r t y  o f  t h e  T f a c t o r  i s  t h a t  i t  i s  p o l a r i z a t i o n  

s e n s i t i v e  and j u s t  as  w i t h  r e f l e c t i o n  and t r a n s m i s s i o n  c o e f f i c i e n t s ,  i t  

i s  t y p i c a l l y  b r o k e n  up i n t o  two p a r t s ;  one f o r  o r t h o g o n a l  p o l a r i z a t i o n  

and t h e  o t h e r  f o r  p a r a l l e l  p o l a r i z a t i o n .  H e r e ,  o r t h o g o n a l  and
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F i g u r e  2 . 5 .  R e l a t i o n s h i p  be t ween  f l a t  w i r e  geome t r y  and e q u i v a l e n t  w i r e  

r a d i u s  [ 3 7 ] .



p a r a l l e l  a r e  d e f i n e d  w i t h  r e s p e c t  t o  t h e  p l a n e  o f  i n c i d e n c e .  In 

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

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

c o m p o n e n t s .  F o r  t h i s  r e a s o n ,  we u s u a l l y  i n t r o d u c e  s c a t t e r i n g  m a t r i c e s  

f o r  t h e  r e f l e c t e d  and t r a n s m i t t e d  f i e l d s  wh i ch  a r e  d e f i n e d  as

and

1
m

1

i

Eri r

Et1

Etin
—  _

Srr i

,St  St E11 1  1 II 1

i.s1; ,s ! E1ii i  ir ii II

( 2 . 2 3 )

( 2 . 2 4 )

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

mus t  a c c o u n t  f o r  m a g n i t u d e  as  we l l  as  p h a s e  i n f o r m a t i o n .  The p h a s e  

r e f e r e n c e  p o i n t  i s  u s u a l l y  t a k e n  t o  be t h e  c o o r d i n a t e  o r i g i n .  Not e  t h a t  

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

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

f i e l d s  ( i n d e p e n d e n t  o f  any p e r i o d i c  a r r a y s ) .

Us i n g  t h e s e  s c a t t e r i n g  m a t r i x  e l e m e n t s ,  t h e  c a l c u l a t e d  

t r a n s m i t t a n c e  (and r e f l e c t a n c e )  can now be d e f i n e d .  The p e r c e n t  

t r a n s m i t t a n c e  i s  d e f i n e d  as  t h e  r a t i o  o f  t r a n s m i t t e d  power  t o  i n c i d e n t  

power  t i m e s  100 o r
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Assumi ng t h e  o u t p u t  and i n p u t  medi a  a r e  i d e n t i c a l  t h i s  can be r e w r i t t e n  

as

S i n c e  o u r  u l t i m a t e  goal  i s  a c o m p a r i s o n  w i t h  me a s u r e d  d a t a ,  i t  i s  

a s sumed  t h a t  t h e r e  i s  e q u a l  e n e r g y  i n  t h e  two i n c i d e n t  p o l a r i z a t i o n s  due 

t o  t h e  n a t u r e  o f  t h e  me a s u r e me n t  r a d i a t i o n  s o u r c e  u s e d  (Appe nd i x  B ) .  In 

a d d i t i o n ,  i t  i s  a s sumed t h a t  t h e  two p o l a r i z a t i o n s  a r e  u n c o r r e l a t e d  so 

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

n e g l i g i b l e .  Wi th t h e s e  a s s u m p t i o n s ,  t h e  t r a n s m i t t a n c e  can be w r i t t e n  as

T* = 100
7o

( 2 . 2 6 )

T
%

2 2 2 
ioo  i i s i i  + i i s iii + I iis i i  + I iis  iii

2
( 2 . 2 7 )

2

and s i m i l a r l y  t h e  r e f l e c t a n c e  as

J %  =  100
r 2 r  2 r  2 r 2

I  j S j l I  +  I  i s  i i  I  +  I  I I s  i l  +  I  i i s  i i  I ( 2 . 2 8 )
7

In U l r i c h ' s  g r i d  t h e o r y ,  t h e  e f f e c t s  o f  me t a l  l o s s  can be a c c o u n t e d  

f o r  by t h e  i n c l u s i o n  o f  a s e r i e s  o f  p a r a l l e l  l o s s  r e s i s t a n c e  ( s e e  F i g u r e  

3 ( b ) ) .  Even t h o u g h  t h i s  r e s i s t a n c e  i s  u s u a l l y  v e r y  s m a l l ,  i t s  e f f e c t s



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

l o s s  a t  r e s o n a n c e  f o r  b a n d s t o p  d e s i g n s .  U n f o r t u n a t e l y ,  t h i s  r e s i s t a n c e  

c a n n o t  be r e a d i l y  c a l c u l a t e d  and must  be d e t e r m i n e d  e m p i r i c a l l y  f r om 

m e a s u r e d  d a t a  and c u r v e  f i t t i n g  t e c h n i q u e s .  As m e n t i o n e d  b e f o r e  i n  PST 

t h e  e f f e c t s  o f  me t a l  l o s s  can be m o d e l l e d  a n a l y t i c a l l y  u s i n g  e f f e c t i v e  

r e s i s t a n c e s  wh i ch  a r e  i n c l u d e d  i n  t h e  s e l f  i mp e d a n c e  t e r m s .  A 

p e r t u r b a t i o n  me t hod  f o r  d o i n g  t h i s  was d e v e l o p e d  by Munk [ 3 8 ]  f o r  t h e  

c a s e  o f  s ma l l  l o s s e s  i n  m e t a l l i c  e l e m e n t s  such  as  d i p o l e s .  T h i s  

t e c h n i q u e  i s  r e v i e w e d  i n  Appe nd i x  D w i t h  e n h a n c e m e n t s  f o r  e l e m e n t s  on 

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

s l o t  a r r a y s  a r e  p r e s e n t e d .

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

m e t a l  l o s s  r e q u i r e  a k n o wl e d g e  o f  t h e  me t a l  s u r f a c e  r e s i s t a n c e ,  Rs ; i f  

t h e  me t a l  has  r e a s o n a b l y  good c o n d u c t i v i t y  ( i . e . ,  s ma l l  s k i n  d e p t h )  t h e  

s u r f a c e  r e s i s t a n c e  can be m o d e l l e d  w i t h  k n o wl e d g e  o f  r e f l e c t a n c e  d a t a  a t  

normal  i n c i d e n c e .  R e f l e c t a n c e  d a t a  of  t h i s  t y p e  i s  p r e s e n t e d  i n  

A p p e n d i x  E f o r  s e v e r a l  m e t a l s  i n  t h e  n e a r  i n f r a r e d  r e g i m e .  At  normal  

i n c i d e n c e ,  t h e  r e f l e c t a n c e ,  R,  o f  a good c o n d u c t o r  i s

2

R = 100 Ks -Zq

rs +Zq

( 2 . 2 9 )

w h e r e  Z0 i s  t h e  i m p e d a n c e  o f  f r e e  s p a c e  (~377 o h ms ) .  S o l v i n g  E q u a t i o n  

( 2 . 2 9 )  f o r  Rs y i e l d s
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Rs = Zo
W R / 1 0 0
1 + / R / 1 0 0

( 2 . 3 0 )

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

w i t h  100% r e f l e c t a n c e  has  z e r o  s u r f a c e  r e s i s t a n c e .  C a l c u l a t e d  

t r a n s m i t t a n c e  d a t a  i s  i n c l u d e d  i n  C h a p t e r  V s howi ng  t h e  e f f e c t s  o f  met a l  

l o s s  on p e r i o d i c  s u r f a c e  p e r f o r m a n c e .
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CHAPTER I I I

SIMPLIFIED SURFACE DESIGN AND CONSTRUCTION

Due t o  t h e  many u n c e r t a i n t i e s  i n  t h e  c o n s t r u c t i o n  o f  t h e  

m i d - i n f r a r e d  p e r i o d i c  s u r f a c e  e l e m e n t s ,  i t  was d e c i d e d  t o  f o r e g o  any 

d e t a i l e d  p r e l i m i n a r y  d e s i g n s  f o r  t h i s  i n i t i a l  s t u d y .  I n s t e a d ,  r a t h e r  

s i m p l e  s u r f a c e s  e n c o m p a s s i n g  d i p o l e s ,  t r i p o l e s  and c r o s s e d - d i p o l e s  (and 

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

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

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

1 .  S e l e c t i o n  o f  r e s o n a n t  f r e q u e n c i e s  ( w a v e l e n g t h s )

2 .  F i r s t  o r d e r  d e s i g n  d i m e n s i o n s

3 .  C o n s t r u c t i o n  o f  t h e  s u r f a c e s

4 .  Mea s u r emen t  o f  f i l t e r  c h a r a c t e r i s t i c s

5 .  SEM p h o t o g r a p h s  t o  o b t a i n  a c t u a l  e l e m e n t  d i m e n s i o n s

6 .  C a l c u l a t i o n  o f  f i l t e r  c h a r a c t e r i s t i c s .

The s e l e c t i o n  o f  d e s i r e d  r e s o n a n t  f r e q u e n c i e s  was somewhat  a r b i t a r y  bu t  

c o n s t r a i n e d  by s u b s t r a t e  e f f e c t s  and c o n s t r u c t i o n  t e c h n i q u e s .  Once 

c a l c i u m  f l u o r i d e  (CaF2 ) was s e l e c t e d  as  t h e  s u b s t r a t e  m a t e r i a l  ( s e e
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Ap p e n d i x  C) a l o w e r  f r e q u e n c y  l i m i t  o f  a b o u t  1000 cm” !  was s e t  due t o  

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

s m a l l e s t  e l e m e n t s  whi ch  c o u l d  be b u i l t .  When c o u p l e d  w i t h  t h e  i n d e x  o f  

CaF2 , e l e m e n t  s i z e  p l a c e d  a h i g h  f r e q u e n c y  l i m i t  a t  a p p r o x i m a t e l y  

2000 c m " l .  W i t h i n  t h i s  r e g i o n  t h e  r a t h e r  a r b i t r a r y  f r e q u e n c i e s  o f  

1100 cm“ l  (9 ym) and 1400 cm” l  (7 pm) we r e  c h o s e n .  T h e s e  f r e q u e n c i e s  

w e r e  f e l t  t o  be s u f f i c i e n t l y  f a r  enough a p a r t  t o  s e e  a p p r e c i a b l e  f i l t e r  

e f f e c t  d i f f e r e n c e s  b u t  n o t  so  f a r  t h a t  b o t h  r e s p o n s e  r e g i o n s  c o u l d  no t  

be  v i ewed  on one d a t a  p l o t .  A c t u a l l y ,  t h e  1100 cm" l  r e s o n a n c e  l o c a t i o n  

was c h o s e n  t o  be n e a r  t h e  CaF2  i n f r a r e d  a b s o r p t i o n  e d g e  (Apendi x  C) so 

t h a t  t h e s e  e f f e c t s  c o u l d  be s t u d i e d .  T h e s e  d a t a  s h o u l d  t h u s  a l l o w  t h e  

v a l i d a t i o n  o f  p r e v i o u s  c o m p u t e r  c ode s  whi ch  c o u l d  a c c o u n t  f o r  d i e l e c t r i c  

l o s s  b u t  had no t  been  t e s t e d  a g a i n s t  m e a s u r e d  d a t a .  On t h e  o t h e r  h a n d ,  

t h e  1400 cm" l  r e s o n a n c e  i s  f a r  enough f rom t h e  a b s o r p t i o n  e d g e  t h a t  t h e  

s u b s t r a t e s  can be c o n s i d e r e d  l o s s l e s s  f o r  t h e  1 mm f l a t s  whi ch  were  

u s e d .

The d e s i r e d  s u r f a c e s  a r e  t o  be r e s o n a n t  a t  some f r e e - s p a c e  

w a v e l e n g t h  A0 ( e i t h e r  7 pm o r  9 pm).  A c c o r d i n g  t o  Munk,  e t  al  [ 3 9 ] ,  t h e  

r e s o n a n t  f r e q u e n c y  ( b u t  n o t  b a n d w i d t h )  o f  a s i n g l e  a r r a y  o f  e l e m e n t s  i s  

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

o r d e r  we s h a l l  c o n s i d e r  an i s o l a t e d  e l e m e n t  i n  t h e  d e s i g n  o f  t h e s e  

s u r f a c e s .  F o r  e l e m e n t s  s uch  as  d i p o l e s ,  t r i p o l e s  and c r o s s e d - d i p o l e s ,  

t h e  d e s i g n s  become p a r t i c u l a r l y  e a s y .
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The f i r s t  r e s o n a n c e  o f  a c r o s s e d - d i p o l e  ( o r  s i m p l e  d i p o l e ) ,  as  

shown i n  F i g u r e  3 . 1 ,  i s  g i v e n  by

Ln « 0 . 5  ( _ _ 2 _ )0 V f
and f o r  a t r i p o l e  by

Lt  » 0 . 5 5  ( Xo ) 
T \ f f

( 3 . 1 )

( 3 . 2 )

In  E q u a t i o n s  ( 3 . 1 )  and ( 3 . 2 ) ,  Ne f f  i s  t h e  e f f e c t i v e  i n d e x  o f  r e f r a c t i o n  

" s e e n "  by t h e  e l e m e n t s  and i s  g i v e n  by

UZ7T7/77/7/ U / 77T7777/7771

( a ) .  C r o s s e d - d i p o l e s . ( b ) .

(b)
T r i  p o l e s .

F ig u r e  3 . 1 .  Shapes and c r i t i c a l  dimensions.
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N V el +E2
e f f

( 3 . 3 )

wh e r e  and a r e  t h e  r e l a t i v e  p e r m i t t i v i t i e s  o f  t h e  medi a  on ea ch  

s i d e  o f  t h e  a r r a y .  Us i n g  an a p p r o x i m a t e  v a l u e  o f  1 . 3  f o r  t h e  i n d e x  o f  

CaF2  ( n o mi n a l  10 urn v a l u e )  we o b t a i n  t h e  d i m e n s i o n s  i n  T a b l e  3 . 1 .

U s i n g  t h e  v a l u e s  i n  T a b l e  3 . 1  as  g u i d e l i n e s ,  a t t e m p t s  we r e  made 

w i t h  t h e  a i d  o f  t h e  N a t i o n a l  R e s e a r c h  and R e s o u r c e  F a c i l i t y  f o r  

S u b mi c r o n  S t r u c t u r e s  (NRRFSS) t o  c o n s t r u c t  p a t c h e s  of  t h e s e  e l e m e n t s  on 

CaF2 . The p r i n c i p l e s  o f  c o n s t r u c t i o n  and t e r m i n o l o g y  a r e  e x p l a i n e d  i n  

Ap p e n d i x  A. Two t r i p s  we r e  made t o  t h e  NRRFSS w i t h  p a t c h e s

TABLE 3 . 1

CRITICAL DIMENSIONS FOR CROSSED-DIPOLES AND TRIPOLES 

ON CALCIUM FLUORIDE NEAR 10 urn

XQ(ym) LD(um) Lj ( ym)

7 3 . 0 3 . 3

9 3 . 9 4 . 3
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p l a c e d  on s i x  s u b s t r a t e s  d u r i n g  ea c h  t r i p .  To m a i n t a i n  r e a s o n a b l e  

E-beam e x p o s u r e  t i m e ,  t h e  l a r g e s t  p a t c h  was l i m i t e d  t o  a 3mm x 3mm a r e a ,  

r e s u l t i n g  i n  an a v e r a g e  e x p o s u r e  t i m e  o f  a p p r o x i m a t e l y  70 m i n u t e s .  Due 

t o  t h i s  s ma l l  p a t c h  s i z e  and t h e  25 mm d i a m e t e r  o f  t h e  s u b s t r a t e s ,  

t y p i c a l l y  two o r  more p a t c h e s  we r e  p l a c e d  on ea ch  s u b s t r a t e .  U s u a l l y ,  a 

p a t c h  o f  nomi nal  9 pm r e s o n a n t  e l e m e n t s  and a p a t c h  o f  nomi nal  7 pm 

r e s o n a n t  e l e m e n t s  we r e  p l a c e d  on t h e  same s u b s t r a t e .  F o r  t h e  s a k e  of  

b r e v i t y ,  t h e  e l e m e n t s  d e s i g n e d  t o  be r e s o n a n t  a t  a 9 pm w a v e l e n g t h  have  

been  r e f e r r e d  t o  as  l o n g  as  compar ed  t o  t h e  e l e m e n t s  d e s i g n e d  t o  be 

r e s o n a n t  a t  7 pm whi ch  a r e  r e f e r r e d  t o  as  s h o r t .  T h u s ,  t h e  d i s t i n c t i o n s  

l o n g  t r i p o l e s  o r  s h o r t  c r o s s e d - s l o t s .

F o r  t h e  f i r s t  s e t  o f  s u b s t r a t e s ,  t h e  c h o s e n  e l e m e n t  s h a p e s  were  

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

t r i p o l e s  t o  be i n  a skewed g r i d  g e o me t r y  h a v i n g  120°  s ymmet r y .  T h u s ,  

t h e  t o p  g r i d  a n g l e  (TGA) d e f i n e d  by Kornbau [ 4 0 ]  was t o  be 60°  and a l l  

l e g  a n g l e s  we r e  t o  be 120°  as  shown i n  F i g u r e  3 . 2 .  However ,  i t  was 

f o u n d  t h a t  f o r  t h e  EBMF ( s e e  Ap p e n d i x  A) u n i t  u s e d ,  t h e  p r e f e r r e d  

d r a w i n g  d i r e c t i o n s  we r e  f o r  h o r i z o n t a l  l i n e s ,  v e r t i c a l  l i n e s  and l i n e s  

h a v i n g  a 2 : 1  s l o p e  ( o r  1 : 2  s l o p e ) .  Us i n g  t h e  2 : 1  s l o p e s  r e s u l t e d  i n  l e g  

a n g l e s  o f  117°  r a t h e r  t h a n  120°  whi ch  was f e l t  t o  be s u f f i c i e n t l y  

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

down i n  p a i r s  o f  s i m i l a r  l o n g  and s h o r t  e l e m e n t s  ( i . e . ,  o n l y  f a c t o r s  

a f f e c t i n g  e l e m e n t  l e n g t h  woul d  c h a n g e ) .  T h u s ,  a g i v e n  s u b s t r a t e  mi gh t  

ha v e  a 3mm x 3mm p a t c h  o f  s h o r t  t r i p o l e s  and a 3mm x 3mm p a t c h  o f  l o n g
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60°  \

1 2 0 120

1 2 0

F ig u re  3 . 2 .  I d e a l ,  120° symmetric t r i p o l e  a r r a y .
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t r i p o l e s .  F o r  s u c h  a p a i r  o f  s i m i l a r  p a t c h e s ,  t h e  f a c t o r s  d e f i n i n g  t h e  

a r r a y  s p a c i n g  (Dx ,Dz ,Az ) we r e  h e l d  c o n s t a n t  as  we r e  t h e  e l e m e n t  l e g  

a n g l e s  ( me a s u r e d  f r o m t h e  x - a x i s  i n  t h e  d i r e c t i o n  o f  t h e  z - a x i s ) .  S i n c e  

t h e  e l e m e n t s  a r e  on t h e  same s u b s t r a t e ,  t h e  me t a l  t h i c k n e s s e s  and t y p e  

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

The r e s u l t s  o f  t h e  f i r s t  NRRFSS t r i p  a r e  s ummar i ze d  i n  T a b l e  3 . 2 .  

T h i s  s e t  o f  s u b s t r a t e s  y i e l d e d  a t o t a l  o f  f i v e  p a t c h e s  whi ch  we r e  of  

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

s h o r t  t r i p o l e s  on s u b s t r a t e  #1 and a l l  f o u r  p a t c h e s  on s u b s t r a t e  #5.

T h i s  t r i p  was a v e r y  s u c c e s s f u l  l e a r n i n g  e x p e r i e n c e  e s p e c i a l l y  

c o n c e r n i n g  t h e  c o n s t r u c t i o n  t e c h n i q u e s .  Two p o i n t s  a b o u t  t h i s  s h o u l d  be 

q u i c k l y  made.  The f i r s t  i s  t h a t  we t  e t c h i n g  i s  t o t a l l y  u n a c c e p t a b l e  f o r  

f o r m i n g  e l e m e n t s  u s e f u l  i n  t h e  m i d - i n f a r e d  ( s e e  Appe nd i x  A) ,  as  

e v i d e n c e d  by s u b s t r a t e s  # 2  t h r o u g h  # 4 .  The s ec o n d  p o i n t  i s  t h a t  when 

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

r e s i s t  t h a n  t o  u n d e r d e v e l o p .  I f  t h e  r e s i s t  i s  u n d e r d e v e l o p e d ,  t h e n  

p o o r  a d h e s i o n  may o c c u r  d u r i n g  m e t a l l i z a t i o n  r e s u l t i n g  i n  e l e m e n t s  whi ch 

p a r t i a l l y  b r e a k  f r e e  f r om t h e  s u b s t r a t e .  T h i s  c a u s e d  t h e  a p p e a r a n c e  of  

t h e  s ma l l  t r i p o l e s  on s u b s t r a t e  # 6  as  i l l u s t r a t e d  i n  F i g u r e  3 . 3 ( b ) .

T h e s e  may be compar ed  t o  t h e  s ma l l  t r i p o l e s  on s u b s t r a t e  #5 ( F i g u r e  

3 . 3 ( a ) )  whi ch  t u r n e d  o u t  v e r y  w e l l .

D u r i n g  t h e  s e c o n d  t r i p  t o  t h e  NRRFSS, t h e  o n l y  e l e m e n t s  c o n s t r u c t e d  

we r e  s t r a i g h t  d i p o l e s  and s t r a i g h t  s l o t s .  The r e a s o n s  f o r  t h i s  we r e  

t w o - f o l d .  F i r s t  o f  a l l  t h e  c o n s t r u c t i o n  t e c h n i q u e s  f o r  s t r a i g h t  d i p o l e s
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TABLE 3 . 2

RESULTS OF FIRST CORNELL NRRFSS TRIP

1 Subs t ra ta  
1 (CaF2>

Pat t erns Metal & thickness 
microns)

Construct ion
technique

f
Comments 1

1 1 shor t  t r i p o l e s  
long t r i p o l e s

gold on 
chrome

(0.0100)
(0.0900)

(0.1000)

1 I f t o f f Small t r i p o l e s  a re  excel lent* 1 
Large t r i p o l e s  show bridging due 1 
to proximity e f f ec t .  1

1 2 shor t  c ro s sed- s lo t s  
long c ros sed -s lo t s

aluminum (0.1400) wet etch*
NaOH

All pa t t erns  show undercut t ing 1 
and severe over e tching.  1

1 3 shor t  c ro s sed- s lo ts  
long c ro s sed- s lo ts

chrome (0.1400) wet etch* 
Cyantek

All pat t erns  show undercut t ing.  1

1 4 shor t  c ros sed -s lo t s  
long c ro s sed- s lo ts

c.lum1num (0.1400) wet etch,  
NaOH

All pat t erns  show undercutt ing* 1

1 5 shor t  t r i p o l e s  
long t r i po l e s  
shor t  crossed-d1po1©9 
long c ros sed-d1 poles

aluminum (0.1400) 1I f t o f f All pa t t ern s  are  exce l l en t .  1

I 6 shor t  t r t po l e s  
long t r i po l e s  
shor t  crossed-dtpoles  
long crossed-dlpoles

chrome (0.1400) 1i f t o f f L i f t o f f  did not turn out due t o  1 
I nsu f f i c i en t  development. 1



( a ) .  S u b s t r a t e  #5.  R e s u l t s  o f  l i f t o f f  w i t h  good d e v e l o p m e n t .  
(M * 1 2 9 0 ) .

F ig u re  3 . 3 .  O p t ic a l  micro-photographs of  l i f t o f f  r e s u l t s .
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( b ) .  S u b s t r a t e  #6.  R e s u l t s  o f  r e s i s t  u n d e r d e v e l o p m e n t .  
(M « 1 2 9 0 ) .

F i g u r e  3 . 3 .  ( C o n t i n u e d ) .
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a r e  much s i m p l e r  t h a n  f o r  t h r e e  o r  f o u r  l e g g e d  e l e m e n t s .  T h i s  r e s u l t e d  

i n  a c o n s i d e r a b l e  r e d u c t i o n  o f  E-beam e x p o s u r e  t i m e ,  whi ch  due  t o  

e q u i p m e n t  p r o b l e m s  was a t  a p r emi um.  The s e c o n d  r e a s o n  i s  t h a t  d u r i n g  

t h e  c o m p u t e r  a n a l y s i s  s t a g e ,  o n l y  one c u r r e n t  mode i s  r e q u i r e d  t o  model  

d i p o l e s  r e s u l t i n g  i n  a l x l  i mp e d a n c e  m a t r i x .  F o r  a t r i p o l e  a r r a y  

r e q u i r i n g  t wo i n d e p e n d e n t  c u r r e n t  modes ,  t h e  i mp e d a n c e  m a t r i x  i s  o f  

d i m e n s i o n  2x2 .  S i n c e  g e n e r a t i o n  o f  t h e  i mp e d a n c e  m a t r i x  e l e m e n t s  has  

been  f o u n d  t o  be t h e  mos t  t i m e  c ons umi ng  p o r t i o n  o f  PST a n a l y s i s ,  t h e  

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

The r e s u l t s  o f  t h e  s ec o n d  NRRFSS t r i p  a r e  s ummar i ze d  i n  T a b l e  3 . 3 .  

I t  was d e c i d e d  t h a t  on t h i s  t r i p ,  e a c h  s u b s t r a t e  woul d  have  t h r e e  

p a t c h e s  e x p o s e d .  The f i r s t  two p a t c h e s  we r e  t o  be d i p o l e s  f o r med  u s i n g  

a f a i r l y  n a r r o w  e l e c t r o n  beam.  One p a t c h  was t o  be l o n g  d i p o l e s  and t h e  

o t h e r  s h o r t  d i p o l e s .  The t h i r d  p a t c h  was t o  be s h o r t  d i p o l e s  h a v i n g  a 

much g r e a t e r  e l e m e n t  w i d t h .  The p u r p o s e  was t o  s t u d y  t h e  e f f e c t  o f  

e l e m e n t  w i d t h  on f i l t e r  b a n d w i d t h .  T h e s e  l a t t e r  e l e m e n t s  w i l l  

h e n c e f o r t h  be r e f e r r e d  t o  as  " f a t "  as  compared  t o  t h e  p r i o r  two p a t c h  

e l e m e n t s  whi ch  a r e  r e f e r r e d  t o  as  " n a r r o w " .  A f o u r t h  p a t c h  o f  l o n g  f a t  

d i p o l e s  woul d  have  been d e s i r a b l e  b u t  was e l i m i n a t e d  as  an E-beam t i m e  

s a v i n g  m e a s u r e .

Two d i f f e r e n t  t e c h n i q u e s  we r e  t r i e d  as  a means o f  f o r m i n g  t h e  f a t  

e l e m e n t s .  The f i r s t  t e c h n i q u e  r e l i e d  on s l o w i n g  t h e  c l o c k  s p e e d  on t h e  

E-beam d e f l e c t i o n  e l e c t r o n i c s  t o  s l ow t h e  w r i t i n g  s p e e d .  T h i s  was done 

w h i l e  k e e p i n g  t h e  beam c u r r e n t  t h e  same as  f o r  t h e  n a r r o w  e l e m e n t s .

S i n c e  t h e  beam c u r r e n t  was f i x e d ,  t h e  beam s p o t  s i z e s  f o r  a l l  t h e s e
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TABLE 3 . 3

RESULTS OF SECOND CORNELL NRRFSS TRIP

I Subst rate  
1 ( CaF2)

Pat t erns i Metal it thickness 
1 (microns)

Construction
technique

Comments 1

1 7 shor t  f a t  dipoles  
shor t  narrow dipoles  
long narrow dipoles

1 aluminum (0.1350) 1i f t o f f All pat t erns  a r e  exce l l en t .  1 
However, t he  at tempt t o  draw I 
f a t t e r  l ines using a slower 1 
EBMF clock has produced no I 
appreciable d i f fe rence.  1

1 8 shor t  f a t  s l o t s  
shor t  narrow s l o t s  
long narrow s lo t s

1 chrome (0.1400) mul t i - l evel  
res t s t

All pa t t erns  are good although 1 
there  is some l ine broadening. 1 
Increasing EBMF beam cur r ent  1 
produces much be t te r  f a t  l i ne s .  1

1 9 shor t  f a t  s l o t s  
short  narrow s l o t s  
long narrow s lo t s

1 aluminum (0.1400) mul t i - l evel  
res 1s t

Same exposure as Subst rate  #  8. 1 
All pa t t erns  are good although 1 
t her e is some l ine broadening. 1

<i411
O 

1
— 

1 1 a « 4 1

shor t  f a t  dipoles 
shor t  narrow dipoles  
long narrow dipoles

1 aluminum (0.1400) 1 I f t o f f Same exposure as Subst rate  8. 1 
All pa t t erns  are excel l en t .  1

1 11 3hort  f a t  dipoles 
shor t  narrow dipoles 
long narrow dipoles

1 aluminum (0.0360) 1I f t o f f Same exposure as Subst rate  8. 1 
All pa t t erns  are exce l l en t .  1

1 12 shor t  f a t  dipoles 
short  narrow dipoles 
long narrow dipoles

1 chrome (0.1400) 1I f t o f f Same exposure as Subst rate  #  8. I 
All pa t t erns  are excel l en t .  1



e l e m e n t s  we r e  i d e n t i c a l  and o n l y  t h e  e x p o s u r e  ( t y p i c a l l y  e x p r e s s e d  i n  

Cou l ombs / cm^)  was i n c r e a s e d .  T h i s  was t r i e d  on s u b s t r a t e  #7 w i t h  

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

w i d t h s  we r e  o b s e r v e d .  The  s e c o n d  t e c h n i q u e  t r i e d  p r o v e d  q u i t e  

s u c c e s s f u l  and was u s e d  on s u b s t r a t e s  #8 t h r o u g h  #12 .  In t h i s  

t e c h n i q u e ,  t h e  f a t  e l e m e n t s  we r e  o b t a i n e d  by d o u b l i n g  t h e  c l o c k  s pee d  

w h i l e  q u a d r u p l i n g  t h e  beam c u r r e n t .  Not e  t h a t  t h i s  e f f e c t i v e l y  d o u b l e s  

t h e  e x p o s u r e .  I t  s h o u l d  be f u r t h e r  n o t e d  t h a t  i t  i s  no t  t h e  c h a n g e  i n  

e x p o s u r e  wh i ch  c a u s e d  t h e  e l e m e n t s  t o  be f a t t e r  b u t  a l a r g e r  E-beam s p o t  

s i z e  due t o  s p a c e  c h a r g e  e f f e c t s .  T h i s  e f f e c t  i s  e x p l a i n e d  i n  g r e a t e r  

d e t a i l  i n  Ap p e n d i x  A.

S u b s t r a t e s  #8 t h r o u g h  #12 we r e  e x p o s e d  u s i n g  n e a r l y  i d e n t i c a l  ERMF 

p a r a m e t e r s  so  as  t o  o b t a i n  n e a r l y  i d e n t i c a l  e l e m e n t  d i m e n s i o n s .  F o r  

m e t a l l i c  e l e m e n t s  ( b o t h  a l umi num and ch r ome )  e x c e l l e n t  r e s u l t s  were  

o b t a i n e d  f o r  a l l  me t a l  t h i c k n e s s e s .  The s l o t  e l e m e n t s  on s u b s t r a t e s  #8 

and #9 a r e  a c c e p t a b l e  b u t  some l i n e  g rowt h  has  bee n  o b s e r v e d .  The 

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

f o r  t h i s  i n i t i a l  s t u d y  b u t  f u t u r e  work u s i n g  r e a c t i v e  i on  e t c h i n g  ( R I E ) 

s h o u l d  be b e t t e r .

The l a s t  e l e m e n t  p a r a m e t e r  whi ch  was v a r i e d  was t h e  met a l  

t h i c k n e s s .  F o r  s u b s t r a t e  #11,  an a lumi num t h i c k n e s s  o f  0 . 0 3 6 0  m i c r o n s  

was o b t a i n e d .  T h i s  was c h o s e n  t o  be o n l y  s l i g h t l y  g r e a t e r  t h a n  a s k i n  

d e p t h  ( s e e  A p p e n d i x  E) f o r  a lumi num a t  w a v e l e n g t h s  n e a r  t h e  a r r a y  

r e s o n a n c e s .  A s l o t  a r r a y  f o r  such  a me t a l  t h i c k n e s s  woul d  have  been
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d e s i r a b l e ,  b u t  was n o t  o b t a i n e d  due t o  t i m e  l i m i t a t i o n s .  Such a s l o t  

a r r a y  c o u l d  h a v e  been u s e d  t o  check  low f r e q u e n c y  f i l t e r  r e j e c t i o n .
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CHAPTER IV

MEASURED TRANSMITTANCE DATA AND SEM PHOTOGRAPHS

In t h i s  c h a p t e r ,  me a s u r e d  t r a n s m i t t a n c e  d a t a  and SEM p h o t o g r a p h s  

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

p r e v i o u s  c h a p t e r .  T h e s e  i n c l u d e  t h e  s ma l l  t r i p o l e  p a t c h  on s u b s t r a t e  #1 

and a l l  p a t c h e s  on s u b s t r a t e  #5 and on s u b s t r a t e s  #7 t h r o u g h  #12 .  The 

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

e l e m e n t s .  W i t h i n  t h e s e  g r o u p s ,  t h e  d a t a  w i l l  be p r e s e n t e d  on a 

s u b s t r a t e  by s u b s t r a t e  b a s e s .  The o n l y  e x c e p t i o n  t o  t h i s  r u l e  i s  

s u b s t r a t e  #5 whi ch  i s  f u t h e r  d i v i d e d  i n t o  t r i p o l e  and c r o s s e d - d i p o l e  

d a t a  s e t s .  W i t h i n  t h e s e  g r o u p s ,  t h e  d a t a  w i l l  be o r g a n i z e d  as  a s e t  of  

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

m e a s u r e d  t r a n s m i t t a n c e  o f  t h o s e  p a t c h e s .  The SEM p h o t o g r a p h s  we r e  t a k e n  

w i t h  n e a r  normal  v i e w i n g  a n g l e  and as  s u c h ,  t h e  c o n t r a s t  i s  no t  ve r y  

h i g h .  T i l t i n g  t h e  s u b s t r a t e s  woul d  have  i mp r o v e d  t h e  c o n t r a s t  and 

e l e m e n t  v i s i b i l i t y  b u t  woul d  have  d i s t o r t e d  t h e  e l e m e n t  d i m e n s i o n s .  

I n c l u d e d  on each  d a t a  p l o t  i s  a me a s u r e d  r e s p o n s e  o f  u n m o d i f i e d  CaFg f o r  

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

41



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

p r e s e n t e d .  The f i r s t  s e t  o f  a r r a y  d a t a  was o b t a i n e d  f r om t h e  EBMF i n p u t  

d a t a  and i s  c o n s i d e r e d  v e r y  a c c u r a t e .  DX and DZ a r e  t h e  PST g r i d  

s p a c i n g s  and DDZ i s  t h e  g r i d  s k ewi n g  f a c t o r .  The X and Z o f f s e t  v a l u e s  

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

when t h e r e  i s  more t h a n  one s e t  o f  e l e m e n t s  t o  a g i v e n  f i l t e r .  S i n c e  

t h e  v a l u e s  (DX, DZ and DDZ) a r e  c o n s i d e r e d  v e r y  a c c u r a t e  due t o  c a r e f u l  

a d j u s t m e n t  of  t h e  EBMF, t h e y  we r e  a c t u a l l y  u s e d  t o  c a l i b r a t e  t h e  

d i m e n s i o n s  on t h e  SEM p h o t o g r a p h s .  Once c a l i b r a t e d ,  t h e  SEM p h o t o g r a p h s  

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

w i d t h .  The l e g  a n g l e s  a r e  g i v e n  i n  d e g r e e s  f r om t h e  x - a x i s  i n  t h e  

z - a x i s  d i r e c t i o n  and we r e  a l s o  o b t a i n e d  f r o m t h e  EBMF i n p u t  d a t a .  The 

e l e m e n t  o r  me t a l  t h i c k n e s s  v a l u e s  we r e  o b t a i n e d  by c a r e f u l l y  m o n i t o r i n g  

t h e  m e t a l l i z a t i o n  p r o c e s s .

Al l  t h e  t r a n s m i t t a n c e  d a t a  w i t h  one e x c e p t i o n  we r e  o b t a i n e d  u s i n g  

t h e  h i g h  f #  me a s u r e d  s y s t e m  d e s c r i b e d  i n  Append i x  D. The e x c e p t i o n  i s  

t h e  h i g h  r e s o l u t i o n  d a t a  o f  F i g u r e  4 . 9  wh i ch  i s  i n c l u d e d  t o  i l l u s t r a t e  

t h e  e t a l o n  b e h a v i o r  o f  t h e  CaF2 s u b s t r a t e s .  ( Fo r  t h e  s a k e  o f  

c o n v e n i e n c e ,  a l l  f i g u r e s  f o r  C h a p t e r  IV w i l l  be g r o u p e d  t o g e t h e r  a t  t h e  

end o f  t h e  c h a p t e r ) .  The h i g h  r e s o l u t i o n  d a t a  we r e  t a k e n  w i t h  t h e  low 

f #  s y s t e m  u s i n g  a r e s o l u t i o n  o f  a p p r o x i m a t e l y  0 . 0 3 1  cm“ l  a f t e r  whi ch  

s i x t e e n  d a t a  p o i n t s  we r e  a v e r a g e d  y i e l d i n g  a p l o t t e d  r e s o l u t i o n  o f  0 . 48 2  

c m " l .  T h i s  i s  a d e q u a t e  t o  s e e  t h e  a p p r o x i m a t e  3 . 1  cm~l  r i p p l e  i n  F i g u r e  

4 . 9 .  Us i n g  t h e  h i g h  f #  s y s t e m ,  d a t a  we r e  t a k e n  u s i n g  a r e s o l u t i o n  of
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0 . 9 6 4  cm- l  o f  whi ch  e i g h t  p o i n t s  we r e  a v e r a g e d  t o  y i e l d  a p l o t t e d  

r e s o l u t i o n  o f  7 . 7 1  cm“ l .  The a v e r a g i n g  was done  t o  l o w e r  t h e  d a t a  n o i s e  

l e v e l  and t h u s  i mpr ove  t h e  d a t a  a p p e a r a n c e .  As a l a s t  word a b o u t  t h e  

d a t a  c o l l e c t i o n  p r o c e d u r e ,  i t  s h o u l d  be s t a t e d  t h a t  a l l  t h e  me as u r ed  

r e s p o n s e s  a r e  f o r  normal  i n c i d e n c e .  No t e  t h a t  t h e  i n c i d e n c e  i s  no t  

t r u l y  normal  s i n c e  a c o n v e r g e n t  o p t i c a l  beam i s  u s e d  i n  t h e  me as u r emen t  

s y s t e m  whi ch  has  a f i n i t e  beam a v e r a g e  a n g l e  as  e x p l a i n e d  i n  Append i x  0 .  

A l s o  n o t e  t h a t  t h e  u s e  o f  a c o n v e r g e n t  o p t i c a l  beam w i l l  p a r t i a l l y  

d e s t r o y  t h e  c o h e r e n c e  of  t h e  m u l t i p l y  r e f l e c t e d  beams w i t h i n  t h e  

s u b s t r a t e .  T h i s  p a r t i a l  l o s s  of  c o h e r e n c e  i s  p o i n t e d  o u t  s i n c e  i t  has  

p r o b a b l y  l o w e r e d  t h e  r i p p l e  a m p l i t u d e  s e e n  i n  F i g u r e  4 . 9  and t h i s  e f f e c t  

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

The SEM p h o t o g r a p h  o f  t h e  s h o r t  t r i p o l e s  on s u b s t r a t e  #1 i s  

p r e s e n t e d  i n  F i g u r e  4 . 1 .  As s t a t e d  b e f o r e ,  t h e  l o n g  t r i p o l e s  on t h i s  

s u b s t r a t e  we r e  d e s t r o y e d  b e c a u s e  o f  i m p r o p e r  l i f t o f f .  As a r e s u l t ,  o n l y  

one  c u r v e  i s  d i s p l a y e d  i n  F i g u r e  4 . 2  i n  a d d i t i o n  t o  t h e  CaF2 

t r a n s m i t t a n c e  c u r v e .  The f i l t e r  e f f e c t  s e e n  i n  F i g u r e  4 . 2  i s  q u i t e  

p r o n o u n c e d  w i t h  a n u l l  d e p t h  o f  a b o u t  1 0 . 8  dB.  T h i s  i s  f a i r l y  t y p i c a l  

o f  a l l  t h e  c r o s s e d - d i p o l e  and t r i p o l e  a r r a y s  wh i ch  h a v e  n u l l  d e p t h s  

b e t we e n  9 dB and 11 dB.  I n  a d d i t i o n ,  t h e  r e s o n a n c e  l o c a t i o n  i s  a t  

a p p r o x i m a t e l y  8 . 4  m i c r o n s  r a t h e r  t h a n  7 . 0  m i c r o n s  as  d e s i r e d .  T h i s  i s  

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

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

p r e d i c t e d  by f i r s t  o r d e r  t h e o r y .  However ,  t h e  c o n v e r s e  i s  f o u n d  t o  be
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t r u e  f o r  t h e  l o n g  c r o s s e d - d i p o l e s  and l o n g  t r i p o l e s .  F o r  t h e s e  

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

t h a n  t h e  d e s i r e d  9 . 0  m i c r o n s .  The r e a s o n s  f o r  t h e s e  o c c u r a n c e s  can he 

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

t h o s e  i n  T a b l e  3 . 1 .  S i n c e  we we r e  n o t  t r y i n g  t o  d e s i g n  f o r  p r e c i s e  

r e s o n a n c e  l o c a t i o n s ,  t h i s  i s  n o t  v i ewed as  a s e v e r e  p r o b l e m .

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

( c o r r e s p o n d i n g  t o  t h o s e  i n  T a b l e  3 . 2 )  i s  t h e  b a n d w i d t h  e f f e c t  whi ch  can 

be s e e n  by c o m p a r i n g  F i g u r e s  4 . 5  and 4 . 8 .  I t  has  been  p o i n t e d  o u t  [ 4 1 ]  

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

t h e  i n v e r s e  p r o d u c t  o f  Dx and Dz . T h u s ,  s p r e a d i n g  t h e  a r r a y  ou t  n a r r o ws  

t h e  f i l t e r  r e s p o n s e  and v i c e  v e r s a .  Fven t h o u g h  t h e  e l e m e n t  t y p e s  

c h a n g e  c o n s i d e r a b l y  b e t w e e n  F i g u r e s  4 . 5  and 4 . 8 ,  ( i . e . ,  t r i p o l e s  and 

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

b a n d w i d t h - s p a c i n g  d e p e n d e n c e .

A l a s t  i n t e r e s t i n g  f e a t u r e  o f  t h e  d a t a  f r om t h e  f i r s t  s e t  of  

s u b s t r a t e s  i s  t h e  a p p e a r a n c e  o f  s ma l l  n u l l s  whi ch  may be a t t r i b u t e d  t o  

s e c o n d  o r d e r  r e s o n a n c e s .  In  F i g u r e  4 . 2 ,  s u c h  a n u l l  may be s e e n  a t  

a p p r o x i m a t e l y  2250 cm- * f o r  t h e  s h o r t  c h r o m e - g o l d  t r i p o l e s  on s u b s t r a t e  

# 1 .  S i m i l a r  n u l l s  can be s e e n  i n  F i g u r e  4 . 5  f o r  t h e  a l umi num t r i p o l e s  

on s u b s t r a t e  # 5 .  No t e  t h a t  t h e  s ec o n d  r e s o n a n c e s  do no t  o c c u r  a t  t w i c e  

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

d i s p e r s i v e  n a t u r e  o f  t h e  CaF2  w i t h  an i n d e x  o f  r e f r a c t i o n  whi ch  i s  

s l i g h t l y  i n c r e a s i n g  w i t h  f r e q u e n c y  ( s e e  Ap p e n d i x  C) w i t h  a r e s u l t i n g
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d r o p  i n  t h e  s ec o n d  r e s o n a n c e  f r e q u e n c y .  I n t e r e s t i n g l y  en o u g h ,  t h e  

s e c o n d  r e s o n a n c e  n u l l s  a r e  no t  s e e n  i n  F i g u r e  4 . 8  f o r  t h e  s u b s t r a t e  #5,  

c r o s s e d - d i p o l e  d a t a .  At t h i s  t i m e ,  t h e r e  i s  no a p p a r e n t  r e a s o n  f o r  t h i s  

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

i s  a l s o  s e e n  f o r  t h e  s t r a i g h t  d i p o l e s  whi ch  w i l l  now be d i s c u s s e d .

F o r  r e a s o n s  d i s c u s s e d  i n  C h a p t e r  I I I ,  i t  was d e c i d e d  t h a t  d u r i n g  

t h e  s ec o n d  t r i p  t o  t h e  NRRFSS o n l y  d i p o l e  o r  s t r a i g h t  s l o t  e l e m e n t s  

woul d  be c o n s t r u c t e d .  I t  was a n t i c i p a t e d  t h a t  such  e l e m e n t s  when 

me a s u r e d  woul d  show o n l y  a 3 dB n u l l  f o r  d i p o l e s  and a minimum 3 dB 

i n s e r t i o n  l o s s  f o r  s t r a i g h t  s l o t s .  The r e a s o n  i s  t h a t  s t r a i g h t  e l e m e n t s  

can  o n l y  i n t e r c e p t  one p o l a r i z a t i o n  i n  o u r  r andoml y  p o l a r i z e d  

me a s u r e me n t  s y s t e m  o r  one h a l f  of  t h e  t o t a l  p o we r .  To i mp r o v e  t h i s ,  

a t t e m p t s  we r e  made t o  b u i l d  a s i m p l e ,  s t r a i g h t  l i n e  a r r a y  p o l a r i z e r  

wh i ch  woul d  have  i mp r o v e d  t h e  me as u r emen t  dynami c  r a n g e .  U n f o r t u n a t e l y ,  

a l l  a t t e m p t s  a t  t h i s  f a i l e d .  Wi th t h e  r e s u l t i n g  l i m i t a t i o n s  in mi nd ,

t h e  l a s t  s e t  o f  s u b s t r a t e s  w i l l  be d i s c u s s e d .

On s u b s t r a t e s  # 7  t h r o u g h  #12,  t h r e e  s e t s  o f  e l e m e n t s  ( t h r e e  f i l t e r  

p a t c h e s )  we r e  c o n s t r u c t e d .  In a d d i t i o n  t o  t h e  l o n g  and s h o r t  e l e m e n t s  

on t h e  p r e v i o u s  s e t ,  a p a t c h  was added  whi ch  was t o  have  had a f a t t e r

l i n e  w i d t h .  T h u s ,  t h e  added  d i s t i n c t i o n s  o f  f a t  o r  n a r r o w  t o  d e s c r i b e

t h e  e l e m e n t  s h a p e s .  In  F i g u r e s  4 . 1 0  -  4 . 1 2  a r e  shown r e s p e c t i v e l y ,  t h e  

s h o r t  f a t  d i p o l e s ,  l o n g  n a r r o w  d i p o l e s  and s h o r t  n a r r o w d i p o l e s  on 

s u b s t r a t e  # 7 .  The t e c h n i q u e  o f  u s i n g  a s l o w e r  w r i t i n g  s p e e d  t o  c r e a t e  

t h e  f a t  e l e m e n t s  d i d  n o t  work t o o  w e l l .  Fo r  t h i s  r e a s o n ,  t h e  w i d t h  was
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i n c r e a s e d  on l a t e r  e l e m e n t s  by u s i n g  a h i g h e r  beam c u r r e n t .  To s a v e  

t i m e  on l a t e r  s u b s t r a t e s ,  t h e  e x p o s u r e  t e c h n i q u e  was ch a n g e d  q u i t e  a 

b i t .  As a r e s u l t ,  t h e  d a t a  on s u b s t r a t e  #7 c a n n o t  be e a s i l y  compared t o  

l a t e r  s u b s t r a t e s .  N o n e t h e l e s s ,  good t r a n s m i t t a n c e  m e a s u r e m e n t s  were  

o b t a i n e d  on t h i s  s u b s t r a t e  and a r e  p r e s e n t e d  i n  F i g u r e  4 . 1 3 .  I t  i s  

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

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

b a n d w i d t h s .  As e x p e c t e d ,  t h e  f a t t e r  d i p o l e s  show a more b r o a d b a n d  

f i l t e r  c h a r a c t e r i s t i c .  On F i g u r e  4 . 1 3 ,  a l s o  n o t e  t h a t  s ec o n d  r e s o n a n c e  

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

On s u b s t r a t e s  #8 t h r o u g h  #12,  t h e  e x p o s u r e  and d e v e l o p m e n t  

p a r a m e t e r s  we r e  i d e n t i c a l  t o  w i t h i n  p r a c t i c a l  l i m i t s .  Da t a  on t h e  

d i p o l e  e l e m e n t s  i s  shown i n  F i g u r e s  4 . 1 4  t h r o u g h  4 . 2 5 .  From t h e  SEM 

p h o t o g r a p h s ,  i t  can be s e e n  t h a t  t h e  d i f f e r e n c e  i n  w i d t h s  b e t we en  t h e  

n a r r o w  and f a t  e l e m e n t s  i s  s i g n i f i c a n t  ( a l m o s t  a f a c t o r  o f  t w o ) .  In 

a d d i t i o n ,  n o t e  t h a t  t h e  f a t  e l e m e n t s  a r e  s l i g h t l y  l o n g e r  t h a n  t h e  

c o r r e s p o n d i n g  s h o r t  e l e m e n t s  due t o  t h e  l a r g e r  E-beam r a d i u s .  No 

a t t e m p t  was made t o  keep  t h e  " s h o r t "  d i p o l e s  t h e  same l e n g t h .  From 

F i g u r e  4 . 1 7  i t  can a g a i n  be s e e n  t h a t  t h e  d i p o l e  e l e m e n t s  b e h a v e  as 

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

t h e  n a r r o w  e l e m e n t s  as  i n  F i g u r e  4 . 1 3  f o r  s u b s t r a t e  #7 .  However ,  i n  

F i g u r e  4 . 1 7 ,  t h e  f a t  e l e m e n t s  i n  a d d i t i o n  t o  h a v i n g  a g r e a t e r  b an d w i d t h  

a l s o  have  a s l i g h t l y  h i g h e r  r e s o n a n t  f r e q u e n c y .  T h i s  i s  c o n s i s t e n t  w i t h  

d a t a  on s u b s t r a t e s  #9 t h r o u g h  #12 b u t  i s  o p p o s i t e  t o  t h a t  on s u b s t r a t e  

#7 w i t h  r e g a r d  t o  t h e  c e n t e r  f r e q u e n c y  f o r  t h e  s h o r t  e l e m e n t  r e s o n a n c e s .
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More i n t e r e s t i n g  c o m p a r i s o n s  o c c u r  b e t we en  s u b s t r a t e s  #10 and #11.  

The m a j o r  d i f f e r e n c e  b e t we e n  t h e s e  s u b s t r a t e s  i s  t h e  t h i c k n e s s  o f  t h e  

a l umi num l a y e r  u s e d .  On s u b s t r a t e  #10,  t h e  a l umi num was c h o s e n  t o  he

0 . 1 4 0  m i c r o n s  t h i c k  wh i ch  i s  a p p r o x i m a t e l y  6 s k i n  d e p t h s  ( s e e  Append i x  

E ) .  On s u b s t r a t e  #11 ,  o n l y  0 . 0 3 6  m i c r o n s  o f  a l umi num wer e  u s e d .  T h i s  

l a t t e r  t h i c k n e s s  i s  a p p r o x i m a t e l y  1 . 5  s k i n  d e p t h s .  The i n t e r e s t i n g  f a c t  

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

e x c e p t  t h e  t h i n n e r  e l e m e n t s  ( s u b s t r a t e  #11)  a l l  r e s o n a t e  a t  a l o we r  

f r e q u e n c y  t h a n  do t h e  t h i c k e r  e l e m e n t s  ( s u b s t r a t e  # 1 0 ) .  O b s e r v a t i o n s  of  

F i g u r e s  4 . 1 7  and 4 . 2 1  show t h a t  t h e  n u l l  d e p t h s  a r e  q u i t e  c o m p a r a b l e ,  

h o w e v e r ,  t h e  s y s t e m  dynami c  r a n g e  i s  p r o b a b l y  i n s u f f i c i e n t  t o  s e e  much 

d i f f e r e n c e .  The u s e  o f  a p o l a r i z e r  woul d  p r o b a b l y  have  y i e l d e d  b e t t e r  

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

p o l a r i z a t i o n s  wou l d  a l s o  h a v e  been b e t t e r .

S i m i l a r  c o m p a r i s o n s  can be drawn b e t we e n  s u b s t r a t e s  #10 and #12 .  

H e r e ,  t h e  o n l y  d i f f e r e n c e  i s  t h e  t y p e  o f  me t a l  u s e d .  I t  was hoped t h a t  

t h e  chrome on s u b s t r a t e  #12 woul d  be much l o s s i e r  t h a n  t h e  a lumi num on 

s u b s t r a t e  #10 .  E x p e c t e d  r e s u l t s  f o r  l o s s y  m a t e r i a l s  would  be l e s s e n e d  

r e s o n a n t  c h a r a c t e r i s t i c s .  Thus  i t  was hoped t h a t  t h e  chrome d i p o l e s  

wou l d  n o t  show as  g r e a t  an i n s e r t i o n  l o s s  a t  r e s o n a n c e  as  t h e  a luminum 

d i p o l e s .  However ,  t h i s  c o n c l u s i o n  can n o t  be r e a c h e d  by c o m p a r i s o n  of  

t h e  d a t a  i n  F i g u r e s  4 . 1 7  and 4 . 2 5 .  A g a i n ,  t h e  u s e  o f  a p o l a r i z e r  o r  two 

d i m e n s i o n a l  e l e m e n t s  wou l d  have  y i e l d e d  b e t t e r  d a t a  f o r  c o m p a r i s o n .
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A m a j o r  a c c o m p l i s h m e n t  o f  t h e  s e c o n d  NRRFSS v i s i t  was t h e  

c o n s t r u c t i o n  o f  t h e  s l o t  a r a y s  on s u b s t r a t e s  #8 and #9.  The i d e n t i c a l  

e x p o s u r e - d e v e l o p m e n t  p r o c e s s  was u s e d  on t h e s e  s u b s t r a t e s  as  was u s e d  on 

s u b s t r a t e s  #10,  #11 and #12 i n  c o n s t r u c t i o n  o f  t h e  d i p o l e  a r r a y s .  The 

m u l t i - l e v e l  r e s i s t  p r o c e s s  d e v e l o p e d  a t  t h e  NRRFSS and e x p l a i n e d  i n  

Ap p e n d i x  A was u s e d  t o  b u i l d  t h e  s l o t s  as  op p o s ed  t o  t h e  l i f t o f f  p r o c e s s  

f o r  t h e  d i p o l e s .  By c o m p a r i n g  t h e  SEM p h o t o g r a p h s  i n  F i g u r e s  4 . 2 6  

t h r o u g h  4 . 3 2  w i t h  t h o s e  i n  F i g u r e s  4 . 1 4  t h r o u g h  4 . 2 4 ,  i t  can be s e e n  

t h a t  some l i n e  g rowt h  has  r e s u l t e d .  T h u s ,  t h e  s l o t  e l e m e n t s  a r e  l a r g e r  

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

e t c h i n g  (RIE,  s e e  Ap p e n d i x  A) c o u l d  have  p r o d u c e d  b e t t e r  e l e m e n t s  but  

t h i s  t e c h n i q u e  was no t  a v a i l a b a l e .

The s l o t  a r r a y s  we r e  a g a i n  me a s u r e d  i n  t r a n s m i t t a n c e  u s i n g  t h e  h i g h  

f #  me as u r emen t  s y s t e m .  The r e s u l t s  f o r  s u b s t r a t e  #8 ( s l o t s  i n  chr ome)  

a r e  p r e s e n t e d  i n  F i g u r e  4 . 2 9 .  The r e s u l t s  f o r  s u b s t r a t e  #9 ( s l o t s  i n  

a l umi num)  a r e  p r e s e n t e d  i n  F i g u r e  4 . 3 3 .  In t h e s e  f i g u r e s  i t  can a g a i n  

be s e e n  t h a t  t h e  f a t  e l e m e n t s  have  a b r o a d e r  b a n d p a s s  t h a n  t h e  n a r r o w 

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

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

#10 ,  #11 and #12 .  The two d i f f e r e n t  m e t a l s  we r e  a g a i n  u s e d  t o  h o p e f u l l y  

s t u d y  me t a l  l o s s  e f f e c t s ;  h o we v e r ,  t h e  two s e t s  o f  d a t a  a r e  a g a i n  a l m o s t  

i d e n t i c a l .  The o n l y  m a j o r  d i f f e r e n c e  a p p e a r s  t o  be a g r e a t e r  

t r a n s m i t t a n c e  f o r  t h e  l o n g  s l o t s  i n  a l umi num t h a n  f o r  t h e  l o n g  s l o t s  i n  

c h r o me .  S i n c e  t h e  a l umi num c o v e r e d  s u b s t r a t e  was b r o k e n  n e a r  t h e  l on g
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s l o t  p a t c h  p r i o r  t o  t h e  m e a s u r e m e n t ,  t h i s  i n c r e a s e  i s  p r o b a b l y  due t o  

l e a k a g e  a r o u n d  t h e  p a t c h  and no t  t h r o u g h  i t .
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ARRAY DATA

X OF F SET = 0 . 0 0  
Z OF F SET = 0 . 0 0  
DX = 2 . 6 8 0  
DZ = 3 . 1 2 0  
DDZ= 1 . 5 6 0

ELEMENT DATA

LEG
1
2
3

ANGLE 
9 0 . 0 0 0  
2 0 5 . 5 7 0  
3 3 3 . 4 3 0

LENGTH
1.  8 0 0  
1 . 6 6 0
1.  6 0 0

WIDTH 
0 .  3 4 0  
0 .  2 5 0  
0 . 2 5 0

THI CKNESS 
0 . 1 0 0  
0 . 1 00
0 . 1 00

4 . 1 .  SEM p h o t o g r a p h  o f  s h o r t  c h r o m e - g o l d  t r i p o l e s  on s u b s t r a t e

# 1 .  EBMF i n p u t  a r r a y  d a t a  and mea s u r e d  e l e m e n t  d a t a .
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Calcium Fluoride.
________  Substrate #1, short chrome-gold tripoles on Calcium Fluoride.

F i g u r e  4 . 2 .  Meas u r ed  t r a n s m i t t a n c e  d a t a  f o r  s u b s t r a t e  #1.

TRANSM
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ARRAY DATA

X OF F SET = 0 . 0 0  
Z OFFSET = 0 . 0 0  
DX = 2 . 6 4 0  
DZ = 3 . 3 0 0  
DDZ= 1 . B 5 0

ELEMENT DATA

LEG « ANGLE LENGTH WIDTH THI CKNESS
1 9 0 . 0 0 0  1 . 8 6 0  0 . 3 2 0  0 . 1 4 0
2 2 0 6 . 5 7 0  1 . 7 6 0  0 . 2 9 0  0 . 1 4 0
3 3 3 3 . 4 3 0  1 . 7 1 0  0 . 2 7 0  0 . 1 4 0

F ig u re  4 .3 .  SEM photograph of short aluminum t r i p o l e s  on s u b s tra te

#5 . EBMF in p u t  a rra y  data  and measured element d a ta .
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ARRAY DATA

X OFFSET = 0 . 0 0  
Z OFFSET = 0 . 0 0  
DX = 2 . 6 4 0  
DZ = 3 . 3 0 0  
DDZ = 1 . 6 5 0

ELEMENT DflTfl

LEG « ANGLE LENGTH WIDTH THI CKNESS
1 9 0 . 0 0 0  2 . 1 0 0  0 . 2 9 0  0 .  1 4 0
2 2 0 6 . 5 7 0  2 . 1 3 0  0 . 2 4 0  0 . 1 4 0
3 3 3 3 . 4 3 0  2 . 1 0 0  0 . 2 4 0  0 . 1 4 0

F ig u re  4 .4 .  SEM photograph of long aluminum t r i p o l e s  on s u b s tra te

#5 . EBMF in p u t  a rray  data and measured element d a ta .
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-------- Calcium Fluoride.
________  Substrate #5, short aluminum tripoles on Calcium Fluoride.
________  Substrate #5, long aluminum tripoles on Calcium Fluoride.

F i g u r e  4 . 5 .  M e a s u r e d  t r a n s m i t t a n c e  d a t a  f o r  t h e  t r i p o l e s  on  s u b s t r a t e  

# 5 .
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ARRAY DATA

X OFFSET = 0 . 0 0  
Z OFFSET = 0 . 0 0  
DX = 4 . 5 0 0  
DZ = 4 . 5 0 0  
DDZ= 0 . 0 0 0

ELEMENT DATA

LEG # ANGLE LENGTH WIDTH THI CKNESS
1 0 .  0 0 0 1 . 3 7 0 0 .  3 5 0 0 .  1 4 0
2 9 0 . 0 0 0 1 . 4 3 0 0 .  3 5 0 0 .  1 4 0
3 1 6 0 . 0 0 0 1 . 3 7 0 0 . 3 5 0 0 .  1 4 0
4 2 7 0 . 0 0 0 1 . 4 3 0 0 . 3 5 0 0 .  1 4 0

F ig u re  4 . 6 .  SEM photograph o f sho rt  aluminum crossed d ip o le s  on

s u b s tra te  #5 . EBMF in p u t  a r ra y  data  and measured element

d a ta .
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ARRAY DATA

X OF F SE T  = 0 . 0 0  
Z OF F SET = 0 . 0 0  
DX = 1 4 . 5 0 0  
DZ = 4 . 5 0 0  
DDZ= 0 . 0 0 0

ELEMENT DATA

LEG # ANGLE LENGTH ,> WIDTH THI CKNESS
1 0 .  0 0 0 1 . 6 9 0 0 . 3 1 0 0 .  1 4 0
2 9 0 . 0 0 0 1 . 7 6 0 0 . 3 1 0 0 .  1 4 0
3 1 8 0 . 0 0 0 ' 1 . 6 9 0 0 . 3 1 0 0 .  1 4 0
4 2 7 0 . 0 0 0 1.  7 6 0 0 .  3 1 0 0 .  1 4 0

F ig u re  4 . 7 .  SEM photograph of long aluminum crossed d ip o le s  on

s u b s t ra te  #5 . EBMF in p u t  a r ra y  da ta  and measured element

d a ta .
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--------  Calcium Fluoride.
--------  Substrate #5, long aluminum crossed-dipoles on Calcium Fluoride.
--------  Substrate 45, short aluminum crossed-dipoles on Calcium Fluoride.

F i g u r e  4 . 8 .  Meas u r ed  t r a n s m i t t a n c e  d a t a  f o r  t h e  c r o s s e d - d i p o l e s  on 

s u b s t r a t e  #5.
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--------  Substrate #5, short aluminum crossed-dipoles on Calcium Fluoride.
--------  Substrate #5, long aluminum crossed-dipoles on Calcium Fluoride.

F i g u r e  4 . 9 .  Measured  t r a n s m i t t a n c e  d a t a  f o r  t h e  c r o s s e d - d i p o l e s  f o r

s u b s t r a t e  #5,  s howi ng  s u b s t r a t e  e t a l o n  b e h a v i o r .

TRRNSM
ITTRNCE 

(DB)



Fi g u r e

'ĵ SifiergSWsi*

flRRRY DRTR

X OF F SET = 0 . 0 0  
Z OF F SET = 0 . 0 0  
OX = 2 . 5 0 0  
DZ = 5 . 0 0 0  
DDZ= 2 . 5 0 0

ELEMENT DflTR

LEG *  RNGLE LENGTH WIDTH THI CKNESS
1. 9 0 . 0 0 0  1 . 5 S 0  0 . 2 7 0  0 . 1 3 5
2 . 2 7 0 . 0 0 0  1 . 5 6 0  0 . 2 7 0  0 . 1 3 5

4 .1 0 .  SEM photograph of short f a t  aluminum d ip o les  on

s u b s t ra te  #7 . EBMF in p u t  a rray  data  and measured element

d a ta .
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ARRRT DATA

Fi g u r e

X OFFSET = 0 . 0 0  
Z OFFSET = 0 . 0 0  
DX = 2 . 5 0 0  
DZ = 5 . 0 0 0  
DDZ= 2 . 5 0 0

ELEMENT DATA

LEG # ANGLE LENGTH WIDTH THI CKNESS
1 9 0 . 0 0 0  2 . 0 0 0  0 . 2 6 0  0 . 1 3 5
2 2 7 0 . 0 0 0  2 . 0 0 0  0 . 2 6 0  0 . 1 3 5

4 . 1 1 .  SEM p h o t o g r a p h  o f  l o n g  n a r r o w  a l umi num d i p o l e s  on

s u b s t r a t e  #7 .  EBMF i n p u t  a r r a y  d a t a  and m e a s u r e d  e l e m e n t

d a t a .
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ARRAY DATA

X OF F SET = 0 . 0 0  
Z OF F SET = 0 . 0 0  
DX = 2 . 5 0 0  
DZ = 5 . 0 0 0  
DDZ= 2 . 5 , 0 0

ELEMENT DATA

LEG « ANGLE LENGTH WIDTH THI CKNESS
1 9 0 . 0 0 0  1 . 5 2 0  0 . 2 6 0  0 . 1 3 5
2 2 7 0 . 0 0 0  1 . 5 2 0  0 . 2 S 0  0 . 1 3 5

F i g u r e  4 . 1 2 .  SEM p h o t o g r a p h  o f  s h o r t  n a r r o w a l umi num d i p o l e s  on

s u b s t ra te  #7 . EBMF in p u t a rra y  data  and measured element

d a ta .
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________  Calcium Fluoride.
________  Substrate #7, short fat aluminum dipoles on Calcium Fluoride.
________  Substrate #7, long narrow aluminum dipoles on Calcium Fluoride.
........  Substrate #7, short narrow aluminum dipoles on Calcium Fluoride.

F i g u r e  4 . 1 3 .  Measurer!  t r a n s m i t t a n c e  d a t a  f o r  s u b s t r a t e  #7.
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f lRRRT DRTR

X OF F SET = 0 . 0 0  
Z OF F SE T  = 0 . 0 0  
DX = 2 . 5 0 0  
DZ = 5 . 0 0 0  
DDZ= 2 . 5 0 0

ELEMENT DRTR

LEG *  RNGLE LENGTH WIDTH THI CKNESS
1 9 0 . 0 0 0  1 . 5 5 5  0 . 5 4 0  0 . 1 4 0
2 2 7 0 . 0 0 0  1 . 5 b 5  0 . 5 4 0  0 . i 4 0

F i g u r e  4 . 1 4 .  SEM p h o t o g r a p h  o f  s h o r t  f a t  a l u m i n u n  d i p o l e s  on

s u b s t r a t e  #10.  EBMF i n p u t  a r r a y  d a t a  and me a s u r e d  e l e m e n t  

d a t a .
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RRRRY DflTR

X OFFSET = 0 . 0 0  
Z OFFSET = 0 . 0 0  
DX = 2 . 5 0 0  
DZ = 5 . 0 0 0  
DDZ= 2 . 5 0 0

ELEMENT DRTR

LEG « RNGLE LENGTH WIDTH THI CKNESS
1 9 0 . 0 0 0  1 . 9 0 5  0 . 2 9 0 .  0 .  1 4 0
2 2 7 0 . 0 0 0  1 . 9 0 b  0 . 2 9 0  0 . 1 4 0

F i g u r e  4 . 1 5 .  SEM p h o t o g r a p h  o f  l o n g  n a r r o w  a lumi num d i p o l e s  on

s u b s t ra te  #10. EBMF in pu t a rray  data and measured element

d a ta .
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Fi g u r e

\

HRRRT DfiTfl

X OFFSET = 0 . 0 0  
Z OFFSET = 0 . 0 0  
DX = 2 . 5 0 0  
DZ = 5 . 0 0 0  
DDZ= 2 . 5 0 0

ELEMENT DRTfl

LEG « ANGLE LENGTH WIDTH THI CKNESS
1 9 0 . 0 0 0  1 .1475 0 . 3 1 0  0 .  11 0
2 2 7 0 . 0 0 0  1 . 1 7 b  0 . 3  i d 0 . 1 1 0

4 . 1 6 .  SEM p h o t o g r a p h  o f  s h o r t  n a r r o w  a l umi num d i p o l e s  on

s u b s t ra te  #10. EBMF in p u t  a rray  data and measured element

d a ta .
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--------  Calcium Fluoride.
________  Substrate #10, short fat aluminum dipoles on Calcium Fluoride.
________  Substrate #10, long narrow aluminum dipoles on Calcium Fluoride.
........  Substrate #10, short narrow aluminum dipoles on Calcium Fluoride.

F i g u r e  4 . 1 7 .  Measured  t r a n s m i t t a n c e  d a t a  f o r  s u b s t r a t e  #10.

TRANSM
ITTANCE 
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RRRflY DRTfl

X OFFSET = 0 . 0 0  
Z OFFSET = 0 . 0 0  
OX = 2 . 5 0 0  
DZ = 5 . 0 0 0  
DDZ= 2 . 5 0 0

ELEMENT DRTfl

LEG * ANGLE LENGTH WIDTH THI CKNESS
1 9 0 . 0 0 0  1 . 5 3 5  0 . 5 4 0  0 . 0 3 S
2 2 7 0 . 0 0 0  1 . 5 3 5  0 . 5 4 0  0 . 0 3 6

F i g u r e  4 . 1 8 .  SEM p h o t o g r a p h  o f  s h o r t  f a t  a l umi num d i p o l e s  on

s u b s t ra te  #11. EBMF in p u t  a rra y  data  and measured element

d a ta .
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ARRAY DRTA .

X OFFSET = 0 . 0 0  
Z OFFSET = 0 . 0 0  
DX = 2 . 5 0 0  
DZ = 5 . 0 0 0  
DDZ= 2 . 5 0 0

ELEMENT DRTR

LEG # RNGLE LENGTH WIDTH THI CKNESS
1 , 9 0 . 0 0 0  1 . 9 2 5  0 . 2 9 Q  0 . 0 3 6
2 2 7 0 . 0 0 0  1 . 9 2 5  0 . 2 9 0  0 . 0 5 6

F i g u r e  4 . 1 9 .  SEM p h o t o g r a p h  o f  l o n g  n a r r o w  a l umi num d i p o l e s  on

s u b s tra te  #11. EBMF in p u t  a r ra y  data and measured element

d a ta .
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ARRAY DRTfl

X OFFSET = 0 .  00  
Z OFFSET = 0 . 0 0  
DX = 2 . 5 0 0  
DZ = 5 . 0 0 0  
DDZ= 2 . 5 0 0

ELEMENT DRTfl

LEG » ANGLE LENGTH HIQTH THI CKNESS
1 9 0 . 0 0 0  1 . 4 9 5  0 . 3 2 0  ° ' ° ? 5
2 2 7 0 . 0 0 0  1 . 1495 0 . 3 2 0  0 . 0 3 b

F i g u r e  4 . 2 0 .  SEM p h o t o g r a p h  of  s h o r t  n a r r o w a l umi num d i p o l e s  on

s u b s t r a t e  # 1 1 .  EBMF i n p u t  a r r a y  d a t a  and me a s u r e d  e l e m e n t  

d a t a .
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  Calcium Fluoride.
  Substrate #11, short fat aluminum dipoles on Calcium Fluoride.
__ Substrate #11, long narrow aluminum dipoles on Calcium Fluoride. 
... Substrate #11, short narrow aluminum dipoles on Calcium Fluoride.

F i g u r e  4 . 2 1 .  Meas u r ed  t r a n s m i t t a n c e  d a t a  f o r  s u b s t r a t e  #11 .

TRANSM
ITTANCE 

(DB)



ARRAY DRTfl

Fi  g u r e

X O F F S E T  = 0 . 0 0  
Z O F F S E T  = 0 . 0 0  
DX = 2 . 5 0 0  
DZ = 5 . 0 0 0  
DDZ= 2 . 5 0 0

ELEMENT DATA

LEG * ANGLE LENGTH WIDTH T H I C K N E S S
1 9 0 . 0 0 0  1 . 5 3 0  0 . 5 2 0  0 . 1 4 0
2 2 7 0 . 0 0 0  1 . 5 3 0  0 . 5 2 0  0 . 1 4 0

4 . 2 2 .  SEM p h o t o g r a p h  o f  s h o r t  f a t  c h r ome  d i p o l e s  on s u b s t r a t e  

# 1 2 .  EBMF i n p u t  a r r a y  d a t a  and  m e a s u r e d  e l e m e n t  d a t a .
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ARRAY DATA

X O F F S E T  = 0 . 0 0  
Z O F F S E T  = 0 . 0 0  
DX = 2 . 5 0 0  
DZ = 5 . 0 0 0  
DDZ= 2 . 5 0 0

ELEMENT DATA

LEG « ANGLE LENGTH WIDTH T HI C K N E S S
1 9 0 . 0 0 0  1 . 9 4 5  0 . 3 0 0  0 .  1 4 0
2 2 7 0 . 0 0 0  1 . 9 4 b  0 . 3 0 0  0 . 1 4 0

F i g u r e  4 . 2 3 .  SEM p h o t o g r a p h  o f  l o n g  n a r r o w  c h r ome  d i p o l e s  on s u b s t r a t e

#12 .  EBMF in p u t  a r r a y  d a ta  and measured element  d a t a .
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Fi  g u r e

ARRAY DRTfl

X O F F S E T  '= 0 .  0 0  
Z O F F S E T  = 0 . 0 0  
DX = 2 . 5 0 0  
DZ = 5 . 0 0 0  
DDZ= 2 . 5 0 0

ELEMENT DATA

LEG « ANGLE LENGTH WIDTH T H I C K N E S S
1 9 0 . 0 0 0  1 . 5 1 0  0 . 3 1 0  0 . 1 4 0
2 2 7 0 . 0 0 0  1 . 5 1 0  0 . 3 1 0  0 . 1 4 0

4 . 2 4 .  SEM p h o t o g r a p h  o f  s h o r t  n a r r o w  c h r o me  d i p o l e s  on s u b s t r a t e

#12 .  EBMF i n p u t  a r r a y  da ta  and measured e lem ent d a t a .
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--------  Calcium Fluoride.
________  Substrate #12, short fat chrome dipoles on Calcium Fluoride.
________  Substrate #12, long narrow chrome dipoles on Calcium Fluoride.
   Substrate #12, short narrow chrome dipoles on Calcium Fluoride.

Figure  4 . 2 5 .  Measured t ra n s m i t ta n c e  data f o r  su b s t ra te  #12.
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F i g u r e  4 . 2 6 .  SEM p h o t o g r a p h  o f  s u b s t r a t e  #8.

S h o r t  f a t  s l o t s  i n  ch r ome .
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F i g u r e  4 . 2 7 .  SEM p h o t o g r a p h  o f  s u b s t r a t e  #8.

Long n a r r o w  s l o t s  i n  chr ome .
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F i g u r e  4 . 2 8 .  SEM p h o t o g r a p h  o f  s u b s t r a t e  #8.

S h o r t  n a r r o w  s l o t s  i n  c h r o me .
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--------  Calcium Fluoride.
________  Substrate #8, short fat slots in chrome on Calcium Fluoride.
--------  Substrate #8, long narrow slots in chrome on Calcium Fluoride.
........  Substrate #8, short narrow slots in chrome on Calcium Fluoride.

Figure  4 .2 9 .  Measured t ra n sm i t tan c e  data f o r  su b s t ra te  #8.
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F i g u r e  4 . 3 0 .  SEM p h o t o g r a p h  o f  s u b s t r a t e  #9.

S h o r t  f a t  s l o t s  i n  a l u n i  num.

79



F i g u r e  4 . 3 1 .  SEM p h o t o g r a p h  o f  s u b s t r a t e  #8.

Long n a r r o w  s l o t s  i n  a l umi num.
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F i g u r e  4 . 3 2 .  SEM p h o t o g r a p h  o f  s u b s t r a t e  #9.  S h o r t  n a r r o w s l o t s  in 

a l umi  num.
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--------  Calcium Fluoride.
--------  Substrate #9, short fat slots in aluminum on Calcium Fluoride.
--------  Substrate #9, long narrow slots in aluminum on Calcium Fluoride.
........  Substrate #9, short narrow slots in aluminum on Calcium Fluoride.

Figure  4 . 3 3 .  Measured t ran sm i t tan ce  data f o r  s u b s t ra te  #9.
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CHAPTER V

CALCULATION OF FILTER TRANSMITTANCE

Us i n g  t h e  r e s u l t s  o f  P e r i o d i c  S u r f a c e  Th eor y  (PST) d i s c u s s e d  i n  

C h a p t e r  I I I ,  many c o m p u t e r  codes  have  been w r i t t e n  t o  a n a l y z e  t h e  

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

c o d e s  have  been u s e d  t o  v a l i d a t e  PST i n  t h e  mi c rowave  r e g i o n .  T h u s ,  t h e  

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

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

p a r t i c u l a r  code  was o b t a i n e d  [ 4 2 ]  whi ch  was ve r y  c o n v e n i e n t  and 

e f f i c i e n t  f o r  m o d e l l i n g  t h r e e  l e g g e d  e l e m e n t s  ( i . e . ,  t r i p o l e s ) .  T h i s  

co d e  was m o d i f i e d  t o  h a n d l e  g e n e r a l  N - l e g g e d  e l e m e n t s ,  wh e r e  t h e  l e g  

j u n c t i o n s  have  a common c o n n e c t i o n  p o i n t .  Exampl es  a r e  d i p o l e s  ( b o t h  

s t r a i g h t  and b e n t ) ,  t r i p o l e s  and c r o s s e d - d i p o l e s .  F o r  e l e m e n t s  o f  t h i s  

t y p e ,  h a v i n g  N l e g s ,  t h e  mi n i mal  c o m p l e t e  s e t  o f  modal  c u r r e n t s  mus t  

h a v e  N- l  modes .  The modes u s e d  i n  t h i s  code  a r e  shown i n  F i g u r e  5 . 1  f o r  

d i p o l e s ,  t r i p o l e s  and c r o s s e d - d i p o l e s .  In g e n e r a l ,  t h e  M^b mode f l o ws  

f r o m l e g  M t o  l e g  M+l as shown i n  F i g u r e  5 . 1 .
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LEG I LEG I

MODE

MODE 2

LEG 3LEG 2

MODE I

LEG 2

LEG I

MODE

] LEG 4LEG 2

MODE 3MODE 2

LEG 3

F i g u r e  5 . 1 .  Comput e r  code  c u r r e n t  modes f o r  g e n e r a l  d i p o l e s ,  t r i p o l e s  

and c r o s s e d - d i p o l e s .
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The c u r r e n t  modes u s e d  t o  model  t h e  e l e m e n t  c u r r e n t s  we r e  t h e  

p i e c e w i s e  s i n u s o i d s  d i s c u s s e d  i n  Append i x  D. F o r  t h e  t r a n s m i t t i n g  and 

r e c e i v i n g  modes r e s p e c t i v e l y ,  t h e  s i n e  and c o s i n e  mode we r e  u s e d .  T h i s  

c o m b i n a t i o n  has  been f o u n d  t o  y i e l d  t h e  b e s t  o v e r a l l  a g r e e m e n t  w i t h  

m e a s u r e d  r e s u l t s  i n  p r e v i o u s  s t u d i e s  [ 4 2 , 4 3 1 .  To model  t h e  e f f e c t s  of  

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

l e n g t h  was u s e d  [ 4 4 ]  whi ch  can a l s o  be s e e n  i n  Ap p e n d i x  0 .  U s i n g  t h e s e  

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

u n t i l  t h e  mode l e n g t h  i s  a b o u t  0 . 7  X0 . T h u s ,  t h e s e  a r e  low f r e q u e n c y  

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

c a l c u l a t i o n s  have  been e x t e n d e d  beyond t h i s  p o i n t .  No t e  t h a t  t h e s e  

c u r r e n t  modes a r e  b a s i c a l l y  f i l a m e n t  c u r r e n t s .  The u s e  o f  e f f e c t i v e  

l e n g t h  a l s o  a c c o u n t s  f o r  any w i d t h  and t h i c k n e s s  e f f e c t s  on t h e  c u r r e n t  

d i s t r i b u t i o n .  Width and t h i c k n e s s  a r e  a l s o  t a k e n  i n t o  a c c o u n t  when 

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

s e l f - i m p e d a n c e  t e r m s  i n  t h e  mut ua l  i mp e d a n c e  m a t r i x .

A ma j o r  f e a t u r e  o f  t h e  s e l e c t e d  code  was t h e  a b i l i t y  t o  a c c o u n t  f o r  

s u b s t r a t e  o r  d i e l e c t r i c  l o s s .  T h i s  i s  o f  p r i me  i m p o r t a n c e  f o r  t h e  CaF2 

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

f o r  most  u s a b l e  i n f r a r e d  m a t e r i a l s .  The model  o b t a i n e d  i n  Appe nd i x  C 

f o r  CaF2 d i e l e c t r i c  l o s s  was added t o  t h e  c o d e .  W h i l e  t h i s  model  i s  no t  

e x t r e m e l y  a c c u r a t e  be l ow 1000 cm“ l ,  i t  i s  f e l t  t o  be good enough f o r  t h e  

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

f o r  t h e  CaF2 s u b s t r a t e s  (1 mm t h i c k )  a r e  p r e s e n t e d  i n  a l m o s t  a l l  d a t a  

p l o t s  i n  t h i s  s e c t i o n  and i n  Appe nd i x  C.
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Us i n g  t h e  e l e m e n t  and a r r a y  d i m e n s i o n s  p r e s e n t e d  w i t h  t h e  SEM 

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

o f  t h e  d i p o l e s ,  t r i p o l e  and c r o s s e d - d i p o l e  f i l t e r s  we r e  m o d e l l e d .  I t  

was f o u n d  t h a t  a l l  t h e  c a l c u l a t e d  r e s o n a n c e  l o c a t i o n s  we r e  l o w e r  i n  

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

t h i s ,  t h e  e l e m e n t  l e n g t h s  we r e  s h o r t e n e d  by a p r o c e s  c a l l e d  t i p  

c o r r e c t i o n .  The t i p  c o r r e c t i o n  was done  t o  a c c o u n t  f o r  t h e  r ounde d  ends  

on t h e  e l e m e n t s  c a s e d  by d r a w i n g  w i t h  a r ound  E-beam s p o t .  T h i s  p r o c e s s  

s h o r t e n s  t h e  l e n g t h s  o f  t h e  r ound  t i p  e l e m e n t s  so  t h a t  t h e y  w i l l  have  

t h e  same a r e a s  as  e l e m e n t s  w i t h  s q u a r e  t i p s .  T h i s  i s  shown i n  F i g u r e  

5 . 2 ,  wh e r e  t h e  t i p  c o r r e c t e d  e l e m e n t  l e n g t h ,  Zf_,  i s  r e l a t e d  t o  t h e  

me a s u r e d  l e n g t h  and w i d t h  ( r e s p e c t i v e l y ,  and wm) by

Z,  =  Z  -  w ( i - I )  . ( 5 . 1 )t  m m

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

i l l u s t r a t e d  i n  F i g u r e s  5 . 3  t h r o u g h  5 . 1 0 .  Not e  t h a t  no m e n t i o n  i s  made 

o f  any me t a l  t y p e  i n  t h e s e  f i g u r e s  s i n c e  t h e  model  a s s umes  t h e  e l e m e n t s  

t o  be p e r f e c t l y  c o n d u c t i n g .  Al l  t h e s e  p l o t s  w i t h  one e x c e p t i o n  we r e  

o b t a i n e d  f rom c a l c u l a t e d  d a t a  i n  wh i ch  t h e  f r e q u e n c y  s a m p l i n g  i n t e r v a l  

was 50 cm- l .  Due t o  t h e  e t a l o n  b e h a v i o r  o f  t h e  r e l a t i v e l y  t h i c k  

s u b s t r a t e s  as shown i n  F i g u r e  5 . 4 ,  t h i s  d a t a  i s  q u i t e  c o a r s e  and jumps 

a r o u n d  a g r e a t  d e a l  due t o  t h e  h i g h  f r e q u e n c y  e t a l o n  r i p p l e .  In F i g u r e  

5 . 4 ,  t h e  f r e q u e n c y  s a m p l i n g  i n t e r v a l  i s  0 . 3 5  cm“ l  wh i c h  i s  200 t i m e s  

more d e n s e  t h a n  t h e  o t h e r  f i g u r e s .  The h i g h  r e s o l u t i o n  d a t a  f o r  t h e
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F i g u r e  5 . 2 .  The r e l a t i o n s h i p  be t we en  me as u r ed  e l e m e n t  l e n g t h ,  and 

t i p  c o r r e c t e d  e l e m e n t  l e n g t h ,
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------- Substrate #5, short tripoles on Calcium Fluoride.
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l o n g  t r i p o l e s  i n  F i g u r e  5 . 4  i s  a l s o  r e p e a t e d  i n  F i g u r e  5 . 5  as  a s e t  of  

e r r o r  b a r s  a t  1605 cm“ l .  T h u s ,  t o  have  o b t a i n e d  v e r y  a c c u r a t e  p l o t s  

wh i c h  c o u l d  be smoo t hed  f o r  c o m p a r i s o n  w i t h  t h e  p r e v i o u s  me a s u r e d  d a t a  

wou l d  have  r e q u i r e d  e x c e s s i v e  c o m p u t e r  t i m e .  I n s t e a d ,  t h i s  d a t a  was 

t a k e n  as  i s  and u s e d  t o  e s t i m a t e  t h e  r e s o n a n c e  l o c a t i o n  u s i n g  a l i n e a r  

l e a s t  mean s q u a r e  f i t  t e c h n i q u e .  Us i n g  t h i s  a p p r o a c h ,  t h e  minimum 

c a l c u l a t e d  t r a n s m i t t a n c e  p o i n t  i n  t h e  r e g i o n  f r o m 1000 cm“ l  t o  1700 cm"l  

was f ound  and t h e  n e a r e s t  f i v e  c a l c u l a t e d  p o i n t s  ( i . e . ,  ±100 cm- * f r om

t h e  c o u r s e  minimum) i n  dB wer e  f i t  t o  t h e  q u a d r a t i c

T^0 ( v - ) = A + A, v.  + A9 v? • ,  ( 5 . 2 )d B v i ' o 1 i 2 i ’

The r e s o n a n t  f r e q u e n c y ,  was t h e n  a p p r o x i m a t e d  as

v . = -  A1 . ( 5 . 3 )
mi n

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

p r e s e n t e d  i n  T a b l e  5 . 1  f o r  b o t h  t h e  non t i p - c o r r e c t e d  and t i p - c o r r e c t e d  

c a s e s .  In  a d d i t i o n ,  t h e  r e s o n a n c e  l o c a t i o n s  f o r  t h e  me a s u r e d  d a t a  s e t  

f r o m C h a p t e r  IV a r e  a l s o  p r e s e n t e d  i n  T a b l e  5 . 1 .  F o r  c o n s i s t e n c y  and t o  

mi n i m i z e  n o i s e  e f f e c t s ,  t h e  me as u r ed  r e s o n a n c e  l o c a t i o n s  we r e  f o u n d  by a 

s i m i l a r  l e a s t  mean s q u a r e  t e c h n i q u e .  F o r  t h e  m e a s u r e d  d a t a ,  a l l  p o i n t s  

i n  t h e  r a n g e  o f  ±100 cm“ l  f r o m t h e  minimum t r a n s m i t t a n c e  l o c a t i o n  we re  

i n c l u d e d  i n  t h e  p r o c e s s i n g .  T h i s  p r o c e s s  was done  on t h e  s moo t hed  d a t a .  

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

e r r o r  f i g u r e  ¥ ,  d e f i n e d  as
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TABLE 5.1

COMPARISON OF MEASURED AND CALCULATED RESONANT FREQUENCIES

1 Subst rate
f <CaF2)

Pat t erns Measured Resonant 
Frequency (cm-1)

Calculated Resonant 
Frequency (cm-1) 
(non- t ip  corrected)

Calculated Resonant 1
Frequency <cni-l> 1 
( t i p  correc ted)  1

1 1 shor t  t r t p o l e s 1341 1297 (-3.3X) 1304 (-2.8%) 1

1 5 shor t  t r i p o l e s  
long t r i po l e s

1318 
1126

1262 
1102

(-4.3%) 
( -2 .1X )

1278
1108

(-3.0%) I 
(-1.6%) 1

shor t  crossed-dipoles  
long crossed-dtpoles

1355
1164

1282
1101

(-5.4%)
(-5.4%)

1298
1115

(-4.2%) 1 
(-4.2%) 1

1 7 shor t  f a t  dipoles  
long narrow dipoles 
shor t  narrow dipoles

1378 
1138 
1394

1344
1031
1349

(-2.5%) 
(-9.4%) worst 
(-3.2%)

1343
1066
1353

(-2.2%) 1 
(-6.3%) worst  1 
(-2.9%) 1

1 10 shor t  f a t  dipoles 
long narrow dipoles 
shor t  narrow dipoles

1452
1163
1411

1362 
1100 
1344

(-6.2%)
(-5.4%)
(-4.8%)

1393
1105
1392

(-3.7%) 1 
(-4.9%) i 
(-1.4%) 1

1 11 shor t  f a t  dipoles 
long narrow dipoles 
shor t  narrow dipoles

1 407 
1120 
1378

1346
1097
1344

(-4.4%) 
(-2.1%) best  
(-2.5%)

1384 
1103 
1367

(-1.6%) 1 
(-1.5%) 1 
(-0.8%) be s t  1

1 12 shor t  f a t  dipoles 
long narrow dipoles  
shor t  narrow dipoles

1455 
1160 
1418

1374
1094
1345

(-5.6%)
(-5.7%)
(-5.2%)

1407 
. 1099 

1368

(-3.3%) 1 
(-5.3%) 1 
(-3.5%) 1

1 B shor t  f a t  s l o t s  
long narrow s lo ts  
shor t  narrow s lo t s

1436 
1195 
1365

I 9 shor t  f a t  s l o ts  
long narrow s lo ts  
shor t  narrow s lo t s

1495 
1183 
1420
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^  = 1 0 0  ( C a l c u l a t e d  ~ M e a s u r e d ) # ( 5 . 4 )
M e a s u r e d

Fo r  t h e  non t i p - c o r r e c t e d  d a t a ,  t h e  e r r o r  r a n g e  i s  - 9 . 4% t o  - 2 . 1% and 

f o r  t h e  t i p - c o r r e c t e d  d a t a ,  - 6 . 3% t o  - 0 . 8 %.  The l a t t e r  i s  c o n s i d e r e d  

v e r y  good g i v e n  t h e  q u a l i t y  o f  t h e  SEM p h o t o g r a p h s  i n  C h a p t e r  IV.  As 

p o i n t e d  ou t  e a r l i e r ,  t h e  r e s o n a n c e  l o c a t i o n s  o b t a i n e d  u s i n g  t h e  non t i p -  

c o r r e c t e d  d a t a  a r e  a l l  l o w e r  t h a n  t h e  me a s u r e d  r e s o n a n c e  l o c a t i o n s ,  as  

i n d i c a t e d  by a l l  n e g a t i v e  e r r o r s  i n  T a b l e  5 . 1 .  T h i s  i s  a l s o  t h e  c a s e  

f o r  t h e  t i p - c o r r e c t e d  d a t a .  T h e s e  r e s u l t s  a r e  p r o b a b l y  due t o  some 

s y s t e m a t i c  e r r o r ,  t h e  mos t  l i k e l y  one b e i n g  mi s me a s u r e me n t  o f  t h e  

e l e m e n t  d i m e n s i o n s  ( p r i m a r i l y  l e n g t h  bu t  a l s o  w i d t h ) .  T h e r e  a r e  two 

p o s s i b l e  c a u s e s  o f  t h i s  e r r o r .  The f i r s t  i s  a s l i g h t  d i f f e r e n c e  be t ween  

t h e  model  e l e m e n t  s h a p e  and t h e  a c t u a l  e l e m e n t  s h a p e .  T h i s  c o u l d  be 

c a u s e d  by non r e c t a n g u l a r  e l e m e n t  c r o s s  s e c t i o n s  y i e l d i n g  e f f e c t s  s i m i l a r  

t o  t h e  t i p - c o r r e c t i o n  mec h a n i s m.  The s e c o n d  c a u s e  c o u l d  be ERMF 

d e f l e c t i o n  e l e c t r o n i c s  wh i c h  a r e  s l i g h t l y  o u t  o f  c a l i b r a t i o n .  S i n c e  t h e  

a v e r a g e  e r r o r s  a r e  o n l y  - 4 . 6% f o r  t h e  non t i p - c o r r e c t e d  c a s e s  and -3 . 1% 

f o r  t h e  t i p - c o r r e c t e d  c a s e s ,  e i t h e r  i s  a p o s s i b i l i t y .

S e v e r a l  o t h e r  comments  s h o u l d  be made c o n c e r n i n g  t h e  c a l c u l a t e d  

d a t a .  The f i r s t  i s  t h a t  t h e  c a l c u l a t e d  d a t a  show many o f  t h e  same 

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

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

r e s o n a t e  a t  a s l i g h t l y  h i g h e r  f r e q u e n c y .  The o n l y  e x c e p t i o n  t o  t h i s  i s
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s u b s t r a t e  #7 on wh i ch  t h e  f a t  d i p o l e s  r e s o n a t e  a t  a s l i g h t l y  l o we r  

f r e q u e n c y  t h a n  do t h e  n a r r o w  e l e m e n t s .  T h i s  i s  t r u e  f o r  b o t h  t h e  

m e a s u r e d  and c a l c u l a t e d  d a t a .  In  a d d i t i o n ,  c o m p a r i s o n  o f  F i g u r e s  5 . 5  

and 5 . 6  show t h a t  t h e  c a l c u l a t e d  t r i p o l e  d a t a  f o r  s u b s t r a t e  #5 i s  more 

b r o a d b a n d  t h a n  t h e  s p a r s e r  c r o s s e d - d i p o l e  e l e m e n t s  on t h e  same 

s u b s t r a t e .  A g a i n ,  t h i s  was p o i n t e d  o u t  f o r  t h e  mea s u r e d  d a t a .

The m a j o r  d i f f e r e n c e  whi ch  can be s e e n  i n  c o m p a r i n g  t h e  c a l c u l a t e d  

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

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

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

p r o b l e m s  c a u s e d  by i n t e r a c t i o n  w i t h  o n l y  one p o l a r i z a t i o n .  T h e r e  a r e  

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

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

u s e  o f  a f o c u s e d  beam.  T h i s  p o s s i b i l i t y  was r u l e d  o u t  s i n c e  d e e p e r  

n u l l s  we r e  o b t a i n e d  w i t h  t h e  e a r l i e r  low f #  meas u r emen t  s y s t e m  t h a n  w i t h  

t h e  l a t e r  h i g h  f #  s y s t e m .  An e x a mp l e  o f  d a t a  o b t a i n e d  u s i n g  t h e  low f #  

s y s t e m  i s  p r e s e n t e d  i n  F i g u r e  5 . 1 1  f o r  t h e  a l umi num t r i p o l e s  on 

s u b s t r a t e  #5 .  The p r o b l e m s  w i t h  t h i s  s y s t e m  a r e  f a i r l y  o b v i o u s  s i n c e  a 

p a s s i v e  d e v i c e  c a n n o t  e x h i b i t  g a i n  ( i . e . ,  t r a n s m i t t a n c e  g r e a t e r  t h a n  0 

d B ) .  The s e c o n d  ma j o r  p o s s i b i l i t y  l i m i t i n g  n u l l  d e p t h  i s  l e a k a g e  a r o u n d  

t h e  a r r a y s  d u r i n g  t h e  me a s u r e me n t  p r o c e s s .  However ,  two beam l i m i t i n g  

a p e r t u r e s  we r e  u s e d  t o  p r e v e n t  s uch  l e a k a g e  and i t  i s  f e l t  t h a t  t h i s  

t e c h n i q u e  was e f f e c t i v e .  The l a s t  ma j o r  p o s s i b i l i t y  i s  met a l  l o s s  o r  

i m p e r f e c t i o n s  i n c u r r e d  d u r i n g  s t o r a g e  be t we en  t h e  two s e t s  o f
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--------  Substrate #5, Calcium Fluoride
--------  Substrate #5, long aluminum crossed-dipoles on Calcium Fluoride.
--------   Substrate #5, short aluminum crossed-dipoles on Calcium Fluoride.

Figure  5 . 6 .  C a lc u la te d  t ra n sm i t tan ce  data f o r  su b s t ra te  #5.
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m e a s u r e m e n t s .  T e c h n i q u e s  t o  model  such  l o s s  a r e  p r e s e n t e d  i n  Append i x  0 

and we r e  t r i e d  f o r  t h e  t r i p o l e  and c r o s s e d - d i p o l e  mode l s  o f  t h e  e l e m e n t s  

on s u b s t r a t e  #5 .  T h e s e  r e s u l t s  w i l l  now be d i s c u s s e d .

U s i n g  t h e  l o s s y  e l e m e n t  a n a l y s i s  i n  Ap e n d i x  D, t h e  a l umi num 

e l e m e n t s  on s u b s t r a t e  #5 we r e  m o d e l l e d  t o  s e e  i f  b e t t e r  a g r e e m e n t  

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

r e s i s t a n c e  d a t a  was o b t a i n e d  as  d e s c r i b e d  i n  Appe nd i x  E.  The c o s i n e  

c u r r e n t  mode was u s e d  t o  model  t h e  r e c e i v i n g  c u r r e n t  d i s t r i b u t i o n  as 

e x p l a i n e d  i n  Ap p e n d i x  D. The r e s u l t s  o f  t h i s  a n a l y s i s  a r e  p r e s e n t e d  i n  

F i g u r e s  5 . 1 2  and 5 . 1 3  f o r  t h e  t r i p o l e  and c r o s s e d - d i p o l e  e l e m e n t s ,  

r e s p e c t i v e l y .  No t e  t h a t  t h e  f r e q u e n c y  r e g i o n  o f  i n t e r e s t  has  been 

r e d u c e d  t o  900 cm"-*- t o  1600 c m " l .  As can be s e e n  by c o mp a r i n g  F i g u r e s  

5 . 1 2  and 5 . 1 3  t o  F i g u r e s  5 . 5  and 5 . 6 ,  t h e  i n c l u s i o n  of  t h e  a l umi num l o s s  

model  has  v e r y  l i t t l e  e f f e c t .  T h i s  i s  no t  s u r p r i s i n g  s i n c e  t h e  model  

d a t a  f o r  t h e  a l umi num i s  b a s e d  on t h e  h i g h  r e f l e c t a n c e  d a t a  f o r  c l e a n ,  

f r e s h  f i l m s .  F o r  f i l m s  wh i c h  have  aged  s l i g h t l y  ( due  t o  o x i d a t i o n  and 

a b r a s i o n ) ,  t h e  r e f l e c t i v i t y  i s  known t o  d r o p .  To s e e  wha t  e f f e c t  such 

a g i n g  woul d  h a v e ,  t h e  a p p r o x i m a t e  2ft s u r f a c e  r e s i s t a n c e  ( s e e  F i g u r e  E . 3 )  

o f  t h e  a l umi num was i n c r e a s e d  t o  5ft.  The r e s u l t s  p r e s e n t e d  i n  F i g u r e s  

5 . 1 4  and 5 . 1 5  show t h a t  t h i s  l o s s  b e t t e r  mode l s  t h e  me a s u r e d  d a t a  shown 

i n  t h e  p r e v i o u s  c h a p t e r .  No t e  t h a t  f o r  a 5ft s u r f a c e  r e s i s t a n c e ,  t h e  

r e f l e c t a n c e  i s  s t i l l  a p p r o x i m a t e l y  .95% whi ch  i s  v i s u a l l y  

i n d i s t i n g u i s h a b l e  f r o m a f r e s h l y  c o a t e d  s u r f a c e .  Even i f  t h e  s u r f a c e  

r e s i s t a n c e  a p p r o a c h e s  10ft ,  t h e  r e f l e c t a n c e  w i l l  be n e a r l y  90%, h o we v e r ,

96



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

r e a s o n ,  i t  may be n e c e s s a r y  t o  p r o v i d e  a d i e l e c t r i c  c o a t i n g  f o r  

p r o t e c t i o n  o f  t h e  f r e s h  me t a l  f i l m s  i f  deep n u l l s  ( o r  low i n s e r t i o n  l o s s  

f o r  s l o t s  a t  r e s o n a n c e )  a r e  d e s i r a b l e .  T h i s  c o u l d  be f u r t h e r  

a d v a n t a g e o u s  i n  p r o v i d i n g  an e x t r a  d i e l e c t r i c  l a y e r  as  a p a r a m e t e r  f o r  

d e s i g n i n g  even  b e t t e r  f i l t e r  c h a r a c t e r i s t i c s .  B e t t e r  c h a r a c t e r i s t i c s  

may i n c l u d e  b o t h  i mpr oved  o f f - a x i s  p e r f o r m a n c e  [ 4 5 , 4 6 ]  and g r e a t e r  n u l l  

d e p t h  f o r  a g i v e n  f i l t e r  b a n d w i d t h .

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

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

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

r e s o n a n t  f r e q u e n c i e s .  In  some c a s e s  ( t h e  l o n g  e l e m e n t s  and Rs =20sj) t h e  

c a l c u l a t e d  r e s o n a n t  f r e q u e n c i e s  we r e  eve n  g r e a t e r  t h a n  t h e  mea s u r e d  

r e s o n a n t  f r e q u e n c i e s ;  h o w e v e r ,  f o r  t h e s e  c a s e s ,  t h e  o v e r a l l  f i l t e r  

r e s p o n s e s  we r e  h i g h l y  d e g r a d e d  and as  a r e s u l t  a r e  no t  p r e s e n t e d .
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F R E Q U E N C Y  ( C M ' 1 )
________  Calcium Fluoride.
________  Substrate #7, short fat dipoles on Calcium Fluoride.
________  Substrate #7, long narrow dipoles on Calcium Fluoride.
........  Substrate #7, short narrow dipoles on Calcium Fluoride.

F i g u r e  5 . 7 .  C a l c u l a t e d  t r a n s m i t t a n c e  data f o r  s u b s t r a t e  #7.
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F R E Q U E N C Y  ( C M " 1 )
--------  Calcium Fluoride.
--------  Substrate #10, short fat dipoles on Calcium Fluoride.
--------  Substrate #10, long narrow dipoles on Calcium Fluoride.
........  Substrate #10, short narrow dipoles on Calcium Fluoride.

Figure  5 . 8 .  C a lc u la te d  t ra n s m i t ta n c e  data f o r  su b s t ra te  #10.
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________  Calcium Fluoride.
________  Substrate #11, short fat dipoles on Calcium Fluoride.
________  Substrate #11, long narrow dipoles on Calcium Fluoride.
........  Substrate #11, short narrow dipoles on Calcium Fluoride.

Figure  5 . 9 .  C a lc u la te d  t ra n s m i t ta n c e  data f o r  su b s t ra te  #11.
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F R E Q U E N C Y  ( C M- 1 )
________  Calcium Fluoride.
________  Substrate #12, short fat dipoles on Calcium Fluoride.
________  Substrate #12, long narrow dipoles on Calcium Fluoride.
........  Substrate #12, short narrow dipoles on Calcium Fluoride.

F ig ure  5 . 1 0 .  C a lcu la te d  t ran sm i t tan ce  data f o r  su b s t ra te  #12.

TRRNSM
ITTRNCE 

(DB)



WR V E  L E N G T H  ( M I C R O N S )

o
t\D

in
in

o
.  0  ID  

3D
CD
Q

LD
LlJ ^  
L J in

CT
3D

o
t— i

CD

CD
CD

cn
cn m '

in

o
ru

o
7 0 0 1200 1 7 0 0 2 7 0 02200

F R E Q U E N C Y  ( C M " 1 )

---------  Substrate #5, Calcium Fluoride
---------  Substrate #5, short aluminum tripoles on Calcium Fluoride.
---------  Substrate #5, long aluminum tripoles on Calcium Fluoride.

F i g u r e  5 . 1 1 .  Measured  t r a n s m i t t a n c e  d a t a  f o r  t h e  t r i p o l e  a r r a y s  on

s u b s tra te  #5 using th e  low f #  measurement system.
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Calcium Fluoride.
--------- Substrate #5, long tripoles on Calcium Fluoride.
--------- Substrate #5, short tripoles on Calcium Fluoride.

F i g u r e  5 . 1 2 .  C a l c u l a t e d  t r a n s m i t t a n c e  d a t a  f o r  s u b s t r a t e  #5 i n c l u d i n g

t h e  a l uminum l o s s  mode l .
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F R E Q U E N C Y  ( C M- 1 )
--------  Calcium Fluoride.
________  Substrate #5, long crossed-dipoles on Calcium Fluoride.
________  Substrate #5, short crossed-dipoles on Calcium Fluoride.

F i g u r e  5 . 1 3 .  C a l c u l a t e d  t r a n s m i t t a n c e  d a t a  f o r  s u b s t r a t e  #5 i n c l u d i n g  

t h e  a l uminum l o s s  mode l .
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--------  Calcium Fluoride.
________  Substrate #5, long tripoles on Calcium Fluoride.
________  Substrate #5, short tripoles on Calcium Fluoride.

F i g u r e  5 . 1 4 .  C a l c u l a t e d  t r a n s m i t t a n c e  d a t a  f o r  s u b s t r a t e  #5 i n c l u d i n g  

s u r f a c e  l o s s .  Rs = 5rc.
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________  Calcium Fluoride.
--------  Substrate #5, long crossed-dipoles on Calcium Fluoride.
--------  Substrate #5, short crossed-dipoles on Calcium Fluoride.

F i g u r e  5 . 1 5 .  C a l c u l a t e d  t r a n s m i t t a n c e  d a t a  f o r  s u b s t r a t e  #5 i n c l u d i n g  

s u r f a c e  l o s s .  Rs = 5ft.

TRANSM
ITTANCE 

(DB)



CHAPTER VI

SUMMARY AND CONCLUSIONS

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

( b o t h  m e t a l l i c  and s l o t s )  have  f o u n d  a p p l i c a t i o n s  i n  t h e  mi c r o wa v e  

f r e q u e n c y  r e g i m e .  T h e s e  s u r f a c e s ,  whi ch  can be d e s i g n e d  t o  have  

b a n d p a s s  o r  b a n d s t o p  f i l t e r  c h a r a c t e r i s t i c s ,  a r e  o f  i n t e r e s t  due  t o  

t h e i r  s t a b l e  c h a r a c t e r i s t i c s  when s c a n n e d  t o  a n g l e s  o t h e r  t h a n  normal  

i n c i d e n c e .  The c o n c e p t  o f  s t a b i l i t y  i m p l i e s  s ma l l  c h a n g e s  i n  f i l t e r  

c e n t e r  f r e q u e n c y  and b a n d w i d t h  when t h e  i n c i d e n c e  a n g l e  a n d / o r  

p o l a r i z a t i o n  o f  t h e  i n c i d e n t  e l e c t r o m a g n e t i c  f i e l d  c h a n g e .

The r e s u l t s  o f  t h i s  s t u d y  show t h a t  t h e  t h e o r i e s  t e s t e d  i n  t h e  

m i c r o wa v e  r e g i m e  may a l s o  be u s e d  t o  d e s i g n  f i l t e r s  f o r  t h e  m i d - i n f r a r e d  

r e g i m e .  The u l t i m a t e  goal  i s  t h e  c o n s t r u c t i o n  o f  m i d - i n f r a r e d  f i l t e r s  

wh i c h  h a v e  more  s t a b l e  c h a r a c t e r i s t i c s  t h a n  c u r r e n t  f i l t e r s  c o n s t r u c t e d  

o f  s i m p l e ,  m u l t i - l a y e r e d  d i e l e c t r i c s .  In  f a c t ,  m i d - i n f r a r e d  f i l t e r s  

h a v e  been  d e s i g n e d  v i a  f i r s t  o r d e r  r e s o n a n c e  t h e o r y  f o r  i s o l a t e d  

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

l i t h o g r a p h y .  S e v e r a l  d i f f e r e n t  t y p e s  o f  e l e m e n t s  have  been  b u i l t
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i n c l u d i n g  d i p o l e s ,  t r i p o l e s  and c r o s s e d - d i p o l e s .  I n  a d d i t i o n  t o  t h e  

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

b e e n  b u i l t .  The l i m i t s  o f  c u r r e n t l y  a v a i l a b l e  l i t h o g r a p h y  have  been 

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

and s l o t s .  I t  has  been  shown t h a t  we t  e t c h i n g  i s  u n s a t i s f a c t o r y  f o r  t h e  

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

o f  t e c h n i q u e s  s u c h  as r e a c t i v e  i o n  e t c h i n g  (RIE)  and o t h e r  dry  e t c h i n g  

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

The f i l t e r  p a t c h e s  wh i ch  we r e  s u c c e s s f u l l y  c o n s t r u c t e d  were  

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

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

( a p p r o x i m a t e l y  3mm x 3mm), a f o c u s e d  o p t i c a l  beam was u s e d  t o  max i mi z e  

t h e  e n e r g y  i n c i d e n t  on t h e  s a m p l e  a r e a s  and h e n c e  i n c r e a s e  t h e  

m e a s u r e m e n t  s i g n a l  t o  n o i s e  r a t i o .  I n i t i a l  m e a s u r e m e n t s  u s i n g  

a p p r o x i m a t e l y  f 2  l e n s  o p t i c s  showed t h a t  t h e  s u r f a c e s  d i d  i n d e e d  e x h i b i t  

t h e  d e s i r e d  f i l t e r  c h a r a c t e r i s t i c s .  U n f o r t u n a t e l y  t h e  l a r g e  cone  a n g l e  

f o r  f 2  o p t i c s  ( a b o u t  2 8 ° )  d o e s  n o t  y i e l d  a v e r y  good a p p r o x i m a t i o n  t o  a 

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

wave d a t a  we r e  t a k e n  u s i n g  a p p r o x i m a t e  f 8  r e f l e c t i v e  o p t i c s  w i t h  a cone  

a n g l e  o f  7 ° .  The r e p o r t e d  d a t a  we r e  o b t a i n e d  a l m o s t  e x c l u s i v e l y  w i t h  

t h e  f 8  s y s t e m .

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

m e a s u r e d  d a t a  w i t h  c a l c u l a t i o n s  o b t a i n e d  u s i n g  a c o m p u t e r  code  whi ch  had 

b e e n  t e s t e d  i n  t h e  mi c r o w a v e  r e g i o n .  The o r i g i n a l  code  was m o d i f i e d
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t o  h a n d l e  t h e  e f f e c t s  o f  t h e  l o s s y ,  d i s p e r s i v e  c a l c i u m  f l u o r i d e  

s u b s t r a t e s  on whi ch  t h e  f i l t e r  p a t c h e s  we r e  c o n s t r u c t e d .  A d d i t i o n a l  

m o d i f i c a t i o n s  we r e  made t o  a c c o u n t  f o r  t h e  t h i c k n e s s  o f  t h e  e l e m e n t s  

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

c a u s e d  by t h e  r o u n d e d  e n d s  on t h e  e l e m e n t s .  U s i n g  d i m e n s i o n s  o b t a i n e d  

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

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

m e a s u r e d .  T h i s  r e s u l t e d  i n  s e v e n t e e n  s e t s  o f  d a t a  whi ch  we r e  

q u a l i t a t i v e l y  compar ed  on t h e  b a s i s  o f  f i l t e r  c e n t e r  f r e q u e n c y .  The 

maximum e r r o r  was f o u n d  t o  be 6.8% and t h e  minimum e r r o r  o n l y  0 . 8%.  The 

a v e r a g e  e r r o r  f o r  a l l  s e v e n t e e n  d a t a  s e t s  was o n l y  3.1% whi ch  i s  

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

I t  was f o u n d  t h a t  t h e  me a s u r e d  t r a n s m i s s i o n  n u l l  d e p t h s  f o r  t h e  

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

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

wh i ch  we r e  n o t  i n c l u d e d  i n  t h e  c a l c u l a t e d  d a t a  c a u s e d  t h e  d i s c r e p a n c y .  

Us i n g  a p e r t u r b a t i o n  a n a l y s i s ,  a model  f o r  t h e  s u r f a c e  l o s s  i n  me t a l  

e l e m e n t s  was d e v e l o p e d  and added  t o  t h e  c o m p u t e r  c o d e .  When p u b l i s h e d  

d a t a  on a l umi num f i l m s  was i n c o r p o r a t e d  i n t o  t h i s  model  t h e  r e s u l t s  we r e  

f o u n d  t o  d i f f e r  o n l y  s l i g h t l y  f r om t h e  o r i g i n a l  l o s s l e s s  c a l c u l a t i o n s .  

However ,  i t  was shown t h a t  o n l y  a s ma l l  i n c r e a s e  i n  t h e  s u r f a c e  

r e s i s t a n c e  ( l e s s  t h a n  a f a c t o r  of  t h r e e  f r o m t h e  p u b l i s h e d  a l umi num 

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

a l umi num e l e m e n t s .  T h i s  i n c r e a s e  i n  s u r f a c e  r e s i s t a n c e  i s  i n  f a c t  q u i t e
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b e l i e v a b l e  s i n c e  t h e  p u b l i s h e d  a l umi num d a t a  we r e  f o r  f r e s h  f i l m s  and 

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

t i m e  f o r  some s u r f a c e  o x i d a t i o n .

Due t o  t h e  i n t r o d u c t o r y  n a t u r e  o f  t h i s  s t u d y ,  t h e  s c o p e  has  been 

q u i t e  n a r r o w .  As a r e s u l t ,  t h e r e  a r e  many a r e a s  f o r  f u t u r e  wo r k .  One 

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

g e o m e t r i e s  whi ch  c o u l d  i n c l u d e  b o t h  d i f f e r e n t  e l e m e n t  t y p e s  and 

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

l o a d e d  e l e m e n t s ;  h o w e v e r ,  even  f o r  t h e  f r e q u e n c i e s  u s e d  i n  t h i s  s t u d y  

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

t e c h n i q u e s .  In a d d i t i o n  t o  t h e  l o a d e d  e l e m e n t s ,  m u l t i - l e g g e d  s l o t s  

wo u l d  a l s o  be o f  i n t e r e s t .  F o r  t h e s e  p u r p o s e s ,  t h e  s t u d y  o f  RIE and 

o t h e r  m i c r o - m a c h i n i n g  t e c h n i q u e s  woul d  be i n v a l u a b l e .  M u l t i - l a y e r e d  

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

m e t a l l i c  a r r a y s  s h o u l d  a l s o  be i n v e s t i g a t e d  as  met hods  f o r  bo t h  

i n c r e a s i n g  and d e c r e a s i n g  t h e  f i l t e r  b a n d w i d t h s  and c o n t r o l l i n g  r e s o n a n t  

f r e q u e n c y  i n s e r t i o n  l o s s .

As a p r a c t i c a l  m a t t e r ,  f i l t e r  p a t c h e s  w i t h  l a r g e r  a r e a s  s h o u l d  be 

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

v e r i f i e d .  T h i s  woul d  a l s o  p r o v i d e  met hods  f o r  c o n s t r u c t i n g  l a r g e r  

f i l t e r  p a t c h e s  f o r  u s e  i n  r e a l  o p t i c a l  s y s t e m s .  P r a c t i c a l  p r o b l e ms  such 

a s  t h e s e  b r i n g  up o t h e r  p r o b l e m s  r e l a t e d  t o  t h e  e l e c t r o n  beam p r o c e s s .  

The  main p r o b l e m s  a r e  t h e  s l o w s p e e d  o f  t h e  e l e c t r o n  beam e x p o s u r e  

p r o c e s s  and t h e  l a c k  o f  q u a l i t y  h i g h  r e s o l u t i o n  r e p l i c a t i o n  t e c h n i q u e s
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f o r  t h e  0 . 2 5  pm l i n e  w i d t h s  o b t a i n e d  i n  t h i s  s t u d y .  However ,  t h i s  a r e a  

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

i n  t h e  a r e a  o f  m i c r o - e l e c t r o n i c s .  T h u s ,  t h e  a r e a  o f  h i g h  f r e q u e n c y  

p e r i o d i c  s u r f a c e s  may g r e a t l y  b e n e f i t  f r om t h e  VLSI ( v e r y  l a r g e  s c a l e  

i n t e g r a t e d )  c i r c u i t  and VHSIC ( v e r y  h i g h  s p e e d  i n t e g r a t e d  c i r c u i t )  

p r o g r a m s .  Advances  i n  t h e s e  a r e a s  s h o u l d  make even  h i g h e r  f r e q u e n c y  

p e r i o d i c  s u r f a c e s  p o s s i b l e .  C u r r e n t l y  work has  even  p r o g r e s s e d  t o  t h e  

p o i n t  wh e r e  c o n t r a c t s  a r e  b e i n g  l e t  f o r  c o n s t r u c t i o n  o f  i o n  beam 

l i t h o g r a p h y  m a c h i n e s  [ 4 7 ]  h a v i n g  a 0 . 0 7  ym ( o r  700A) l i n e w i d t h  

c a p a b i l i t y .  T h i s  i s  two t o  t h r e e  t i m e s  f i n e r  t h a n  t h e  l i n e w i d t h s  

p r o d u c e d  by t h e  e - beam ma c h i n e  u s e d  i n  t h i s  s t u d y .

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

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

s u r f a c e s  woul d  be g r e a t l y  a i d e d  by i mp r o v e d  d a t a  on m a t e r i a l s  i n  t h i s  

f r e q u e n c y  r e g i m e .  F o r  d i e l e c t r i c s ,  a c c u r a t e  d a t a  on i n d e x  and 

e x t i n c t i o n  c o e f f i c i e n t  a r e  n ee d ed  and n o t  g e n e r a l l y  a v a i l a b l e .  Fo r  

m e t a l s ,  d a t a  on t h e  l o s s  c h a r a c t e r i s t i c s  o f  t h e  m a t e r i a l s  i s  l a r g e l y  

u n a v a i l a b l e  o r  s p o r a d i c  i n  n a t u r e .  I n  a d d i t i o n ,  t h e  e f f e c t s  o f  a g i n g  as  

i t  r e l a t e s  t o  i n c r e a s e s  i n  s u r f a c e  l o s s  n ee ds  t o  be s t u d i e d  and 

t e c h n i q u e s  f o r  m i n i m i z i n g  t h e s e  l o s s e s  d e v e l o p e d .
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APPENDIX A

THE CONSTRUCTION OF NIID-INFRARED 

PERIODIC SURFACES

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

wh i c h  c o m p r i s e  t h e  p e r i o d i c  s u r f a c e s  has  p r o v e n  t o  he a f o r m i d a b l e  t a s k .  

The r e a s o n  f o r  t h i s  i s  t h a t  a t  t h e  d e s i g n  w a v e l e n g t h s  i n  q u e s t i o n  ( i . e . ,  

5 t o  10 urn),  t h e  t e c h n i q u e s  o f  o p t i c a l  l i t h o g r a p h y  wh i ch  have  been u s e d  

w i t h  g r e a t  s u c c e s s  i n  t h e  mi c rowave  and f a r  i n f r a r e d  r e g i o n s  [ 4 8 , 4 9 ] ,  

can  no l o n g e r  r e s o l v e  t h e  r e q u i r e d  d i m e n s i o n s  f o r  h i g h - Q  e l e m e n t s  such  

a s  t h i n  d i p o l e s  o r  t r i p o l e s .  E l e m e n t s  s uch  as  t h e s e  a r e  d e s i r a b l e  s i n c e  

t h e y  a r e  mos t  e a s i l y  p a c k e d  ( e s p e c i a l l y  t h e  t r i p o l e s )  whi ch  d e l a y s  t h e  

o n s e t  o f  g r a t i n g  l o b e s .  I n i t i a l l y  we ab a n d o n e d  such  h i g h - Q  e l e m e n t s  and 

a t t e m p t e d  t o  b u i l d  e l e m e n t s  whi ch  woul d  have  been a t  b e s t  f a t  d i p o l e s .

A l a s e r  i n t e r f e r o m e t r i c  s y s t e m  ( F i g u r e  A . l )  was u s e d  t o  e x p o s e  

Kodak t y p e  l a  s p e c t r o s c o p i c  p l a t e s  t o  f o r m s i m p l e  p a t t e r n s  o f  

a l t e r n a t i n g  l i g h t  and d a r k  l i n e s .  T h e s e  p a t t e r n s  we r e  t o  be u s e d  as  

masks  t o  e x p o s e  a p h o t o  r e s i s t  on o u r  s u b s t r a t e s  whi ch  woul d  have  been 

u s e d  t o  f o r m me t a l  l i n e s  on t h e  s u r f a c e .  The mask woul d  have  been
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C O L L I M A T I N G  MIRROR

F I L M  P L A N E

1 5 / A m  P I N H O L E

7 X  O B J E C T I V E

C O L L I M A T I N G
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r o t a t e d  and t h e  p r o c e s s  r e p e a t e d  t o  l e a v e  i s l a n d s  o f  m e t a l .  T h i s  t u r n e d  

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

p r o d u c e d .  The l i n e s  p r o d u c e d  we r e  o f  t h e  c o r r e c t  s p a c i n g  ( a p p r o x i m a t e l y  

3 urns as  shown i n  F i g u r e  A . 2)  b u t  t h e  p a t t e r n s  we r e  g r a i n y  and d i d  no t  

h a v e  s u f f i c i e n t  c o n t r a s t  t o  p r o d u c e  good me t a l  l i n e s .  I t  i s  n o t  known 

w h e t h e r  t h e  p o o r  p a t t e r n  q u a l i t y  was due t o  e q u i p m e n t  p r o b l e m s  such  as 

a b e r r a t i o n s  f r o m t h e  m i r r o r s  and l e n s e s  o r  due t o  i n t e r f e r e n c e  f r i n g e s  

i n  t h e  p h o t o g r a p h i c  e m u l s i o n .  T h e s e  p r o b l e m s  we r e  n o t  a t t a c k e d  s i n c e  

t h i s  t e c h n i q u e  was a b a n d o n e d  when t h e  r e s o u r c e s  o f  t h e  N a t i o n a l  R e s e a r c h  

and R e s o u r c e  F a c i l i t y  f o r  Submi c r on  S t r u c t u r e s  (NRRFSS) a t  C o r n e l l  

U n i v e r s i t y  became a v a i l a b l e .

' O  u  n,,

F i g u r e  A . 2 .  I n t e r f e r e n c e  f r i n g e s  i n  Kodak t y p e  l a  s p e c t r o s c o p i c  p l a t e .  

L i n e  s e p a r a t i o n  i s  « 3 um.
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The NRRFSS i s  a u n i q u e  r e s e a r c h  f a c i l i t y  w i t h  e q u i p m e n t  i n c l u d i n g  a 

C a mb r i d g e  EBMF 2 - 1 5 0  e l e c t r o n  beam p a t t e r n  g e n e r a t o r ,  w i t h  a q u o t e d  

r e s o l u t i o n  o f  0 . 2  urn o r  b e t t e r  [ 5 0 ] .  I t  was d e c i d e d  t o  u s e  t h e  

r e s o u r c e s  o f  t h i s  f a c i l i t y  s i n c e  i t  e n a b l e d  t h e  c o n s t r u c t i o n  o f  t h e  more 

d e s i r a b l e  t r i p o l e s  and c r o s s - d i p o l e s .  The r e s t  o f  t h i s  s e c t i o n  w i l l  

g i v e  a b r i e f  o v e r v i e w  o f  t h e  e l e c t r o n  beam m i c r o f a b r i c a t i o n  (EBMF) 

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

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

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

A.  ELECTRON BEAM MICRO-FABRICATION (EBMF)

The EBMF t e c h n i q u e  i s  somewhat  s i m i l a r  t o  o p t i c a l  l i t h o g r a p h y  i n  

t h a t  a p a t t e r n  i s  g e n e r a t e d  i n  a r e s i s t  by. an e x p o s u r e - d e v e l o p m e n t  

p r o c e s s .  Once t h i s  r e s i s t  p a t t e r n  i s  c r e a t e d  i t  may be u s e d  t o  c r e a t e  a 

s i m i l a r  p a t t e r n  o r  i t s  compl ement  i n  some d e s i r e d  m a t e r i a l  whi ch  i n  our  

c a s e  i s  a m e t a l .  The a d v a n t a g e  o f  EBMF i s  t h a t  i t  i s  i n h e r e n t l y  c a p a b l e  

o f  c r e a t i n g  f i n e r  p a t t e r n s  i n  t h e  r e s i s t .  In o p t i c a l  l i t h o g r a p h y ,  t h e  

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

o p a q u e  a r e a s  and a l l o w i n g  t h i s  t o  shadow c a s t  t h e  image o n t o  t h e  r e s i s t .  

The l i m i t i n g  f a c t o r s  t o  r e s o l u t i o n  ( i . e . ,  minimum q u a l i t y  f e a t u r e  s i z e  

o r  l i n e  w i d t h )  a r e  d i f f r a c t i o n  e f f e c t s  f r o m t h e  mask and r e f l e c t i o n  

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

l i n e w i d t h s  g r e a t e r  t h a n  2 urn ( s e e  F i g u r e  A . 3 [ 5 1 ] ) .  The EBMF t e c h n i q u e  

u s e s  a f o c u s e d  beam o f  e l e c t r o n s  t o  d i r e c t l y  draw t h e  p a t t e r n  i n  a

115



T i l l i 7  1 M i l l — 1—  1 1 T l -TTT i i I i i i 11

A —
----------------- E S S S &

r  C O N T A C T  
* P H O T O L I T H O G R A P H Y

A - -----------F x x ' x t ' - V
P R O J E C T I O N
P H O T O L I T H O G R A P H Y

1---------- U V  C O N T A C T

i , ----------------------- 1----- X - R A Y  L I T H O G R A P H Y

—
EB L I T H O G R A P H Y -  
M A S K

A - EB L I T H O G R A P H Y  
D I R E C T  W R I T E

-  |---
’ b e s t  R & D D E M O N S T R A T I O N  ^  • P R O D U C T I O N  U S E

U N D E R  S P E C I A L  C O N D I T I O N S  B E S T  R & D D E M O N S T R A T I O N

P R A C T I C A L  C O N D I T I O N S  
-1.1 1 1 1----------- 1____ 1— I., 1 1 1 111_______ l____ 1__ L. 1 .1.1 I I I  1 1 1 1 1 1 1 l I

0.01 0.1 1 ,0
100 A 1000 A

L I N E W I D T H ,  v m

F i g u r e  A . 3 .  L i m i t s  f o r  v a r i o u s  t e c h n i q u e s  i n  h i g h  r e s o l u t i o n  

l i t h o g r a p h y  [ 5 2 ] .

r e s i s t  [ 5 3 , 5 4 ] .  I t  s h o u l d  be n o t e d  t h a t  t h e  EBMF i s  e s s e n t i a l l y  a 

s c a n n i n g  e l e c t r o n  m i c r o s c o p e  (SEM) i n  whi ch  t h e  beam s t e e r i n g  

e l e c t r o n i c s  a r e  c a p a b l e  o f  a v e c t o r  s c a n  mode i n  a d d i t i o n  t o  r a s t e r  s c a n  

mode.  T y p i c a l l y ,  t h e  beam s t e e r i n g  and b l a n k i n g  a r e  done  u n d e r  c o m p u t e r  

c o n t r o l .  Due t o  t h e  h i g h  e n e r g y  o f  t h e  e l e c t r o n s  and a s s o c i a t e d  s h o r t  

w a v e l e n g t h ,  t h e  SEM and EBMF a r e  c a p a b l e  o f  e x t r e m e l y  s m a l l  s p o t  s i z e s .  

In  t h e  EBMF, s p o t  s i z e s  u n d e r  0 . 1  urn a r e  u s u a l l y  n o t  r e a l i z e d  s i n c e  ve r y  

h i g h  beam c u r r e n t s  a r e  n ee d ed  f o r  r e a l i s t i c  e x p o s u r e  t i m e s .  The 

r e s u l t i n g  s p a c e  c h a r g e  e f f e c t s  of  t h e  i n t e n s e  e - b eam n e a r  t h e  f o c u s  

t e n d s  t o  l i m i t  t h e  s p o t  s i z e  due t o  e l e c t r o n  r e p u l s i o n .  A n o t h e r  

l i m i t i n g  f a c t o r  i s  e l e c t r o n  s c a t t e r i n g  i n  t h e  r e s i s t  due t o
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e l e c t r o n - m o l e c u l e  c o l l i s i o n s .  F o r  t h e s e  r e a s o n s ,  t h e  e q u i p m e n t  a t  

NRRFSS i s  t y p i c a l l y  c a p a b l e  o f  g e n e r a t i n g  0 . 2  urn l i n e s  a l t h o u g h  s l i g h t  

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

a r e  p e r m i s s i b l e .

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

a n o t h e r  p r o b l e m  i n  t h e  EBMF p r o c e s s  c a l l e d  t h e  p r o x i m i t y  e f f e c t .  T h i s  

e f f e c t  becomes  i m p o r t a n t  when two l i n e s  a r e  drawn c l o s e  t o g e t h e r  

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

t h e  l i n e  e d g e s .  T h u s ,  i n  r e g i o n s  wh e r e  t h e  l i n e s  a r e  i n  c l o s e  

p r o x i m i t y ,  t h e y  b r o a d e n  o r  l e n g t h e n  and a p p e a r  t o  grow t o w a r d s  each  

o t h e r .  T h i s  may c a u s e  a p r o b l e m  ( s e e  F i g u r e  A . 4)  i f  we a t t e m p t  t o  pack 

t h e  r e s o n a n t  e l e m e n t s  t o o  c l o s e  t o g e t h e r  t o  i mp r o v e  o f f - a x i s  s can  

c h a r a c t e r i s t i c s  o r  b a n d w i d t h .

In  e - b e a m l i t h o g r a p h y ,  t h e r e  a r e  two b a s i c  t y p e s  o f  r e s i s t s  u s e d :  

p o s i t i v e  and n e g a t i v e .  T h e i r  u s e  i s  much t h e  same as  s t a n d a r d  o p t i c a l  

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

m o l e c u l a r  w e i g h t ,  an e x a mp l e  o f  whi ch  i s  p o l y m e t h y l m e t h a c r y l a t e  (PMMA). 

The e x p o s u r e  p r o c e s s  b r e a k s  t h e  p o l y me r  l i n k s  r e s u l t i n g  i n  low w e i g h t  

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

o f  d i s s o l v i n g  away t h e  low w e i g h t  m o l e c u l e s  and l e a v i n g  t h e  h i g h  w e i g h t  

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

on t h e  s u r f a c e .  Fo r  n e g a t i v e  r e s i s t s ,  t h i s  p r o c e s s  i s  r e v e r s e d  i n  t h a t  

t h e  u n e x p o s e d  r e s i s t s  c o n s i s t  o f  low w e i g h t  p o l y m e r s  w i t h  t h e  e x p o s u r e  

p r o c e s s  c a u s i n g  c h a i n  c r o s s  l i n k i n g  t o  y i e l d  h i g h  m o l e c u l a r  w e i g h t s .
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F i g u r e  A . 4 .  Long t r i p o l e s  on S#1 s howi ng  l i f t o f f  f a i l u r e  c a u s e d  by l i n e  

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

A g a i n ,  t h e  d e v e l o p m e n t  p r o c e s s  r emoves  t h e  low m o l e c u l a r  w e i g h t  m a t e r i a l  

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

r e m a i n s  on t h e  s u r f a c e .

The p r e c e e d i n g  d i s c u s s i o n  was q u i t e  s h o r t  t o  have  c o v e r e d  s uch  a 

co mp l ex  g r o u p  o f  c h e mi c a l  r e a c t i o n s .  The main r e s u l t  t o  be drawn i s  

t h a t  t h e  p r o c e s s  o f  m o l e c u l a r  c h a i n  b r e a k a g e  ( p o s i t i v e  r e s i s t s )  i s  a 

more c o n t r o l l e d  p r o c e s s  t h a n  c h a i n  l i n k a g e  ( n e g a t i v e  r e s i s t s )  w i t h  t h e  

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

t h a n  n e g a t i v e  r e s i s t s .  F o r  t h i s  r e a s o n ,  t h e  work r e p o r t e d  i n  t h i s  

d i s s e r t a t i o n  was done  e x c l u s i v e l y  w i t h  t h e  p o s i t i v e  r e s i s t  PMMA, s i n c e
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i t  i s  t h e  c h o i c e  f o r  f i n e  work h a v i n g  a r e s o l u t i o n  l i m i t  o f  0 . 1  urn. In 

a d d i t i o n ,  PMMA i s  c o m p a t i b l e  w i t h  t h e  t e c h n i q u e s  o f  l i f t o f f  and e t c h i n g  

(wet  and d r y )  whi ch  w i l l  now be d i s c u s s e d .

B.  LIFTOFF

The l i f t o f f  t e c h n i q u e  i l l u s t r a t e d  i n  F i g u r e  A . 5 i s  u s e d  t o  f i l l  i n  

m e t a l  i n  a p a t t e r n e d  r e s i s t  l a y e r .  Once t h e  r e s i s t  has  been p a t t e r n e d  

on a s u b s t r a t e  and t h e n  d e v e l o p e d  t o  s e l e c t i v e l y  e x p o s e  t h e  s u b s t r a t e ,  

t h e  r e s i s t  s i d e  i s  c o a t e d  w i t h  a met a l  l a y e r  ( t y p i c a l l y )  by vacuum 

e v a p o r a t i o n .  Oue t o  t h e  e l e c t r o n  s c a t t e r i n g  p r o c e s s  d u r i n g  e x p o s u r e ,  

t h e  s i d e s  o f  t h e  d e v e l o p e d  r e s i s t  t e n d  t o  o v e r h a n g  t h e  s u b s t r a t e .  T h u s ,  

as  t h e  me t a l  d e p o s i t s  on t h e  s u r f a c e ,  a n a t u r a l  s e p a r a t i o n  o c c u r s  

y i e l d i n g  a b r e a k  i n  t h e  me t a l  l a y e r s  on t h e  s u b s t r a t e  and on t h e  r e s i s t .  

The e n t i r e  s u b s t r a t e  i s  now i mmersed  i n  a s o l v e n t  (an e x a mp l e  f o r  PMMA 

woul d  be warm a c e t o n e )  wh i ch  d i s s o l v e s  t h e  r e s i s t .  I t  i s  i m p o r t a n t  a t  

t h i s  p o i n t  t o  keep a f l o w  o f  s o l v e n t  on t h e  s u r f a c e  s o  t h a t  t h e  unwan t ed  

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

mak i ng  t h i n  o r  n a r r o w l i n e s  o f  m e t a l .  The main l i m i t a t i o n  o f  t h e  

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

me t a l  l a y e r .  U s u a l l y  a r a t i o  o f  r e s i s t  t o  me t a l  t h i c k n e s s  o f  3 : 2  i s  

s u f f i c i e n t  t o  p r o v i d e  f o r  s u c c e s s f u l  me t a l  e d g e  b r e a k a g e .  The l i f t o f f  

t e c h n i q u e  i s  n o t  v e r y  good f o r  making p a t t e r n s  i n  wh i ch  t h e  e n t i r e  

s u b s t r a t e  i s  l a r g e l y  c o v e r e d  w i t h  me t a l  due t o  t h e  l o n g  e x p o s u r e  t i m e s  

r e q u i r e d  t o  do t h e  p a t t e r n s  when f i l l i n g  i n  w i t h  t h e  n a r r o w  e - b e a m .  

I n s t e a d ,  when u s i n g  a p o s i t i v e  r e s i s t  t o  form s ma l l  n o n - m e t a l  r e g i o n s ,
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i t  i s  more p r a c t i c a l  t o  u s e  an e t c h i n g  p r o c e s s  t o  s e l e c t i v e l y  remove t h e  

u n wa n t e d  m e t a l .

C.  ETCHING

In t h e  e t c h i n g  p r o c e s s ,  t h e  d e s i r e d  me t a l  t h i c k n e s s  i s  a p p l i e d  t o  

t h e  s u b s t r a t e  and t h e n  t h e  r e s i s t  i s  a p p l i e d  and p a t t e r n e d  ( r e f e r  t o  

F i g u r e  A . 6 ) .  At  t h i s  p o i n t ,  some m a t e r i a l  i s  b r o u g h t  i n t o  c o n t a c t  w i t h  

t h e  m e t a l - r e s i s t  s i d e  o f  t h e  s u b s t r a t e  t o  s e l e c t i v e l y  remove t h e  m e t a l .  

D e p e n d i n g  on t h e  t y p e  o f  m a t e r i a l  u s e d  t o  remove t h e  m e t a l ,  t h e  g e n e r a l  

e t c h i n g  p r o c e s s  may be d i v i d e d  i n t o  two more s p e c i f i c  c a s e s ,  each  of  

wh i c h  has  i t s  a d v a n t a g e s  and l i m i t a t i o n s .  The b r o a d  c l a s s e s  t o  be 

d i s c u s s e d  h e r e  a r e  (1)  we t  e t c h i n g  and (2)  d r y  e t c h i n g .  The l a t t e r  

i n c l u d e s  t h e  two s u b c l a s s e s  ( a )  p l a s ma  e t c h i n g  and (b)  i o n - m i l l i n g .

1 .  Wet E t c h i n g

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

i s  t h e  m a i n s t a y  o f  t h e  p r i n t e d  c i r c u i t  b o a r d  and l a r g e  s i z e  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 i e s .  T h i s  i s  due t o  i t s  r e l a t i v e  s i m p l i c i t y  and low 

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

c h e m i c a l  b a t h  whi ch  r e a c t s  w i t h  t h e  m e t a l .  At  t h i s  s t a g e  t h e  

r e q u i r e m e n t s  f o r  t h e  r e s i s t  a r e  f a i r l y  s i m p l e  i n  t h a t  i t  must  no t  r e a c t  

w i t h  t h e  e t c h a n t .  As l o n g  as t h e  w i d t h  o f  t h e  me t a l  l i n e  t o  be removed 

i s  much l a r g e r  t h a n  t h e  me t a l  t h i c k n e s s ,  t h e r e  a r e  few p r o b l e m s .

P r o b l e m s  a r i s e ,  t h o u g h ,  i n  m i c r o - e l e c t r o n i c  work (which i s  s i m i l a r  t o  

o u r s )  when t h e s e  d i m e n s i o n s  become c o m p a r a b l e .  T h i s  i s  due t o  t h e
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F i g u r e  A . 6 .  F i r s t  s t a g e s  o f  e t c h  p r o c e s s i n g  f o r  me t a l  p a t t e r n  

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

wh i ch  r e s u l t s  i n  t h e  u n d e r c u t t i n g  o f  t h e  me t a l  b e n e a t h  t h e  r e s i s t .  T h i s  

i s  i l l u s t r a t e d  i n  F i g u r e  A . 7 .  The r e s u l t s  o f  u n d e r c u t t i n g  a r e  shown i n  

F i g u r e  A . 8 f o r  an a r r a y  o f  c r o s s e d  s l o t s  i n  ch r ome .  Not e  t h a t  t h e  

u n d e r c u t t i n g  has  n o t  o n l y  c a u s e d  t h e  s l o t s  t o  b r o a d e n  (whi ch w i l l  r a i s e  

t h e  f i l t e r  b a n d w i d t h )  b u t  has  a l s o  c a u s e d  t h e  s l o t s  t o  l e n g t h e n  (which 

w i l l  l o w e r  t h e  f i l t e r  c e n t e r  f r e q u e n c y ) .

2 .  Dry E t c h i n g

A n o t h e r  t e c h n i q u e  wh i c h  has  r e c e i v e d  c o n s i d e r a b l e  a t t e n t i o n  i s  t h e  

d r y  e t c h i n g  met hod  known as  p l a s ma  e t c h i n g .  In t h i s  m e t h o d ,  t h e  

s u b s t r a t e  i s  s u r r o u n d e d  by an i o n i z e d  c l o u d  o f  a m a t e r i a l  whi ch  r e a c t s  

w i t h  t h e  me t a l  l a y e r .  Common r e a c t i v e  s p e c i e s  f o r  m e t a l s  a r e  c h l o r i n e  

i o n s  and f l u o r i n e  i o n s  p r o d u c e d  by e l e c t r i c a l l y  d ec o mp o s i n g  c a r b o n  

t e t r a c h l o r i d e  and c a r b o n  t e t r a f l u o r i d e ,  r e s p e c t i v e l y .  In  a d d i t i o n ,  

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

c l e a n i n g  p u r p o s e s  s uch  as  r e mov i ng  r e s i s t  wh i ch  has  been o v e r h e a t e d  o r  

b u r n e d  and w i l l  no l o n g e r  d i s s o l v e  i n  a s o l v e n t .  The a d v a n t a g e  o f  

p l a s ma  e t c h i n g  i s  t h a t  i t  i s  no t  n e c e s s a r y  t o  wet  t h e  s u r f a c e  t o  be 

e t c h e d .  T h i s  can be a p r o b l e m  w i t h  some o f  t h e  more v i s c o u s  wet  

e t c h a n t s  when v e r y  s ma l l  f e a t u r e  s i z e s  a r e  d e s i r e d .  U n f o r t u n a t e l y  

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

p l a g u e s  we t  e t c h i n g ,  t h e  r e s u l t  b e i n g  u n d e r c u t t i n g .

T h u s ,  t o  o b t a i n  good p a t t e r n s  on a s u r f a c e  by s e l e c t i v e l y  r e mov i ng  

m a t e r i a l ,  i t  i s  n e c e s s a r y  t o  u s e  a t e c h n i q u e  whi ch  i s  a n i s o t r o p i c  o r
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F i g u r e  A . 7.  The wet  e t c h i n g  p r o c e s s .
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(b )  F i n a l  me t a l  p a t t e r n  s h o wi n g  l i n e  g r o w t h .

F i g u r e  A . 8 .  E f f e c t s  o f  we t  e t c h  u n d e r c u t t i n g ,  s u b s t r a t e  #4.
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h a s  some p r e f e r e n t i a l  e t c h i n g  d i r e c t i o n .  T h i s  c a n  he a c c o m p l i s h e d  

u s i n g  t wo  m e t h o d s ,  one  c a l l e d  r e a c t i v e  i o n  e t c h i n g  ( RIE)  and t h e  o t h e r  

known a s  i o n - m i l l i n g .  RIE i s  an a d v a n c e d  f o r m  o f  p l a s m a  e t c h i n g  w h i c h  

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

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

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

p l a s m a  c l o u d  a s  shown i n  F i g u r e  A . 9 .  T h i s  f i g u r e  i l l u s t r a t e s  t h e  b i a s  

a r r a n g e m e n t  f o r  t h e  c a s e  i n  w h i c h  t h e  r e a c t i v e  i o n s  h a v e  a n e g a t i v e  

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

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

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

s h o u l d  be n o t e d  t h a t  t h e  b i a s  c a n n o t  u s u a l l y  become t o o  h i g h  o r  t h e  

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

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

n o r ma l  RIE c i r c u m s t a n c e s  s i n c e  t h e  r e s i s t  i s  u s u a l l y  s o f t e r  i n  a 

m e c h a n i c a l  s e n s e  t h a n  t h e  u n d e r l y i n g  m e t a l .  I f  t h e  r e s i s t  can  be made 

v e r y  t h i c k  (a  p r o b l e m  i f  v e r y  f i n e  l i n e s  a r e  d e s i r e d  d u e  t o  e l e c t r o n  

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

t h e  r e s i s t  and  m e t a l ,  t h e n  t h e  i o n - m i l l i n g  o r  s p u t t e r i n g  ca n  be a u s e f u l  

e t c h i n g  m e t h o d .  O f t e n  t h i s  i s  d o n e  u s i n g  n o n r e a c t i v e  i o n s  s u c h  as  

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

s p e c i e s  i s  n o t  n e c e s s a r y  an d  s i n c e  i f  t h e r e  i s  no c h e m i c a l  e t c h i n g  t h e r e  

i s  a l s o  no u n d e r c u t t i n g .
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F i g u r e  A . 9 .  S i m p l i f i e d  s c h e m a t i c  d i a g r a m  o f  a p p a r a t u s  f o r  r e a c t i v e  i o n  

e t c h i n g  ( R I E ) .



D. TECHNIQUES ACTUALLY USED AT THE NRRFSS

The f a c i l i t i e s  a t  t h e  NRRFSS a r e  f a i r l y  e x t e n s i v e  and mo s t  me t h o d s  

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

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

l i f t o f f  t e c h n i q u e  was  u s e d  e x c l u s i v e l y  w i t h  e x c e l l e n t  r e s u l t s .  Me t a l  

l i n e s  w i t h  w i d t h s  as  s m a l l  a s  0 . 2  urn and a s  l a r g e  a s  0 . 5 4  ym w e r e  made .  

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

a p p r o x i m a t e  r a n g e  o f  6 : 1  t o  1 5 : 1 .  T h i s  r a n g e  was  good e n o u g h  t o  show 

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

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

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

u n f o r t u n a t e l y  t h i s  e q u i p m e n t  was n o t  y e t  w o r k i n g  and  t h e  p r o c e s s  w e l l  

c h a r a c t e r i z e d  d u r i n g  o u r  v i s i t s  t o  t h e  NRFSS.  Wet e t c h i n g  was a t t e m p t e d  

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

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

T h i s  i s  shown i n  F i g u r e  A . 10 f o r  t h e  c a s e  o f  c h r o me  e t c h e d  i n  C y a n t e k  (a 

c o m m e r c i a l  c h r o me  e t c h i n g )  as  e v i d e n c e d  by t h e  l o n g  s c a r s  r u n n i n g  

t h r o u g h  t h e  m e t a l .

P l a s m a  e t c h i n g  o f  t h e  a l u mi n u m and  c h r o me  s u r f a c e s  wo u l d  h a v e  been  

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

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

n e i t h e r  o f  w h i c h  wo u l d  e t c h  a l umi n u m o r  c h r o m e .  The  l a s t  p o s s i b i l i t y  

was  t h e  u s e  o f  an a r g o n - i o n  m i l l .  The  o n l y  p r o b l e m  w i t h  t h i s  l a s t  

t e c h n i q u e  i s  t h e  low d i f f e r e n t i a l  e t c h  r a t e  b e t w e e n  t h e  r e s i s t  we u s e d
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F i g u r e  A . 1 0 .  D e f e c t s  i n  c h r o me  s l o t s  d u e  t o  s u r f a c e  s c r a t c h e s  i n  CaF 2 . 

S u b s t r a t e  # 3 ,  back  l i g h t i n g ,  m a g n i f i c a t i o n  » 1 3 0 0 .
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( i . e . ,  PMMA) and t h e  two m e t a l s .  To over come t h i s  p r o b l e m ,  a 

m u l t i - l e v e l  r e s i s t  t e c h n i q u e  was d e v e l o p e d  by Mr.  B r i a n  Wh i t e h e a d  o f  t h e  

NRRFSS, whi ch  y i e l d e d  s a t i s f a c t o r y  s t r a i g h t  s l o t s  a l t h o u g h  not  as  good 

a s  e x p e c t e d  u s i n g  RIE.

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

p u t t i n g  two a d d i t i o n a l  l a y e r s  be t we en  t h e  me t a l  l a y e r  and t h e  r e s i s t  

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

i s  i n d i c a t e d  i n  F i g u r e  A . 11 .  The u p p e r  a d d i t i o n a l  l a y e r  was a v e r y  t h i n  

e v a p o r a t e d  c o a t i n g  o f  ge rmani um whi ch  i s  p a t t e r n e d  t h r o u g h  t h e  PMMA by 

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

a d d i t i o n a l  l a y e r  was a t h i c k  c o a t i n g  o f  S h i p l e y  AZ-1350J  (a commer c i a l  

h i g h  q u a l i t y  p h o t o  r e s i s t )  whi ch  was baked  a t  a p p r o x i m a t e l y  100°C f o r  a t  

l e a s t  two h o u r s .  At  t h i s  p o i n t ,  t h e  p h o t o - r e s i s t  i s  s i m p l y  a t h i c k ,  

r e l a t i v e l y  s p e a k i n g ,  p l a s t i c  l a y e r  u s e f u l  o n l y  f o r  b u f f e r i n g  p u r p o s e s .  

The p h o t o - r e s i s t  l a y e r  was p a t t e r n e d  u s i n g  an oxygen p l a s ma  e t c h .  The 

r e s u l t s  o f  t h e  m u l t i - l e v e l  s y s t e m  j u s t  p r i o r  t o  i o n - m i l l i n g  a r e  shown i n  

F i g u r e  A . 12.  Not e  t h a t  t h e  oxygen p l a s ma  e t c h  n o t  o n l y  p a t t e r n s  t h e  

p h o t o  r e s i s t  b u t  a l s o  r emoves  t h e  PMMA.

The r e s u l t s  u s i n g  t h e  m u l t i - l e v e l  r e s i s t  t e c h n i q u e  w i t h  a r g o n  

i o n - m i l l i n g  o f  t h e  me t a l  s u r f a c e s  f o r  chrome ( s u b s t r a t e  #8) and a l umi num 

( s u b s t r a t e  #9)  a r e  shown i n  F i g u r e  A . 1 3 .  I t  s h o u l d  be n o t e d  t h a t  t h e  

chrome s l o t s  a r e  w i d e r  t h a n  t h e  a lumi num s l o t s  wh i ch  may be a t t r i b u t e d  

t o  t h e  l o n g e r  m i l l i n g  t i m e  r e q u i r e d  f o r  t h e  c h r o me .  M i l l i n g  t i m e  was 

d e t e r m i n e d  by v i s u a l  i n s p e c t i o n  u n d e r  a m i c r o s c o p e  a t  a p p r o x i m a t e l y  

x l 3 0 0  m a g n i f i c a t i o n  when u s i n g  t r a n s m i t t e d  l i g h t .  The b r o a d e n i n g  o f
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F i g u r e  A . 12 .  M u l t i - l e v e l  r e s i s t  a t  t h e  s t a r t  o f  a r g o n - i o n  m i l l i n g .



( a )  Chrome on S#8 .

( b )  Aluminum on S#9 .

F i g u r e  A . 1 3 .  R e s u l t s  o f  m u l t i - l a y e r  r e s i s t  p a t t e r n i n g  o f  l o n g  n a r r o w  

s l o t s .



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

s u c c e s s f u l  i n  p r e v e n t i n g  l i n e  g r owt h  b u t  i s  s t i l l  b e t t e r  t h a n  wet  

e t c h i n g  ( s e e  F i g u r e s  A . 8 and A . 1 0 ) .  T h e s e  r e s u l t s  we r e  deemed 

s u f f i c i e n t  as  t h e y  we r e  t h e  b e s t  we c o u l d  o b t a i n ,  b u t  f u t u r e  work u s i n g  

RIE as  i t  becomes a v a i l a b l e  s h o u l d  y i e l d  b e t t e r  r e s u l t s .

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

me t hods  i n v o l v e d  we r e  h i g h l y  i n f l u e n t i a l  i n  t h e  u s e  o f  c a l c i u m  f l u o r i d e  

a s  a s u b s t r a t e  m a t e r i a l .  The m a t e r i a l  grown v i a  v a p o r  p h a s e  t e c h n i q u e s  

i s  r e a s o n a b l y  h a r d  ( a l t h o u g h  no t  as h a r d  as  t h e  h o t  p r e s s  

p o l y c r y s t a l  1 i n e  m a t e r i a l )  whi ch  makes i t  c a p a b l e  o f  b e i n g  p o l i s h e d  t o  a 

good s u r f a c e  q u a l i t y .  T h i s  p o i n t  i s  i m p o r t a n t  when you a r e  l a y i n g  down 

s u b - m i c r o m e t e r  p a t t e r n s .  In  a d d i t i o n ,  t h e  CaF2 c h e m i c a l  bond i s  q u i t e  

s t r o n g  r e s u l t i n g  i n  a m a t e r i a l  wh i ch  i s  p r a c t i c a l l y  i n s o l u a b l e  i n  w a t e r  

and i s  n o t  a t t a c k e d  by most  s o l v e n t s .  Many d i f f e r e n t  s o l v e n t s  a r e  u s ed  

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

p r o c e s s .  CaF2 i s  a l s o  q u i t e  r e s i s t a n t  t o  mos t  a c i d s  and b a s e s  whi ch  a r e  

u s e d  i n  wet  e t c h i n g  a l umi num and ch r o me .  Due t o  t h e  s t r o n g  CaF2 

c h e m i c a l  b o n d ,  we d i d  n o t  e x p e c t  t h e  m a t e r i a l  t o  be a t t a c k e d  by t h e  

r e a c t i v e  s p e c i e s  u s e d  f o r  p l a s ma  e t c h i n g  o r  RIE.  L a s t l y ,  t h e  m e c h a n i c a l  

h a r d n e s s  of  CaF2 ( a b o u t  t h e  same as  a penny f o r  t h e  p o l y c r y s t a l l i n e  

IRTRAN 3) makes i t  r e s i s t a n t  t o  t h e  m e c h a n i c a l  e r o s i o n  p r o c e s s  o f  

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

t h e  d e s i r e d  me t a l  s h a p e s ,  we d e s i r e  t h e  s u b s t r a t e  t o  be o p t i c a l l y  

t r a n s m i t t i n g  and n o t  d i f f u s e .
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APPENDIX B

MID-INFRARED MEASUREMENTS

The p e r i o d i c  s u r f a c e s  d e s c r i b e d  and b u i l t  d u r i n g  t h i s  s t u d y  a r e  

r e s o n a n t  a t  w a v e l e n g t h s  s h o r t e r  t h a n  10 urn, whi ch  c o r r e s p o n d s  t o  

f r e q u e n c i e s  g r e a t e r  t h a n  1000 cm“ l  o r  3 0 , 0 0 0  Ghz.  T h u s ,  t h e  f r e q u e n c y  

r a n g e  o f  i n t e r e s t  i s  much t o o  h i g h  t o  a l l o w  me a s u r e me n t  o f  t h e  f i l t e r  

c h a r a c t e r i s t i c s  by s t a n d a r d  mi c r owave  t e c h n i q u e s .  However ,  t h i s  

f r e q u e n c y  r a n g e  ( a p p r o x i m a t e l y  700 cm"* t o  2700 cm~M i s  e a s i l y  w i t h i n  

t h e  c a p a b i l i t i e s  o f  an i n f r a r e d  F o u r i e r  t r a n s f o r m  s p e c t r o s c o p y  (FTS) 

s y s t e m  a v a i l a b l e  a t  The Ohi o  S t a t e  U n i v e r s i t y  E l e c t r o S c i e n c e  L a b o r a t o r y .  

I n  f a c t ,  t h e  u s e  o f  t h i s  s y s t e m  was h i g h l y  i n f l u e n t i a l  i n  t h e  c h o i c e  o f  

CaF2 a s  a s u b s t r a t e  m a t e r i a l  whi ch  f u r t h e r  i n f l u e n c e d  t h e  c h o i c e  o f  

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

a v a i l a b l e  d e t e c t o r  f o r  t h e  FTS s y s t e m  a t  t h e  s t a r t  o f  t h i s  s t u d y  was a 

l i q u i d  n i t r o g e n  c o o l e d  M e r c u r y - C a d m i u m - T e l l u r i u m  (MCT),  p h o t o - c o n d u c t i v e  

d e v i c e ,  doped f o r  maximum s e n s i t i v i t y  n e a r  8 ym. The s e n s i t i v i t y  o f  

t h i s  MCT d e t e c t o r  d r o p s  o f f  r a p i d l y  a t  w a v e l e n g t h s  g r e a t e r  t h a n  12 ym 

and t h e r e f o r e  i t  i s  f a i r l y  w e l l  ma t ch e d  t o  t h e  i n f r a r e d  s h a r p  c u t o f f  o f
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CaF2 . In a d d i t i o n ,  t h e  u s e  o f  CaF2  e a s e d  a l i g n m e n t  o f  t h e  meas u r emen t  

s y s t e m  due  t o  i t s  v i s i b l e  t r a n s p a r a n c y . The MCT d e t e c t o r  i s  a l s o  u s e f u l  

t o  w a v e l e n g t h s  n e a r  2 urn a l t h o u g h  i t s  o u t p u t  becomes r a t h e r  n o i s y .  In 

any e v e n t ,  t h e s e  p r o b l e m s  we r e  a v o i d e d  by making t h e  r e s o n a n t  e l e m e n t s  

as  l a r g e  as  p o s s i b l e  t o  e a s e  c o n s t r u c t i o n  p r o b l e ms  whi ch  pus h ed  t h e  

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

s a t i s f a c t o r y .  T h i s  was a l s o  done  t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  

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

o u t l i n e  t h e  i m p o r t a n t  a s p e c t s  o f  FTS s p e c t r o s c o p y  whi ch  a f f e c t e d  t h i s  

s t u d y .  In a d d i t i o n ,  two s l i g h t l y  d i f f e r e n t  s y s t e m s  whi ch  we r e  u s e d  t o  

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

p r e s e n t e d .

FTS s p e c t r o s c o p y  has  i t s  b a s i s  i n  l i n e a r  s y s t e m  t h e o r y  and t h e  

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

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

t o g e t h e r  and t h e  t r a n s f e r  f u n c t i o n  o f  t h e  s y s t e m  i s  j u s t  t h e  p r o d u c t  of  

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

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

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

s p e c t r u m  w i t h  and w i t h o u t  t h e  unknown e l e m e n t  i n  t h e  s y s t e m .  The 

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

unknown.  T h i s  p r o c e s s  i s  i l l u s t r a t e d  i n  F i g u r e  B . l .  Not e  i n  F i g u r e  

B . l  t h a t  when t h e  unknown i s  t a k e n  o u t  o f  t h e  s y s t e m  i t  i s  r e p l a c e d  by a 

known o b j e c t .  O f t e n  i t  can be assumed t h a t  t h e  known has  u n i t y  t r a n s f e r
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o u(f)

SOURCE

S ( f )
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U ( f )

DETECTOR

D ( f )

(a)
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OUTPUT
Ok ( f )
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S(f)

KNOWN
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DETECTOR
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( b )

F i g u r e  B . l .  I l l u s t r a t i o n  o f  two m e a s u r e m e n t s  r e q u i r e d  f o r  FTS.  S y s t e m 

w i t h  unknown d e v i c e  i n  p l a c e  and t h e  s y s t e m  w i t h  t h e  

unknown r e p l a c e d  by a known.
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f u n c t i o n ,  k ( f ) ,  o v e r  t h e  f r e q u e n c y  r a n g e  o f  i n t e r e s t ,  a l t h o u g h  t h i s  i s  

n o t  a l wa y s  p o s s i b l e .  An e x a mp l e  o f  t h e  l a t t e r  i s  when a r e f l e c t e d  

s i g n a l  i s  d e s i r e d  and t h e  known mus t  a l s o  be a r e f l e c t o r .  F o r  t h e  

s y s t e m  i n  F i g u r e  B . l ,  t h e  t r a n s f e r  f u n c t i o n  f o r  t h e  unknown i s  o b t a i n e d  

f r o m t h e  r a t i o :

u ( f )  = | k(f) (B.l)JkTfTJ
wh e r e  m u l t i p l i c a t i o n  by t h e  known f u n c t i o n ,  k ( f ) ,  has  been i n c l u d e d  f o r  

c o m p l e t e n e s s .  Not e  t h a t  f o r  an a c c u r a t e  r e c o v e r y  o f  u ( f ) ,  E q u a t i o n  

( B . l )  i m p l i e s  t h a t  0|< ( f )  and k ( f )  h a v e  no z e r o e s  w i t h i n  t h e  f r e q u e n c y  

r a n g e  o f  i n t e r e s t .

F i g u r e  8 . 2  shows a s i m p l i f i e d  o p t i c a l  FTS s y s t e m  whi ch  i s  s i m i l a r  

t o  t h e  s y s t e m s  a c t u a l l y  u s e d .  T h i s  FTS s y s t e m  c o n s i s t s  o f  f i v e  

e s s e n t i a l  u n i t s  wh i ch  a r e :  1)  a b r o a d b a n d  o p t i c a l  s o u r c e ,  2)  a

M i c h e l s o n  i n t e r f e r o m e t e r ,  3)  t h e  s a mp l e  r e g i o n ,  4)  an o p t i c a l  d e t e c t o r  

and 5) a d i g i t a l  c o m p u t e r .  The c o m p u t e r  i s  t h e  o n l y  n o n - o p t i c a l  e l e m e n t  

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

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

p r o c e s s  g i v e n  by E q u a t i o n  ( B . l )  b u t  a l s o  i n v e r s i o n  o f  a F o u r i e r  

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

o p t i c a l  e l e m e n t s .

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

r a d i a t o r  s uch  as  a g l o b a r  made o f  s i l i c o n  c a r b i d e .  T h i s  g l o b a r ,  whi ch 

i s  e l e c t r i c a l l y  h e a t e d  by c o n d u c t i o n ,  r a d i a t e s  much l i k e  a b l a c k b o d y
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F i g u r e  B . 2 .  O p t i c a l  F o u r i e r  t r a n s f o r m  s p e c t r o s c o p y  (FTS) s y s t e m .



by t h e  s i m p l e  v i r t u e  t h a t  i t  i s  h o t .  I t  s h o u l d  be p o i n t e d  o u t  t h a t  t h e  

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

q u i t e  a n a l o g o u s  t o  t h e  n o i s e  g e n e r a t o r s  whi ch  a r e  s o me t i me s  u s e d  a t  

a u d i o  and mi c rowave  f r e q u e n c i e s .  S i n c e  t h e  o u t p u t  s p e c t r u m  o f  t h e  

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

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

s o u r c e  i s  t h a t  i t  n o t  h a v e  any deep  n u l l s  w i t h i n  t h e  f r e q u e n c y  r a n g e  o f  

i n t e r e s t  t o  s a t i s f y  t h e  r e q u i r e m e n t  on 0|< ( f )  p r e v i o u s l y  m e n t i o n e d .  For  

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

random p o l a r i z a t i o n .

The h e a r t  o f  t h e  FTS s y s t e m  i s  t h e  i n t e r f e r o m e t e r  whi ch  i s  u s e d  t o  

p r o d u c e  an o u t p u t  beam c o n s i s t i n g  o f  a r e f e r e n c e  beam a dde d  t o  a p h a s e  

m o d u l a t e d  beam.  The p h a s e  m o d u l a t i o n  i s  o b t a i n e d  by a l t e r i n g  t h e  l e n g t h  

o f  one o f  t h e  i n t e r f e r o m e t e r  l e g s  by s c a n n i n g  a m i r r o r  i n  a d i r e c t i o n  

p a r a l l e l  t o  t h e  beam ( s e e  F i g u r e  B . 2 ) .  The r e s u l t  i s  t h a t  t h e  

i n t e r f e r o m e t e r  has  a t r a n s f e r  f u n c t i o n ,  I ( f , S ) ,  whi ch  d e p e n d s  on bo t h  

t h e  f r e q u e n c y  (no s p e c i f i e d  u n i t s )  and t h e  d i r e c t e d  d i s p l a c e m e n t  o f  t h e  

movi ng  m i r r o r  f r om e q u i l i b r i u m .  E q u i l i b r i u m  a t  a f i x e d  f r e q u e n c y  i s  

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

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

I ( v , 6 )  = l F ( v )  + IM( v )  e - J f 36 ( B . 2 )

wh e r e

3 = 2rr = 2ir v 
X

( B . 3 )
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A i s  t h e  f r e e  s p a c e  w a v e l e n g t h ,  v i s  t h e  f r e q u e n c y  i n  i n v e r s e  

w a v e l e n g t h s ,  and 5 i s  p a t h  l e n g t h  d i f f e r e n c e  f r om e q u i l i b r i u m  whi ch  i s  

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

i s  t y p i c a l l y  g i v e n  i n  "wavenumbe r s "  wh i ch  has  u n i t s  c m " l .  In  E q u a t i o n  

( B . 2 ) ,  I p ( v )  i s  t h e  f i x e d  m i r r o r  l e g  o r  r e f e r e n c e  beam t r a n s f e r  f u n c t i o n  

and I m ( v) i s  t h e  moving m i r r o r  l e g  o r  m o d u l a t e d  beam t r a n s f e r  f u n c t i o n  

a t  t h e  e q u i l i b r i u m  p o s i t i o n .  I t  wou l d  be d e s i r a b l e  t o  h a v e  I p ( v )  and 

I M(v)  equa l  s i n c e  t h i s  woul d  y i e l d  100% m o d u l a t i o n  and a maximum o u t p u t  

s i g n a l .  I t  i s  r e l a t i v e l y  s i m p l e  t o  make t h e  m i r r o r s  a l i k e  t o  w i t h i n  

e x p e r i m e n t a l  e r r o r s ,  b u t  p r o b l e m s  i n  beam s p l i t t e r  c o n s t r u c t i o n  make 

d i f f e r e n c e s  i n  I p ( v) and I m ( v ) i n e v i t a b l e .  F o r  r e a s o n s  o f  s t a b i l i t y  and 

t o  o b t a i n  good o p t i c a l  s u r f a c e s ,  beam s p l i t t e r s  i n  t h e  i n f r a r e d  a r e  

t y p i c l l y  made i n  a s a n d w i c h  a r r a n g e m e n t  as i n  F i g u r e  B . 3 .

U n f o r t u n a t e l y ,  i t  i s  i m p o s s i b l e  t o  make t h e  s u p p o r t  l a y e r s  i d e n t i c a l  i n  

t e r m s  of  t h i c k n e s s  whi ch  when c o u p l e d  w i t h  t h e  d i s p e r s i v e  i n d e x  o f  

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

be t we en  t h e  two l e g s .  The p r o c e s s  o f  " f i x i n g "  t h i s  i n e q u i t y  i s  c a l l e d  

" p h a s e  c o r r e c t i o n "  and w i l l  be d i s c u s s e d  when we l ook  a t  t h e  d e t e c t o r  

o u t p u t .  F o r  p u r p o s e s  o f  d i s c u s s i o n  i n  d e r i v i n g  t h e  o u t p u t  o f  o u r  

s i m p l i f i e d  FTS s y s t e m  d e f i n e ,

I f ( v ) = I 0 ( v )

I M( v )  = I 0 ( v ) e - J ^

( B . 4 )

( B . 5 )
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F i g u r e  B . 3 .  P r a c t i c a l  beam s p l i t t e r  c o n s t r u c t i o n .  The d i f f e r e n c e  i n  

s u p p o r t  l a y e r  t h i c k n e s s  ( t i  and t 2  ) i s  e x a g g e r a t e d .
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and

A = 2 ( t 2 - t i ) n ( v )  . ( B . 6 )

In  E q u a t i o n  ( B . 6 ) ,  A i s  t h e  d i f f e r e n t i a l  o p t i c a l  d i s t a n c e  t h r o u g h  t h e  

i n t e r f e r o m e t e r  beam s p l i t t e r  wh i ch  w i l l  c a u s e  a n o n l i n e a r  p h a s e  e r r o r  

r f  t h e  i n d e x  o f  t h e  s u p p o r t  l a y e r s ,  n ( v ) ,  i s  n o t  c o n s t a n t  and t h e  l a y e r s  

a r e  o f  d i f f e r e n t  t h i c k n e s s e s .  The t h i c k n e s s e s  t i  and t 2  a r e  i n d i c a t e d  

i n  F i g u r e  B . 3 .

The n e x t  i m p o r t a n t  s e c t i o n  o f  t h e  o p t i c a l  t r a i n  i s  t h e  s a mp l e  o r  

unknown r e g i o n ,  whi ch  i s  a s s i g n e d  a t r a n s f e r  f u n c t i o n ,  u ( v ) ,  t h a t  we 

w i s h  t o  d e t e r m i n e .  As p r e v i o u s l y  s t a t e d ,  i t  i s  a s sumed  t h a t  t h e  unknown 

may be r e p l a c e d  by a known w i t h o u t  a f f e c t i n g  t h e  o t h e r  e l e m e n t s  i n  t h e  

s y s t e m .  Fo r  t r a n s m i s s i o n  m e a s u r e m e n t s ,  t h e  known may be a r e g i o n  of  

vacuum whi ch  h a s  u n i t y  t r a n s m i s s i o n  ( i t  i s  a s sumed  t h a t  t h e  s amp l e  i s  

t h i n  and does  n o t  wa lk  t h e  b ea m) .  Not e  t h a t  i n  t h e  i n f r a r e d ,  normal  

a t m o s p h e r e  w i l l  no t  u s u a l l y  s u f f i c e  due t o  t h e  s t r o n g  i n f r a r e d  

a b s o r p t i o n  l i n e s  o f  w a t e r  v a p o r  and c a r b o n  d i o x i d e .  In  f a c t ,  due t o  

t h e s e  s t r o n g  a b s o r p t i o n  l i n e s ,  i t  i s  u s u a l l y  n e c e s s a r y  t o  have  mos t  of  

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

r e f l e c t i o n  m e a s u r e m e n t s ,  m e t a l l i c  m i r r o r s  may be u s e d  as  knowns w i t h  t h e  

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

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

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

( m u l t i p l i c a t i o n  by k ( f )  as  i n  E q u a t i o n  ( B . l ) )  mus t  a c t u a l l y  be d o n e .
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T h u s ,  t r a n s m i s s i o n  me a s u r e me n t s  a r e  i n h e r e n t l y  s i m p l e r  and a r e  t h e  o n l y  

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

The l a s t  ma j o r  r e g i o n  o f  t h e  o p t i c a l  t r a i n  i s  t h e  d e t e c t o r  and any 

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

a s s i g n e d  a t r a n s f e r  f u n c t i o n ,  D ( v ) ,  whi ch  r e l a t e s  i n c i d e n t  f i e l d  

s t r e n g t h  t o  t h e  d e t e c t o r  o u t p u t .  A c t u a l l y ,  t h e  d e t e c t o r  i s  a s q u a r e - l a w  

d e v i c e  w i t h  an o u t p u t  wh i ch  i s  l i n e a r l y  p r o p o r t i o n a l  t o  t h e  i n c i d e n t  

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

w r i t t e n  as

00

v ( S )  = /  | S ( v ) I ( v , 5 ) U ( v ) D ( v ) | 2 d v . ( B . 7 )
— 00

Us i n g  E q u a t i o n s  ( B . l )  t h r o u g h  ( B . 6 )  t h i s  becomes 

00 00

v(  <S) = 2  /  M( v ) d v  + Re { /  M( v ) e - j 2irvAe - J 2lTV'5dv} ( B . 8 )
— 00 —00

wh e r e

M(v)  2 | S ( v ) I 0 ( v ) U ( v ) D ( v ) | 2  . ( B . 9 )

S i n c e  t h e  m i r r o r  i s  u s u a l l y  s c a n n e d  l i n e a r l y  w i t h  t i m e ,  we may a l s o  

t h i n k  o f  v ( 6 )  as  a s i m p l e  f u n c t i o n  o f  t i m e .  Wi t h  t h i s  r e a s o n i n g ,  t h e  

f i r s t  i n t e g r a l  i n  E q u a t i o n  ( B . 8 )  may be r e c o g n i z e d  as  a DC componen t  

wh i c h  i s  u s u a l l y  removed by h i g h  p a s s  f i l t e r i n g .  The r e s u l t i n g  f i l t e r e d  

d e t e c t o r  o u t p u t  i s  r e f e r r e d  t o  as  t h e  " i n t e r f e r o g r a m "  and i s  g i v e n  by
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00
V f (<5) = R e { /  [ M ( v ) e - J 2irvA] e “ j 2irV(Sdv} 

«00
(B. 10)

wh e r e  any f i l t e r  e f f e c t s  a r e  i n c l u d e d  i n  t h e  d e t e c t o r  r e s p o n s e .  Not e  

t h a t  t h e  f r e q u e n c y  f u n c t i o n  M(v) i s  t h e  t e r m  we a c t u a l l y  d e s i r e  f o r  u s e  

i n  o u r  r a t i o  t e c h n i q u e .  The r e s u l t  w i l l  t h e n  be a r a t i o  o f  o u t p u t  t o  

i n p u t  p o w e r .  T h u s ,  f o r  t r a n s m i s s i o n  and r e f l e c t i o n  m e a s u r e m e n t s ,  we 

w i l l  o b t a i n  t h e  s a mp l e  t r a n s m i t t a n c e  and r e f l e c t a n c e ,  r e s p e c t i v e l y .

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

o b s e r v a b l e s ,  t h e  f u n c t i o n  M(v)  i s  s y m m e t r i c  a b o u t  \>=0. T h u s ,  f o r  t h e  

i d e a l  i n t e r f e r o m e t e r  ( i . e . ,  A = 0 ) ,  E q u a t i o n  ( B . 1 0 )  s i m p l i f i e s  t o

v f  ( 5 ) = /  M ( v ) e - J 27rv5d v  ( B . l l )
A=0

whi ch  may be r e c o g n i z e d  as  a F o u r i e r  T r a n s f o r m  ( FT) .  Under  t h i s  

s i m p l i f i c a t i o n ,  we can o b t a i n  M(v) d i r e c t l y  u s i n g  t h e  I n v e r s e  F o u r i e r  

T r a n s f o r m  ( I FT)

j 2liv6d5 . (B.12)M(v) = 1 /  v f (5)  e J ‘ d 5
C l f  —oo

A=0

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

wou l d  e x p e c t  t h e  i n t e r f e r o g r a m  t o  be s y m m e t r i c  a b o u t  6=0 whi ch can be 

shown i n  E q u a t i o n  ( B . l l )  by u s i n g  a s i m p l e  c h a n g e  o f  v a r i a b l e .
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U n f o r t u n a t e l y ,  t h e  i d e a l  i n t e r f e r o m e t e r  i s  n e v e r  e n c o u n t e r e d  due t o  

t h e  a f o r e m e n t i o n e d  p h a s e  e r r o r  ( i . e . ,  A*0) .  The e f f e c t  o f  p h a s e  e r r o r  

i s  t o  p r o d u c e  an a s ymmet ry  i n  t h e  i n t e r f e r o g r a m .  T h i s  e f f e c t  i s  

i l l u s t r a t e d  i n  F i g u r e  B . 4  i n  whi ch  a s y n t h e t i c  i n t e r f e r o g r a m  ( mo d e l l e d  

a s  a s i m p l e  s i n ( x ) / x  f u n c t i o n )  and a d i s t o r t e d  i n t e r f e r o g r a m  a r e  

p r e s e n t e d .  The d i s t o r t e d  c u r v e  ( F i g u r e  B . 4 ( b ) )  was g e n e r a t e d  by 

t r a n s f o r m i n g  t h e  u n d i s t o r t e d  c u r v e  ( F i g u r e  B . 4 ( a ) ) ,  a d d i n g  s ma l l  amount s  

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

E q u a t i o n  ( B . 1 0 ) )  o f  t h e  i n v e r s e  t r a n s f o r m .  I f  t h e  p h a s e  s h i f t  i s  

l i n e a r ,  t h e n  t h e  d i s t o r t e d  i n t e r f e r o g r a m  i s  s i m p l y  a s h i f t e d  v e r s i o n  of  

t h e  u n d i s t o r t e d  o n e .  However ,  t h e  asymmet ry  o f  t h e  c e n t r a l  maximum i s  

c a u s e d  by p h a s e  s h i f t s  wh i ch  a r e  n o n - l i n e a r  i n  f r e q u e n c y  ( i n  F i g u r e  

B . 4 ( b ) ,  m o d e l l e d  by q u a d r a t i c  p h a s e  t e r m  due  t o  a l i n e a r l y  d e c r e a s i n g  

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

d i e l e c t r i c s  i n  t h e  i n f r a r e d .  The r e s u l t  o f  a l l  o f  t h i s  i s  t h a t  t a k i n g  

t h e  IFT o f  Vf ( <S) does  no t  y i e l d  M(v) b u t  a d i s t o r t e d  v e r s i o n  o f  i t .  

S e v e r a l  t e c h n i q u e s  have  been  d e v e l o p e d  t o  a p p r o x i m a t e l y  c o r r e c t  f o r  t h i s  

e r r o r  and a l l  come u n d e r  t h e  t e r m  " p h a s e  c o r r e c t i o n " .  Al l  t h e s e  

t e c h n i q u e s  r e l y  on t a k i n g  a s p e c t r u m  o f  a n a r r o w r e g i o n  a b o u t  t h e  

i n t e r f e r o g r a m  maximum whi ch  i s  r e f e r r e d  t o  as  t h e  c e n t e r b u r s t .  T h e s e  

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

beyond  t h e  s c o p e  o f  t h i s  w o r k ,  h o w e v e r ,  t h e  i n t e r e s t e d  r e a d e r  i s  

d i r e c t e d  t o  a r e v i e w  i n  [ 5 5 ] .
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( a ) .  S y n t h e t i c  i n t e r f e r o g r a m  ( s i n ( x ) / x ) .

/ g v > w v \ A A A A / \ / \ / ^

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

F i g u r e  B . 4 .  E f f e c t s  o f  p h a s e  e r r o r .
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Two a d d i t i o n a l  a s p e c t s  o f  FTS s y s t e m s  w i l l  now be b r i e f l y  d i s c u s s e d  

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

r e s o l u t i o n .  S i n c e  a l l  FTS s y s t e m s  make u s e  o f  s amp l ed  d a t a ,  a c c o r d i n g  

t o  t h e  s a m p l i n g  t h e o r e m  [ 5 6 ]  t h e r e  i s  a maximum a l l o w a b l e  o p t i c a l  

f r e q u e n c y  b a n d w i d t h .  F o r  e a s e  i n  c a l c u l a t i o n ,  t h i s  b a n d w i d t h  i s  as sumed 

t o  run f r om 0 cm" l  t o  some maximum. T h i s  l i m i t  i s  w e l l  known as  t h e  

N y q u i s t  f r e q u e n c y  whi ch  a l l o w s  a maximum s i n g l e - s i d e d  b a n d w i d t h  o f  

o n e - h a l f  t h e  s a m p l i n g  f r e q u e n c y .  In t h e  s y s t e m  a c t u a l l y  u s e d ,  a H e l i u m -  

Neon l a s e r  i n t e r f e r o m e t e r  whi ch  i s  c o a x i a l  w i t h  t h e  i n f r a r e d  

i n t e r f e r o m e t e r  i s  u s e d  t o  c o n t r o l  t h e  s a m p l i n g .  The o u t p u t  o f  t h e  He-Ne 

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

e a c h  p o s i t i v e  g o i n g  z e r o  c r o s s i n g  ( i . e . ,  e a c h  t i m e  t h e  m i r r o r  t r a v e l s  

o n e - h a l f  t h e  He-Ne w a v e l e n g t h ) .  T h u s ,  t h e  e f f e c t i v e  s a m p l i n g  r a t e  i s  

e q u a l  t o  t h e  f r e q u e n c y  o f  t h e  s t a b i l i z e d  He-Ne l a s e r  wh i ch  y i e l d s  a 

maximum f r e q u e n c y  o f  a p p r o x i m a t e l y  7899 cm"-*-. I t  i s  r e q u i r e d  t h a t  no 

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

r e s u l t  whi ch  i r r r e c o v e r a b l y  c o r r u p t s  t h e  o u t p u t  s p e c t r u m .  The s y s t e m  

b a n d w i d t h  i s  p r o t e c t e d  a g a i n s t  a l i a s i n g  by u s e  o f  a germani um beam 

s p l i t t e r  l a y e r  s a n d w i c h e d  b e t we en  p o t a s s i u m  b r o mi d e  l a y e r s .  S i n c e  t h e  

ge r mani um has  a h i g h  f r e q u e n c y  c u t o f f  a r o u n d  7000 cm“ l ,  no p r o b l e m s  

o c c u r .

The o t h e r  a s p e c t  o f  FTS s y s t e m s  r e l a t e s  a l i m i t  on t h e  

i n t e r f e r o m e t e r  m i r r o r  t r a v e l  o r  s t r o k e  t o  t h e  s p a c i n g  b e t we en  f r e q u e n c y  

s a m p l e s  ( s i n c e  a F a s t  F o u r i e r  T r a n s f o r m  (FFT) i s  u s e d  i n  p r o c e s s i n g ) .

148



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

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

e x c e l l e n t  d e s c r i p t i o n  o f  t h i s  r e l a t i o n  i s  g i v e n  by Hawkins  [ 5 5 ]  w i t h  t h e  

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

s t r o k e .  Fo r  t h e  s y s t e m  u s e d ,  t h e  l i m i t  i s  a p p r o x i m a t e l y  0 . 0 4  cm~l [ 5 7 ] ,  

wh i ch  i s  much g r e a t e r  t h a n  n e e d e d  t o  o b s e r v e  t h e  i n f r a r e d  f i l t e r  

c h a r a c t e r i s t i c s  ( t h e s e  s p e c t r a l  f e a t u r e s  a r e  t y p i c a l l y  g r e a t e r  t h a n  

s e v e r a l  h u n d r e d  wave number s  i n  w i d t h ) .  Thus  t h e  e f f e c t s  o f  h i gh

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

h i g h  r e s o l u t i o n  was o n l y  t a k e n  i n  one i n s t a n c e  t o  o b s e r v e  t h e  e t a l o n  

b e h a v i o r  o f  t h e  CaF2  s u b s t r a t e s  wh i ch  e x h i b i t  a r i p p l e  p e r i o d  o f  ab o u t  

3 c m " l .  Each d a t a  run f o r  h i g h  r e s o l u t i o n  t y p i c a l l y  r e q u i r e d  a b o u t  4 

h o u r s  w i t h  two r uns  (known and unknown)  r e q u i r e d  t o  o b t a i n  a f i l t e r  

s p e c t r a  h a v i n g  a d e q u a t e  s i g n a l  t o  n o i s e  r a t i o s  ( i mp r o v e d  by c o - a d d i n g  

m u l t i p l e  i n t e r f e r o g r a m s ) .  F o r  t y p i c a l  low r e s o l u t i o n  d a t a ,  u s u a l l y  o n l y  

a few m i n u t e s  p e r  run we r e  r e q u i r e d .

A.  f 2 TRANSMISSION MEASUREMENT SYSTEM

F i g u r e  B . 5  d i a g r a m s  t h e  f i r s t  s y s t e m  ( r e f e r r e d  t o  as  t h e  " f 2  

s y s t e m "  o r  t h e  low f #  s y s t e m )  u s e d  t o  me a s u r e  t r a n s m i t t a n c e  s p e c t r a  of  

t h e  i n f r a r e d  f i l t e r s .  As m e n t i o n e d  b e f o r e ,  t h e  l i g h t  i n  t h i s  s y s t e m  i s  

i n c o h e r e n t  w i t h  random p o l a r i z a t i o n .  In F i g u r e  B . 5 ,  a l l  s p h e r i c a l  

m i r r o r s  a r e  l a b e l l e d  w i t h  t h e i r  f o c a l  l e n g t h s  ( f ^ )  i n  c e n t i m e t e r s .  F l a t

m i r r o r s  a r e  l a b e l l e d  w i t h  a c a p i t a l  " F " .  Al l  l e n s e s  a r e  l a b e l l e d  w i t h

f # ,  f o c a l  l e n g t h  and m a t e r i a l .
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The s o u r c e  box i n  F i g u r e  B . 5  was d e s i g n e d  [ 5 8 ]  s p e c i f i c a l l y  t o  f e e d  

t h e  i n t e r f e r o m e t e r  w i t h  a c o l l i m a t e d ,  5 cm d i a m e t e r  beam ( t h e  u s a b l e  

i n t e r f e r o m e t e r  a p e r t u r e ) .  The beam d i a m e t e r  i s  d e f i n e d  by t h e  28 cm 

m i r r o r  wh i ch  a l s o  s e r v e s  as  t h e  a p e r t u r e  s t o p  (10 cm d i a m e t e r ) .  The 

d e g r e e  o f  beam c o l l i m a t i o n  i s  g i v e n  by i t s  f #  whi ch  e q u a l s  t h e  r a t i o  o f  

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

t a k e n  t o  be t h e  p h y s i c a l  a p e r t u r e  d i a m e t e r  i n d i c a t e d  i n  F i g u r e  B . 5  s i n c e  

t h i s  i s  wh e r e  t h e  s o u r c e  i s  imaged and i t  i s  r e - i m a g e d  ( 1 : 1 )  i n  f r o n t  of  

t h e  c o l l i m a t i n g  m i r r o r .  F o r  t h e  low r e s o l u t i o n  m e a s u r e m e n t s ,  a 6 mm 

a p e r t u r e  ( as  i n d i c a t e d  i n  F i g u r e  B . 5 )  was u s e d ,  y i e l d i n g  an o u t p u t  beam 

c o l l i m a t i o n  o f  f 3 8 .  Fo r  t h e  few h i g h  r e s o l u t i o n  m e a u r e m e n t s ,  a 1 mm 

a p e r t u r e  was u s e d  y i e l d i n g  an f 2 3 0  beam.  I t  s h o u l d  be p o i n t e d  o u t  t h a t  

t h e  s o u r c e  box was e v a c u a t e d  t o  e l i m i n a t e  a b s o r p t i o n  l i n e s  due  t o  c a r b o n  

d i o x i d e  and w a t e r  v a p o r .

The i n t e r f e r o m e t e r  and a s s o c i a t e d  c o m p u t e r  u s e d  i n  t h i s  s y s t e m  was 

a N i c o l e t  S e r i e s  7000 s y s t e m  whi ch  i s  c o m m e r i c a l l y  a v a i l a b l e .  T h i s  

i n s t r u m e n t  has  an i n h e r e n t  r e s o l u t i o n  l i m i t  o f  0 . 0 3 5  cm"* a l t h o u g h  t h i s  

c a p a b i l i t y  was s e l d o m u s e d .  T y p i c a l l y ,  d a t a  o f  1 cm"!  r e s o l u t i o n  was 

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

S i n c e  t h i s  i n s t r u m e n t  u s e s  n i t r o g e n  a i r  b e a r i n g s  t o  s u p p o r t  t h e  moving 

m i r r o r ,  i t  i s  no t  p o s s i b l e  t o  e v a c u a t e  t h e  box c o n t a i n i n g  i t .  I n s t e a d ,  

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

a i r  b e a r i n g s  t o  m a i n t a i n  a d ry  n i t r o g e n  f l u s h .  A g a i n ,  t h i s  l i m i t s  

a b s o r p t i o n  by c a r b o n  d i o x i d e  and w a t e r  v a p o r .
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The l a s t  e l e m e n t s  o f  t h e  o p t i c a l  t r a i n  p r i o r  t o  t h e  s a mp l e  a r e  a 

m i r r o r  ( f e  = 100 cm) and a KRS-5 l e n s .  T h e s e  c omponen t s  we r e  u s e d  t o  

r e d u c e  t h e  s i z e  o f  t h e  i n t e r f e r o m e t e r  o u t p u t  beam f r om 5 cm t o  s o m e t h i n g  

t h a t  woul d  go t h r o u g h  t h e  s a m p l e s  (minimum s a m p l e  d i a m e t e r  was 

a p p r o x i m a t e l y  2 . 8  mm). T h i s  was done  t o  i mp r o v e  s i g n a l  t o  n o i s e  i n  t h e  

m e a s u r e m e n t s  a t  t h e  e x p e n s e  o f  a low f #  i n  t h e  v i c i n i t y  o f  t h e  s a m p l e s .  

C o n v e r g e n c e  o f  t h e  r a y s  i n  t h e  s a m p l e  r e g i o n  i s  e s t i m a t e d  a t  f 2  ( h e n c e  

t h e  r e f e r e n c e  t o  s y s t e m  n a me ) .  The cone  a n g l e  8C as  shown i n  F i g u r e  B. 6  

i s  g i v e n  by

8 » 2 t a n ' 1 ( 1 ) . CB-13)
C TFT

F o r  t h e  f 2  e s t i m a t e  ( b e s t  c a s e ) ,  t h i s  y i e l d s  an a n g l e  o f  2 8 ° .  As a 

r e s u l t ,  many o f  t h e  r a y s  i m p i n g i n g  on t h e  s u r f a c e  a r e  coming f r o m we l l  

o f f  normal  (up t o  14° )  y i e l d i n g  a p o o r  a p p r o x i m a t i o n  t o  a p l a n e  wave .  

Even t h o u g h  d a t a  we r e  t a k e n  w i t h  t h i s  s y s t e m  and a r e  r e p o r t e d  h e r e i n  and 

i n  a r e c e n t  p a p e r  [ 5 9 ] ,  a b e t t e r  s y s t e m  was d e s i r e d  i n  t e r m s  o f  

a p p r o x i m a t i n g  p l a n e  wave c h a r a c t e r i s t i c s .  T h i s  i s  done  by i n c r e a s i n g  

t h e  f #  o f  t h e  c o n v e r g i n g  o p t i c s  a r o u n d  t h e  s a m p l e .  In a d d i t i o n ,  i t  was 

d e s i r e d  t o  keep a l l  t h e  o p t i c s  i n s i d e  t h e  t r a n s f e r  o p t i c s  box whi ch  can 

be e v a c u a t e d  t o  m i n i m i z e  a t m o s p h e r i c  a b s o r p t i o n .
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h .
2 f #

F i g u r e  8 . 6 .  R e l a t i o n  b e t we en  cone  a n g l e  and f # .
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B. f 8 MEASUREMENT SYSTEM

A s y s t e m  whi ch  b e t t e r  a p p r o x i m a t e s  p l a n e  wave i n c i d e n c e  on t h e  

s a m p l e  i s  shown i n  F i g u r e  B . 7 .  T h i s  s y s t e m  i s  r e f e r r e d  t o  as  t h e  " f 8  

s y s t e m "  o r  t h e  h i g h  f #  s y s t e m  as  a r e s u l t  o f  a nomi nal  5 cm d i a m e t e r  

beam and a f o c u s i n g  m i r r o r  w i t h  a 40 cm f o c a l  l e n g t h .  Not e  t h a t  t h e  f 8  

s y s t e m  r e s u l t s  i n  a cone  a n g l e  o f  a p p r o x i m a t e l y  7 . 2 °  whi ch  i s  r e a s o n a b l y  

g o o d .  I d e a l l y ,  a h i g h e r  f #  would  be d e s i r e d  b u t  l i m i t a t i o n s  on s p o t  

s i z e  a t  t h e  f o c u s  p r e v e n t e d  t h i s .  The f o c u s  s p o t  s i z e  i s  g i v e n  by t h e  

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

S y s t e m  m a g n i f i c a t i o n  i s  g i v e n  by t h e  r a t i o  o f  f o c u s i n g  m i r r o r  f o c a l  

l e n g t h  ( h e r e ,  40 cm) t o  c o l l i m a t i n g  m i r r o r  f o c a l  l e n g t h  ( f i x e d  a t  23 cm) 

y i e l d i n g  a m a g n i f i c a t i o n  o f  a p p r o x i m a t e l y  1 . 7 .  T h u s ,  u s i n g  t h e  s m a l l e s t  

s o u r c e  a p e r t u r e  o f  1 mm d i a m e t e r ,  we woul d  i d e a l l y  have  a 1 . 7  mm f o c u s  

s p o t .  T h i s  i s  q u i t e  a b i t  s m a l l e r  t h a n  t h e  minimum s a mp l e  d i a m e t e r  of  

2 . 8  mm, h o we v e r  i t  a l l o w s  some d i s c r e p a n c i e s  i n  s amp l e  p l a c e m e n t .  In 

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

s i z e  a b o v e  t h e  i d e a l  1 . 7  mm. T h u s ,  t h e  u s e  o f  t h e  f 8  s y s t e m  i s  v i ewed 

a s  a good compr omi s e  b e t we en  p r o d u c i n g  an a c c c u r a t e  p l a n e  wave 

i l l u m i n a t i o n  and i n  p u t t i n g  maximum s i g n a l  t h r o u g h  t h e  s a m p l e .
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APPENDIX C

MID-INFRARED PROPERTIES OF CALCIUM FLUORIDE

The p r i m a r y  r e a s o n  f o r  u s i n g  c a l c i u m  f l u o r i d e  (CaF2 ) as  t h e  i n i t i a l  

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

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

s p e c t r u m .  CaF2  ha s  an o p t i c a l  p a s s b a n d  wh i ch  e x t e n d s  f r o m t h e  

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

a p p r o x i m a t e l y  12 pm [ 6 0 , 6 1 ] ) .  T h r o u g h o u t  t h i s  p a s s b a n d  CaF2 h as  a h i g h  

t r a n s m i t t a n c e ,  t y p i c a l l y  e x c e e d i n g  90%. T h i s  h i g h  t r a n s m i t t a n c e  i s  

i n d i c a t i v e  o f  a low i n d e x  o f  r e f r a c t i o n  whi ch  i n  t h i s  r e g i o n  v a r i e s  

b e t w e e n  a p p r o x i m a t e l y  1 . 3  and 1 . 4  [ 6 0 , 6 1 ] .  As e x p l a i n e d  e l s e w h e r e ,  a 

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

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

A l s o ,  t h e  e x t e n s i o n  o f  t h e  p a s s b a n d  f r o m t h e  i n f r a r e d  t h r o u g h  t h e  

v i s i b l e  f a c i l i t a t e s  a l i g n m e n t  o f  t h e  s u b s t r a t e s  f o r  meas u r emen t  

p u r p o s e s .  A l i g n m e n t  o f  v i s i b l y  op aq u e  s u b s t r a t e s  mi g h t  be d i f f i c u l t  f o r  

a f i n i t e  s i z e d  i n t e r r o g a t i n g  beam and d e v i c e  p a t c h e s  k e p t  s ma l l  t o  

m i n i m i z e  t i m e  on t h e  e l e c t r o n  beam m i c r o f a b r i c a t o r .  In a d d i t i o n ,  CaF2

156



a l s o  has  good m e c h a n i c a l  s t r e n g t h  and c h e m i c a l  p r o p e r t i e s  whi ch  make i t  

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

m i c r o - e l e c t r o n i c  d e v i c e s  ( s e e  S e c t i o n  A on t h e  c o n s t r u c t i o n  o f  t h e  

r e s o n a n t  m e t a l l i c  e l e m e n t s ) .

In o r d e r  t o  c a r r y  o u t  an a n a l y s i s  o f  any p e r i o d i c  s u r f a c e ,  we need 

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

i n v o l v e d .  F o r  a s o me t i me s  l o s s y  ( d e p e n d i n g  on f r e q u e n c y )  n o n ma g n e t i c

d i e l e c t r i c  s uch  as  CaF2 , t h i s  i n f o r m a t i o n  i s  c o n t a i n e d  i n  t h e  compl ex  

r e l a t i v e  p e r m i t t i v i t y ,  e^ ,  o r  t h e  compl ex  i n d e x  o f  r e f r a c t i o n ,  n ,  whi ch 

a r e  r e l a t e d  by

er  = ( " )  . ( C . l )

T h e s e  p a r a m e t e r s ,  whi ch  a r e  n o t  c o n s t a n t  b u t  v a r y  s l o w l y  w i t h  f r e q u e n c y  

i n  t h e  m i d - i n f r a r e d ,  a r e  t y p i c a l l y  s e p a r a t e d  i n t o  r e a l  and i m a g i n a r y  

p a r t s  as  [ 6 2 ] :

e = e '  -  j e "  ( C . 2 )
r  r  d r

n = n -  j k  . ( C . 3 )

In  ( C . 3 ) ,  n i s  t h e  s t a n d a r d  i n d e x  o f  r e f r a c t i o n  ( o r  j u s t  i n d e x )  and k i s  

t h e  e x t i n c t i o n  c o e f f i c i e n t  whi ch  a c c o u n t s  f o r  p r o p a g a t i o n  l o s s .  Fo r  a

l o s s y  m a t e r i a l ,  b o t h  and k a r e  p o s i t i v e .  The r e s t  o f  t h i s  s e c t i o n  

w i l l  be c o n c e r n e d  w i t h  o b t a i n i n g  a p p r o x i m a t e  mode l s  f o r  n and k f o r

CaF2 i n  t h e  m i d - i n f r a r e d .
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From [ 6 1 ] ,  a d i s p e r s i o n  f o r m u l a  ( a f t e r  S e l l m e i e r  [ 6 3 ] )  f o r  t h e  

i n d e x  o f  CaF2 i s  g i v e n  a s :

n2 + 1 = 0 . 5 6 7 8 8 Ag + 0.4710914Ag + 3.8487723Ag (C<4)
A 2 - 0 . 05023062 a2 - 0 . 10039092 1 2 - 3 4 . 6 4 9 0 4 0 2
0 0 0

w h e r e  A0 i s  t h e  f r e e  s p a c e  w a v e l e n g t h  i n  m i c r o n s .  E q u a t i o n  ( C . 4 )  i s

s a i d  t o  he v a l i d  t o  f i v e  s i g n i f i c a n t  f i g u r e s  i n  t h e  r a n g e  1 . 3  ym < A0 < 

9 . 7  ym. In t h i s  d i s s e r t a t i o n ,  i t  i s  as sumed t h a t  ( C . 4 )  i s  a p p r o x i m a t e l y  

v a l i d  i n  o u r  r a n g e  o f  i n t e r e s t  down t o  a f r e q u e n c y  o f  a b o u t  750 cm- *.  

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

s i g n a l  ( a b o u t  1% o r  -20 dB) of  a CaF2  f l a t  h a v i n g  a t h i c k n e s s  o f  1 mm 

( s e e  F i g u r e  C . 2 ) .  F o r  c l a r i t y ,  n o t e  t h a t  t h e  f r e e  s p a c e  w a v e l e n g t h ,

A0 , i n  m i c r o m e t e r s  and t h e  f r e q u e n c y ,  f ,  i n  wave numbers  (cm“l )  a r e  

r e l a t e d  by

f  x A0 = 104 . (C.5)

U n f o r t u n a t e l y ,  no e x p r e s s i o n  o r  model  f o r  t h e  e x t i n c t i o n  

c o e f f i c i e n t  o f  CaF2 c o u l d  be f ound  whi ch  i s  v a l i d  o v e r  o u r  r e g i o n  o f  

i n t e r e s t ,  a l t h o u g h  some l i m i t e d  d a t a  i s  a v a i l a b l e  i n  t h e  10 ym t o  80 ym 

r e g i o n  [ 6 4 ] ,  Fo r  o u r  p u r p o s e s ,  a h i g h l y  e x a c t  model  f o r  t h e  e x t i n c t i o n  

c o e f f i c i e n t  i s  n o t  n e c e s s a r y .  T h e r e f o r e ,  some r a t h e r  s i m p l e  

a p p r o x i m a t i o n s  may be u s e d  t o  o h t a i n  a model  f o r  k .  T h i s  may be done 

by u s i n g  a model  f o r  t h e  t r a n s m i t t a n c e  o f  a d i e l e c t r i c  s l a b  and me as u r ed  

d a t a  f o r  two s l a b  t h i c k n e s s e s .
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F o r  normal  i n c i d e n c e ,  t h e  t r a n s m i t t e d  f i e l d  o f  a d i e l e c t r i c  s l a b  

( s e e  F i g u r e  C . l . )  h a v i n g  t h i c k n e s s  d i s

wh e r e  t h e  f i r s t  t e r m  r e p r e s e n t s  t h e  d i r e c t l y  t r a n s m i t t e d  f i e l d  and 

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

f i e l d s .  Fo r  low i n d e x  m a t e r i a l s  such as CaF2 , t h e  r e f l e c t e d  f i e l d s  a r e  

r e l a t i v e l y  we ak .  F u r t h e r m o r e ,  i f  t h e r e  i s  any a p p r e c i a b l e  l o s s ,  t h e  

r e f l e c t e d  t e r m s  become e v e n  l e s s  s i g n i f i c a n t  and t h e  t r a n s m i t t e d  f i e l d  

may be a p p r o x i m a t e d  u s i n g  o n l y  t h e  f i r s t  t e r m  i n  E q u a t i o n  ( C . 6 ) .  T h u s ,  

t o  f i r s t  o r d e r

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

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

t r a n s m i t t a n c e  may be a p p r o x i m a t e d  u s i n g  ( C . 7 )  as

( C . 6 )

( C . 7 )

wh e r e  t h e  p r o p a g a t i o n  c o n s t a n t ,  y ,  i s  g i v e n  by

( C . 8 )
j  ( n - j k )  .

An
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2
T

2

, 2  | , 2  “ ( 4 tt/ X0 kd)
T  J  T „  a1 * | t2'  e

( C . 9 )

I f  we now know t h e  t r a n s m i t t a n c e s  T i  and T£ f o r  two s l a b s  o f  t h i c k n e s s e s  

d i  and d2  r e s p e c t i v e l y ,  we can f i n d  an a p p r o x i m a t e  v a l u e  o f  k by t a k i n g  

r a t i o s  u s i n g  E q u a t i o n  ( C . 9 ) .  T h i s  y i e l d s

Us i n g  t h e  low f #  me a s u r e m e n t  s y s t e m  d e s c r i b e d  i n  Ap p e n d i x  3 ,  t h e  

t r a n s m i t t a n c e s  o f  t h r e e  CaF2  f l a t s  we r e  m e a s u r e d .  The r e s u l t s  a r e  shown 

i n  F i g u r e  C . 2 .  The a v e r a g e  v a l u e  o f  e a c h  c u r v e  was f o u n d  i n  t h e  r e g i o n  

f r o m 1700 cm" l  t o  2700 cm" l  t o  e s t a b l i s h  a l o s s l e s s  r e g i o n  v a l u e  f o r  

e a c h  c u r v e .  The a v e r a g e  o f  t h e s e  t h r e e  a v e r a g e s  was t h e n  f o u n d .  Each 

t r a n s m i t t a n c e  c u r v e  was t h e n  s h i f t e d  so  t h a t  e a c h  i n d i v i d u a l  a v e r a g e  

v a l u e  a g r e e d  w i t h  t h e  s i n g l e  f i n a l  a v e r a g e  v a l u e .  T h i s  was done  t o  

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

e r r o r s ,  e t c .  Each s e t  o f  d a t a  was p r o c e s s e d  a g a i n s t  t h e  o t h e r  two u s i n g  

E q u a t i o n  ( C . 1 0 )  a t  e a c h  f r e q u e n c y  s a mp l e  p o i n t .  The t h r e e  v a l u e s  

o b t a i n e d  a t  e ach  f r e q u e n c y  we r e  t h e n  a v e r a g e d  w i t h  t h e  r e s u l t s  shown i n  

F i g u r e  C . 3 .  I t  can  be s e e n  t h a t  i n  t h e  r e g i o n  f rom 950 cm“ l  t o
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1500 cm"!  t h i s  c u r v e  can be e a s i l y  f i t  by a s t r a i g h t  l i n e .  T h i s  was 

done  i n  a l e a s t  mean s q u a r e  (LMS) s e n s e  w i t h  t h e  r e s u l t  b e i n g

l o g i o ( k )  « 0 . 9 3 6 0 5 9 2  -  4 . 7 1 4 6 7 2 9  x 10"3 f  ( C . l l )

w h e r e  f  i s  t h e  f r e q u e n c y  i n  wave n u mb e r s .  Not e  t h a t  a p l o t  g e n e r a t e d  

v i a  E q u a t i o n  ( C . l l )  i s  i n c l u d e d  i n  F i g u r e  C. 3  f o r  c o m p a r i s o n .  Above 

1500 cm“ l ,  t h e  s t r a i g h t  l i n e  f i t  and t h e  a c t u a l  p l o t  d i f f e r  b u t  i n  t h i s  

r e g i o n ,  t h e  d a t a  a r e  e s s e n t i a l l y  n o i s e  s i n c e  we a r e  i n  a r e g i o n  whe r e  

any d i f f e r e n c e s  i n  t r a n s m i s s i o n  a r e  due t o  n o i s e  i n  t h e  me a s u r e me n t  

s y s t e m .  Below 950 cm~l ,  t h e  a c t u a l  d a t a  c u r v e  f o r  k and t h e  s t r a i g h t  

l i n e  a g a i n  d i f f e r  bu t  i n  t h i s  r e g i o n  i t  i s  due t o  t h e  f act ,  t h a t  t h e  

m e a s u r e d  s i g n a l s  f o r  b o t h  o f  t h e  t h i c k e r  f l a t s  a r e  be l ow t h e  me a s u r e me n t  

s y s t e m  n o i s e  l e v e l  o f  a b o u t  -20  dB.

Us i n g  E q u a t i o n s  ( C . 4 )  and ( C . l l )  as  a model  f o r  t h e  compl ex  i n d e x  

o f  CaF2,  t h r e e  c a l c u l a t e d  t r a n s m i t t a n c e  c u r v e s  we r e  g e n e r a t e d  f o r  t h e  

s l a b  t h i c k n e s s e s  whi ch  we r e  o r i g i n a l l y  m e a s u r e d .  The r e s u l t s  a r e  shown 

i n  F i g u r e  C . 4 .  Compar i ng  F i g u r e s  C. 2  and C . 4 ,  i t  can be s e e n  t h a t  t h e  

a g r e e m e n t  i n  t h e  c u r v e s  i s  r e a s o n a b l y  good .  For  t h e  t h i n  f l a t  c u r v e s ,  

t h e  me a s u r e d  and c a l c u l a t e d  d a t a  d i f f e r  by o n l y  a b o u t  one h a l f  dB a t  

900 cm“ l .  Below 900 c m " l ,  t h e  a g r e e m e n t  becomes s t e a d i l y  w o r s e  w i t h  

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

l a r g e r  t h a n  t h o s e  g i v e n  by E q u a t i o n  ( C . l l ) .
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More p r e c i s e  mode l s  f o r  t h e  e x t i n c t i o n  c o e f f i c i e n t  c o u l d  have  been 

f o u n d  i n  t h e  r e g i o n  be l ow 900 cm"!  b u t  t h i s  woul d  have  r e q u i r e d  t h e  

a d d i t i o n  o f  me a s u r e d  d a t a  on t h i n n e r  s l a b s  o f  CaF2 . T h i s  was n o t  deemed 

n e c e s s a r y  s i n c e  t h e  t h r u s t  o f  t h i s  work was no t  t o  d e v e l o p  an e x c e l l e n t  

model  f o r  CaF2 . S i n c e  a l l  t h e  p e r i o d i c  s u r f a c e s  r e p o r t e d  h e r e i n  were  

d e s i g n e d  t o  be r e s o n a n t  a bove  1000 c m " l ,  i t  i s  f e l t  t h a t  t h e  model  f o r  

CaF2 o b t a i n e d  u s i n g  E q u a t i o n s  ( C . 4 )  and ( C . l l )  i s  s u f f i c i e n t .
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APPENDIX D

OHMIC LOSS IN PERIODIC SURFACES

I n  t h i s  s e c t i o n ,  a t e c h n i q u e  i s  p r e s e n t e d  t o  model  t h e  e f f e c t s  o f  

m e t a l l i c  l o s s  i n  p e r i o d i c  s u r f a c e s .  The b a s i c  a s s u m p t i o n s  i n v o l v e d  a r e :

1 .  The l o s s  does  n o t  s i g n i f i c a n t l y  a l t e r  t h e  assumed mode 

c u r r e n t  d i s t r i b u t i o n s  f rom t h e  l o s s l e s s  c a s e  [ 6 5 , 6 6 ] ,

2 .  The r a d i a t o r s  a r e  3 - d i m e n s i o n a l  ( l e n g t h ,  w i d t h  and 

t h i c k n e s s )  b u t  t h e  p a t t e r n s  a r e  u n a f f e c t e d  by e l e m e n t  

t h i c k n e s s .  The e l e m e n t  w i d t h s  may be a p p r e c i a b l e .

3 .  The l o s s  mechan i s m may be a d e q u a t e l y  m o d e l l e d  by a 

u n i f o r m  s u r f a c e  r e s i s t a n c e ,  Rs , and as sumed s u r f a c e  

c u r r e n t  d e n s i t i e s .

Gi ven  t h e s e  a s s u m p t i o n s ,  t h e  p r o c e d u r e  w i l l  be as  f o l l o w s :

1 .  F i n d  t h e  power  l o s s  i n  any me t a l  s u r f a c e s  due t o  t h e  

a s s umed  s c a t t e r i n g  c u r r e n t  ( v o l t a g e )  modes on t h e  

d i p o l e s  ( s l o t s ) .
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2 .  E q u a t e  t h e  ohmic l o s s  on t h e  e l e m e n t s  t o  t h e  l o s s  i n  an 

e q u i v a l e n t  r e s i s t a n c e  ( c o n d u c t a n c e )  a t  t h e  t e r m i n a l s

o f  t h e  d i p o l e  ( s l o t )  as  shown i n  F i g u r e  D . l .

3 .  S o l v e  f o r  t h e  e q u i v a l e n t  l o s s  component  t o  he added

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

( s i o t s ) .

A.  LOSSY DIPOLES SURFACES

I t  i s  as sumed t h a t  t h e  e l e m e n t s  a r e  l o c a t e d  i n  an a r r a y  w i t h

c o o r d i n a t e s  d e f i n e d  i n  ( x , y , z )  s p a c e .  Loca l  t o  t h e  e l e m e n t s ,  a s e t  o f
A A

c o o r d i n a t e s  ( p , p ‘ ) a r e  u s e d  t o  d e s c r i b e  t h e  e l e m e n t  c u r r e n t  d i s t r i b u t i o n
A

as  shown i n  F i g u r e  D . 2 .  The u n i t  v e c t o r ,  p ,  i s  a s sumed a l o n g  t h e  ma j o r  

e l e m e n t  a x i s .  F o r  t y p i c a l  p l a n a r  a r r a y s  wh e r e  t h e  a r r a y s  a r e  o r t h o g o n a l
A A A A

t o  t h e  y  d i r e c t i o n ,  we w i l l  have  x x z = -y and i t  i s  a s sumed t h a t
A A A

p x p '  = y .  I t  i s  f u r t h e r  as sumed t h a t  t h e  s u r f a c e  c u r r e n t  d e n s i t y  i s  

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

gi  ven by

A

J s (p )  = p j p X  0 ( p )  .

In  E q u a t i o n  ( D . l ) ,  Jp  i s  t h e  mode c u r r e n t  a m p l i t u d e  and D(p)  t h e  mode 

c u r r e n t  d i s t r i b u t i o n .  No t e  t h a t  t h e  mode c u r r e n t  t e r m i n a l s  a r e  a t  p=0.  

Two d i s t r i b u t i o n s  [ 6 7 , 6 9 1  have  been f a v o r e d  i n  moment met hods  and p a s t
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F i g u r e  D . 2 .  Loca l  e l e m e n t  c o o r d i n a t e  s y s t e m  g e o me t r y  and d i p o l e  

d i m e n s i o n s .

PST s t u d i e s :  t h e  s i n e  mode,  Ds ( p ) ,  and t h e  c o s i n e  mode,  Dc ( p ) .  T h e s e

a r e  g i v e n  by

s i n h ( y  ( I  - I p | ) )
D ( p ) = _____  e . P e . 1;  , - Z  <p<£ , ( D . 2 )

s s i  nh ( Ye ̂ - p ) P P

and

c o s h ( y  £ ) - c o s h ( y  d )
D (p)  = __________ Pe____ ______e__   ̂ _ z  < p < z  '  ( n . 3 )

c c o s h ( Ye ^p ) -  1 P P

In E q u a t i o n s  ( D. 2 )  and ( D . 3 ) ,  Ye i s  t h e  e f f e c t i v e  p r o p a g a t i o n  c o n s t a n t  

a l o n g  t h e  e l e m e n t s  wh i ch  d e p e n d s  on t h e  s u r r o u n d i n g  medi a  p a r a m e t e r s  

and p o s s i b l y  on e f f e c t s  due  t o  t h e  l o s s y  me t a l  i t s e l f .  In  a d d i t i o n ,
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£pe i s  t h e  e f f e c t i v e  l e n g t h  o f  t h e  e l e m e n t  [ 6 8 ]  u s e d  t o  a c c o u n t  f o r  

c h a r g e  b u i l d u p  a t  t h e  end o f  t h e  e l e m e n t s  due t o  w i d t h  and t h i c k n e s s  

e f f e c t s .  T h i s  e f f e c t  i s  i l l u s t r a t e d  i n  F i g u r e  D . 3 .  Not e  t h a t  £pp i s  

a l wa y s  g r e a t e r  t h a n  £ p .  T y p i c a l l y ,  t h i s  i s  w r i t t e n  as

^pe = ^p + AXp (D. 4 )

w h e r e  A£p i s  a l wa y s  g r e a t e r  t h a n  z e r o .  F u r t h e r m o r e ,  n o t e  t h a t  t h e  

c u r r e n t  d i s t r i b u t i o n s  a r e  n o r m a l i z e d  such  t h a t

Ds (0 )  = 1 = Dc (0 )  . ( 0 . 5 )

Gi ven  a u n i f o r m  s u r f a c e  r e s i s t a n c e ,  Rs , t h e  ohmic power  l o s s  i n  an 

e l e m e n t  i s

Dtp)

F i g u r e  D . 3 .  Exampl e  o f  a s i n e  o r  c o s i n e  mode s howi ng  e f f e c t  of  

e f f e c t i v e  l e n g t h  on t h e  d i s t r i b u t i o n .  £pp <&p.
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i*
+ 2 /  dp /  d t  | J _ | 2 I H ( p ) | 2 }

ir
=  f s  { 2 ( 2 1  , + t )  | J  I 2 / P | n ( p ) | 2 dp } . ( 0 . 6 )

2 P P - £p

T h i s  r e s u l t  a s sumes  a n e g l i g i b l e  power  l o s s  on t h e  ends  of  t h e  d i p o l e .  

The i n p u t  c u r r e n t  t o  t h e  d i p o l e  ( a s s u m i n g  no v a r i a t i o n  o f  t h e  c u r r e n t
A

o r t h o g o n a l  t o  p)  i s  g i v e n  by

1 ( 0 )  = Jp x 0 ( 0 )  x 2 ( 2 ap ' + t )  (D. 7 )

wh i c h  r e s u l t s  i n  a power  l o s s  i n  t h e  e q u i v a l e n t  l o s s  r e s i s t a n c e ,  Rj_, of  

PL = f L  | I ( 0 ) 1 2

^  I J p 12 | 0 ( 0 ) | 2 ( 2 ( 2 £ p l + t ) ) 2 . ( n - 8 )

E q u a t i n g  t h e  r e s u l t s  o f  E q u a t i o n s  ( 0 . 5 )  and ( 0 . 7 )  y i e l d s

R, = Rs / P l p ( P > ! 2 dp . ( 0 . 9 )
L 2 ( 2 £p ■ + t ) | 0 (0 )  | 2



T h u s ,  t h e  v a l u e  o f  R|_ d e p e n d s  on t h e  form o f  0 ( p )  and n o t  on D(0)  due  t o  

t h e  n o r m a l i z a t i o n .

1 .  R^ f o r  t h e  S i n e  Mode,  Rj^

S u b s t i t u t i n g  0s (p )  f o r  D(p)  i n  E q u a t i o n  ( D . 8 ) ,  y i e l d s  a s i n e  mode

l o s s  r e s i s t a n c e ,  R^,  of

R? = * a _ _  r  f  l £ s M  dp
2(2Ap » + t ) -jip |Ds ( 0 ) | 2

2( 2Ap ' + t )  _£
/  | 0 _ ( p ) | 2 dp . (n.io)

To e v a l u a t e  t h i s  i n t e g r a l  we must  b r e a k  i t  up i n t o  r e a l  and i m a g i n a r y  

p a r t s .  T h u s ,  d e f i n e  as  u s u a l

Te = ° e  + J ^e • (0 . 11)

N o t i c i n g  t h e  o b v i o u s  symmet ry  i n  t h e  i n t e g r a n d  i n  E q u a t i o n  ( 0 . 1 0 )  and 

u s i n g  E q u a t i o n  ( D . l l ) ,  we have

*p 9 ^p
/  | 0 c ( p ) | " dp = 2 /

- Z

s i n h ( ( a e + j 0 e ) U p - p ) )

s i n h ( y  Z ) e pe

2

dp

P
2_________ f  1

| s i n h ( y Zn ) | 2 o 2
e  K G

c o s h ( 2 a  ( Z  - p ) l  -  c o s ( 2 3  ( Z  - p ) )  
e Pe e  Pe

dp . 

(0 . 1 2 )
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E v a lu a t in g  t h i s  i n t e g r a l  and using Equat ion ( 0 . 4 ) ,  y i e l d s

P
/  I M p ) I 2 dP

■t b 
p

1

I s i n h ( y J  ) | 2 
e  Pe

s i n h ( 2 a  t  ) - s i n h ( 2 a  At ) 
e Pe e P

2 a

s i n h ( 2 8 t  ) - s i n h ( 2 8  At ) 
e Pe e p ( 0 . 1 3 )

S u b s t i t u t i n g  i n t o  E q u a t i o n  ( 0 . 1 0 ) ,  we o b t a i n  f o r  t h e  s i n e  mode

r S  ___________ Rs _____________

L 2 ( 2 t  , + t )  | s i n h ( y  t  ) | 2 
P e  Pe

s i n h ( 2 a  t  ) - s i n h ( 2 a  At ) 
e pe e P

2 a  t  e p

s i n h ( 2 8  t  ) - s i n h ( 2 8  At ) 
_________e Pe___________ e P

2 8  t  e p

( 0 . 1 4 )

F o r  t h e  c a s e  og=0,  t h i s  r e d u c e s  t o  Munk ' s  E q u a t i o n  ( A . 1 1 9 ) , [ 6 8 ] ,

2 .  R^ f o r  t h e  C o s i n e  Mode,  R^

As w i t h  t h e  s i n e  mode,  we o b t a i n

R. =
R< 2

2 ( t p  1 + t ) | c o s h ( y e t p  ) - l | 2

7  ?
J | c o s h ( y £ ) - c o s h ( Y Qp ) | " dp .
0 e Pe e

( 0 . 1 5 )

E x p a n d i n g  t h e  i n t e g r a n d  we have
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2
J | cosh(Ye^pp ) -cos h( Ye P) |  dp 
o

2 ^
= /  [ | c o s h ( Ye^pe )+c o s h ( YeP)! - cos h( Ye £pe )+cosh(YeP)  

o

- cos h( Ye ^pe )+cosh(Ye p ) ]  dp (D.16)

wh e r e  t h e  n o t a t i o n  A* d e n o t e s  t h e  compl ex  c o n j u g a t e  o f  A. The f i r s t  

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

S
t e r m  may he ex p a n d e d  and i n t e g r a t e d  as  was done  t o  o b t a i n  R^.  The f i n a l  

r e s u l t  i s

Rp = _________ rc.s-̂ .P  { 2 | c o s h ( y  * ) !^
2( 2*  , + t ) | c o s h ( Y p JL ) - l | 2 6 Pe

P e Pe

"At
+ s i n h t Z c ^ p )  + s i n ( 2 M p ) r c o s h < V p e ’ ^ ' V p V

2«e<tp 2Se *p e  T* t
H H e p ( n . 1 7 )

As a f i n a l  comment  c o n c e r n i n g  t h e  u s e  o f  t h e  s i n e  o r  c o s i n e  mode 

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

s c a t t e r i n g  c u r r e n t  mode s h o u l d  be u s e d .  T h i s  i s  b e c a u s e  i n  t h e  

r e a c t i o n  f o r m u l a t i o n  us ed  i n  p e r i o d i c  s u r f a c e  t h e o r y  t o  f i n d  t h e  mut ual  

i mp e d a n c e  t e r m s ,  i t  i s  t h e  s c a t t e r i n g  c u r r e n t  whi ch  a c t u a l l y  r a d i a t e s  

and t h u s  w i l l  be r e s p o n s i b l e  f o r  any l o s s .  The t r a n s m i t t i n g  c u r r e n t  

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

r a d i a t e d  f i e l d .
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8 .  THIN,  LOSSY SLOTS

In t h i s  c a s e ,  i t  i s  a s sumed  t h a t  s t r a i g h t  s l o t s  have  heen fo r med  i n  

some l o s s y  m e t a l .  The g e o m e t r y  and d i m e n s i o n s  o f  a s i n g l e  s l o t  a r e  

shown i n  F i g u r e  0 . 4 .  To f i n d  t h e  e q u i v a l e n t  l o s s  c o n d u c t a n c e  ( s e e  

F i g u r e  D . l )  t o  he added  t o  t h e  s e l f  a d m i t t a n c e  t e r m s ,  i t  i s  a s sumed t h a t  

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

V(p)  = VpD(p) (D.18)

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

t h e  r e s u l t i n g  i n d u c e d  e l e c t r i c  f i e l d  i s  a l s o  shown i n  F i g u r e  D . 4 .  The 

l e n g t h ,  w i d t h  and t h i c k n e s s  o f  t h e  s l o t  a r e  g i v e n  r e s p e c t i v e l y  by 2 Z p ,  

Z i p '  and t .  T h i s  y i e l d s  an e l e c t r i c  f i e l d  i n  t h e  s l o t  g i v e n  by

Vslot

F i g u r e  0 . 4 .  S l o t  g e o m e t r y  and e l e c t r i c  f i e l d  d i r e c t i o n .
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E(P) = P' ? y O ( p )
. V

( 0 . 1 9 )

w h e r e  Vp i s  t h e  v o l t a g e  mode a m p l i t u d e  and D(p)  i s  t h e  mode 

d i s t r i b u t i o n .  A g a i n ,  i t  i s  as sumed t h a t  D(p)  i s  d e f i n e d  by E q u a t i o n s  

( D . 2 )  and ( D. 3 )  [ 6 9 , 7 0 1 .

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

power  l o s s  due  t o  t h e  f i e l d s  r a d i a t e d  by t h e  assumed v o l t a g e  e x c i t a t i o n .  

T h i s  w i l l  r e q u i r e  a k n o wl e d g e  o f  t h e  r e l a t i o n s h i p  b e t we e e n  t h e  two

c o o r d i n a t e  s y s t e m s  ( i . e . ,  x , y , z  and p , p ' , y ) .  S i n c e  we a r e  o n l y  l o o k i n g  

a t  a s i n g l e  a r r a y ,  we a r e  f r e e  t o  c h o o s e  t h e  o r i g i n s  o f  t h e  two s y s t e m s  

t o  be c o i n c i d e n t  as shown i n  F i g u r e  D . 5 .  T h u s ,  we can r e l a t e  t h e  l o c a l  

and g l o b a l  c o o r d i n a t e s  v i a  t h e  s i n g l e  p a r a m e t e r ,  9,  whi ch  i s  t h e  a n g l e  

f r o m t h e  x - a x i s  t o  t h e  p - a x i s  i n  t h e  d i r e c t i o n  o f  t h e  z - a x i s .  I t  can be

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

A A A

p = x * c o s 9  + z * s i n 0

A A A

p ‘ = x » s i n 0  -  z * c o s 9 ( D. 2 0 )

and

x = p » c o s 9  + p '  * s i n 0

z = p * s in 0  + p ‘ *cos 9 ( 0 . 2 1 )
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A
X

A
P

F i g u r e  D . 5 .  R e l a t i o n s h i p  b e t we en  t h e  l o c a l  s l o t  c o o r d i n a t e s
A A A A A A

p ,  p 1, y  and t h e  a r r a y  c o o r d i n a t e s  x ,  y ,  z .

T h e s e  r e l a t i o n s h i p s  w i l l  be n e c e s s a r y  when s u b t r a c t i n g  o u t  t h e  l o s s  

t e r m s  a c r o s s  t h e  a c t u a l  s l o t  a r e a s .  S i n c e  t h e r e  i s  no me t a l  i n  t h e  s l o t  

a r e a s ,  t h e r e  can be no l o s s .

I t  i s  f u r t h e r  n e c e s s a r y  t o  s e p a r a t e  t h e  s l o t  l o s s  a n a l y s i s  i n t o  two 

c a s e s .  The f i r s t  i s  f o r  t h i n  s l o t s  i n  whi ch  one mode s a t i s f a c t o r i l y  

mode l s  t h e  s l o t .  The s ec o n d  c a s e  i s  f o r  t h i c k  s l o t s  i n  whi ch  a mode i s  

p l a c e d  on each  s i d e  o f  t h e  s l o t  s u r f a c e .

1.  Th i n  S l o t s  ( t<<A)

Fo r  t h i n  s l o t s ,  t h e  s i n g l e  v o l t a g e  mode r a d i a t e s  i n t o  b o t h  o f  t h e  

r e g i o n s  on each  s i d e  o f  t h e  s l o t .  T h i s  i s  shown i n  F i g u r e  D . 6 ,  w i t h  t h e  

t h r e e  l o s s  r e g i o n s  i n d i c a t e d .  Not e  t h a t  i s  w i l l  he n e c e s s a r y  t o  f i n d
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F i g u r e  D.

r*

/

2Q

2b

11 
11 
H

11 11 
11

A

—  y

r  =
3b

5. Loss  r e g i o n s  f o r  t h i n  s l o t s ,  s ho wi n g  d i m e n s i o n s  and 

e f f e c t i v e  r e f l e c t i o n  c o e f f i c i e n t s .
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t h e  i n t e r i o r  l o s s  and add t o  t h a t  t h e  e x t e r i o r  l o s s  on ho t h  s i d e s  f ound  

by i n t e g r a t i n g  o v e r  one a r r a y  c e l l  ( i . e . ,  X-vX+Dx and Z+Z+Dz ) .  In 

a d d i t i o n ,  an e q u i v a l e n t  i n t e g r a l  o v e r  t h e  a r e a  o f  t h e  s l o t  on ea c h  s i d e  

mus t  be s u b t r a c t e d .  T h u s ,  t h e  c e l l  i n t e g r a t i o n  i s  done i n  g l o b a l  

c o o r d i n a t e s  and t h e  s l o t  i n t e g r a l s  a r e  done  i n  t h e  l o c a l  c o o r d i n a t e s .

The s u r f a c e  c u r r e n t s  whi ch  c a u s e  t h e  l o s s  a r e  f ound  f rom t h e  

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

J ( S )  = n x H ( D. 2 2 )

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

In  r e g i o n  1 ,  t h e  t h i n  s l o t  i n t e r i o r  r e g i o n ,  t h e  m a g n e t i c  f i e l d ,  Hi ,  

can  be e a s i l y  f o u n d  f r om E q u a t i o n  (D. 18 )  as

H, =  L  V x E .
1 -  j  ojui 1

- j  wui
J L
3p

P'

3
3y3p

y _ D ( P ) o

1 Vp 3D( p ) -
- j a 3 u i  X  2 A p x  3 p  y

( D. 2 3 )

w h e r e  u i  i s  t h e  p e r m e a b i l i t y  o f  t h e  m a t e r i a l  i n  t h e  s l o t .  From F i g u r e  

( D . 4 )  i t  can be s e e n  t h a t  i n s i d e  t h e  s l o t  t h e  s u r f a c e  n o r ma l s  a r e
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e i t h e r  i n  t h e  p o r  p '  d i r e c t i o n s .  As a c o n s e q u e n c e  o f  t h i s  and t h e  

f o r ms  o f  E q u a t i o n s  (D. 22 )  and ( 0 . 2 3 )  i t  can  he s e e n  t h a t  t h e  m a g n i t u d e  

o f  t h e  s u r f a c e  c u r r e n t  i n  r e g i o n  1 e q u a l s  t h e  m a g n i t u d e  o f  t h e  m a g n e t i c  

f i e l d  e v a l u a t e d  a t  t h e  s u r f a c e .  Thus  t h e  power  l o s s  i n  r e g i o n  1 i s  

gi  ven by

5 = Rs
Ll  T

2 /  dp /  d t  | H , ( p ) l  +
- Z  o

P

^ p 1 t  
+ 2 /  dp ' /  d t  |H,  ( p ) |

- y  ° p = Z ,V -

( D. 2 4 )

w h e r e  t h e  f a c t o r s  o f  2 a c c o u n t  f o r  t h e  symmet ry  b e t we e n  t h e  l e f t  and 

r i g h t  s i d e s  ( s e e  F i g u r e  0 . 4 )  and t h e  t o p  and b o t t o m  s i d e s .  Us i ng  

E q u a t i o n  ( 0 . 2 3 )  y i e l d s ,

p = Rs 
Ll  T ~

2 ( t ) 1 VP  I 2 /  I 3P(p)  I2 dp
juiui  2 V  j - a I 3p I

H P

+ 2 ( t ) ( 2 £ p l ) 1 VP I2 | 3D(p)
J “ M1 2 £ p '  | I 3p

| p =Z,

= Rs 2 t J:______  I X I /  I ( P ) I 2 dp
2 P | ( 2 £ p ' )  | j  toy 12 | | _£ | 3p

I 1 I p

+ 2 Z , 
p

30 ( p )
3p

P =£p J
(D .25 )
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To f i n d  t h e  l o s s  i n  t h e  e x t e r i o r  r e g i o n s ,  2 and 3 i n  F i g u r e  D . 6 ,  

i t  i s  n e c e s s a r y  t o  know t h e  f i e l d s  r a d i a t e d  by a s e t  o f  p e r i o d i c  

e l e m e n t s  i n  a g e n e r a l  s t r a t i f i e d  medium.  Such a medium i s  shown i n  

F i g u r e  0 . 7 ,  f o r  wh i ch  we d e f i n e

  A A A
R = xx + yy + zz (D>26)

and

_  A A A

R'  = x ' x  + y ' y  + z ' z  ( 0 . 2 7 )

a s  t h e  f i e l d  and s o u r c e  p o i n t s ,  r e s p e c t i v e l y .  Fo r  t h i s  a n a l y s i s ,  some 

s i m p l i f i c a t i o n  i s  a l l o w e d  s i n c e  we a c t u a l l y  w i l l  o n l y  need t o  know t h e  

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

t h e  r e f e r e n c e  p o i n t  a t  X ' = 0 ,  Z ' = 0 .  I f  t h e  r a d i a t o r s  a r e  e l e c t r i c  

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

E( X, Z)

a r r a y

= J ( 0 , 0 ) ^ _  I  I
2Dx^z k n

- Y( X r x+Zr z )
R ( k , n ) ( 0 . 2 8 )

w h e r e  r x , ry and r z a r e  d e f i n e d  by E q u a t i o n  ( 2 . 9 )  b o t h  sums run f r om 

t o  °°, and

~"r * * - y 2 y 2 r y - Y 2 y ' r y ,
[ i n +  -  j n _  j J b  e y ] [ i P +  -  j P -  e y ]R ( k , n )

. - Y 2 d r y
1 - ,r ,r. e y  1 a 1 b

r  A A _ Y 2 y 2 r y ,  r  - Y 2 y ' r y  "

+ [lln + -  «n-  llTb e y ][ i |P+ -  | |P- e y ]
. _ Y2d"ry
1 -  „r  J w  e y  ll a ll b

( 0 . 2 9 )
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RADIATING
E L E M E N T

( R - R ' )

d

F i g u r e  D . 7 .  R a d i a t i n g  e l e m e n t s  i n  a s t r a t i f i e d  m e d i a .
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Al l  t e r m s  i n  E q u a t i o n s  ( D. 2 8 )  and ( D. 29)  a r e  d e f i n e d  as  i n  [ 711  e x c e p t  

r x , whi ch  i s  o b t a i n e d  f r o m [ 7 2 ]  so t h a t  skewed g r i d  g e o m e t r i e s  may be 

e v a l u a t e d .  In  a d d i t i o n ,  t h e  p a t t e r n  f a c t o r s ,  P+,  a r e  d e f i n e d  f o r  two 

d i m e n s i o n a l  e l e m e n t s  [ 7 3 ]  as

i p  Z p  •

P . - . 1  J d p  / V  e + T ( p p + p ' p ' > , r ±  . ( 0 . 3 0 )<-nu,u; - i  - z  
P Pi

I t  s h o u l d  a l s o  be p o i n t e d  o u t  t h a t  i n  E q u a t i o n  ( D . 2 9 ) ,  r a and a r e  t h e  

e f f e c t i v e  E - f i e l d  r e f l e c t i o n  c o e f f i c i e n t s  wh i ch  a c c o u n t  f o r  m u l t i p l e  

r e f l e c t i o n s  and s t r a t i f i e d  d i e l e c t r i c s .  Not e  t h a t  r a and d e p e n d  on 

t h e  summat i on  i n d i c e s ,  k and n.

To f i n d  t h e  f i e l d  f r om an a r r a y  o f  s l o t s  m o d e l l e d  as  m a g n e t i c  

c u r r e n t  d i p o l e s  on a g ro u n d  p l a n e ,  we u s e  t h e  d u a l s  [ 7 4 ]  o f  E q u a t i o n s  

( D . 2 8 )  t h r o u g h  ( D. 3 0 )  and a l l o w  t h e  a r r a y  t o  a p p r o a c h  e i t h e r  t h e  l e f t  o r  

r i g h t  i n t e r f a c e .  Not e  t h a t  t h e  i n t e r f a c e  w i l l  be a c o n d u c t i n g  w a l l .  

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

H ( x , y )
- y ( x r x + z r z )

= K ( 0 , 0 )  Y c  I  I  £ ------------------------- R ( k , n )  , ( 0 . 3 1 )
2 0 xDz |< n ry

a r r a y

and
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R ( k , n )
r * A -Y2 y 2 r y i r  n „ - Y 2 y ' r Vl 
[ l n+ -  i n -  iT\> e  y ] [ i P +  -  i P -  e y ]

1 “ i r a i r b e
-Y2drv

r A A -Y2y2 rVir  - y 2 y ' r v ‘
+ Uln + ~ Hn -  IIr b e ] [ l l p + -  llp -  e y ]

_ y 2 c |

ii r a it r b e
( D. 32)

A A

In E q u a t i o n  ( D . 2 6 ) ,  t h e  f a c t  t h a t  p and p '  have  no y  component  has  been 

u s e d  t o  o b t a i n

P + = P
U p  U p '

1 .  /  dp f d p '  K( p , p ' )  e * i > V P V >
K(U,U)

p p.

( 0 . 3 3 )

w h e r e  rp and r p ' a r e  o b t a i n e d  f r o m E q u a t i o n s  ( 0 . 2 0 )  and ( D. 2 1 )  as

A A

r p = p • r±

A A

P * ( x r x ±yr y + z r z )

A A

= p • ( ( p c o s 9 + p ' s i n 0 ) r  +Yr + ( p s i n 0 - p ' c o s 0 ) r  )x y  z

= r xc o s 0  + r z s i n 0 ( D. 3 4 )

and s i m i l a r l y ,

r  i = r  s i n 0  -  r  c o s 9
| /  A  Cm

( 0 . 3 5 )
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The l a s t  n e c e s s a r y  p i e c e  o f  i n f o r m a t i o n  i s  t h e  form o f  t h e  m a g n e t i c  

c u r r e n t  d i s t r i b u t i o n ,  ^ ( p . p 1) .  T h i s  can be o b t a i n e d  f rom t h e  a p e r t u r e  

E - f i e l d  d i s t r i b u t i o n  o f  E q u a t i o n  (D. 19 )  u s i n g  t h e  e q u i v a l e n c e  p r i n c i p l e  

[ 7 5 ] ,  T h i s  y i e l d s

K ( p , p ' )  = -n x E ( p , p 1)
a p e r t u r e

(±y)  x
~ Vp
P' D(p)

±  P 2£p - °(P) (D.36)

w h e r e  t h e  mi nus  s i g n  i s  u s e d  i n  r e g i o n  2 and t h e  p l u s  s i g n  i n  r e g i o n  3.

The n e c e s s a r y  t e r m s  t o  e v a l u a t e  t h e  power  l o s s  i n  r e g i o n  2 can now

be d e f i n e d  ( s e e  F i g u r e  D. 6  f o r  t h e  d i m e n s i o n s  and i l l u s t r a t i o n  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  r e g i o n  2 we have  

.  Vn
K ( p , p ' )  = -P 2 z p > ° ( P )  » (D.37)

and

y 1 -► d 2

y 2 * 0 . (D.38)

U s i n g  t h e s e  e x p r e s s i o n s  y i e l d s ,

TT2 (x ; z )
s u r f a c e  2

-  y _ D ( 0 )  
_  _

Y2c I  I e 
^ 5 7  k n

- y 2 ( * r 2 x + z r 2 z )

2y

TT2 ( k , n )

(D .39 )
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w h e r e  Y2 C i s  t h e  a d m i t t a n c e  o f  t h e  d i e l e c t r i c  t o  t h e  l e f t  ( s e e  F i g u r e  

D . 6 )  o f  t h e  s l o t t e d  s u r f a c e .  In  a d d i t i o n ,

=
[ l n2+ "  i n 2 -  x l f 2 b ] [ l p 2+ -  l p2 -  x i r 2 a  e  Y22d2r2Y]

1 -  ! r 2a l r 2b e
■Y22d2r2y

A A

+ [lln2+ ~ IIn2 -  x IIr 2 b ] [ l p2+ -  ilp2 -  x  u ^ a  e

-Y22d2r 2y
1 -  llr 2a IIr 2b e

■Y22 d 2 r
2 y

(D. 40 )

and

2 ±
E _  D(0)

2&p 1

Up  I p '
I  d p  f  <ip'

- I  - Z  ,
P P

-  y _ D ( P )
2 Z p <

; -Y2(pr2p+p ' r 2 p ' )

I  p '
/  dp /  d p '

- Z -v
VpD(p)
y W

}Y2(Pr 2 p +P 1 i"2p1) ( D. 41)

w h e r e

r 2p = r 2x c o s 9  + r 2z s 1 n 9

r 2 p 1 = r 2x s 1 n 9  " r 2z c o s 9 (I ) . 4 2 )

The s u r f a c e  c u r r e n t  i n  r e g i o n  2 i s  t h u s ,

A

J 2 s ^ x , Z  ̂ = " y  X H2 ^ x , z ^

“ Vp
^ y T D ( O )

Y2 c  „ e 
2bxDz I  L

s u r f a c e

Y9 ( x r 9 + z r ~ )

k n

' 2 VA_j?_x 2z 

2y
y x T 2 ( k , n ) (D .43 )
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wh e r e  i t  i s  i m p o r t a n t  t o  r emember  t h a t  r2x» r 2y  and r 2 z  d e p e n d  on t h e  

s ummat i on  i n d i c e s  k and n .

E q u a t i o n s  ( D. 40 )  t h r o u g h  (D. 43 )  can  be s l i g h t l y  r e a r r a n g e d  by 

s h i f t i n g  t h e  f a c t o r  ( 1 / 2  £ p ‘ ) f r om E q u a t i o n  ( D. 4 3 )  t o  ( D. 4 1 )  y i e l d i n g

( x p  +2  p  )

T , S ( X , Z )  =  [V -D(O) ]  J 2 c  s 2 J *  *  TT ( k , n )  ,  ( D . W  
p 2DxDz k n r 2y z

Q2 ( k »n ) = y  x R2 ( k , n ) ( D. 45)

ip ip'
I dp /  dp'

"£p " V

VpD(p)
V T o T

^ { P r 2 p + P ' r 2 p , )

j V p ' ^ p 1 -  e ~ Y2 ^ p ' r 2p'

^ 2 V V

i
f-i

Vp D(p) 
Vp D(0)

e ^  dp

s i n c ( Y 2 4 p l r 2 p 1) _ J
Vp D(p) 
Vp D(0)

e Y2 p r 2p ' ( D. 4 6 )

w h e r e  we d e f i n e

S i n c ( x )  = s i n h ( x )  ( 0 . 4 7 )
x

and s i n h ( x )  i s  t h e  s t a n d a r d  h y p e r b o l i c  s i n e  f u n c t i o n .  I t  i s  a l s o  

f a i r l y  e a s i l y  s e e n  t h a t
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v ~ ' M P r 9r.+P ' l' 9 n '  ̂ _
J 2 s ( P . P ' )  ’  [V - D( 0 >  1 J 2 c  I £ e _ J  ?P ! E _ 0  ( k , n ) .

P 2DxDz k n T2y ^ (D. 48)

The power  l o s s  i n  r e g i o n  2 may now be e a s i l y  w r i t t e n  as

P. = " s  
L2 I T

Dx/2 Dz / 2 _  „ '   _ I
/  dx /  d z | J ? ( x , z ) |  -  /  dp /  d p 1 | J «  ( p , p ' ) |  .

-D / 2  -D / 2  - £  - i  , I
x '  r  p p '  I

F o r  t h e  f i r s t  i n t e g r a l ,  we have
(D. 49)

Dx / 2  Dz / 2  
/  dx /  d z | J 2 S ( x , z

-D / 2  -D / 2  X z

nx / 2  Dz / 2  
/  dx /  dz J 2 s ( x , z )  • J 9 c ( x , z )

-D / 2  -D / 2  x z
2s

2 _
|V • D(0)  12 I Y2cl  £ £ £ £ Q2 ( k . n ) - Q 2 ( m , i )

4 d 2 d 2  k n m i P ( k , n ) r j  ( m , i )

DX/ 2 ★ * ★ *„ „ Dz / 2  „ „ _
|  e “ [Y 2 r2 x (k ,n ) -Y 2 r '2 x (m» i ) Jxdx /  e -LY2r 2z ( M ) - Y 2r 2z K i ) Jzdz

-D /  2 
x -Dz/2

2   -fr
|V - D( 0 ) I 2 l y 2cl  J  £ £ £ Q2 ( M ) » Q 2 ( m , i )

p 4DxDz k n m 1’ r 2y ^ k ’ n ^r 2y^m, i  ̂

Sinc u z
7 ~

*  *

^Y2r 2z^k ’ n ^“ Y2r 2z^m,i ^ (D .50)
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S i m i l a r l y  f o r  t h e  s e c o n d  i n t e g r a l

/  dp /  d p ' I T  ( p , p ' ) | 2 |V .  D ( 0 ) | 2 l r . | c l .  I I I I  Q2 ( f c , n ) - Q 2 ( m . n  

£p - £ p , p 4D2D2 k n m i  r ? y ( k , n ) r 2 y ( m , i )

X,p

I e “ 
- £

P

*  *

[Y2r' 2 p ( k » n ) - Y 2 f ' 2 y ( m , i  ) ] p d Pj
- Z

*  *
!- [ ^ 2 r 2 p l ( k , n ) - Y 2 r 2 p ' ( m , i ) ] p ' dp

I | 2 IY2cI 2 I  I  I  I  Q2( k»n ) *Q2( m, i ) 
p 4D2D2 k n m i r 2 ( k , n ) r £  ( m , i )

2 Z S i n e  
P

*  *

Z p  ( V g p ^ . n J - Y g r g p f a , 1 ) )

2 z  S i n e  
P

*  *

V  ( Y2 r 2 p ‘ (k »n ) “ ^ 2 r 2 p ' (m, i  ^
( D . 51)

Thus  t h e  power  l o s s  i n  r e g i o n  2 i s  g i v e n  by:



\ 2 = f |  |VpD ( 0 ) | 2 I Y2cl  I  I  I  I  Q2 ( k , n ) * Q 2 (m>i ) 

4D^d2 k n m i r 2 y ( k , n ) r £  ( m , i )

DxDz S in c ( ^ Y2r 2x^k’ n ^ 'Y2r 2x^m’ i  ̂j) Sinc  ^ ( Y2r 2z^k , n ^"Y2r 2z^m,i

■p^p. S i n e  (Y2 r 2 p ( k , n ) - Y 2 r 2 p ( m , i ) ) j

S i n c  ^ p . ( Y 2 r 2 p . ( k , n ) - Y 2 r 2 p , ( m , i  ) ) ^
(D.52)

Not e  t h a t  i n  r e g i o n  2,  t h e  r e f l e c t i o n  c o e f f i c i e n t  on t h e  r i g h t  b o u n d a r y ,  

r 2b» W1’ n  be a p p r o x i m a t e l y  u n i t y  s i n c e  t h i s  i s  a me t a l  w a l l .

A s i m i l a r  a n a l y s i s  i n  r e g i o n  3 y i e l d s

PL3 - 5 |  |VpD(0) | 2 ■ 1 Y3cl  I  I  I  I  Q 3 ( k , n ) » Q 3 ( m , i ) 

4 D x2 ° z
k n m i  r 3 y ( k , n ) r 3 y ( m , i )

Dx Dz S i n c ( ^ Y3 r 3 x ( k ’ n ) - Ŷ L (mn ' ) ) ) S i n c ( ^ Y3 r 3 z ( k ’ n ) " Y3 r 3 z ( m > i ) i )

*  *
- 4 y pl  S i n c  ( i o  (Y3 r 3 D( k , n ) - Y 3r 3 D( m , i ) )p  ̂ '3' 3pv ’ '  '3' 3p

Sinc ^ p . ( Y 3 r 3 p l ( k , n ) - Y 5 r 3 p , ( m , i ) i )
(D .53 )
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wh e r e

Q , ( k , n )  = -y x TT, ( k , n )  , ( 0 . 5 4 )

"Y32d3r3y
R ( k , n )  = l l n3+ ~ in3- J.f3b e ] [1P3+ -  i p3- jT3a]

1 “ l r 3a l r 3b e _Y3 2d3 r 3y

“ Y32 d 3 r 3y
+ [i in3+ ~ IIn3- 11 T3 b e___________ ] [ i l p 3+ -  llp 3 -  l l ^ a l

1 -  11 r 3a 11 r 3b e ' Y3 2 d 3 r 3y ( D. 5 5 )

>3± = S i n c ( Y 3 y r 3 p , )  J Vp.D(p) Y2p r 3p . 
e  K dp ( 0 . 5 6 )

No t e  t h a t  f o r  r e g i o n  3 ,  t h e  l e f t h a n d  b o u n d a r y  r e f l e c t i o n  c o e f f i c i e n t ,  

r 3a> W1' n  be n e a r l y  u n i t y  s i n c e  now t h i s  w a l l  i s  a m e t a l .

The  t o t a l  power  l o s s  i s  f o und  by summing E q u a t i o n s  ( 0 . 2 5 ) ,  ( D. 52)  

and ( 0 . 5 3 ) ,  t h e  r e s u l t  o f  wh i ch  i s  e q u a t e d  t o  t h e  e q u i v a l e n t  l o s s  power  

t o  y i e l d

p i + pi + p iLl  L3
= g L I V( 0 ) |

Sl_  V *D(0) 
2 P

( 0 . 5 7 )

S o l v i n g  f o r  t h e  e q u i v a l e n t  l o s s  c o n d u c t a n c e  y i e l d s
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g l  = Rs 1 2 t Y2  I 2  ,

/

( 2 1  , ) 1 3D(p) 2

1D( 0 ) | 2  ( 2 £ p l ) 2 j “ Ml 1
v p /

4
Ye 3p p=Z

P

4p
1 3D(p)

2

+ I dp

C
L

1 Ye 9p

4D2d2 k  n i j  i
A £.

V2 c
5
,

2 Q 2 (k »n)*Q 2(m t i ) 

r 2 y ( k ’ n ) r 2 y ( |11,i ^

Dx Dz S i n c ( ^ Y2 r 2x^ k ’ n ^“ Y2 r 2x^m,i  ^ S i n c ( ^ Y2 r 2 z ^ k , n ^ " Y2r 2 z^ m,i

' 4 V p ‘ S i n c  ( ^ 2 r 2 p ( k > n ) ' Y2 r 2 p (m’ i ) jy

S i n c  ^ p i (Y 2  r 2 p ' (k »n ) ” Y2 r 2 p 1 (m» i )

2 Q3 ( k , n ) * Q 3 ( m , i )
3c

r 3 y ( k » n ) r 3 y ( m» i )

Dx Dz S in C ( ^ Y3 r 3 x ( k ’ n ) ' Y/ 3 x (m’ i ) ^ S i n c ( ^ Y3 r 3 z ( k ’ n ) " Y3r 3Z (m’ i ) ^

* *
4 y pl  S i n c  ( £p (Y3 r 3 p ( k , n ) - Y 3r 3 p ( m , i ) )

3p 3p

*  *
S i n c  (  *p ■CTgrgp . ( k , n ) -Y3 r 3 D. ( m . i ) )

3 p ' (D .5 8 )
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I t  i s  i m p o r t a n t  t o  n o t e  t h a t  when e v a l u a t i n g  t h e  f i r s t  two t e r m s  in  

E q u a t i o n  (D .5 8 )  i n v o l v i n g  t h e  d i s t r i b u t i o n  D(p)  i t  i s  n e c e s s a r y  t o  u s e  

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

e v a l u a t i n g  t h e  p a t t e r n  f a c t o r s  g i v e n  by E q u a t i o n s  (D . 4 6 )  and ( D . 5 6 ) .

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

d i s t r i b u t i o n  D(p)  have been t h e  s i n e  mode,  Ds ( p ) ,  and t h e  c o s i n e  mode,  

Dc ( p ) ,  g i v e n  by E q u a t i o n s  (D .2 )  and ( D . 3 ) ,  r e s p e c t i v e l y .  U s i n g  t h e s e  

d i s t r i b u t i o n s ,  s e v e r a l  o f  t h e  t e r m s  r e q u i r e d  f o r  e v a l u a t i o n  o f  E q u a t i o n  

( D . 5 8 )  may be o b t a i n e d .  T h e s e  t e r m s  w i l l  now be p r e s e n t e d  f o r  e ach  

d i s t r i b u t i o n .  S i n c e  t h e  m a t h e m a t i c s  i n v o l v e d  a r e  f a i r l y  s t r a i g h t f o r w a r d  

o n l y  t h e  r e s u l t s  a r e  p r e s e n t e d .

F o r  t h e  s i n e  mode,  Ds (p)

| l  9Ds (p )  | 2  _ | cosh(YeAflp) | 2

I Ye 9P I I s i n h ( v  & ) Ip=±*p e pee Pe

( D . 59)

Ye 9P I
1 9Ds ( P )  I 2  dp =

I s i  nh ( Ye ^ ) \ ?-

s i n h ( 2 a  l  ) - s i n h ( 2 a  h i  ) 
e Pe e P

2 a e^ p
P Pe

+ ( D . 6 0 )
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s = { s i n c ( Y 2 r 2p ' V )}
2 ±

s i n h ( y  £ )e  pe

c ° s h ( Y e £pe ) -  c o s h ( Y e Aip -Y2 r 2 p t p )

(Y2r'2p+Ye )

c ° s h ( Y ^ p e ) -  c o s h ( Y e A y Y 2 r 2 p *p ) 

(Y2r2p“Ye )
(D.61)

and l a s t l y ,

s = { s i n c C Y s r s p ' ^ p 1)}
3+

s 1 n h ^ e *p )

cos h (Y £ ) -  cosh(Y ajj, -y  r 0 I  ) e  pe e  p ' 3  3p p y

(Y3r3p+Ye )

C O S h ( Y  4  )  -  C O S h ( Y  AA + Y o T 0  l  )e  pe  e p 3 3p p '

( Y3r3p-Ye )
(D.62)

S i m i l a r l y  f o r  t h e  c o s i n e  mode,  Dc ( p ) :

1 9DC(P)  
Ye 3P

p=±£r

s i n h ( Y e ^ p )

c o s h ( Y  & ) - l  
e Pe

(D .6 3 )

I
■I

1 _  3Dc (p )  
Ye 3p

dp
| c o s h ( y  £ ) - l | 2 

e Pe

• u / o  n \  s i n ( 2 0  1 )s m h ( 2 aeAp) _ e  pe
2ae £p 2 0e ^p

( 0 .6 4 )

195



(D .6 5 )

( D . 6 6 )

2 .  T h i c k  Lossy  S l o t s

The g e o m e t r y  i s  t h e  same as  t h a t  shown i n  F i g u r e  D .4  b u t  now t h e  

r e s t r i c t i o n s  on t  ( t h e  s l o t  t h i c k n e s s  o r  d e p t h )  a r e  r e l a x e d .  I f  t  

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

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

mode on each  s i d e  o f  t h e  s l o t  ( p o s s i b l y  s e v e r a l  modes f o r  l o n g  s l o t s )  

f o r  w hich  a m u tu a l  a d m i t t a n c e  mus t  be d e t e r m i n e d .  When f i n d i n g  t h e  

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

f o r  t h e  l e f t  ( - y  s i d e )  and r i g h t  (+y s i d e )  s i d e s .  F o r  t h e  t h i n  s l o t  we 

had  an i n t e r i o r  r e g i o n  and two e x t e r i o r  r e g i o n s  f o r  one  mode.  F o r  t h e  

t h i c k  s l o t ,  t h e  " l e f t  and r i g h t "  modes w i l l  e a c h  h a v e  one e x t e r i o r  

r e g i o n  and one i n t e r i o r  r e g i o n .  No te  t h a t  f o r  t h e  l e f t  mode e x t e r i o r

2± 2 c o s h ( Y e Ap ) s i n c ( Y 2 r 2pAp)
{ s i n c ( Y 2 r 2 p , £ p l )}

s i n h ( y £ ) 
e  Pe

s 1 n c ( < V y W  -  s l n c ( ( v 2 r 2 p - v e U p )

and

3±

{ s i n c ( Y  r  i  )}
_________3 3p p ‘ _

s i n h ( Y  £ )e pe

-  s i " c ( < V V V * p )  -  s T n c ( ( Y 3 r 3 - v e U  ]

2 c o s h ' V V S l n C ( T 3 r 3 p V
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r e g i o n ,  t h e  l o s s  t e r m  i s  i d e n t i c a l  t o  t h a t  f o u n d  f o r  r e g i o n  2 o f  S e c t i o n

2 .  F o r  t h e  r i g h t  mode,  t h e  e x t e r i o r  l o s s  t e r m  i s  t h e  same as  f o r  r e g i o n

3 .  To s i m p l i f y  t h e  a n a l y s i s ,  n o t e  t h a t  t h e  power  l o s s  f o r  t h e  i n t e r i o r  

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

s q u a r e d  o f  t h e  mode a m p l i t u d e .  Thus we need f i n d  o n l y  one new t e r m :  

t h e  i n t e r i o r  l o s s  t e r m .

The g e o m e t r y  and d i m e n s i o n s  o f  a t h i c k  s l o t  a r e  shown i n  F i g u r e
A

D . 8 . N o te  t h a t  t h e  m a g n e t i c  c u r r e n t  mode i s  s t i l l  i n  t h e  p d i r e c t i o n .

To f i n d  t h e  i n t e r i o r  l o s s  we must  f i n d  t h e  m a g n e t i c  f i e l d s  i n  t h e  

i n t e r i o r  r e g i o n  r a d i a t e d  by t h e  ass um ed  m a g n e t i c  c u r r e n t  ( v o l t a g e )  mode 

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

c a n  be  m o d e l l e d  u s i n g  image  t h e o r y  [ 7 6 ]  t o  o b t a i n  an i n f i n i t e  a r r a y  o f  

m a g n e t i c  c u r r e n t  s o u r c e s  as  shown i n  F i g u r e  D . 9 .  T h i s  t e c h n i q u e  has  

b een  p r e v i o u s l y  u s e d  t o  e v a l u a t e  t h e  m u tua l  c o u p l i n g  t e r m s  f o r  t h e  modes 

on ea c h  s i d e  o f  t h e  s l o t  [ 7 7 ] .  Note  t h a t  a l l  t h e  images  s e e n  in  

F i g u r e  D .9  a r e  i n  p h a s e .  Thus  we can lo o k  a t  a l l  t h e s e  im ages  as  an 

i n f i n i t e  a r r a y  o f  c u r r e n t s  e x c i t e d  by a f i e l d  i n c i d e n t  normal  t o  t h e  

s u r f a c e .  Thus  Sx and Sz d e f i n e d  by E q u a t i o n  ( 2 . 4 )  a r e  b o t h  z e r o  f o r  

t h i s  a r r a y .  The f i e l d  i n  t h e  i n t e r i o r  r e g i o n  can  now be f o u n d  u s i n g  t h e  

r e s u l t s  f rom  t h e  p r e v i o u s  s e c t i o n  f o r  t h e  r e g i o n  3 l o s s .  The model 

g e o m e t r y  i s  shown i n  F i g u r e  D . 1 0 .  F o r  t h i s  s i t u a t i o n ,  b o t h  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 ,  Tl and Tr w i l l  be a p p r o x i m a t e l y  u n i t y .  From 

F i g u r e  0 . 1 0  i t  can  a l s o  be s e e n  t h a t  we must  make t h e  f o l l o w i n g  

s u b s t i t u t i o n s  t o  o b t a i n  t h e  i n t e r i o r  f i e l d s  f rom t h e  r e g i o n  3 a n a l y s i s :
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■*- y

2 1

RIGHT ( +  y )  SIDEL E F T  ( - y  ) S IDE

F i g u r e  D . 8 . Geometry  o f  a t h i c k  s l o t .
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( a)

( a ) .  The s i n g l e  mode w i t h  t h e  s l o t  w a l l s .

—  1---------1--------T —  -f- —  i—

- 4 - 4 —t -

( b ) c - t  - - t - z .

( b ) .  The m a g n e t i c  mode and i t s  i m a g e s .

F i g u r e  D . 9 .  M o d e l l i n g  t h e  e f f e c t  o f  t h e  t h i c k  s l o t  w a l l s  u s i n g  image 

t h e o r y .
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©

IMAGE
MODES

PRIMARY
MODE

IMAGE
MODES

A

P

*,© y 
p

LEFT SIDE RIGHT S ID E

F i g u r e  D . 1 0 .  Model g e o m e t r y  t o  o b t a i n  t h e  i n t e r i o r  s l o t  f i e l d s .  The 

s l o t  w a l l s  h ave  been removed v i a  image t h e o r y  ( m a g n e t i c  

d i p o l e s ) .
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(R -  R ' ) = xx + yy + zz (D .67 )

and

0 = i r/2

X = p

z = p

d 3  = t  . (0 . 68)

E q u a t i o n  (D .6 7 )  has  as sum ed  t h a t  t h e  r e f e r e n c e  p o i n t  o f  t h e  r e f e r e n c e  

e l e m e n t  i s  a t  t h e  c o o r d i n a t e  o r i g i n .  I n  E q u a t i o n s  ( 0 . 6 8 )  i t  has  been 

as sum ed  t h a t  t h e  b a s i c  e l e m e n t  o r  v o l t a g e  mode c o v e r s  t h e  r e g i o n  

[ -£ p  < p < 3£p , - 2 £ p 1 < p 1 < Z i p ' ] ,  I f  t h i s  was n o t  done t h e n  we would

h a v e  t o  l o o k  a t  t h e  sum o f  f i e l d s  r a d i a t e d  by two o v e r l a p p i n g  i n f i n i t e  

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

f a c t o r  f o r  t h i s  r e g i o n  w i t h  a mode d i s t r i b u t i o n  g i v e n  by D(p)  f o r  

[ - £ p  < p < £ p ] and by - D ( p - 2 £ p )  f o r  [£p < p < 3&p] ,

The r e s u l t i n g  f i e l d  i n s i d e  t h e  s l o t  i s  g i v e n  by

- Y i U r ,  + y r ,  + z r , , )r AI l x  l y  ' l z
F 1 ( x ty , z )  = [Vp ' D ( 0 ) ] Yi c  y y e

2 (4 £ p 1) ( 4 &p) n
( k , n )

( 0 . 6 9 )

w h e r e

201



"Yl 2 tr lv 
(k>n) = Linl+ -  i nl -  j J r  e y ][ jPl+ -  jP l -  jA ]

1 ’ - Y l 2 t r i y
1 "  i r L i r R e

" Yl 2 t r l v  
+ l lln l +  ~ u n i -  iiTr e y ] [ i | P l +  -  i | P j -  iiTl ]

, - Y l 2 t r i y  (D .7 0 )
II1L H R

and  t h e  p a t t e r n  f a c t o r  i s  d e f i n e d  o v e r  t h e  r e g i o n  shown i n  F i g u r e  D . l l  

as

4J?

F i g u r e  D . l l .  D e f i n i t i o n  o f  t h e  r e g i o n  f o r  t h e  i n t e r i o r  p a t t e r n  f a c t o r .  

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

[ - I p  < p < 3Hp,  - 2 H p >  < p 1 < 2 f c p ' ] .  The box i s  t h e  

o r i g i n a l  s l o t  p o s i t i o n .
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1 ± [ V p - O ( O ) ]  i t  ,

2 ilrj * v  p
P e V V  d p .

y  p
/  V -D (0)  e  l p  l p  dp

• I  p 
P

3 y p
-  /  V -D(p-2A ) e l p  l p  dp

11 ^  ”

4Ap . * s i n c ( Y 1 2)lp l r l p , )

[ V p - D ( O ) ]
1 -  e ^ V l p / P [ V . O ( p , a T‘ P r l P  dp .

• I  ^
P

Due t o  t h e  symmetry  i n  t h e  image  s o u r c e s  ( s e e  F i g u r e  D . 9 ) ,  t h e  

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

w a l l s .  T h u s ,  t h e  m a g n i t u d e  o f  t h e  w a l l  c u r r e n t s  i s  e q u a l  t o  t h e  

m a g n i t u d e  o f  t h e  m a g n e t i c  f i e l d s  e v a l u a t e d  a t  t h e  w a l l s .  A l s o ,  due t o  

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

t h e  b o t t o m  and t h e  m a g n i t u d e s  o f  t h e  c u r r e n t s  on t h e  s i d e  w a l l s  a r e  

e q u a l .  T h u s ,  t h e  r e g i o n  1 r e s i s t i v e  power  l o s s  may be w r i t t e n  as
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PL , = & ) _______________ _____L ^ 1-2— - ,  I  I  1 ;  i r i t k , n ) . R ? ( m, 1 )
1 * P 4 ( % ' ) ( 4 ^p ) 2 k n m i r l y ( k , n ) r l y ( k , n )

' t
2  J  dx  /  dy 

- 4 p , o

*  *

-[YirixOc.rO-YiPixfo.nJx
* *

- [ Y 1 Pl y ( k , n ) - Y 1 r l y (mt i ) ] y

*  *

t
+ 2 /  dz /  dy 

“ *P °-

* *
- [ T l r u ( k , n )-1, l r l x 0 n . 1 ) ] *

* *
■[Y1 r l y ( k , n ) - Y 1 r l y (m, i  ) ] y

* *
[ Yl r l z (k , n ) - Yi r i z (fT1»i ) ] z ( 0 . 7 2 )

The i n t e g r a l s  i n  E q u a t i o n  (D .7 2 )  a r e  f a i r l y  s i m p l e  and may be e v a l u a t e d  

t o  y i e l d :
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L1
( 5 | )  |Vp - D ( 0 ) |  2  ^ IYi c I  y y y y

256*2.*2 k n m i 
P P

R l ( k , n ) » R i ( m , i ) 

r l y ( M ) r * y ( m , i )

*  *

1 -  e - [ Yl rV k , n ) _ Y l r l y ( m»1 ) ] t

[ Y1 r l y  ( ^  ’ n ) ~ Y l r l y  ( IT1 ’ 1 ) ] •

*  *

*  *
+ A , *S inc  f * . (Y1 r l z ( k , n ) - y 1 r l z ( m , i ) ) . (D .7 3 )

C o m bin ing  t h i s  r e s u l t  w i t h  E q u a t i o n  (D .5 2 )  f o r  t h e  r e g i o n  2 power  l o s s  

and  e q u a t i n g  t h e  sum t o  t h e  e q u i v a l e n t  power  l o s s  i n  t h e  l e f t  mode l o s s  

c o n d u c t a n c e  we have

p + p = G1 e f t  | v  - D ( 0 ) 1 2  .
L 1 L2  — 2“  1 p n

( 0 . 7 4 )

S o l v i n g  f o r  G-|e f t  y i e l d s ,
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’l e f t  = Rs 2 5 6 ^ 2  ^2 k n m i 
P P

r i y ( k , n ) r *y (msi )

*  *
1 _ e - [ Y 1 r l y ( k , n ) - Y 1 r l y ( m , i ) ] t  

[Y1 r l y ( k , n ) - T * r *y ( m , i ) ]

^ p 1 -s i n c ^ p i ( Y l r l x (k , n ) - Y * r i x (n1. 1 ) ^

+ £p l  *S inc  ^ A p i (Yl Pl z ( k , n ) - Y i r J z ( m , 1 ))  

I Y2c I ^ m  Y:: Q2 ( k , n ) » Q 2 ( m , i )
4D2d2 k n m i X z r 2y ( k > n ) r | y ( m , i )

*  *

DxDzSinc( ^ Y2r2x^k ,n “̂Y2r2x^m,i s1nc^ - ^ ( Y2r2z(k»n) “Y2r2z(m*i ^

* " % * p '  S i n c  ( Y2 r 2 p ( k »n ) " Y2 r 2p^m’ i ) )

*  *

S i n c  (  l  , (Y2 r 2 p ' ( k »n ) - ^ 2 r 2 p ' ^ m , i ^ ( 0 . 7 5 )

N o te  t h a t  when e v a l u a t i n g  t h e  p a t t e r n  f a c t o r s  ( E q u a t i o n s  ( 0 . 4 6 )  and 

( D . 7 3 )  a s s o c i a t e d  w i t h  E q u a t i o n  (D .7 5 )  i t  i s  i m p o r t a n t  t o  u s e  t h e  

e f f e c t i v e  p r o p a g a t i o n  c o n s t a n t ,  ye , a s s o c i a t e d  w i t h  t h e  v o l t a g e  mode on
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t h e  l e f t  s i d e  o f  t h e  s l o t .  S i m i l a r l y  f o r  t h e  r i g h t  s i d e  o f  t h e  s l o t ,  

t h e  c o n d u c t a n c e  t o  be added t o  t h e  s e l f  a d m i t t a n c e  i s  g i v e n  by

r i g h t
m i

2 5 6 £ S £ ^  k n m i 
P P

R l ( k , n ) ‘R i ( m , i ) 

r l y ( k , n ) r ^ y ( m , i )

1 -

[ Yi r i y ( k ’ n ) " ^ i r i y ( m» i ) ]

£p , «S inc  ^ p ,  (Y1 r l x ( k , n ) - y * r j x ( m , i ) jj

* *
+ £ , *S in c  ( £ , (Y1 r l z ( k , n ) - Y 1r l z ( m , i ) )

I Y3c! I I I  I  f  Q 3 ( M ) * Q 3 ( r c > i )

4DxDz k n m i |  r ^ ( k , n ) r ^ ( m , 1 )

* * X f  XS r * *
( k , n ) - Y 3r 3 x ( m , i ) JJ S i n c f  Y3 r 3 z ( k , n ) - Y 3r 3 z (m, i ))

• - % y  S i n c  ( Y 3 p ( k ’ n ) - Y 3 p ( m , i ) ]

S i n c  ^  £p l (Y3 r 3 p l ( k , n ) - Y 3 r J p , ( m , i ) )
(D . 7 6 )
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w h e re  now t h e  e f f e c t i v e  p r o p a g a t i o n  c o n s t a n t  f o r  t h e  r i g h t  s i d e  must  he 

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

A g a i n ,  t h e  r e g i o n  1 p a t t e r n  f a c t o r s  may be e v a l u a t e d  f o r  t h e  s i n e  

and c o s i n e  m odes .  F o r  t h e  s i n e  mode we h ave

I
- Z

-w n / \ _  s i n h f y  (z - | p | ) l  Y i r .  p
^ p Ds ( P )  e Yl p r i P dp = /  e Pe p  1 lp

V n D W- VP

s i  n h ( y £ ) e  p e

- z  ■ si n(y z )
P e  Pe

c o s h ( Y  Z ) -  c o s h ( y  A£ - Y i r ,  Z ) 
e  pe  e p '1 l p  p '

( Y i r i p + Y e )  

c o s h ( T e «P e ) -  c o s h ( Y e a*!.p +T1 r l p !ip )

( n r i p - Y e )

dp

(D .7 8 )

w h ic h  y i e l d s

1±
■ «Si nc ( Y l^ ^ p  ■ r i p 1)

s 1 n h ( y p )

, w r i P

c o s h ( ’,e V e ) "  c o s h t Y e “ p ' Tl r l p t p )

_ c o s h ( ’' e *P e ) -  “ ^ ( v y v i p V (0.79)
' V l p ’ V

S i m i l a r l y  f o r  t h e  c o s i n e  mode
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P -VpDc (p ) -  
_ V p D ( 0 )  _

e n p p i p P  dp = I
• z _

c o s h ( Y  £ ) -  c o s h ( y  p)
 e Pe____________ e

c o s h ( Y „ ^  ) -  1 
e Pe

e Y i r i PPdp

[ c o s h ( v 0 * ) -  1]
2 cosh(Y0 *p J S I n c t Y j r ^ t p )

Si n c ( ( r i p +Ye ) )  -  S 1 n c ( ( Y ! P l p -Ye ) l p )lp V  p

and we have

1±
= 4&p ^ p ‘ S i n c ( ^ i ^ p , r i p | )

[ c o s h (Y e ^P e ) -  1]
1 -  e ^ ' l p

2 c o s h ( Y 1 ^p e ) S i n c C Y ^ ^ A p )  -  S i n c ( ( ^ r j p + Y g U p )

S ^ c C f Y j r j p - Y e ) * , , )

(D .8 0 )

(D .8 1 )
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APPENDIX E 

MID-INFRARED DATA FOR ALUMINUM AND GOLD

In  t h i s  s e c t i o n ,  d a t a  f o r  t h e  m e t a l s  a luminum and g o l d  a r e  

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

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

good c o n d u c t i v i t y .  U n f o r t u n a t e l y ,  d a t a  f o r  chrome was n o t  r e a d i l y  

a v a i l a b l e  and even t h o u g h  i t  was u s e d  t o  b u i l d  p e r i o d i c  s u r f a c e s ,  t h e  

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

Ho w ever ,  f rom t h e  m e a s u r e d  p e r i o d i c  s u r f a c e  t r a n s m i t t a n c e  d a t a  i n  

C h a p t e r  IV,  i t  can  be i n f e r r e d  t h a t  t h e  m i d - i n f r a r e d  p r o p e r t i e s  o f  

ch ro me a r e  n o t  g r e a t l y  d i f f e r e n t  f rom t h o s e  o f  a lum inum .

F i g u r e s  E . l  and E . 2  p r e s e n t  e x t i n c t i o n  c o e f f i c i e n t  d a t a  and 

r e f l e c t a n c e  d a t a  [ 7 8 ] ,  r e s p e c t i v e l y .  U s i n g  t h e  r e f l e c t a n c e  d a t a  and 

E q u a t i o n  ( 2 . 2 8 ) ,  t h e  s u r f a c e  r e s i s t a n c e  d a t a  o f  F i g u r e  E . 3  was o b t a i n e d .  

The s k i n  d e p t h  d a t a  o f  F i g u r e  E . 4  was o b t a i n e d  u s i n g  t h e  e x t i n c t i o n  

c o e f f i c i e n t  d a t a  as f o l l o w s .  I t  i s  assumed t h a t  p r o p a g a t i o n  i s  o f  t h e  

fo rm

E ( x )  ~ e “ YX



u s i n g  t h e  r e s u l t s  i n  A p p e n d ix  C. S i n c e  t h e  s k i n  d e p t h ,  6,  i s  d e f i n e d  t o  

be t h e  d i s t a n c e  r e q u i r e d  f o r  e "*  f i e l d  s t r e n g t h  [ 7 9 ]  d e c a y  we h ave

- f 2 i f k U  ( E . 3 )
e " l  = e *o

Thus  we o b t a i n

6 = Xo ( E . 4 )
2itk

w h e r e  k i s  t h e  e x t i n c t i o n  c o e f f i c i e n t .

I t  s h o u l d  be p o i n t e d  o u t  t h a t  t h e  d a t a  i n  [ 7 8 ]  a r e  somewhat  o u t  o f

d a t e .  More r e c e n t  d a t a  a r e  now a v a i l a b l e  [ 8 0 ]  b u t  h ave  n o t  been

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

n o t  o f  t h e  q u a l i t y  o f  t h o s e  i n  [ 7 8 ]  y e t  a l o n e  [ 8 0 ] ,
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W A V E L E N G T H  ( M I C R O N S )

F i g u r e  E . l .  E x t i n c t i o n  c o e f f i c i e n t  d a t a  f o r  a lum inum .
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F i g u r e  E . 2 .  R e f l e c t a n c e  d a t a  f o r  a luminum and g o l d  [ 7 9 ] .

213



SU
RF

AC
E 

RE
SI

ST
AN

CE
 

(O
HM

S)

LO

zr

on

cvi

GOLD

ALUMINUM

1 0  2 3

W A V E L E N G T H
5

n -----r— i— i— | .

6 7 8 9 'l 0

( M I C R O N S )

F i g u r e  E . 3 .  C a l c u l a t e d  s u r f a c e  r e s i s t a n c e  o f  a lu minum and g o l d .
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F i g u r e  E . 4 .  C a l c u l a t e d  s k i n  d e p t h s  o f  a lu minum  and g o l d .
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