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A B S  T R A C T

F i b r e  g r a t i n g  r e f l e c t o r s  and b a c k w a r d - w a v e - c o u p l e r s  h a v e  
f o u n d  a p p l i c a t i o n s  m a i n l y  a s  n a r r o w - b a n d  o p t i c a l  f i l t e r s  f o r  
Wave 1e n g t h - D i v i s i o n - H u l t i p i e x i n g ,  a s  s p e c t r a l l y  s e l e c t i v e  
m i r r o r s  f o r  f i b r e  l a s e r  c a v i t i e s  and a s  e x t e r n a l  f e e d b a c k  
e l e m e n t s  f o r  l i n e w i d t h  n a r r o w i n g  o f  c o n v e n t i o n a l  s e m i c o n d u c t ­
o r  l a s e r s .

A c o m p l e t e  t h e o r e t i c a l  a n a l y s i s  h a s  b e e n  c o n d u c t e d  on 
b o t h  d e v i c e s ,  and s t r u c t u r e s  w i t h  t y p i c a l  c o u p l e d  b a n d w i d t h s  
o f  0 . 0 1  nm, f o r  i n t e r a c t i o n  l e n g t h s  o f  1 cm, h a v e  b een  d e s i g n ­
e d .  In t h e  c a s e  o f  t h e  b a c k w a r d - w a v e - c o u p l e r ,  t h e  e f f e c t s  o f  
d i r e c t  r e f l e c t i o n  and f o r w a r d  c o u p l i n g  on t h e  c o u p l i n g  
p r o c e s s ,  f o r  a n e a r l y  s y m m e t r i c a l  c o n f i g u r a t i o n ,  h a v e  a l s o  
b e e n  e x a m i n e d .  S p e c i a l  c a s e s  i n v o l v i n g  c o m b i n a t i o n s  o f  
f o r w a r d  and b a c kw a rd  c o u p l i n g  b e t w e e n  two and t h r e e  w a v e ­
g u i d e s  h a v e  b e e n  c o n s i d e r e d ,  i n  t h e  d e s i g n  o f  a f o u r - p o r t  
d e v i c e .

An e x t e n s i v e  f a b r i c a t i o n  pro g ra m h a s  b e e n  d e v i s e d  t o  
p r o d u c e  h o l o g r a p h i c  g r a t i n g s ,  i n i t i a l l y  on f l a t  p l a t e s ,  and  
l a t e r  on t h e  f l a t  s i d e  o f  D - s h a p e d  o p t i c a l  f i b r e s ,  k i n d l y  
made a v a i l a b l e  t o  us  by Andrew C o r p o r a t i o n  (A. C)  and B r i t i s h  
T e l e c o m .  ( B . T . ) .  A f t e r  s u i t a b l e  e t c h i n g  t o  g a i n  a c c e s s  t o  
t h e  e v a n e s c e n t  f i e l d  o f  t h e  c o r e ,  t h e  f i b r e s  were  c o n v e ­
n i e n t l y  p o t t e d  i n  e p o x y ,  f l o a t i n g  w i t h  t h e i r  f l a t  s i d e  in
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t h e  s u r f a c e .  The g r a t i n g s  were  h o l o g r a p h i c a l l y  p r o d u c e d  
on p h o t o r e s i s t  w i t h  p e r i o d i c i t i e s  0 . 2 7 9  pm f o r  o p e r a t i o n  a t  
8 0 0  nm w i t h  t h e  A.C f i b r e ,  and 0 . 3 5 8  pm a t  1000 nm f o r  t h e  
B . T .  f i b r e .  Some r e a c t i v e  i o n  e t c h i n g  e x p e r i m e n t s  w e r e  a l s o  
u n d e r t a k e n ,  s h o w i n g  t h a t  i t  i s  p o s s i b l e  t o  t r a n s f e r  t h e  
g r a t i n g  from t h e  p h o t o r e s i s t  mask i n t o  t h e  f i b r e .

The g r a t i n g  r e f l e c t o r s  h a v e  b ee n  t e s t e d ,  u s i n g  b o t h  an 
e x p e r i m e n t a l ,  t u n a b l e  S t y r i l  9 Dye l a s e r  and a s t a n d a r d  
m o n o c h r o m a t o r ,  d e m o n s t r a t i n g  c o u p l e d  b a n d w i d t h s  o f  a f e w  & 
and r e f l e c t i v i t i e s  a r o u n d  7 0  % , f o r  g r a t i n g  l e n g t h s  o f  a 
f e w mms. C o n s i d e r a t i o n  i s  a l s o  g i v e n  t o  f u r t h e r  d e v e l o p m e n t s ,  
r e q u i r e d  t o  n a r r o w  t h e  b a n d w i d t h  and i n c r e a s e  t h e  r e f l e c t ­
i v i t y .
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C H A P T E R  1

I N T R O D U C T I O N

1.1 N a r r o w B a n d F i 1 t e r i n g
K e q u i r e m e n t  s f o r 0 P t i c a 1
C 0 m m u n i c a t i o n s

D e s p i t e  r e c e n t  d e v e l o p m e n t s  in  t h e  a r e a  o f  o p t i c a l  
c o m m u n i c a t i o n s ,  a n t i c i p a t e d  f u t u r e  n e e d s  f o r  a n a l o g u e  or  
d i g i t a l  t r a n s m i s s i o n  o f  v i d e o ,  a u d i o  and d a t a  s i g n a l s  
t h r o u g h  o p t i c a l  f i b r e s  w i l l  s o o n  demand a s i g n i f i c a n t l y  
g r e a t e r  b a n d w i d t h  a v a i l a b i l i t y .

S i n g l e  mode f i b r e s  c h a r a c t e r i s e d  by low a t t e n u a t i o n  and  
l a r g e  b a n d w i d t h  a l l o w  t h e  e n c o d e d  i n f o r m a t i o n  t o  be t r a n s m i t ­
t e d  a t  i n c r e a s i n g l y  h i g h  b i t  r a t e s .  The s i g n a l  c an  e i t h e r  be  
m o d u l a t e d  a t  t h e  s o u r c e ,  u s i n g  d i r e c t l y  m o d u l a t e d  s e m i c o n d u c ­
t o r  l a s e r s  and  p u l s e d  l a s e r s ,  o r  e x t e r n a l l y ,  u s i n g  h i g h  
s p e e d  e l e c t r o - o p t i c  m o d u l a t o r s  and s w i t c h e s ,  t h u s  a v o i d i n g  
s p e c t r a l  w i d t h  b r o a d e n i n g  and i n s t a b i l i t y  p r o b l e m s  a s s o c i a t ­
ed  w i t h  h i g h - f r e q u e n c y  m o d u l a t e d  l a s e r s .  T h e i r  d e s i g n  
i s  u s u a l l y  b a s e d  on d i r e c t i o n a l  c o u p l e r s  s u r r o u n d e d  by o r  
f a b r i c a t e d  in  e l e c t r o - o p t i c  m a t e r i a l  w i t h  s w i t c h i n g  v o l t a g e s  
o f  5 V c a p a b l e  o f  2 G b i t / s e c  r a t e s  in  t h e  1 3 0 0 - 1 5 0 0  nm



w a v e l e n g t h  r e g i o n  ( 1 . 1 ) .
A l t h o u g h  t h e  h i g h e s t  r e p o r t e d  b i t  r a t e  i s  6 G b i t / s e c

( 1 . 2 )  an " e l e c t r o n i c  b a r r i e r "  a t  a r o u n d  8 G b i t / s  i s  g e n e r a l ­
l y  a c c e p t a b l e  ( 1 . 3 ) .  I t  must  be c l e a r ,  h o w e v e r ,  t h a t  o p t i c a l  
c o m p o n e n t s  h a v e  t h e  c a p a b i l i t y  t o  o p e r a t e  a t  f a r  h i g h e r  
b i t  r a t e s .

In d a t a  e n c o d i n g  and t i m e - d i v i s i o n - m u l t i p l e x i n g  t h e  t r a n s ­
m i s s i o n  and d e t e c t i o n  p e r f o r m a n c e s  a r e  b a s e d  on o p t i c a l  power  
r a t h e r  t h a n  o p t i c a l  e l e c t r o m a g n e t i c  f i e l d .  To e x p l o i t  t h e  
t r u e  p o t e n t i a l  o f  t h e  o p t i c a l  s p e c t r u m ,  l i g h t  must  be t r e a t ­
ed  a s  a c a r r i e r  medium w hi ch  can  be a m p l i t u d e ,  f r e q u e n c y  and  
p h a s e  m o d u l a t e d ,  i n  a manner  s i m i l a r  t o  m i c r o w a v e  r a d i o  
s y s t e m s .  T h i s  i m p l i e s  t h a t  o p e r a t i o n  a t  1500  nm w i l l  c o r r e ­
s p o n d  t o  an o p t i c a l  f r e q u e n c y  o f  2 0 0 , 0 0 0  GHz .

O p t i c a l  f r e q u e n c y - d i v i s i o n  m u l t i p l e x i n g  ( F i g .  1 . 1 ) ,  p r i ­
m a r i l y  u s e d  w i t h  c o h e r e n t  s y s t e m s ,  i s  b a s e d  on a s i n g l e  
o p t i c a l - f r e q u e n c y  m a s t e r  o s c i l l a t o r .  I t s  s i g n a l  i s  d i v i d e d  
b e t w e e n  f r e q u e n c y  c o n v e r t e r s  g e n e r a t i n g  a number o f  d i f f e r ­
e n t  s u b c a r r i e r s  whi ch  a r e  i n d i v i d u a l l y  m o d u l a t e d  and t h e n  
c o m b i n e d  t o  be t r a n s m i t t e d  t h r o u g h  an o p t i c a l  f i b r e  ( 1 . 4 ) .  
At t h e  r e c e i v e r  a h e t e r o d y n e  p r o c e s s  i s  u s e d ,  w i t h  l o c a l  
o s c i l l a t o r  l a s e r s  l o c k e d  i n t o  t h e  i n c o m i n g  s i g n a l ,  t o  s e p a ­
r a t e  t h e  d i f f e r e n t  s u b c a r r i e r s  and r e c o v e r  t h e  o r i g i n a l  d a t a .

A b a s i c  p r e c o n d i t i o n  f o r  a c o h e r e n t  s y s t e m ,  u s i n g  o p t i c a l  
f r e q u e n c y - d i v i s i o n  m u l t i p l e x i n g ,  i s  t h e  d e v e l o p m e n t  o f  v e r y  
s t a b l e  l a s e r  o s c i l l a t o r s  w i t h  e x t r e m e l y  n ar r ow  l i n e w i d t h s .
At t h e  moment ,  d i s t r i b u t e d  f e e d b a c k  l a s e r s  (DFB) a r e  beco m­
i n g  c o m m e r c i a l l y  a v a i l a b l e  ( 1 . 5 ) .  T h e s e  u s e  a g r a t i n g



moduta t o r : 
amplitude phase
or f requency  de t e c t o r  amplifier regenerator

drive electronics monomode fibre

osc i l a tor  unit

T R A N S M I T T E R R E C E I V E R

F i g .  1 . 1
S c h e m a t i c  c o n f i g u r a t i o n  o f  a c o h e r e n t  c o m m u n i c a t i o n s  s y s t e m  a s  
p r e s e n t e d  i n  ( 1 . 4 ) .



s t r u c t u r e ,  c l o s e  t o  t h e  a c t i v e  r e g i o n ,  t o  p r o v i d e  d i s t r i b u t ­
e d  o p t i c a l  f e e d b a c k ,  p r e f e r e n t i a l l y  s e l e c t i n g  w a v e l e n g t h s  
r e l a t e d  t o  t h e  g r a t i n g  p e r i o d ,  o f  s p e c t r a l  l i n e w i d t h s  l e s s  
t h a n  20  MHz .

W a v e l e n g t h  D i v i s i o n  M u l t i p l e x i n g  ( W.D.M. )  c o m b i n e s  some  
o f  t h e  m e r i t s  o f  d a t a  e n c o d i n g  and f r e q u e n c y  d i v i s i o n  m u l t i ­
p l e x i n g ,  w i t h o u t  t h e  n e c e s s a r y  p r e c o n d i t i o n  o f  c o h e r e n c e ,  by 
a l l o w i n g  a number o f  m o d u l a t e d  s i g n a l s  f rom s o u r c e s  a t  
d i s t i n c t l y  d i f f e r e n t  w a v e l e n g t h s  t o  be s i m u l t a n e o u s l y  t r a n s ­
m i t t e d  t h r o u g h  a s i n g l e  f i b r e  ( 1 . 6 ) .  The r e c e i v e d  s i g n a l  i s  
t h e n  s e p a r a t e d  i n t o  i t s  i n d i v i d u a l  c o m p o n e n t s  and t h e  i n f o r m ­
a t i o n  i s  f i n a l l y  r e c o v e r e d .

A l t h o u g h  W.D.M. t e c h n o l o g y  h a s  n o t  y e t  m a t u r e d ,  i t  h a s  
a l r e a d y  b e e n  i n t r o d u c e d  i n t o  some p r a c t i c a l ,  m a i n l y  e x p e r i ­
m e n t a l  s y s t e m s  ( 1 . 7 ,  1 . 8 ,  1 . 9 )  , and i s  e x p e c t e d  t o  p l a y  a
ma j o r  r o l e  in  f u t u r e  o p t i c a l  c o m m u n i c a t i o n s .

W.D.M. makes  f u l l  u s e  o f  t h e  low l o s s  c h a r a c t e r i s t i c s  o f  
s i n g l e - m o d e  o p t i c a l  f i b r e s  o v e r  a w i d e  w a v e l e n g t h  r a n g e .  
C o n s e q u e n t l y ,  t h e  t r a n s m i s s i o n  c a p a c i t y  p e r  f i b r e  c an  be  
t r e m e n d o u s l y  i n c r e a s e d ,  r e s u l t i n g  i n  s i g n i f i c a n t  c o s t  r e d u c ­
t i o n .  O t h e r  a d v a n t a g e s  i n c l u d e  s i m u l t a n e o u s  t r a n s m i s s i o n  o f  
d i f f e r e n t  m o d u l a t i o n  s c h e m e s  and p o t e n t i a l  f l e x i b i l i t y  in  
s y s t e m  u p g r a d i n g ,  i n c l u d i n g  e a s y  e x p a n s i o n  a f t e r  f i b r e  i n ­
s t a l l a t i o n  t o  a c c o m o d a t e  f u t u r e  a d d i t i o n a l  s e r v i c e s .

F i g .  1 . 2  s h o w s  a s c h e m a t i c  r e p r e s e n t a t i o n  o f  a h y p o t h e ­
t i c a l  f o u r - w a v e l e n g t h  t r a n s m i s s i o n  l i n k  u s i n g  a s i n g l e  f i b r e .  
Such a s y s t e m  can e i t h e r  be u n i d i r e c t i o n a l ,  w i t h  a l l  t h e  
i n f o r m a t i o n  t r a v e l l i n g  o ne  way from a t r a n s m i t t i n g  t o  a



F i g .  1 . 2
W a v e l e n g t h  d i v i s i o n  m u l t i p l e x i n g  in a h y p o t h e t i c a l  f o u r - w a v e l e n g t h  

c h a n n e l  o p t i c a l - f i b r e  t r a n s m i s s i o n  l i n k  u s i n g  a s i n g l e  f i b r e  ( 1 . 9 ) .



r e c e i v i n g  s t a t i o n ,  or  b i - d i r e c t i o n a l  w i t h  d a t a  f l o w i n g  in  
b o t h  d i r e c t i o n s  s i m u l t a n e o u s l y .

The c a r r i e r  w a v e l e n g t h s  a r e  o p t i c a l l y  mi xe d  and s e p a r a t e d  
u s i n g  s p e c t r a l l y  s e l e c t i v e  d e v i c e s  a t  b o t h  e n d s ,  c a l l e d  
m u l t i p l e x e r s  (MUX) and d e m u l t i p l e x e r s  (DEMUX) r e s p e c t i v e l y .  
MUX/DEMUX must  be c h a r a c t e r i s e d  by low i n s e r t i o n  l o s s  and  
h i g h  s p e c t r a l  s e l e c t i v i t y .  T h e i r  h a l f  i n t e n s i t y  e m i s s i o n  
b a n d w i d t h  must  l i e  b e l o w ,  s a y  1 nm t o  a l l o w  l i g h t  f rom a 
number o f  m o d u l a t e d  l a s e r  d i o d e s  t o  be i n s e r t e d  i n t o  a s i n ­
g l e  f i b r e  and s e p a r a t e d  a t  t h e  o t h e r  e nd  w i t h  low l o s s ,  t h u s  
m i n i m i s i n g  t h e  u n d e s i r a b l e  e f f e c t s  o f  c h r o m i c  d i s p e r s i o n  and  
c r o s s t a l k .  They  must  be d e s i g n e d  t o  o p e r a t e  a t  t h e  1 . 3 - 1 . 5  Jim 
r e g i o n ,  c o r r e s p o n d i n g  t o  t h e  minimum l o s s  r a n g e  f o r  s i n g l e  
mode s i l i c a  f i b r e s .

For e f f e c t i v e  W.D.M. i t  i s  i m p o r t a n t  t o  d e v e l o p  l a s e r  
d i o d e s  w h i c h  a v o i d  s p e c t r a l  b r o a d e n i n g  d u r i n g  h i g h  f r e q u e n ­
c y  m o d u l a t i o n ,  by m a i n t a i n i n g  a s i n g l e  l o n g i t u d i n a l  mode  
e m i s s i o n .  Some e n c o u r a g i n g  r e s u l t s  h a v e  b e e n  o b t a i n e d  w i t h  
d yn a mi c  s i n g l e - m o d e  (DSM)-DBK l a s e r  d i o d e s ,  w h i c h  r e t a i n  
l i n e w i d t h s  o f  0 . 2 - 0 . 4  nm a t  m o d u l a t i o n  f r e q u e n c i e s  o f  1 . 5 -  
2 GHz ( 1 . 1 0 ) .  T h i s  i s  a l s o  an a r e a  whe r e  f i b r e  l a s e r s  o f  
n a r r o w e r  b a n d w i d t h s  a r e  e x p e c t e d  t o  f i n d  a p p l i c a t i o n .
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1.2 F i 1 t e r i n g D e v i c e s  f o r
W a v e 1 e n g t h D i v i s i o n
M u 1 t i P 1 e X i n g

A number o f  d i f f e r e n t  d e v i c e s  h a v e  b e e n  p r o p o s e d  and i m p l e ­
me nt ed  a s  MUX/DEMUX f o r  WDM. They a r e  b r o a d l y  b a s e d  on 
d i f f r a c t i o n  g r a t i n g s  and t h i n  f i l m  i n t e r f e r e n c e  f i l t e r s ,  
on o p t i c a l  d i r e c t i o n a l  c o u p l e r s  and on a x i a l  g r a t i n g  r e f l e c t ­
o r s  and c o u p l e r s .  They v a r y  i n  t e r m s  o f  s o p h i s t i c a t i o n , 
s p e c t r a l  n a r r o w n e s s  and s e l e c t i v i t y ,  t u n a b i l i t y ,  l o s s ,  c r o s s ­
t a l k  i s o l a t i o n ,  and c o m p l e x i t y  o f  f a b r i c a t i o n .  A b r i e f  
e x a m i n a t i o n  o f  some o f  t h e s e  d e v i c e s  w o u l d ,  t h e r e f o r e ,  be  
u s e f u l ,  in  o r d e r  t o  p o i n t  o u t  t h e  p o t e n t i a l  a d v a n t a g e s  o f  
g r a t i n g  r e f l e c t o r s  and c o u p l e r s  o v e r  t h e  o t h e r  d e v i c e s .

i )  D e v i c e s  u s i n g  d i s p e r s i v e  e l e m e n t s  and d i e l e c t r i c  t h i n  
f i l m  i n t e r f e r e n c e  f i l t e r s .

A n g u l a r l y  d i s p e r s i v e  d e v i c e s  h a v e  t h e  a d v a n t a g e  o f  b e i n g  
c a p a b l e  o f  m u l t i p l e x i n g  and d e m u l t i p l e x i n g  a l a r g e  number o f  
c h a n n e l s ,  u s i n g  a s i n g l e  e l e m e n t  s u c h  a s  a p r i s m  o r  a g r a t ­
i n g .  E a r l i e r  d e v i c e s  e m p l o y e d  p r i s m s  ( 1 . 1 1 ) ,  b u t  w e r e  f o u n d  
t o  be i m p r a c t i c a l  due t o  t h e i r  l ow a n g u l a r  d i s p e r s i o n .  At  
p r e s e n t ,  d i f f r a c t i o n  g r a t i n g s  and b l a z e d  g r a t i n g s  a r e  
b e i n g  u s e d  a s  t h e  main a n g u l a r l y  d i s p e r s i v e  e l e m e n t .

A mo s t  p o p u l a r  and w i d e l y  s t u d i e d  d e s i g n  i s  t h e  L i t t r o w -  
t y p e  DEMUX ( 1 . 1 2 ) ,  F i g . 1 . 3 a  . The c o m p o s i t e  o p t i c a l  s i g n a l



from t h e  i n p u t  f i b r e  i s  c o l l i m a t e d  by a l e n s  a r r a n g e m e n t  and  
r e a c h e s  t h e  d i f f r a c t i o n  g r a t i n g ,  where  i t  i s  a n g u l a r l y  d i s ­
p e r s e d ,  t h e  d i f f e r e n t  r e f l e c t e d  w a v e l e n g t h  c o m p o n e n t s  b e i n g  
d i r e c t e d  back  and f o c u s e d  by t h e  l e n s  on t h e i r  c o r r e s p o n d i n g  
r e c e i v i n g  f i b r e s .  Bot h  t h e  i n p u t  and o u t p u t  f i b r e  mus t  be  
a r r a n g e d  t o  l i e  on t h e  f o c a l  p l a n e  o f  t h e  l e n s .  A s u p e r i o r  
d e s i g n  ( 1 . 1 3 ) ,  F i g . l . 3 . b ,  i n c l u d e s  a GRIN-rod l e n s ,  a c h i e v i n g  
g r e a t e r  c o m p a c t n e s s  and e a s e  o f  a l i g n m e n t .  A r a r e  v a r i a t i o n  
u s e s  d i f f e r e n t  l e n s e s  f o r  t h e  i n p u t  and o u t p u t  f i b r e s  ( 1 . 1 4 ) .

The p a r t i c u l a r  d e v i c e  shown i n  F i g . l . 3 . b ,  p r o p o s e d  a s  a 
MUX/DEMUX ( 1 . 1 5 )  u s e s  f o u r  d i f f e r e n t  c h a n n e l s ,  f rom 8 1 2  nm 
t o  8 8 5  nm w i t h  l o s s e s  b e t w e e n  4 -  7 dB . An i n t e r c h a n n e l  
s e p a r a t i o n  o f  18 nm i s  r e q u i r e d  f o r  a c r o s s t a l k  i s o l a t i o n  
o f  40  dB; t h e s e  a r e  t y p i c a l  f i g u r e s  f o r  t h e  p e r f o r m a n c e  
a c h i e v e d  by g r a t i n g  DEMUX. A l t h o u g h  up t o  2 0 - c h a n n e l  g r a t i n g  
d e m u l t i p l e x e r s  f o r  o p e r a t i o n  b e t w e e n  1 . 2  -  1 . 7  pm h a v e  b e e n  
p r o p o s e d  ( 1 . 1 6 ) ,  no s u b s t a n t i a l  i m p r o v e m e n t  i n  t h e  p a s s b a n d  
w i d t h  h a s  b e e n  r e p o r t e d .

For e f f i c i e n t  o p e r a t i o n ,  g r a t i n g  MUX/DEMUX r e q u i r e  m u l t i -  
mode f i b r e s  w i t h  l a r g e  c o r e s  t o  c o l l e c t  t h e  d i s p e r s e d  
s i g n a l s .  The u s e  o f  s i n g l e - m o d e  f i b r e  s i g n i f i c a n t l y  d e g r a d e s  
t h e  c o u p l i n g  e f f i c i e n c y  i n t o  t h e  r e c e i v i n g  f i b r e s ,  i n c r e a s ­
i n g  t h e  l o s s ;  s u c h  d e g r a d a t i o n  i s  more s e v e r e  i n  MUX. H e n c e ,  
e v e n  t h o u g h  a g r a t i n g  may be a p p l i c a b l e  t o  d e m u l t i p l e x i n g ,  
i t  i s  n o t  v e r y  s u i t a b l e  f o r  MUX o r  MUX/DEMUX u n i t s .

On t h e  o t h e r  hand,  m u l t i p l e x e r s  can be r e a l i s e d  by making
u se  o f  t h e  w a v e l e n g t h  s e l e c t i v i t y  o f  d i e l e c t r i c  t h i n  f i l m
f i l t e r s ;  t h e i r  f i l t e r i n g  c h a r a c t e r i s t i c s  d e s i g n e d  i n d e p e n d -



F i g .  1 . 3
L i t t r o w - t y p e  g r a t i n g  d e m u l t i p l e x e r :

a)  O r i g i n a l  d e s i g n  ( 1 . 1 2 )  ,
b)  I mp ro v ed  d e s i g n  w i t h  G r i n - r o d  l e n s  ( 1 . 1 3 )  .
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e n t l y  o f  t h e  f i b r e  p a r a m e t e r s .
A d i e l e c t r i c  t h i n  f i l m  f i l t e r  c o n s i s t s  o f  a l a r g e  number  

o f  a l t e r n a t e  h i g h  and low r e f r a c t i v e  i n d e x  d i e l e c t r i c  f i l m s  
( 1 . 1 8 ) .  I t  i s  p o s s i b l e  t o  d e s i g n  and f a b r i c a t e  d i f f e r e n t  

t y p e s  o f  f i l t e r s ,  b o t h  b a n d p a s s  and e d g e - f i l t e r s  ( i . e .  
l o n g - w a v e l e n g t h - p a s s  and s h o r t - w a v e  l e n g t h - p a s s  f i l t e r s ) ,  t o  
s u i t  WDM r e q u i r e m e n t s .  A w i d e  r a n g e  o f  d e v i c e s  u s i n g  t h i n -  
f i l m  f i l t e r s  h a v e  b e e n  d e s i g n e d ,  i n c l u d i n g  t h e  GRIN- rod  l e n s  
t y p e  ( 1 . 1 8 ) ,  F i g . 1 . 4 . a , t h e  m u l t i - r e f l e c t i o n  t y p e  ( 1 . 1 9 ) ,  
F i g . 1 . 4 . b , and t h e  f i b r e - e n d  t y p e  ( 1 . 2 0 ) ,  F i g . l . 4 . c  . A more  
i n t e r e s t i n g  v a r i a t i o n  u s e s  t h e  b e a m - s p l i t t e r  p r i n c i p l e  w i t h  
i n t e r f e r e n c e  f i l t e r s  and t h r e e - b u t t  c o u p l e d  f i b r e s  ( 1 . 2 1 ) ,  
w hi ch  h a s  b e e n  r e a l i s e d  u s i n g  b o t h  m u l t i m o d e  and s i n g l e ­
mode f i b r e s ,  t h e  l a t t e r  r e q u i r i n g  a more p r e c i s e  a l i g n m e n t .  
For s i n g l e  mode d e v i c e s ,  t y p i c a l  p e r f o r m a n c e  i n c l u d e s  l o s s e s  
o f  0 . 5 - 1  d B / d e v i c e  and i n t e r c h a n n e l  s e p a r a t i o n  o f  30  -  
100 nm ( d e t e r m i n e d  from t h e  i n t e r f e r e n c e  f i l t e r )  w i t h  a 
c r o s s t a l k  a t t e n u a t i o n  o f  2 0  -  5 0  dB f o r  o p e r a t i o n  i n  t h e
0 . 8  -  1 . 3  jim r a n g e .  S i n c e  i t  i s  b a s i c a l l y  a t w o - c h a n n e l  
d e v i c e ,  a number o f  t h e s e ,  e a c h  o n e  w i t h  d i f f e r e n t  c h a r a c t e r ­
i s t i c s ,  w i l l  h a v e  t o  be c a s c a d e d  f o r  m u l t i - c h a n n e l  o p e r a t i o n ,  
i n c r e a s i n g  t h e  t o t a l  l o s s .

I t  i s  p o s s i b l e  t o  u s e  f i b r e  e n d - t y p e  d e v i c e s  f o r  b o t h  MUX 
and DEMUX, a l t h o u g h  g r a t i n g  DEMUX a p p e a r  t o  be s u p e r i o r .  
H y b r i d - t y p e  d e v i c e s  ( 1 . 2 2 ) ,  i n c o r p o r a t e  g r a t i n g s  f o r  DEMUX 
and d i e l e c t r i c  t h i n  f i l m  f i l t e r s  f o r  MUX ( F i g . 1 . 5 ) ,  a s  MUX/ 
DEMUX u n i t s  f o r  b i d i r e c t i o n a l  WDM s y s t e m s .

D e v i c e s  u s i n g  d i s p e r s i v e  e l e m e n t s  a n d / o r  t h i n - f i l m
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GRIN ROO LENS

(a)

A  ̂— A$ A 2  A 4  A *

(b)

F i g .  1 . 4
D e m u l t i p l e x e r  d e s i g n s  b a s e d  on t h i n  f i l m  d i e l e c t r i c  f i l t e r s :

a)  GRIN- rod  l e n s  t y p e  ( 1 . 1 8 )  ,
b)  M u l t i - r e f l e c t i o n  t y p e  ( 1 . 1 9 )  ,
c )  F i b r e - e n d  t y p e  ( 1 . 2 0 )  .
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(0.80 0.87pm)

F i g .  1 . 5
MUX /  DEMUX u n i t  i n c o r p o r a t i n g  g r a t i n g s  and d i e l e c t r i c

thin film filters (1.22) .
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d i e l e c t r i c  f i l t e r s  a r e  u s u a l l y  b u l k y ,  m a i n l y  d e s i g n e d  f o r  
m u l t i m o d e  f i b r e s .  G r a t i n g s  h a v e  t h e  a d v a n t a g e  o f  s e p a r a t i n g  
a number o f  c h a n n e l s  s i m u l t a n e o u s l y ,  t h o u g h  t h i s  i s  c o u n t e r ­
a c t e d  by f a b r i c a t i o n  c o m p l e x i t y ,  l o s s e s ,  and p o o r  c o u p l i n g  
e f f i c i e n c i e s  r e s u l t i n g  f rom s e v e r e  a l i g n m e n t  p r o b l e m s ,  in  
p a r t i c u l a r  w i t h  s i n g l e - m o d e  f i b r e s .  On t h e  o t h e r  h an d ,  t h e  
s m a l l e s t  i n t e r - c h a n n e l  s e p a r a t i o n  r e c o r d e d  i s  no b e t t e r  t h a n  
20  nm f o r  a 3 0  dB c r o s s t a l k  i s o l a t i o n  w i t h  7 dB l o s s e s ,  
l i m i t i n g  t h e  number o f  t h e  p o s s i b l e  a v a i l a b l e  c h a n n e l s  in  
t h e  u s e f u l  w a v e l e n g t h  r e g i o n .

i i )  D e v i c e s  u s i n g  d i r e c t i o n a l  c o u p l e r s .

In c o m p a r i s o n  t o  g r a t i n g s  and t h i n  f i l m  i n t e r f e r e n c e  
f i l t e r s ,  d i r e c t i o n a l  c o u p l e r s  o f f e r  s i m p l e r  d e s i g n s ,  f e w e r  
l o s s e s ,  and a r c h i t e c t u r a l  c o m p a c t n e s s .  A l t h o u g h  t h e y  a r e  
b a s i c a l l y  two c h a n n e l  d e v i c e s ,  a number o f  them c an  be  
c a s c a d e d  f o r  m u l t i - c h a n n e l  o p e r a t i o n .

E v a n e s c e n t  c o u p l e r s  r e l y  on t h e  n e a r  e q u a l i t y  o f  t h e  p h a s e  
v e l o c i t i e s  o f  two a d j a c e n t ,  p a r a l l e l  w a v e g u i d e s  t o  e f f e c t  
s i g n i f i c a n t  power  e x c h a n g e .  The c o u p l i n g  p r o c e s s  i s  p e r i o d i c  
and t h e  minimum l e n g t h  o v e r  w h i c h  t h e  l i g h t  i s  c o m p l e t e l y  
t r a n s f e r r e d  f rom one  c o r e  i n t o  t h e  a d j a c e n t  c o r e ,  known a s  
t h e  b e a t l e n g t h ,  i s  g i v e n  by

L = Tt /  (2  * c )  *
where  c i s  t h e  c o u p l i n g  c o e f f i c i e n t  f o r  t h e  two  i n t e r a c t i n g
w a v e g u i d e  mo des .
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D i r e c t i o n a l  c o u p l e r s  h a v e  b e e n  i m p l e m e n t e d  b o t h  in  
i n t e g r a t e d - o p t i c  and f i b r e - o p t i c  f o r ms  and h a v e  f o u n d  a p p l i ­
c a t i o n s  a s  s w i t c h e s  and m o d u l a t o r s  f o r  d a t a  e n c o d i n g ,  beam 
s p l i t t e r s  f o r  i n t e r f e r o m e t r i c  a p p l i c a t i o n s ,  s e n s o r s  e t c .

C o u p l i n g  b e t w e e n  i d e n t i c a l  w a v e g u i d e s  a p p e a r s  t o  be  
r a t h e r  i n s e n s i t i v e  t o  t h e  w a v e l e n g t h  o f  o p e r a t i o n ,  t h e  
c o u p l i n g  p r o c e s s  o n l y  i n f l u e n c e d  by t h e  w a v e l e n g t h  d e p e n d a n -  
c e  o f  t h e  c o u p l i n g  c o e f f i c i e n t ,  and  h e n c e  o f  t h e  b e a t l e n g t h .  
The f i l t e r i n g  c h a r a c t e r i s t i c s  o f  c o u p l e r s  u s i n g  i d e n t i c a l  
w a v e g u i d e s  o v e r  a s i n g l e  b e a t l e n g t h ,  a p p e a r  t o  be o f  l i t t l e  
p r a c t i c a l  i n t e r e s t .

For c o u p l e r s  w i t h  d i s s i m i l a r  w a v e g u i d e s ,  t h e  p h a s e  m a t c h ­
i n g  c o n d i t i o n  b e c o m e s  w a v e l e n g t h  d e p e n d a n t  and t h e r e  w i l l  be  
a w a v e l e n g t h  r a n g e  f o r  w hi ch  s i g n i f i c a n t  power  t r a n s f e r  
w i l l  o c c u r .  A l l  t h e  d i f f e r e n t  c o u p l e r  d e s i g n s  p r o p o s e d  f o r  
MUX/DEMUX a p p l i c a t i o n s  e m p l o y  d i s s i m i l a r  w a v e g u i d e s ,  in an 
a t t e m p t  t o  m a x i m i s e  t h e  a n g l e  b e t w e e n  t h e  two d i s p e r s i o n  c h a ­
r a c t e r i s t i c s ,  t h u s  e n h a n c i n g  t h e  w a v e l e n g t h  s e l e c t i v i t y .  The 
c o u p l e d  b a n d w i d t h  c an  be f u r t h e r  r e d u c e d  by e x t e n d i n g  t h e  
d i s t a n c e  b e t w e e n  t h e  two g u i d e s ,  t h u s  w e a k e n i n g  t h e  c o u p l i n g  
s t r e n g t h ,  b u t  t h i s  h a s  t h e  u n d e s i r a b l e  e f f e c t  o f  i n c r e a s i n g  
t h e  b e a t l e n g t h ,  r e s u l t i n g  i n  l o n g e r  d e v i c e s .  A l t h o u g h  t h e  
w a v e l e n g t h  s e l e c t i v i t y  c a n  b e ,  i n  g e n e r a l ,  i m p r o v e d  by t h e  
c o m b i n e d  e f f o r t s  o f  g u i d e  d i s s i m i l a r i t y  and weak c o u p l i n g ,  
d i r e c t i o n a l  c o u p l e r s  s u f f e r  from f a b r i c a t i o n  t o l e r a n c e s .  
Some form o f  t u n i n g  i s ,  t h e r e f o r e ,  n e c e s s a r y  in o r d e r  t o  
" h i t "  t h e  p h a s e  m a t c h i n g  c o n d i t i o n  a t  a s p e c i f i e d  w a v e l e n g t h .

W a v e l e n g t h  f i l t e r s  w i t h  d i s s i m i l a r  w a v e g u i d e s  h a v e  b e e n
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f a b r i c a t e d  a s  T i - d i f f u s e d  s t r i p  w a v e g u i d e s  in  LiNbOg ( 1 . 2 3 ) ,  
d e m o n s t r a t i n g  n e a r l y  100 % t r a n f e r ,  w i t h  a 3 dB b a n d w i d t h  o f  
20  nm f o r  a b e a t l e n g t h  o f  1 . 5  cm and f o r  c r o s s t a l k  l e v e l s  
a b o v e  17 dB . T y p i c a l  t u n i n g  r a t e s  o f  11 nm/V o v e r  6 0  nm 
h a v e  b e e n  r e p o r t e d .

F a b r i c a t i o n  in m a t e r i a l s  c o m p a t i b l e  w i t h  o p t o e l e c t r o n i c  
i n t e g r a t e d  c i r c u i t s  o f f e r s  t h e  a d v a n t a g e  o f  m o n o l i t h i c  i n t e ­
g r a t i o n  w i t h  s o u r c e s ,  d e t e c t o r s ,  and e l e c t r o n i c  c i r c u i t r y  t o  
form w a v e l e n g t h  m u l t i p l e x i n g  and d e m u l t i p l e x i n g  u n i t s .  An 
i n t e g r a t e d  o p t i c s  f i l t e r  ( F i g .  1 . 6 . a )  f a b r i c a t e d  i n  InGaAsP-  
InP ( 1 . 2 5 )  h a s  d e m o n s t r a t e d  a 3 dB b a n d w i d t h  o f  2 2  nm f o r  
a s u r p r i s i n g l y  s h o r t  b e a t l e n g t h  o f  1 . 9  mm , by u s i n g  two  
v e r y  d i s s i m i l a r  w a v e g u i d e s ,  b o t h  i n  i n d i c e s  and d i m e n s i o n s ,  
t o  e n h a n c e  t h e  w a v e l e n g t h  s e l e c t i v i t y  o f  t h e  c o u p l e r .  No i n ­
f o r m a t i o n  i s  p r o v i d e d  a b o u t  t h e  c r o s s t a l k  i s o l a t i o n ,  t h o u g h  
i t  i s  e x p e c t e d  t o  be o f  t h e  same o r d e r  a s  f o r  t h e  LiNbOg 

d e v i c e .  No p a r t i c u l a r  r e f e r e n c e  i s  made t o  t h e  l o s s  f a c t o r ,  
b ut  f o r  an I n Ga As P - I n P  w a v e g u i d e  p r o d u c e d  by l i q u i d  p h a s e  
e p i t a x y ,  t h e  a b s o r p t i o n  l o s s  f o r  s i n g l e  mode g u i d i n g  i s  a t  
l e a s t  4 dB/cm ( 1 . 2 5 ) .  By c o m p a r i s o n  t h e  l o s s  o f  a d i r e c t i o n ­
a l  c o u p l e r  f a b r i c a t e d  in LiNbOg i s  1 dB/cm ( 1 . 2 6 ) .

I n t e g r a t e d  o p t i c  f i l t e r s  o f f e r  p o t e n t i a l  m o n o l i t h i c  i n t e ­
g r a t i o n  in  o p t o e l e c t r o n i c  i n t e g r a t e d  c i r c u i t s .  The a v a i l a b i ­
l i t y  o f  a w i d e  r a n g e  o f  m a t e r i a l s  w i t h  d i f f e r e n t  i n d i c e s  and  
l a r g e  e l e c t r o - o p t i c  e f f e c t s ,  c o m b i n e d  w i t h  t h e  d e v e l o p m e n t  
o f  s o p h i s t i c a t e d  m a s k i n g  t e c h n i q u e s  f o r  p r e c i s e  f a b r i c a t i o n ,  
make t h e  i m p l e m e n t a t i o n  o f  i n t e g r a t e d  o p t i c a l  f i l t e r s  r a t h e r  
a t t r a c t i v e .  T h e i r  u s e f u l n e s s  i s ,  h o w e v e r ,  l i m i t e d  by l o s s
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and i n c o m p a t i b i l i t y  w i t h  e x i s t i n g  c o m m u n i c a t i o n  f i b r e s .  
D e s p i t e  a l o t  o f  r e s e a r c h  in t h i s  a r e a  ( 1 . 2 7 ) ,  e f f i c i e n t  
power  c o u p l i n g  from a p l a n a r  w a v e g u i d e  t o  an o p t i c a l  f i b r e  
s t i l l  r e m a i n s  an u n s o l v e d  p r o b l e m ,  p o s i n g  a s e r i o u s  c h a l ­
l e n g e  t o  t h e  i m p l e m e n t a t i o n  o f  i n t e g r a t e d  o p t i c s  s y s t e m s .

On t h e  o t h e r  h an d ,  l o s s e s  o f  1 - 4  dB/cm , t h o u g h  n o t  
s e v e r e  by i n t e g r a t e d  o p t i c s  s t a n d a r d s ,  a p p e a r  h ug e  by c o m p a r ­
i s o n  t o  t h e  0 . 1 6  dB/km o b t a i n e d  w i t h  s i n g l e - m o d e  l a b o r a t o r y  
f i b r e s  a t  1 . 5 5  pm .

S i n g l e - m o d e  o p t i c a l  f i b r e  c o u p l e r s  l o o k  p r o m i s i n g  f o r  
w a v e l e n g t h - m u l t i p l e x i n g  a p p l i c a t i o n s ,  b e c a u s e  o f  t h e i r  i n ­
h e r e n t l y  low t r a n s m i s s i o n  l o s s e s .  D i f f e r e n t  v a r i a t i o n s  o f  
f i b r e  c o u p l e r s  h a v e  b e e n  r e p o r t e d ,  t h e  mo s t  p o p u l a r  b e i n g  
t h e  p o l i s h e d  c o u p l e r ,  t h e  c o a x i a  1- d i r e c t i o n a l - c o u p l e r , and  
t h e  f u s e d  b i c o n i c a l  t a p e r  c o u p l e r .

P o l i s h e d  c o u p l e r s  ( 1 . 2 8 ,  1 . 2 9 ) ,  F i g .  1 . 6 . b ,  r e l y  on d i s s i ­
m i l a r  f i b r e s  t o  i mp r ov e  t h e  w a v e l e n g t h  s e l e c t i v i t y .  T y p i c a l  
c o u p l e d  b a n d w i d t h s  o f  9 0  nm h a v e  b ee n  r e p o r t e d  f o r  i n t e r ­
a c t i o n  l e n g t h s  o f  3 mm i n  t h e  1 -  1 . 5  pm r a n g e .  A l t h o u g h  
t h e r e  i s  a s m a l l  l o s s  o f  0 . 5  dB from s c a t t e r i n g ,  due t o  im­
p e r f e c t  p o l i s h i n g ,  v e r y  h i g h  c o u p l i n g  e f f i c i e n c i e s  c an  be  
o b t a i n e d .  T u n a b i l i t y  i s  a v a i l a b l e  e i t h e r  by means  o f  l a t e r a l  
d i s p l a c e m e n t  ( 1 . 3 0 )  o r  i n  t e r m s  o f  v a r i a t i o n s  i n  t h e  r e f r a c t ­
i v e  i n d e x  o f  t h e  i n t e r m e d i a t e  l a y e r .  A s h i f t  i n  t h e  c r o s s ­
o v e r  w a v e l e n g t h  o f  a b o u t  15 nm h a s  b e e n  d e m o n s t r a t e d  by  
u s i n g  an i n t e r m e d i a t e  l a y e r  o f  1 . 3  % l o w e r  i n d e x  ( 1 . 2 9 ) .

Due t o  t h e  p o o r  c r o s s t a l k  i s o l a t i o n  o f  t h e  c o u p l e r  ( 10 t o  
25  d B ) ,  when u s e d  f o r  d e m u l t i p l e x i n g  c h a n n e l s  o f  n ar r ow  s p a c -



i n g s ,  an a d d i t i o n a l  n a r r o w - b a n d  f i l t e r  must  be i n s e r t e d  t o  
i m p r ov e  c r o s s t a l k  s u p p r e s s i o n .

The d i s s i m i l a r i t y  a r g u m e n t  c an  be f u l l y  e x p l o i t e d  by 
u s i n g  f i b r e s ,  d i f f e r e n t ,  n o t  o n l y  i n  d i m e n s i o n s  and i n d i c e s ,  
b ut  a l s o  i n  t y p e ;  f o r  e x a m p l e  o n e  may be a s t e p - i n d e x  t y p e ,  
w h i l e  t h e  o t h e r  may h a v e  a t r i a n g u l a r  o r  p a r a b o l i c  p r o f i l e
( 1 . 3 1 ) .  On t h e  o t h e r  h a n d ,  d i r e c t i o n a l  c o u p l i n g  c an  be c o n s i ­
d e r e d  b e t w e e n  a r o d  and a t u b e  w a v e g u i d e .  The c o a x i a l - d i r e c t ­
i o n a l - c o u p l e r ,  was o r i g i n a l l y  r e a l i s e d  u s i n g  C h a n c e - P i  1k i n g -  
t o n  BSC g l a s s e s  and h a s  b e e n  e x t e n s i v e l y  s t u d i e d  ( 1 . 3 2 ,  1 . 3 3 ) ,
w i t h  a p p l i c a t i o n s  b o t h  a s  an e l e c t r o - o p t i c  m o d u l a t o r  and a 
s e n s o r  e l e m e n t .  I t  h a s  b e i n g  r e c e n t l y  f a b r i c a t e d  in  s i l i c a ,  
and i t s  p o t e n t i a l  a s  a f i l t e r  f o r  W.D.M. i s  c u r r e n t l y  u n d er  
i n v e s t  i g a t  i o n .

The c o a x i a l  c o u p l e r  h a s  a s t o p - b a n d  f i l t e r i n g  r e s p o n s e ,  
a l t h o u g h ,  when u s e d  i n  a more e l a b o r a t e d  manner s i m i l a r  t o  
t h a t  in  ( 1 . 3 4 )  , a b a n d p a s s  r e s p o n s e  can be o b t a i n e d  ( F i g .
1 . 6 . C ) .  I t s  f i l t e r i n g  c h a r a c t e r i s t i c  h a s  n o t  y e t  b e e n  s a t i s ­
f a c t o r i l y  d e m o n s t r a t e d ,  t h o u g h  a b a n d w i d t h  o f  10 nm i s  a n t i ­
c i p a t e d  f o r  an i n t e r a c t i o n  l e n g t h  o f  10 cm. The l i g h t  e n d i n g  
in  t h e  t u b e  i s  n o t  e a s i l y  r e c o v e r a b l e ,  s o  t h e  c o a x i a l  
c o u p l e r ,  in i t s  p r e s e n t  f o r m ,  c a n n o t  f i n d  a p p l i c a t i o n  a s  a 
m u l t i p l e x e r / d e m u l t i p l e x e r . I t  c an  b e ,  h o w e v e r ,  e f f e c t i v e l y  
e m p l o y e d  a s  an i n - l i n e  p r e -  o r  p o s t - f i l t e r  f o r  s u p p r e s s i n g  
u n w a n t e d  w a v e l e n g t h s ,  i m p r o v i n g  c r o s s t a l k  i s o l a t i o n .

Fused b i c o n i c a l - t a p e r  c o u p l e r s  ( 1 . 3 5 )  r e l y  on t h e  d e p e n d -
ance  o f  t h e  c o u p l i n g  p r o c e s s  on t h e  i n t e r a c t i o n  l e n g t h .  For

c o u p l e r s  wi t h  i d e n t i c a l  f i b r e s ,  t h e  w a v e l e n g h t  r e s p o n s e  i s
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COAXI AL  Fi BER 
COUPLER

C)

F i g .  1 . 6
MUX /  DEMUX f i l t e r i n g  d e v i c e s  b a s e d  on d i r e c t i o n a l  c o u p l e r s :

a)  I n t e g r a t e d  O p t i c s  C o u p l e r  ,
F i b r e  O p t i c s  F i l t e r s  b a s e d :

b) P o l i s h e d  C o u p l e r  ,
c )  C o a x i a l  D i r e c t i o n a l  C o u p l e r  .

E l a b o r a t e  c o n f i g u r a t i o n  f o r  b a n d p a s s  r e s p o n s e .
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r a t h e r  s l o w  o v e r  a s i n g l e  b e a t l e n g t h ,  b u t  b e c o m e s  more i n t e r ­
e s t i n g  f o r  m u l t i - b e a t l e n g t h  o p e r a t i o n .  I f  t h e  l i g h t  i s  a l l o w ­
e d  t o  o s c i l l a t e  f o r  a number o f  t i m e s  b e t w e e n  t h e  two  c o r e s ,  
an a p p r o x i m a t e l y  s i n u s o i d a l  r e s p o n s e  c a n  be  o b t a i n e d ,  i t s  
f r e q u e n c y  d e p e n d e n t  on t h e  r a t i o  o f  t h e  b e a t l e n g t h  t o  t h e  
i n t e r a c t i o n  l e n g t h  ( 1 . 3 6 )  . C o n c a t e n a t e d  f i l t e r s  h a v e  b e e n  
s u c c e s s f u l l y  r e a l i s e d  by c a s c a d i n g  a number o f  f u s e d  t a p e r e d  
c o u p l e r s  ( 1 . 3 7 ) .  T y p i c a l  f i g u r e s ,  f o r  a d e v i c e  u s i n g  two s u c h  
c o u p l e r s  w i t h  2 0  mm and 2 0 0  mm i n t e r a c t i o n  l e n g t h s , i n c l u d e  
a 3 dB b a n d w i d t h  o f  2 0  nm, 1 dB l o s s  and 2 0  dB c r o s s ­
t a l k  i s o l a t i o n  ( 1 . 3 8 ) .

In g e n e r a l ,  s i n g l e - m o d e  f i b r e  c o u p l e r  m u l t i p l e x e r s / d e m u l t i -  
p l e x e r s ,  t h o u g h  s u f f e r i n g  f rom p o o r  r o s s t a l k  i s o l a t i o n ,  a r e  
c l e a r l y  s u p e r i o r  t o  g r a t i n g s  and i n t e r f e r e n c e  f i l t e r s  i n  
t e r m s  o f  f i b r e  c o m p a t i b i l i t y ,  l o s s ,  and p o t e n t i a l  s p e c t r a l  
s e l e c t i v i t y .

i i i )  D e v i c e s  b a s e d  on g r a t i n g  r e f l e c t o r s  and  
c o u p l e r s

S i n c e  t h e  w a v e l e n g t h  s e l e c t i v i t y  o f  a c o n v e n t i o n a l  c o u p l e r  
d e p e n d s  on t h e  s i z e  o f  t h e  a n g l e ,  b e t w e e n  t h e  i n t e r s e c t i n g  
d i s p e r s i o n  c h a r a c t e r i s t i c s  o f  t h e  two g u i d e d  mo d e s ,  l a r g e r  
a n g l e s  c an  be  e x p e c t e d  f o r  c o u p l i n g  by means  o f  a p e r i o d i c  
p e r t u r b a t i o n  i n  t h e  form o f  a g r a t i n g .  Even f o r  c o - d i r e c t i o n -  
a l  c o u p l i n g ,  m o d e s t  f i l t e r  b a n d w i d t h s  i n  t h e  o r d e r  o f  4 . 5  t o



15 & h a v e  b e e n  r e p o r t e d  ( 1 . 3 9 ,  1 . 4 0 )  f o r  s i n g l e - m o d e  e l e c t r o ­
o p t i c  TE -  TM mode c o n v e r t e r s ,  F i g .  1 . 7 . a ,  b a s e d  on a T i -  
d i f f u s e d  l i t h i u m  n i o b a t e  w a v e g u i d e ,  w i t h  an e l e c t r o d e  p e r i o d ­
i c i t y  o f  ~ 7  |im .

C a s c a d e d  B r ag g  g r a t i n g s  o f  d i f f e r e n t  p e r i o d i c i t i e s ,  f a b r i ­
c a t e d  by means  o f  d i r e c t  e l e c t r o n - b e a m  w r i t i n g  on a c h a r l c o -  
g e n i d e  w a v e g u i d e  f i l m  ( 1 . 4 1 ) ,  h a v e  a l s o  b e e n  p r o p o s e d  f o r  
s e p a r a t i n g  d i f f e r e n t  w a v e l e n g t h s ,  f o c u s i n g  them o n t o  p h o t o ­
d i o d e s  i n t e g r a t e d  in t h e  S i  s u b s t r a t e ,  F i g . l . 7 . b ,  w i t h  
s e l e c t i v i t y  o f  a f e w  nm.

The f u l l  p o t e n t i a l  o f  g r a t i n g - a s s i s t e d  c o u p l i n g  i n  n a r r o w -  
band f i l t e r i n g  can  be e x p l o r e d  by c o n s i d e r i n g  c o n t r a d i r e c t i -  
o n a l  c o u p l i n g .  A p e r i o d i c  p e r t u r b a t i o n  w i t h  p i t c h  e q u a l  t o  
h a l f  t h e  g u i d e  w a v e l e n g t h ,  r e s u l t s  i n  c o u p l i n g  b e t w e e n  a 
f o r w a r d  and a b ac k w a rd  t r a v e l l i n g  mode,  g i v i n g  r i s e  t o  r e ­
f l e c t i o n  o r  b a c kw a rd  wave  c o u p l i n g .  The s i m p l e s t  s t r u c t u r e ,  
t h a t  can be c o n s i d e r e d ,  i s  t h e  B r a g g - t y p e  w a v e g u i d e  r e f l e c t ­
o r ,  r e a l i s e d  by f a b r i c a t i n g  a g r a t i n g  on a w a v e g u i d e  s u r ­
f a c e .

B r ag g  r e f l e c t o r s ,  b a s e d  on t h i n  f i l m  o p t i c a l  w a v e g u i d e s ,  
h a v e  b e e n  r e p o r t e d  a s  e a r l y  a s  1974  , w i t h  b a n d w i d t h s  o f  
2 A ( 1 . 4 2 )  and e v e n  a s  n ar r ow  a s  0 . 1  & ( 1 . 4 3 )  f o r  o p e r a t i o n  
a t  0 . 6 3 3  |im , w i t h  r e f l e c t i v i t i e s  a r o u n d  7 0  % . An i n t e ­
g r a t e d  o p t i c s  v e r s i o n  o f  t h e  B r a g g  r e f l e c t o r  h a s  b e e n  a l s o  
r e a l i s e d  i n  GaAs / GaAl As  r i b  w a v e g u i d e s  ( 1 . 4 4 )  w i t h  c e n t r e  
w a v e l e n g t h s  a t  1 . 5  jim, d e m o n s t r a t i n g  c o u p l e d  b a n d w i d t h s  o f  
5 & and r e f l e c t i v i t i e s  o f  80  % .

More r e c e n t  d e v i c e s  t e n d  t o  u t i l i s e  g r a t i n g  s t r u c t u r e s
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a)  TE^rTH mode c o n v e r t o r  b a s e d  on a T i - d i f u s e d  LiNbO^ 
w a v e g u i d e ,  w i t h  an e l e c t r o d e  p e r i o d i c i t y  o f  ~ 7  pm .

b)  C a s c a d e d  B r a g g  g r a t i n g s  G o f  d i f f e r e n t  p e r i o d i c i t i e s  
on a t h i n  f i l m  w a v e g u i d e  WG, f o r  d i r e c t i n g  t h e  g u i d e d  
l i g h t  o n t o  t h e  i n t e g r a t e d  p h o t o d e t e c t o r s  PD ( 1 . 4 1 )  .
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w i t h  monomode o p t i c a l  f i b r e s .  A s i n g l e - m o d e  f i b r e  e v a n e s c e n t  
g r a t i n g  r e f l e c t o r  was o r i g i n a l l y  d e m o n s t r a t e d ,  by  p l a c i n g  
a c o m m e r c i a l l y  a v a i l a b l e  h o l o g r a p h i c  r e f l e c t i o n  g r a t i n g  in  
c o n t a c t  w i t h  t h e  s u r f a c e  o f  a f i b r e ,  s u i t a b l y  p o t t e d  and  
p o l i s h e d  t o  r e v e a l  t h e  c o r e  ( 1 . 4 5 ) .  An i n d e x  o i l  was  a p p l i e d  
b e t w e e n  t h e  f i b r e  and g r a t i n g  s u r f a c e s  t o  e n s u r e  g oo d  
c o n t a c t .  In t h i s  way,  a r e f l e c t i o n  b a n d w i t h  o f  2 . 8  & was  
o b t a i n e d ,  a t  a r o u n d  0 . 8 0 8  pm , f o r  a g r a t i n g  p e r i o d i c i t y  o f
0 . 2 7 8  pm . The r e f l e c t i v i t y  was r e l a t i v e l y  p o o r ,  3 8  % , 
m a i n l y  due  t o  an e x c e s s i v e  3 dB l o s s  f rom t h e  m e t a l l i s e d  
g r a t i n g  s u r f a c e .

In a s i m i l a r  d e s i g n  ( 1 . 4 6 ) ,  t h e  g r a t i n g  was f a b r i c a t e d  
d i r e c t l y  on a p o l i s h e d - f i b r e  s u r f a c e ,  F i g . 1 . 8 . a . A t h i n  
( 80  nm ) ,  h i g h  i n d e x  ( n = 1 . 6 8  ) a l u m i n i u m  o x i d e  l a y e r  was  
d e p o s i t e d  o v e r  t h e  g r a t i n g ,  in  o r d e r  t o  d i s t o r t  t h e  f i b r e  
f i e l d  p r o f i l e  i n  t h e  g r a t i n g  r e g i o n ,  i n c r e a s i n g  i t s  o v e r l a p  
f o r  h i g h e r  c o u p l i n g  e f f i c i e n c y .  A b a n d w i d t h  o f  18 A w i t h  
r e f l e c t i v i t i e s  o f  92  % were  d e m o n s t r a t e d  a r o u n d  1 . 3  pm, f o r  
a g r a t i n g  p e r i o d i c i t y  o f  0 . 4 4 9  pm and l e n g t h  1 mm . R e c e n t  
r e s u l t s  by t h e  same a u t h o r s  ( 1 . 4 7 ) ,  show b a n d w i d t h s  o f  8 & 
and r e f l e c t i v i t i e s  a r o u n d  90  % .

For g r a t i n g  r e f l e c t o r s  t o  be e m p l o y e d  a s  MUX/DEMUX f o r  
WDM f i b r e  c o m m u n i c a t i o n  s y s t e m s ,  i t  i s  n e c e s s a r y  t o  p l a c e  a 
c o n v e n t i o n a l  d i r e c t i o n a l  c o u p l e r  b e f o r e  t h e  g r a t i n g  i n  o r d e r  
t o  s a m p l e  p a r t  o f  t h e  r e f l e c t e d  s i g n a l .  A w e a k n e s s  o f  t h i s ,  
o t h e r w i s e ,  s i m p l e  c o n f i g u r a t i o n ,  a t  l e a s t  f o r  WDM o f  s e v e ­
r a l  c o m m u n i c a t i o n  c h a n n e l s ,  r e s u l t s  f rom t h e  e x c e s s i v e  l o s s  
a s s o c i a t e d  w i t h  t h e  c o u p l e r .  Even f o r  a n o m i n a l  3 dB c o u p l -
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F i g .  1 . 8
a )  G r a t i n g  r e f l e c t o r  c o n f i g u r a t i o n ,  w i t h  a s u r f a c e  r e l i e f  

g r a t i n g  f a b r i c a t e d  on a p o l i s h e d  f i b r e  b l o c k .
b)  G r a t i n g  c o u p l e r  u s i n g  p o l i s h e d  b l o c k s  w i t h  d i s s i m i l a r  

f i b r e s ,  w i t h  a g r a t i n g  f a b r i c a t e d  i n t o  t h e  c l a d d i n g  r e g i o n
o f  o ne  o f  t h e  w a v e g u i d e s .
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e r  and f o r  a 100 % r e f l e c t i v i t y  g r a t i n g ,  t h e r e  i s  an a d d i t i ­
o n a l  3 dB l o s s  on a l l  t h e  p a s s i n g  r a d i a t i o n  and a 6  dB 
l o s s  on t h e  f i l t e r e d  s i g n a l .

T h i s  s e r i o u s  d i s a d v a n t a g e  c a n  be  o v e r c o m e  by a  more  
e l a b o r a t e  c o n f i g u r a t i o n ,  u s i n g  b a c kw a rd  wave c o u p l i n g  b e t ­
ween two  w a v e g u i d e s .  The phenomenon o f  c o n t r a - d i r e c t i o n a l  
c o u p l i n g  h a s  b e e n  f u l l y  a n a l y z e d  s i n c e  a s  e a r l y  a s  1 98 0 .  
A l t h o u g h  t h e  c o u p l i n g  m e ch a n i sm i s  v e r y  s i m i l a r  t o  t h a t  o f  
t h e  g r a t i n g  r e f l e c t o r ,  t h e  s i t u a t i o n  b e c o m e s  more c o m p l i c a t ­
e d  i f  f o r w a r d  c o u p l i n g  and s t r a i g h t  r e f l e c t i o n  a r e  a l s o  
i n c l u d e d  i n  t h e  a n a l y s i s .  For  two f a i r l y  s i m i l a r  w a v e g u i d e s ,  
t h e  t h r e e  c o u p l i n g  p r o c e s s e s  o c c u r  a t  n e a r l y  t h e  same  
f r e q u e n c y ,  c o m p e t i n g  f o r  a s h a r e  o f  t h e  o p t i c a l  p o w e r .  By 
d e s i g n i n g  t h e  two g u i d e s  t o  be d i s s i m i l a r ,  h o w e v e r ,  i t  i s  
p o s s i b l e  t o  i s o l a t e  t h e  g r a t i n g  c o u p l i n g  from t h e  i n f l u e n c e  
o f  t h e  two  o t h e r  p r o c e s s e s .

Even t h o u g h  t h e  p r e c i s e  c o n f i g u r a t i o n  o f  t h e  g u i d e s  and  
t h e  p e r i o d i c  p e r t u r b a t i o n  d o e s  n o t  n e e d  t o  be a c c u r a t e l y  s p e ­
c i f i e d  f o r  t h e  d e v e l o p m e n t  o f  t h e  t h e o r y ,  a number o f  d i f f e r ­
e n t  c o n f i g u r a t i o n s  h a v e  b e e n  p r o p o s e d  f o r  i m p l e m e n t a t i o n  in  
b o t h  i n t e g r a t e d  o p t i c s  and f i b r e  o p t i c s  f o rm .

The g r a t i n g  c o u p l e r  h a s  o n l y  v e r y  r e c e n t l y  b e e n  e x p e r i ­
m e n t a l l y  d e m o n s t r a t e d  ( 1 . 4 8 ) ,  u s i n g  a p o l i s h e d  c o u p l e r  o f  
s l i g h t l y  d i s s i m i l a r  f i b r e s ,  w i t h  a d i f f r a c t i o n  g r a t i n g  
e t c h e d  d i r e c t l y  i n t o  t h e  c l a d d i n g  r e g i o n  o f  o ne  o f  t h e  w a v e ­
g u i d e s  ( F i g . l . 8 . b ) .  The g r a t i n g  p e r i o d i c i t y  was 0 . 5 3  pm , 
f o r  o p e r a t i o n  a t  1 . 5 5  |im , h o l o g r a p h i c l y  p r o d u c e d  o v e r  a 
l e n g t h  o f  2 mm . The d e v i c e  was e x a m i n e d  u s i n g  an F - c e n t r e



l a s e r  w i t h  t u n a b i l i t y  r a n g e  b e t w e e n  1 . 4 9 - 1 . 5 3  pm in 1 A 
s t e p s .  A c o u p l e d  b a n d w i d t h  o f  6 A was m e a s u r e d ,  w i t h  a 
c o u p l i n g  e f f i c i e n c y  o f  25  % . The r e f l e c t i o n  b a n d w i d t h  in  
t h e  i n p u t  f i b r e  was 4 . 5  A, s p e c t r a l l y  s h i f t e d  from t h e  c o u p l ­
ed  band by 12 ft . T h i s  s e e m s  r a t h e r  s u r p r i s i n g ,  s i n c e  t h e  
c o u p l i n g  p r o c e s s  a p p e a r s  t o  be s t r o n g e r  t h a n  t h e  r e f l e c t i o n ,  
e v e n  t h o u g h  t h e  g r a t i n g  i s  f a b r i c a t e d  c l o s e r  t o  t h e  c o r e  o f  
t h e  i n p u t  f i b r e .  The d e v i c e  was a l s o  f o u n d  t o  s u f f e r  l o s s e s  
o f  0 . 8  dB from s c a t t e r i n g  i n  t h e  p o l i s h e d  f i b r e ,  a f u r t h e r
0 . 6  dB wer e  c o n t r i b u t e d  t o  f o r w a r d  c o u p l i n g .

G r a t i n g  r e f l e c t o r s  and c o u p l e r s  a r e  i n  g e n e r a l  v e r y  
s e n s i t i v e  t o  v a r i a t i o n s  i n  t h e  f a b r i c a t i o n  p a r a m e t e r s ,  
e s p e c i a l l y  when a s s o c i a t e d  w i t h  t h e  g r a t i n g  p e r i o d i c i t y .  
Even t h o u g h ,  t h e r e  i s  a l w a y s  l i k e l y  t o  be  a w a v e l e n g t h  
r e f l e c t e d  f o r  a g i v e n  g r a t i n g  p e r i o d i c i t y ,  i n  o r d e r  t o  " h i t "  
t h e  m a t c h i n g  c o n d i t i o n  a t  a p r e d e t e r m i n e d  w a v e l e n g t h ,  an 
e x t r e m e l y  h i g h  p r e c i s i o n  i n  t h e  g r a t i n g  f a b r i c a t i o n  i s  
r e q u i r e d .  Some form o f  t u n i n g  i s  t h e r e f o r e  a l w a y s  n e c e s s a r y ,  
t o  c o m p e n s a t e  f o r  f a b r i c a t i o n  t o l e r a n c e s .

When an e x t e r n a l  g r a t i n g  i s  b e i n g  u s e d  w i t h  t h e  g r a t i n g  
r e f l e c t o r ,  or  i n  t h e  p o l i s h e d  g r a t i n g  c o u p l e r  s i t u a t i o n ,  some  
l i m i t e d  t u n i n g  i s  a v a i l a b l e  by s l i g h t l y  r o t a t i n g  t h e  g r a t i n g  
b l o c k  w i t h  r e s p e c t  t o  t h e  f i b r e  s u r f a c e .

A c o n t i n u o u s  v a r i a t i o n  in t h e  g r a t i n g  p e r i o d i c i t y  h a s  
b e e n  r e c e n t l y  r e p o r t e d  ( 1 . 4 9 ) ,  a l l o w i n g  a w i d e  r a n g e  o f  
w a v e l e n g t h  t u n i n g  f o r  t h e  r e f l e c t e d  s i g n a l .  T h i s  h a s  b e e n  
a c c o m p l i s h e d  u s i n g  a n o v e l ,  "fan" t y p e ,  f i r s t - o r d e r  d i f f r a c t ­
i o n  g r a t i n g  p l a c e d  in c o n t a c t  w i t h  a p o l i s h e d  f i b r e .  The f a n
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g r a t i n g  was w r i t e n  by e l e c t r o n  beam l i t h o g r a p h y  o v e r  an a r e a  
o f  2 mm x 6 mm , i t s  p e r i o d i c i t y  v a r y i n g  from 0 . 4 9 7  |im a t  
o ne  end  t o  0 . 5 3 7  pm a t  t h e  o t h e r ,  p r o v i d i n g  a n o m i n a l  t u n i n g  
r a n g e  o f  8 3 5  A , an i mp r o v e m e n t  by a f a c t o r  o f  100 o v e r  
p r e v i o u s l y  r e p o r t e d  r e s u l t s .  A l t h o u g h  a r e f l e c t i o n  b a n d w i d t h  
o f  8 A was o b t a i n e d ,  c o u p l i n g  e f f i c i e n c i e s  o f  o n l y  11 % 
wer e  p o s s i b l e ,  m a i n l y  due  t o  l o s s  f rom t h e  m e t a l l i s e d  
g r a t i n g  s u r f a c e .

A similar "fan" grating type was fabricated holographic1y, 
and has been used with a polished fibre, with linewidths of 
approximately 10 A , over tuning ranges in excess of 6 5 0  A , 
with 88  % reflectivities ( 1 . 5 0 )  .

G r a t i n g  r e f l e c t o r s  and b a c k w a r d - w a v e  c o u p l e r s  a r e  c h a r a ­
c t e r i s e d  by a m a s s i v e  w a v e l e n g t h  s e l e c t i v i t y ,  w i t h  p o t e n t i a l  
n a r r o w - b a n d  f i l t e r i n g  c a p a b i l i t y  o f  0.1 A o r  l e s s .  T h i s ,  
c o m b i n e d  w i t h  t h e  d e v e l o p m e n t  o f  " c o h e r e n t "  l a s e r  s o u r c e s  o f  
c o m p a r a b l e  l i n e w i d t h s ,  w i l l  make i t  p o s s i b l e  t o  c o m b i n e  and  
s e p a r a t e  h u n d r e d s  o f  c l o s e l y  s p a c e d  c h a n n e l s  c o v e r i n g  a 
n o m i n a l l y  n ar r o w  w a v e l e n g t h  r a n g e .  The a p p l i c a t i o n  o f  t h e  
g r a t i n g  r e f l e c t o r  in  w a v e l e n g t h  d i v i s i o n  m u l t i p l e x i n g  i s  
so me wh a t  l i m i t e d  by t h e  s i g n i f i c a n t  l o s s  i n t o d u c e d  by t h e  
3 dB c o u p l e r  ( b e a m - s p l i t t e r ) ,  u s e d  t o  i s o l a t e  p a r t  o f  t h e  
r e f l e c t e d  s i g n a l .  The b a c k w a r d - w a v e  c o u p l e r  on t h e  o t h e r  
h a n d ,  w i t h  t h e  l i g h t  r e f l e c t e d  i n t o  a d i f f e r e n t  f i b r e  by t h e  
g r a t i n g ,  a l l o w s  t h e  w h o l e  o f  t h e  f i l t e r e d  s i g n a l  t o  be r e ­
c o v e r e d ,  w i t h o u t  any  a d d i t i o n a l  l o s s  on t h e  p a s s i n g  r a d i ­
a t i o n .  F u t u r e  b i d i r e c t i o n a l  m u l t i p l e x e r s  /  d e m u l t i p l e x e r s  
a r e ,  t h e r e f o r e ,  e x p e c t e d  t o  r e l y  on t h e s e  d e v i c e s  f o r  n a r r o w ­
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band f i l t e r i n g .

P r e s e n t  day WDM s y s t e m s  a r e  m a i n l y  u n i d i r e c t i o n a l ,  e m p l o y ­
i n g  g r a t i n g  d e m u l t i p l e x e r s  and t h i n - f i l m  i n t e r f e r e n c e  f i l t e r  
m u l t i p l e x e r s .  Such d e v i c e s  h a v e  b e e n  a l r e a d y  i m p l e m e n t e d  
( 1 . 7 ,  1 . 8 ,  1 . 9 )  i n  p r a c t i c a l  s y s t e m s  and w e r e  f o u n d  t o
o p e r a t e  s a t i s f a c t o r i l y  a t  r e l a t i v e l y  s l o w  r a t e s ,  u s u a l l y  
w i t h  m u l t i m o d e  f i b r e s  and a l w a y s  f o r  l a r g e  c h a n n e l  s p a c i n g s .  
Onl y  f e u  b i d i r e c t i o n a l  s y s t e m s  a r e  c u r r e n t l y  i n  o p e r a t i o n
( 1 . 8 ) ,  u s i n g  a d i f f e r e n t  s e t  o f  w a v e l e n g t h - c a r r i e r s  f o r  e a c h  
d i r e c t i o n .

F u t u r e  s y s t e m s  a r e  e x p e c t e d  t o  be m a i n l y  b i d i r e c t i o n a l ,  
w i t h  g r e a t e r  e m p h a s i s  on c o m p a c t n e s s ,  low l o s s ,  and n a r r o w -  
chan ne 1- s p a c  i n g  i n  o r d e r  t o  a c c o m o d a t e  more c h a n n e l s .  Near  
f u t u r e  d e s i g n s  o f  m u l t i p l e x e r s  /  d e m u l t i p l e x e r s  w i l l  be  
b a s e d  on l o w - l o s s  f i b r e  d e v i c e s ,  e i t h e r  d i r e c t i o n a l  c o u p l e r s  
o r  e v e n  g r a t i n g  c o u p l e r s ;  t h e  f o r m e r  a p p e a r  more f a v o u r a b l e ,  
b e c a u s e  o f  t h e i r  s i m p l e r  f a b r i c a t i o n .  E v e n t u a l l y  , h o w e v e r ,  
w i t h  t h e  s u b s e q u e n t  e v o l u t i o n  o f  " c o h e r e n t "  l a s e r  s o u r c e s ,  
t h e  a p e t i t e  f o r  a f u r t h e r  i n c r e a s e  in t h e  number o f  a v a i l ­
a b l e  c h a n n e l s  c o u l d  o n l y  be  s a t i s f i e d  by more s o p h i s t i c a t e d  
f i b r e  d e v i c e s  b a s e d  on g r a t i n g  c o u p l e r s  and r e f l e c t o r s  w i t h  
m a s s i v e  s p e c t r a l  s e l e c t i v i t y ,  l ow l o s s  and g r e a t e r  a r c h i t e c t ­
u r a l  c o m p a c t n e s s .
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1 . 3  D e v i c e s  B a s e d  o n  G r a t i n g  
C o u p l e r s  a n d  R e f l e c t o r s

So f a r ,  g r a t i n g  c o u p l e r s  and r e f l e c t o r s  h a v e  b e e n  
c o n s i d e r e d  o n l y  i n  t e r m s  o f  t h e i r  p o t e n t i a l  a p p l i c a t i o n  in  
w a v e l e n g t h  d i v i s i o n  m u l t i p l e x i n g .  Even s o ,  t h e  e f f e c t  o f  
g r a t i n g s  on g u i d e d  w a v e s  h a s  b e e n  u t i l i s e d  i n  a v a r i e t y  o f  
d e v i c e s ,  w i t h  p o t e n t i a l  a p p l i c a t i o n s  r a n g i n g  from o p t i c a l  
c o m m u n i c a t i o n  and p r o c e s s i n g  t o  s e n s i n g .

C o u p l i n g  l i g h t  i n t o  a t h i n  f i l m  by means  o f  a d i l e c t r i c  
g r a t i n g  h a s  b e e n  r e p o r t e d  a s  e a r l y  a s  1970 ( 1 . 5 1 ) ,  w i t h  r e ­
p o r t e d  e f f i c i e n c i e s  o f  a r o u n d  4 0  %. The main d i s a d v a n t a g e  o f  
t h e  g r a t i n g  c o u p l e r ,  a s  c o m p a r e d  w i t h  t h e  p r i s m  c o u p l e r ,  i s  
t h a t  a s u b s t a n t i a l  amount  o f  t h e  i n c i d e n t  e n e r g y  i s  t r a n s m i t ­
t e d  t h r o u g h  t h e  f i l m  and i s  e v e n t u a l l y  l o s t  i n t o  
t h e  s u b s t r a t e ,  a c c o u n t i n g  f o r  t h e  low c o u p l i n g  e f f i c i e n c i e s .

A l t e r n a t i v e l y ,  a g r a t i n g  f a b r i c a t e d  on an o p t i c a l  w a v e ­
g u i d e  can  c o u p l e  l i g h t  i n t o  a r a d i a t i o n  mode a t  t h e  B r a g g  
a n g l e ,  u s e d  a s  a beam e x p a n d e r  o r  a h i g h  r e s o l u t i o n  s p e c t r o ­
m e t e r .  A c o n s t a n t - p e r i o d  g r a t i n g  on a p l a n a r  w a v e g u i d e  may 
a c t  a s  a beam e x p a n d e r ,  by d i f f r a c t i n g  t h e  g u i d e d  l i g h t  
i n t o  a w i d e r  beam.  Exp a nd ed  beam d i a m e t e r s  o f  5 t o  10 mm 
h a v e  b e e n  r e p o r t e d  ( 1 . 5 2 ) ,  w i t h  a more u n i f o r m  i n t e n s i t y  
p r o f i l e  o b t a i n e d  by i n t r o d u c i n g  a d e p t h  t a p e r  a l o n g  t h e  
g r a t i n g .

A s i m i l a r  d e s i g n  h a s  b e e n  p r o p o s e d  a s  a h i g h - r e s o l u t i o n  
s i n g l e - m o d e  f i b r e - o p t i c  s p e c t r o m e t e r  ( 1 . 5 3 ) ,  e x p l o i t i n g  t h e  
w a v e l e n g t h  d e p e n d a n c e  o f  t h e  d i f f r a c t i o n  a n g l e .  A s p e c t r a l
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r e s o l u t i o n  o f  1 . 3  A h a s  b e e n  r e p o r t e d  f o r  t h i s  d e v i c e ,  w i t h  
p o t e n t i a l  i mp r o v e m e n t  t o  0 . 0 0 3  A . The l a t t e r  i s  p o s s i b l e  
by i m p o s i n g  t h e  g r a t i n g  o n t o  d i f f e r e n t  p a r t s  o f  t h e  same  
f i b r e ,  c o i l e d  i n t o  a number o f  t u r n s .  T h i s  c o n f i g u r a t i o n  may 
a c t  a s  an a r r a y  o f  p a r a l l e l  , " c o h e r e n t "  l i n e  s o u r c e s ;  t h e  
l a r g e  o p t i c a l  p a t h  d i f f e r e n c e  r e s u l t i n g  i n  a p r o n o u n c e d  
i n t e n s i t y  m o d u l a t i o n  o f  t h e  main i n t e n s i t y  e n v e l o p e  and  
b r e a k i n g  t h e  f a r - f i e l d  p a t t e r n  i n t o  an a r r a y  o f  f i n e  p e a k s ,  
e a c h  a s  n a r r o w  a s  0 . 0 0 3  A o r  2 5 0  MHz .

A f i b r e  g r a t i n g  r e f l e c t o r  may a l s o  be v i e w e d  a s  an i n ­
l i n e  w a v e l e n g t h  s e l e c t i v e  m i r r o r  f o r  " c o h e r e n t "  f i b r e  l a s e r s  
and o t h e r  F a b r y - P e r o t  t y p e  d e v i c e s ,  w i t h  a p p l i c a t i o n s  b o t h  
i n  o p t i c a l  f e q u e n c y - d i v i s  i o n  and w a v e l e n g t h - d i v i s i o n  m u l t i ­
p l e x i n g .

The a d v a n t a g e s  o f  s i n g l e - m o d e  f i b r e  l a s e r s  a r e  p r o f o u n d :  
c o m p a t i b i l i t y  w i t h  s i n g l e - m o d e  t r a n s m i s s i o n  f i b r e s  and o t h e r  
f i b r e  d e v i c e s  s u c h  a s  c o u p l e r s ,  p o l a r i z e r s ,  f i l t e r s  and  
m o d u l a t o r s ,  l o w - l o s s  f o r  l a r g e  d o p a n t  c o n c e n t r a t i o n ,  v e r y  
l ow t h r e s h o l d s  f o r  h i g h  g a i n s ,  g o o d  power  h a n d l i n g  c h a r a c t e ­
r i s t i c s ,  w i t h  minimum t h e r m a l  e f f e c t s ,  g r e a t e r  e c o n o m y ,  and  
c o m p a c t  p a c k a g i n g .  Two r a r e  e a r t h  d o p a n d s  ( Nd^+ and Er^+ ) 
i n c o r p o r a t e d  i n t o  s i l i c a  f i b r e s  ( 1 . 5 4 )  h a v e  b e e n  u s e d  f o r  
f i b r e  l a s e r s  o p e r a t i n g  a t  1 . 0 8  and 1 . 5 3 5  p.m r e s p e c t i v e l y .  
O r i g i n a l l y ,  b u t t e d  m i r r o r s  wer e  u s e d  i n  c o n j u c t i o n  w i t h  a 
c i r c u l a t i n g  f i b r e  c o u p l e r , o r  an e x t e r n a l  d i f f r a c t i o n  g r a t i n g ,  
t o  p r o v i d e  w a v e l e n g t h  s e l e c t i v e  f e e d b a c k .  A s i g n i f i c a n t  im­
p r o v e m e n t  t o w a r d s  an a l l - f i b r e  d e v i c e  h a s  b e e n  a c h i e v e d , b y  
r e p l a c i n g  o n e  o f  t h e  m i r r o r s  w i t h  a h i g h - r e f l e c t i v i t y  f i b r e ­
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g r a t i n g  r e f l e c t o r  t o  p r o v i d e  f e e d b a c k .  A Nd^+ d o p e d  f i b r e  
was b u t t e d  t o  t h e  i n p u t  m i r r o r  a t  o n e  e n d  a nd  a t  t h e  o t h e r  
t o  a g r a t i n g  r e l e c t o r  o f  7 0  % r e f l e c t i v i t y  a t  1092 nm^with  
a n o m i n a l  b a n d w i d t h  o f  1.9  nm . The s y s t e m  was  pumped by a  
s i n g l e - m o d e  GaAlAs s e m i c o n d u c t o r  l a s e r .  L a s i n g  a c t i o n  was  
d e m o n s t r a t e d  a t  1084  nm,  w i t h  a t h e r h o l d  l e s s  t h a n  2 mW, a  
s l o p e  e f f i c i e n c y  o f  19 % and a l i n e w i d t h  o f  0 . 6  A ( 1 . 5 5 ) .  

•Due t o  n o d a l  g a i n  c o m p e t i t i o n ,  t h e  l a t t e r  i s  s i g n i f i c a n t l y  
n a r r o w e r  t h a n  t h e  b a n d w i d t h  o f  t h e  g r a t i n g  r e f l e c t o r ,  and  
s e v e r a l  o r d e r s  o f  m a g n i t u d e  n a r r o w e r  t h a n  t h e  l i n e w i d t h  c o r ­
r e s p o n d i n g  t o  t h e  c o n v e n t i o n a l  f i b r e  l a s e r  c a v i t y  d e s i g n .  
F u r t h e r  i m p r o v e m e n t s  may i n c l u d e  t h e  f a b r i c a t i o n  o f  g r a t i n g  
r e f l e c t o r s  o f  h i g h e r  r e f l e c t i v i t i e s  and n a r r o w e r  b a n d w i d t h s  
d i r e c t l y  on t h e  d o p ed  f i b r e ,  a v o i d i n g  t h e  b u t t i n g  l o s s e s  and  
o b t a i n i n g  h i g h e r  s l o p e  e f f i c i e n c i e s  a n d f i n e r  l i n e w i d t h s .

C o m p a r a b l e  r e s u l t s  h a v e  a l s o  b e e n  r e p o r t e d  f o r  Er^+ d o p e d  
f i b r e  l a s e r s  ( 1 . 5 6 ) ,  w i t h  f i b r e  g r a t i n g  r e f l e c t o r s  o p e r a t i n g  
a r o u n d  1.540 pm , w h i c h  makes  them p a r t i c u l a r l y  a t t r a c t i v e  
t o  o p t i c a l  c o m m u n i c a t i o n s .  Er^*- , h o w e v e r ,  b e i n g  a t h r e e  
l e v e l  s y s t e m ,  r e q u i r e s  t i g h t e r  f a b r i c a t i o n  t o l e r a n c e s  f o r  
t h e  g r a t i n g  r e f l e c t o r ,  s i n c e  t h e  d o p ed  f i b r e  i s  v e r y  a b s o r b ­
i n g  a t  i t s  g r o u n d  s t a t e ,  r e q u i r i n g  h a l f  o f  t h e  Er^+ i o n s  t o  
be pumped i n t o  t h e  e x c i t e d  s t a t e  b e f o r e  l a s i n g  c a n  o c c u r .

The i d e a  o f  t h e  w a v e l e n g t h  s e l e c t i v e  m i r r o r  c a n  be  f u r t h e r  
e x p l o i t e d  by  e m p l o y i n g  a f i b r e  B r a g g - r e f l e c t o r  a s  an e x t e ­
r n a l  f e e d b a c k  e l e m e n t  f o r  s p e c t r a l  n a r r o w i n g  o f  c o n v e n t i o n a l  
m u l t i - m o d e  o r  s i n g l e - m o d e  s e m i c o n d u c t o r  l a s e r s .  The a r r a n g e -
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ment c o n s i s t s  o f  two  c o u p l e d  c a v i t i e s ,  t h e  a c t u a l  l a s e r
c a v i t y  and t h e  o ne  f o r m e d  b e t w e e n  t h e  l a s e r  f a c e t  and t h e  
f i b r e  r e f l e c t o r .  P r o v i d e d  t h a t  a l i n e  o f  t h e  f r e e  r u n n i n g  
l a s e r  f a l l s  w i t h i n  t h e  b a n d w i d t h  o f  t h e  f i b r e  B r a g g - r e f l e c t ­
o r ,  a c o n s t r u c t i v e  i n t e r f e r e n c e  b e t w e e n  t h e  r e f l e c t i o n s  from  
t h e  two  c a v i t i e s  f o r c e s  s i n g l e  mode o p e r a t i o n .  T h i s  t e c h n i q ­
ue h a s  b e e n  d e m o n s t r a t e d  w i t h  c o m m e r c i a l  m u l t i m o d e  l a s e r  
d i o d e s  o p e r a t i n g  a t  1 . 3  jam , by  u s i n g  a 2 m l o n g  f i b r e  
l e n g t h  s u p p o r t i n g  a low r e f l e c t i v i t y  p h o t o r e s i s t  g r a t i n g  
r e f l e c t o r  ( 1 . 5 7 )  , and a t  1 . 5 5  |im , w i t h  a s h o r t e r  f i b r e  
c a v i t y  o f  11 cm and a h i g h e r  r e f l e c t i v i t y  g r a t i n g ,  e t c h e d  
i n t o  t h e  f i b r e  ( 1 . 5 8 ) .  Mode h o p p i n g  b e t w e e n  t h e  n e i g h b o u r i n g  
s e m i c o n d u c t o r  l a s e r  modes  h a s  a l s o  b e e n  r e p o r t e d ,  by e m p l o y ­
i n g  a t u n a b l e  g r a t i n g  r e f l e c t o r  w i t h  an e x t e r n a l  f a n - s h a p e d  
g r a t i n g  ( 1 . 5 0 ) .

A g r a t i n g  r e f l e c t o r  can be a l s o  u t i l i s e d  w i t h  c o n v e n t i o n ­
a l  s e m i c o n d u c t o r  i n j e c t i o n  l a s e r s  i n  a m o n o l i t h i c  c o n f i g u r a ­
t i o n ,  t o  form an e l e c t r o - o p t i c  m o d u l a t o r .  Two v a r i a t i o n s  
h a v e  b e e n  p r o p o s e d  ( 1 . 5 9 )  : t h e  d i s t r i b u t e d - f e e d b a c k  (DFB)  
m o d u l a t o r ,  b a s e d  on a s i n g l e  g r a t i n g ,  and t h e  d i s t r i b u t e d -  
B r a g g - r e f l e c t o r  (DBS) m o d u l a t o r ,  e m p l o y i n g  two  g r a t i n g s  in  
a F a b r y - P e r o t  f o r m a t i o n .  For  t h e  DFB, m o d u l a t i o n  i s  a c h i e v ­
e d  by means  o f  e l e c t r o - o p t i c a l l y  c h a n g i n g  t h e  e f f e c t i v e  
g u i d e  i n d e x ,  t h u s  a f f e c t i n g  t h e  w a v e l e n g t h  o f  t h e  g u i d e d  
mode.  A v o l t a g e  o f  4 6  V i s  c a l c u l a t e d  t o  be s u f f i c i e n t  
f o r  a 100 % o p t i c a l  s w i t c h i n g .  For  t h e  F a b r y - P e r o t  t y p e  
DBK , m o d u l a t i o n  i s  e f f e c t e d  by e l e c t r o - o p t i c a l l y  v a r y i n g  
t h e  e f f e c t i v e  c a v i t y  l e n g t h ,  and a v o l t a g e  o f  17 V i s
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r e q u i r e d .  f o r  o p t i c a l  s w i t c h i n g .  C o m p a r a t i v e  c a l c u l a t i o n s  
show t h e  DBF m o d u l a t o r  d e s i g n  t o  be more e f f e c t i v e  t h a n  
t h e  DFB m o d u l a t o r .

The n a r r o w - b a n d  f i l t e r i n g  c a p a b i l i t y  o f  g r a t i n g  r e f l e c t o r s  
and c o u p l e r s  c an  a l s o  f i n d  a p p l i c a t i o n  i n  t h e  e m e r g i n g  f i e l d  
o f  m i c r o w a v e  o p t i c s .  I t  w o u l d  be  u s e f u l ,  f o r  e x a m p l e ,  t o  
s e p a r a t e  t h e  s i d e - b a n d s  o f  an o p t i c a l  c a r r i e r  m o d u l a t e d  a t  
m i c r o w a v e  f r e q u e n c y ,  i n t r o d u c e  a p h a s e  s h i f t  o n t o  o ne  o f  
them and t h e n  r e c o m b i n e  t h e m.  In t h i s  way,  t h e  p h a s e  o f  t h e  
m i c r o w a v e  s i g n a l  g e n e r a t e d  from t h e  r e c o m b i n e d  s i d e - b a n d s  
c o u l d  be c o n t r o l l e d ;  t h i s  form o f  p r o c e s s i n g  c o u l d  be  
a p p l i e d  t o  p h a s e d  a n t e n n a  a r r a y s .

As m e n t i o n e d  e a r l i e r ,  i t  i s  p o s s i b l e  t o  m o d u l a t e  a B r ag g  
r e f l e c t o r ,  by c h a n g i n g  t h e  e f f e c t i v e  g u i d e  i n d e x ,  t h u s  a l t e r ­
i n g  t h e  w a v e l e n g t h  o f  t h e  g u i d e d  mode.  For  b r o a d b a n d  o p e r a t ­
i on ,  a s h i f t  in t h e  n o m i n a l  v a l u e  o f  t h e  r e f l e c t e d  w a v e l e n g t h  
w i l l  be an i n d i r e c t  m e a s u r e  o f  t h e  c h a n g e  i n  t h e  e f f e c t i v e  
w a v e g u i d e  i n d e x  and t h e  p a r a m e t e r  t h a t  h a s  c a u s e d  i t .  In 
t h i s  s e n s e ,  t h e  g r a t i n g  r e f l e c t o r  c an  be  v i e w e d  a s  a s e n s o r  
e l e m e n t  ( 3 . 1 ) .  Even t h o u g h ,  t h e r e  i s  h a r d l y  any  i mp r o v e m e n t  
i n  s e n s i t i v i t y  o v e r  d i r e c t i o n a l  c o u p l e r s ,  f o r  b r o a d b a n d  
o p e r a t i o n ,  t h e  c o n s i d e r a b l e  r e d u c t i o n  i n  t h e  c o u p l e d  b a n d ­
w i d t h  o f  t h e  g r a t i n g  r e f l e c t o r  w o u l d  p r o v i d e  more r e s o l v a b l e  
po i n t s .

A p a r t  f rom b e i n g  i t s e l f  c o n s i d e r e d  a s  a s e n s i n g  e l e m e n t ,  
a n a r r o w - b a n d  g r a t i n g  f i b r e  f i l t e r  c o u l d  be  a v i t a l  compo­
n e n t  in  a d i s t r i b u t e d  f i b r e  s e n s o r  b a s e d  on B r i l l o u i n  
s c a t t e r i n g ,  wh e r e  a weak s c a t t e r e d  s i g n a l  h a s  t o  be  s e p a r a t ­
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ed f rom t h e  u n s h i f t e d ,  s t r o n g e r  R a y l e i g h  s c a t t e r i n g .  The  
s e l e c t i v i t y  r e q u i r e d ,  l e s s  t h a n  a b o u t  0 . 3  A, i s  w i t h i n  t h e  
r e a l i s t i c  c a p a b i l i t i e s  o f  t h e  g r a t i n g  c o u p l e r .

Even t h o u g h  t h e  main a p p l i c a t i o n  o f  g r a t i n g  c o u p l e r s  i s  i n  
n a r r o w - b a n d  f i l t e r i n g ,  t h e y  c an  a l s o  be u s e d  a s  c o m p o n e n t s  
i n  a number o f  d i f f e r e n t  d e v i c e s ,  u t i l i s i n g  t h e i r  a b i l i t y  t o  
r e f l e c t  an o p t i c a l  s i g n a l  i n t o  a d i f f e r e n t  w a v e g u i d e  w i t h  
v e r y  low l o s s .

G i v e n  t h a t  i t  i s  d i f f i c u l t  t o  f a b r i c a t e  t i g h t  b e n d s  i n  
i n t e g r a t e d  o p t i c s  w i t h o u t  i n c u r r i n g  s i g n i f i c a n t  r a d i a t i o n  
l o s s e s ,  a g r a t i n g  c o u p l e r  c o u l d  be  e f f e c t i v e l y  u s e d  t o  a l l o w  
more o p t i c a l  d e v i c e s  t o  be p a c k e d  i n t o  t h e  a v a i l a b l e  c h i p  
l e n g t h .  A l t h o u g h  an e d g e  r e f l e c t o r  b a s e d  on a d i r e c t i o n a l  
c o u p l e r  h a s  a l r e a d y  b e e n  p r o p o s e d  ( 1 . 6 0 ) ,  g r a t i n g  c o u p l e r s  
a p p e a r  t o  o f f e r  g r e a t e r  f l e x i b i l i t y  and l o w e r  l o s s e s .  A 
s i m i l a r  a p p l i c a t i o n  i s  i n  f i b r e - o p t i c  s i g n a l  p r o c e s s i n g  a s  a 
r e p l a c e m e n t  f o r  t h e  r e c i r c u l a t i n g  f i b r e  c o u p l e r .

The r e c i r c u l a t i n g  ( f e e d - b a c k w a r d )  c o u p l e r ,  F i g .  1 . 9  , 
( 1 . 6 1 )  i s  b e i n g  e x t e n s i v e l y  u s e d  in f i b r e  o p t i c  s i g n a l  
p r o c e s s o r s  p e r f o r m i n g  v a r i o u s  h i g h - s p e e d  t i m e - d o m a i n  and  
f r e q u e n c y - d o m a i n  o p e r a t i o n s ,  f ro m m a t r i x  o p e r a t i o n s  ( 1 . 6 2 )  
t o  f r e q u e n c y  f i l t e r i n g  ( 1 . 6 3 )  . More s p e c i f i c l y ,  a b a s i c  
r e c i r c u l a t i n g  l o o p  c an  be u s e d  a s  a t r a n s i e n t  b u f f e r  memory  
and d a t a  r a t e  t r a n s f o r m e r ,  a n o t c h  f i l t e r ,  a s y s t o l i c  
p r o c e s s o r ,  and a b u i l d i n g  b l o c k  f o r  s i n g l e  mode f i b r e  
l a t t i c e  f i l t e r s  ( 1 . 6 4 )  . By i m p l e m e n t i n g  t h e  r a t h e r  s i m p l e  
b ut  b u l k y  r e c i r c u l a t i n g  c o u p l e r ,  in t e r m s  o f  t h e  more  
s o p h i s t i c a t e d  c a s c a d e d  g r a t i n g  c o u p l e r s  i n  an i n t e g r a t e d
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F i g .  1 . 9
The r e c i r c u l a t i n g  f i b r e  c o u p l e r  .
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f i b r e  f o r m,  o n e  t r a d e s  s y s t e m  c o m p l e x i t y  f o r  g r e a t e r  a r c h i ­
t e c t u r a l  c o m p a c t n e s s .

1 . 4  S u m m a r y

From t h e  p r e v i o u s  s e c t i o n s ,  i t  i s  a p a r e n t  t h a t  n a r r o w ­
band f i l t e r i n g  d e v i c e s  b a s e d  on g r a t i n g  c o u p l e r s  and r e ­
f l e c t o r s  a r e  e x p e c t e d  t o  p l a y  a ma j o r  p a r t  i n  t h e  d e v e l o p ­
ment  o f  f u t u r e  O p t i c a l  C o m m u n i c a t i o n s .  F i b r e  d e v i c e  i m p l e ­
m e n t a t i o n s ,  i n  p a r t i c u l a r ,  w i t h  low l o s s  and f i b r e  c o m p a t i ­
b i l i t y ,  a p p e a r  more p r o m i s i n g  f o r  WDM, f i l t e r i n g ,  and f i b r e  
l a s e r  a p p l i c a t i o n s .

We h a v e  f a b r i c a t e d  s u r f a c e  r e l i e f  g r a t i n g s  o f  d i f f e r e n t  
p e r i o d i c i t i e s  on t h e  s u r f a c e ,  c l o s e  t o  t h e  c o r e ,  o f  s p e c i a l  
D - s h a p e d  f i b r e s ,  u s i n g  a s i m p l e  and i n e x p e n s i v e  h o l o g r a p h i c  
p r o c e s s ,  f o r  t h e  r e a l i s a t i o n  o f  g r a t i n g  r e f l e c t o r s .  C o u p l e d  
b a n d w i d t h s  o f  7 ft and r e f l e c t i v i t i e s  o f  a p p r o x i m a t e l y  70  % 
h a v e  b e e n  d e m o n s t r a t e d  ( 1 . 6 5 )  , w i t h  p o t e n t i a l  i mp r ov e m e nt  
t o  s ub- & b a n d w i d t h s  and r e f l e c t i v i t i e s  o f  9 5  % f o r  g r a t i n g -  
o n - f i b r e  l e n g t h s  a s  l o n g  a s  2 cm .

Even t h o u g h  t h e  g r a t i n g  c o u p l e r  was n o t  r e a l i s e d ,  a 
s p e c i a l  f i b r e  h a s  b e e n  d e s i g n e d  f o r  t h i s  p u r p o s e ,  b a s e d  on 
t h e  t w i n -  w a v e g u i d e  i n t e g r a t e d  f i b r e  c o u p l e r .  D i f f e r e n t  
p o s s i b l e  i m p l e m e n t a t i o n s  o f  t h e  g r a t i n g  c o u p l e r  h a v e  a l s o  
b e e n  c o n s i d e r e d ,  t h e  s i m p l e r  c o n s i s t i n g  o f  two  D - s h a p e d  

d i s s i m i l a r  f i b r e s ,  w i t h  a g r a t i n g  o v e r l a y  f a b r i c a t e d  on
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o ne  o f  t h e m,  w h i l e  a more i n t e r e s t i n g  d e s i g n  c o n s i s t s  o f  an 
u n t w i s t e d  f u s e d  c o u p l e r  i n  a p o l i s h e d  f i b r e  b l o c k ,  w i t h  a 
f a n - s h a p e d  e x t e r n a l  g r a t i n g  f o r  c o n t i n u o u s  w a v e l e n g t h  t u n i n g
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C H A P T E R  2

T H E O R Y

S i g n i f i c a n t  power  e x c h a n g e  b e t w e e n  two  a d j a c e n t  w a v e ­
g u i d e s  c an  t a k e  p l a c e  w h e n e v e r  t h e y  a r e  i n  n e a r  s y n c h r o n i s m ,  
t h a t  i s ,  when t h e  p h a s e  v e l o c i t i e s  o f  t h e  g u i d e d  modes  in  
e i t h e r  g u i d e  a r e  a p p r o x i m a t e l y  e q u a l  i n  t h e  a b s e n c e  o f  
c o u p l i n g .  I d e n t i c a l  w a v e g u i d e s  a r e  a l w a y s  i n  s y n c h r o n i s m ,  
and p r o v i d e d  t h e y  l i e  i n  c l o s e  p r o x i m i t y  t o  o n e  a n o t h e r ,  a r e  
s t r o n g l y  c o u p l e d .

A s y n c h r o n o u s  w a v e g u i d e s  a r e  n o t  g e n e r a l l y  c o u p l e d ,  s i n c e  
g u i d e d  modes  o f  d i f f e r e n t  p h a s e  v e l o c i t i e s  c a n n o t  i n t e r a c t  
e f f e c t i v e l y .  I t  i s ,  h o w e v e r ,  p o s s i b l e  t o  c o u p l e  a s y n c h r o n o u s  
w a v e g u i d e s  by means  o f  a p e r i o d i c  p e r t u r b a t i o n ,  s u c h  a s  a 
d i f f r a c t i o n  g r a t i n g ,  who s e  p e r i o d i c i t y  m a t c h e s  t h e  b e a t  
w a v e l e n g t h  o f  t h e  n o n s y n c h r o n o u s  w a v e g u i d e s  f o r  c o d i r e c t i o n -  
n a l  o r  c o n t r a d i r e c t i o n a l  c o u p l i n g .

Bot h  s y n c h r o n o u s  and a s y n c h r o n o u s  -  g r a t i n g  a s s i s t e d  -  
c o u p l e r s  c an  be  a n a l y s e d  by n or ma l  mode a n a l y s i s ,  i n v o l v i n g  
t h e  c o m p u t a t i o n  o f  t h e  compound s u p e r m o d e s  o f  t h e  c o u p l e r ,  
t r e a t e d  a s  a s i n g l e  g u i d i n g  s t r u c t u r e .  In t h e  s y n c h r o n o u s  
s y m m e t r i c a l  c a s e  ( i . e .  i d e n t i c a l  i n d i v i d u a l  w a v e g u i d e s )  t h e  
t wo  compound s u p e r m o d e  s o l u t i o n s  a p p e a r  t o  h a v e  e v e n  and odd  
s y m m e t r y .  Ho w e v e r ,  e v e n  f o r  an a s y m m e t r i c a l  s y n c h r o n o u s  
c o u p l e r ,  t h e  two  s u p e r m o d e s  c an  be  u s u a l l y  s u p e r i m p o s e d  t o



r e c o n s t r u c t  t h e  i n i t i a l  l a u n c h i n g  c o n d i t i o n ,  w i t h  t h e  mode  
f i e l d s  c a n c e l l i n g  in o ne  g u i d e  and a d d i n g  i n  t h e  o t h e r ,  t o  
a l l o w  a l l  t h e  power  in t h e  i n p u t  w a v e g u i d e .  A f t e r  some  
p a r t i c u l a r  l e n g t h ,  t h e  p h a s e  r e l a t i o n s h i p  b e t w e e n  t h e  s u p e r ­
modes  h a s  b e e n  r e v e r s e d ,  and s u p e r p o s i t i o n  r e s u l t s  i n  f i e l d  
c a n c e l a t i o n  i n  t h e  i n p u t  w a v e g u i d e  and e f f e c t i v e  t r a n s f e r  o f  
a l l  t h e  o p t i c a l  e n e r g y  i n  t h e  o t h e r  w a v e g u i d e  ( 2 . 1 )  .

For  t h e  a s y m m e t r i c  a s y n c h r o n o u s  g r a t i n g  c o u p l e r  ( 2 . 2 )  t h e  
a n a l y s i s  c an  a g a i n  p r o c e e d  i n  t e r m s  o f  t h e  compound s u p e r ­
modes  o f  t h e  c o m b i n e d  s t r u c t u r e .  T h i s  t i m e ,  h o w e v e r ,  t h e i r  
r o l e  i s  d i f f e r e n t ,  s i n c e  i n  t h e  a b s e n c e  o f  t h e  g r a t i n g  a l l  
t h e  power  i s  p r e d o m i n a n t l y  c a r r i e d  by o n e  w a v e g u i d e ,  and  
s u p e r p o s i t i o n  o f  t h e  t wo  s u p e r m o d e s  c a n n o t  l e a d  t o  power  
e x c h a n g e .  Power  c o u p l i n g  b e t w e e n  t h e s e  modes  i s  o n l y  
e f f e c t e d  by t h e  d i f f r a c t i o n  g r a t i n g .

The u s e  o f  n o r ma l  mode a n a l y s i s  f o r  s y n c h r o n o u s  and  
g r a t i n g  c o u p l e r s  p r o v i d e s  an e x a c t  b u t  c o m p l i c a t e d  m a t h e ­
m a t i c a l  d e s c r i p t i o n  o f  t h e  c o u p l i n g  p r o c e s s .  A l t e r n a t i v e l y ,  
o n e  c o u l d  u s e  t h e  s i m p l e r ,  a p p r o x i m a t e  c o u p l e d  mode a n a l y s i s ,  
w i t h  t h e  s u p e r m o d e s  r e p l a c e d  by a l i n e a r  c o m b i n a t i o n  o f  
t h e  i n d i v i d u a l  w a v e g u i d e  m o d e s ,  l i n k e d  by f i r s t  o r d e r  
d i f f e r e n t i a l  e q u a t i o n s ,  known a s  t h e  c o u p l i n g  e q u a t i o n s .  The  
c o u p l i n g  c o e f f i c i e n t  a p p e a r i n g  i n  t h e s e  e q u a t i o n s ,  i s  a 
m e a s u r e  o f  t h e  c o u p l i n g  s t r e n g t h ,  and c a n  be  a p p r o x i m a t e l y  
e x p r e s s e d  a s  an o v e r l a p  i n t e g r a l .

Coupled mode analysis (2.3 , 2.4 , 2.5) provides simple,
closed form analytical expressions for the coupling process,
in close agreement with the results obtained by the exact
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n o r ma l  mode a n a l y s i s  f o r  "weak" c o u p l i n g .  C o m p a r i s o n s  
b e t w e n  n or ma l  and c o u p l e d  mode a n a l y s e s  a r e  p r e s e n t e d  i n  
( 2 . 6  , 2 . 7 )  .

In t h e  f o l l o w n g  s e c t i o n s ,  a g e n e r a l  form o f  c o u p l e d  mode 
a n a l y s i s  w i l l  be  p r e s e n t e d ,  w i t h  t h e  c o u p l i n g  e q u a t i o n s  
d e r i v e d  and s o l v e d  f o r  b o t h  s y n c h r o n o u s  and a s y n c h r o n o u s  
g r a t i n g  c o u p l e r s .  The g r a t i n g  r e f l e c t o r  w i l l  be  c o n s i d e r e d  
a s  a s p e c i a l  c a s e  o f  a g r a t i n g  c o u p l e r ,  a s  p e r c e i v e d  f rom  
n or ma l  mode a n a l y s i s .  The a n a l y s i s  w i l l  be  t h e n  e x t e n d e d  t o  
t r e a t  more c o m p l i c a t e d  c o u p l i n g  c o m b i n a t i o n s  b e t w e e n  g u i d e d  
modes  in t wo  and t h r e e  w a v e g u i d e  s y s t e m s ,  s h o w i n g  how t h e  
o p t i c a l  power  i s  d i s t r i b u t e d  b e t w e e n  c o m p e t i n g  c o u p l i n g  
p r o c e s s e s .  T h i s  w i l l  be  f o l l o w e d  by t h e  a n a l y s i s  o f  s p e c i f i c  
w a v e g u i d e  and g r a t i n g  c o n f i g u r a t i o n s ,  w i t h  t h e  d e r i v a t i o n  o f  
a p p r o x i m a t e  e x p r e s s i o n s  f o r  t h e  d i f f e r e n t  c o u p l i n g  p a r a ­
m e t e r s .  The a n a l y s i s  w i l l  c o v e r  b o t h  s l a b  and r e c t a n g u l a r  
w a v e g u i d e  g e o m e t r i e s .

For  s i m p l i c i t y ,  o n l y  s i n g l e  mode w a v e g u i d e s  w i l l  be  
c o n s i d e r e d ,  b e a r i n g  o ne  f o r w a r d  and o ne  b a c k w a r d - g o i n g  mode.  
The t e r m s  c o d i r e c t i o n a l  and c o n t r a d i r e c t i o n a l  c o u p l i n g  w i l l  
be u s e d  t o  d i s t i n g u i s h  c o u p l i n g  b e t w e e n  modes  t r a v e l l i n g  in  
t h e  same d i r e c t i o n  f rom modes  t r a v e l l i n g  i n  o p p o s i t e  d i r e c t ­
i o n s  r e s p e c t i v e l y .
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2 . 1  C o u p l i n g  T h e o r y

C o n s i d e r  t h e  p r o p a g a t i o n  o f  e l e c t r o m a g n e t i c  modes  in  
two a d j a c e n t ,  a r b i t r a r y  d i e l e c t r i c  w a v e g u i d e s  a l o n g  t h e  z -  
d i r e c t i o n .  The t r a n s v e r s e  e l e c t r i c  and  m a g n e t i c  f i e l d s  
a s s o c i a t e d  w i t h  t h e  mode o f  e a c h  i n d i v i d u a l  w a v e g u i d e  c an  be  
w r i t t e n  a s :

Eg= E g - e x p { j (U)t + { 3 z ) }
H = H - e x p f  j (0) t  + P z ) >~a a a

for guide (a) and similarly

( 2 . 1 . 1 )

E = E, e x p f  j ( U ) t  ± p z ) >  i
'b b C2.1.2)
H = H, e x p f  j (u)t ± G z ) } -i-b b 'b

f o r  g u i d e  i b ) ,  where  Ea , H , Eb , Hb a r e  t h e  f i e l d  a m p l i t u d e s
and p , P are the propagation constants of the two modes, a b
A n e g a t i v e  s i g n  in f r o n t  o f  a p r o p a g a t i o n  c o n s t a n t  i n d i c a t e s
a f o r w a r d - g o i n g  wav e ,  w h i l e  a p o s i t i v e  s i g n  d e n o t e s  a b a c k ­
ward-going wave.

The e l e c t r o m a g n e t i c  f i e l d s  o f  e a c h  g u i d e  s a t i s f y  M a x w e l l ’ s
e q u a t i o n s :

VtxHa+j p lz x a3 )-j to^na • ga = 0a (2.1.3)
P |d0!2a — ®3

and
V.xH +j p ( z  x Hh )-jo)£ n2 E. = 0 ,
f b b b o b b (2.1.4)

Vfx Eb + j Pfa(z  x Eb ) + jU)MbHb = 0 ’

wnere Vf is the transverse part of the V vector operator



o 2and n r ,  nr a r e  b o t h  f ( x , y )  d e s c r i b i n g  t h e  i n d e x  d i s t r i -  a b
b u t i o n  o f  t h e  u n p e r t u r b e d  medium.  For  c o n t r a d i r e c t l o n a 1

2 2c o u p l i n g  b e t w e e n  modes  o f  t h e  same w a v e g u i d e ,  n = n*a b
Tne t o t a l  f i e l d  o f  t h e  c o m b i n e d  w a v e g u i d e  s t r u c t u r e ,  c an  be 
e x p r e s s e d  a s  a l i n e a r  c o m b i n a t i o n  o f  t h e  u n p e r t u r b e d  f i e l d s .  
For weak p e r t u r b a t i o n ,  t h e y  c a n  be a p p r o x i m a t e d  t o  t h e  
f i e l d s  o f  t h e  i n d i v i d u a l  w a v e g u i d e  mo de s ,  i . e .

E = A ( z )0m 5a + B ( z ) 5b
H = A ( z ) 5a + B ( z  ) s b

( 2 . 1 . 5 )

where  t h e  f i e l d  a m p l i t u d e s  A ( z )  and B ( z )  a r e  s l o w l y  v a r y ­
i n g  f u n c t i o n s  o f  z .  The a b o v e  e x p r e s s i o n s  a r e  o n l y  a p p r o x i ­
m a t e l y  c o r r e c t .  A more e x a c t  a n a l y s i s  s h o u l d  a l s o  i n c l u d e  
t h e  r e s i d u a l  f i e l d s  Ep ( x , y , z )  and Hr ( x , y , z )  ( 2 . 4  ) .  T h e s e  
t e r m s  a r e ,  h o w e v e r ,  s m a l l  in  c o m p a r i s o n  w i t h  t h e  t r a n s v e r s e  
i i e i a s  f o r  weak p e r t u r  b a t  i on ,  and c an  t h u s  be n e g l e c t e d .

The t o t a l  f i e l d s  mus t  a l s o  s a t i s f y  M a x w e l l ’ s  e q u a t i o n s ,

VxH = j U ) ^ n 2 E ,
V xE =-j (U^H

( 2 .  1 . 6 )

2where  n i s  t h e  c o m p o s i t e  r e f r a c t i v e  i n d e x  d i s t r i b u t i o n ,  
and may be a f u n c t i o n  o f  z .

S u b s t i t u t i n g  e q u a t i o n  ( 2 . 1 . 5 )  i n t o  ( 2 . 1 . 6 ) ,  s e p a r a t i n g  
l o n g i t u d i n a l  and  t r a n s v e r s e  f i e l d  c o m p o n e n t s  and c o n s i d e r i n g  
t h a t

V = [ Vj  + z —  3 
dz

r e s u l t s  in:
A( z ) - LV t x H a+ j P I z x Hj ) ]  + d

dA ( z )
( z x H a ) -  jU)£0 n  ̂Ea A ( z ) +

dz



50

db ( 2  )
+ B ( z  ) • [ V. x H + j 6 ( z  x H, ) ]  + ---------  ( z  x H . )

t -b 1 ,  * ' b a z  '  ' h

and s i m i l a r l y

jU)£0 n2 EbB ( z ) = 0 , 
(2.1.7)

dA(z )
ACz) LVi.xEa+ j p ( z x  Ea ) 3 + ---------

T a ~ " d z
dB(z )

+ Bi z )  LV|x Eb+ j p (z x E j j ) ]  + ---------
b d z

( z x E a ) + jU)p.0A ( z )  Ha +

( z x E ^ )  + ja)p.o B ( z )  Hb = 0 .
( 2 . 1 . 8 )

By u s i n g  e q u a t i o n s  ( 2 . 1 . 3 )  and ( 2 . 1 . 4 ) ,  t h e  a b o v e  e x p r e s s i o n s  
can be s i m p l i f i e d  t o  g i v e :

d A ( z ) 2 dB( z )---------  i z x H a ) -  ja)£oA n l A ( z )  Ea + ---------  ( z x H ^ )  -
d z  ° dz

2-jO)£0An1 B ( z )  Eb= 0 , ( 2 . 1 . 9 )
and

dA ( z ) dB i z )
---------- ( z x E a ) + ---------- ( z x E b ) = 0 , ( 2 . 1 . 1 0 )

dz d z

2 2where  An  ̂ , Ar^ d e n o t e  t h e  d i f f e r e n c e  i n  t h e  r e f r a c t i v e
i n d e x  p r o f i l e  c a u s e d  by t h e  p e r t u r b a t i o n .  N o t e  t h a t  i n  t h e

2 2c a s e  o f  mode c o u p l i n g  i n  a s i n g l e  w a v e g u i d e  An  ̂ = Ar^ .
For  l o s s l e s s  p r o p a g a t i o n  ( i . e .  r e a l  r e f r a c t i v e  i n d i c e s ) ,  

t h e  t i m e  d e p e n d a n c e  o f  t h e  a b o v e  e q u a t i o n s  c an  be r e m o v e d  by  
t a k i n g  t h e  s c a l a r  p r o d u c t s  o f  e q u a t i o n s  ( 2 . 1 . 9 )  and  ( 2 . 1 . 1 0 )  
by E a and r e s p e c t i v e l y ,  where  t h e  s u b s c r i p t  * i n d i c a t e s
a c o m p l e x  c o n j u g a t e  q u a n t i t y .  F o l l o w i n g  t h e  s c a l a r  p r o d u c t s ,  
t h e  e q u a t i o n s  a r e  i n t e g r a t e d  o v e r  t h e  w h o l e  c r o s s - s e c t  i o n , 
l e a d i n g  t o  :



dB( z)cd dA ( z )
J7<—~-GD 0 2

[ E a t z x  Ha ) - H fl ( z x E J ]  +w a m + * a w a «* ma dz cS a l5 x Sbi_5 a l 5 x l b n

jWE^An^Alz)  Ea E g - j  10 E0 An  ̂ B ( z ) E^E*} dx  dy  = 0 ■ ( 2 . 1 . 1 1 )

F o r t u n a t e l y ,  t h i s  r a t h e r  c o m p l i c a t e d  e x p r e s s i o n  c an  be
2 2s i m p l i f i e d  by n e g l e c t i n g  s m a l l  t e r m s .  The t e r m s  An,| , An£

a r e  o n l y  non v a n i s h i n g  i n  t h e  r e g i o n  o f  t h e  p e r t u r b a t i o n .  In
2 *t h e  two w a v e g u i d e  c a s e ,  t h e  t e r m  A ^  Ea Ea c an  be n o r m a l l y

2n e g l e c t e d  s i n c e  Ar^  i s  o n l y  n o n - z e r o  i n s i d e  t h e  s e c o n d  w a v e ­
g u i d e ,  wh e r e  t h e  f i e l d  c o n t r i b u t i o n  o f  t h e  f i r s t  w a v e g u i d e  
Ea E a i s  v e r y  s m a l l .  S i n c e  b o t h  A ( z )  and B ( z )  a r e  s l o w  
v a r y i n g  f u n c t i o n s  o f  z ,  weak f i e l d  o v e r l a p i n g  w i l l  make t h e  
p r o d u c t :

dB ( z )
---------  CEa i z x H b ) -  Ha ( z x E b )3

dz ~

o f  s e c o n d  o r d e r ,  and c a n ,  t h e r e f o r e ,  be n e g l e c t e d .
’With t h e  a b o v e  s  1 mpl 1 f  i c a t  i o n s , e q u a t i o n  ( 2 . 1 . 1 1 )  b e c o m e s :

r °°r  £>A i z  ) ?
J J i ---------  LEa ( z x Ha )- H a ( z x Ea ) 3 - jU) £ Aoj B ( z ) E*Eb } dx dy = 0 ,

d z .......................................  o
h e n c e

dA ( z )
---------- = j ĉ  B ( z )  e x p f  j ( Pa± P b) 2  ̂ o ( 2 . 1 . 1 2 )

dz

where  c-j i s  t h e  c o u p l i n g  c o e f f i c e n t ,  p r o v i d i n g  a d i r e c t  
m e a s u r e  o f  t h e  c o u p l i n g  s t r e n g t h ,  and

c 1 =-coe.
j7-CD

00 _
f  f  A ^  Ea Eb dx dy.r-.SB____________________
z { l n x H ) + ( E_x H* ) } dx dy

( 2 . 1 . 1 3 j

In t h e  c a s e  o f  c o n t r a d i r e c t i o n a 1 c o u p l i n g  in a s i n g l e



2 2w a v e g u i d e ,  Ar^ = An^ and Ea = Eb , Ha = Hb . By t a k i n g  
i n t o  a c c o u n t  t h e  o p p o s i t e  d i r e c t i o n  o f  power  f l o w  i n  t h e  two  
mo d e s ,  e q u a t i o n  ( 2 . 1 . 1 1 )  c an  be w r i t t e n  a s :

oo bPi i z)  d B ( z )
J K C -------------------------- ] [ E a ( z x Ha ) -  H a ( z x E a )3 +

f t z  d z

+ jU)£0An  ̂ LA(z)  + B ( z ) J  Ea E~> dy = 0 >

w hi c h  a f t e r  c o n s i d e r i n g  Q( z ) =A( z ) - B ( z ) and R ( z ) = A ( z ) + B l z ) 
r e s u l t s  in  t h e  e q u i v a l e n t  e x p r e s s i o n :

d Q ( z )
---------- = j c , R ( z )  e x p { j 2 ( B z >  ,

d z  a

w i t h  a s  i n  ( 2 . 1 . 1 3 ) ,  w i t h  a=b .
S i m i l a r l y ,  m u l t i p l i c a t i o n  o f  e q u a t i o n s  ( 2 . 1 . 9 )  and ( 2 . 1 . 1 0 )  
w i t h  E b and Hb r e s p e c t i v e l y ,  f o l l o w e d  by s u i t a b l e  m a n i p u l a t ­
i o n  l e a d s  t o  e q u a t i o n :

dB ( z )
---------  = j c 0 A ( z )  e x p { - j ( p + P  ) z> , ( 2 . 1 . 1 4 )

i z  2 a '  b

where  C j i s  t h e  c o u p l i n g  c o e f f i c i e n t ,  e s s e n t i a l l y  s i m i l a r  t o
( 2 . 1 . 1 3 ) .  A l s o  f o r  s i n g l e  w a v e g u i d e s :

d R( z )
---------- = j c ? Q ( z )  e x p t - 2 j  P z }

i z  1 3

H e n c e ,  a g e n e r a l  form o f  t h e  c o u p l i n g  e q u a t i o n s  h a s  b een
d e r i v e d ,  w h i c h  i s  v a l i d  f o r  b o t h  s y n c h r o n o u s  and g r a t i n g  
a s s i s t e d  c o u p l e r s  w i t h  s i n g l e  mode w a v e g u i d e s ,  c o n s i d e r e d  
e i t h e r  s i n g l y  o r  i n  c o m b i n a t i o n .
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2 . 2  D i r e c t i o n a l  C o u p l i n g

The mo s t  commonl y  e x a m i n e d  form o f  c o - d i r e c t i o n a l  
c o u p l i n g  r e s u l t s  f rom t h e  m u t u a l  p e r t u r b a t i o n  o f  two  s y n c h r o ­
n o u s  p a r a l l e l  w a v e g u i d e s  s e p a r a t e d  by a f i n i t e  d i s t a n c e ,  and  
i s  b e t t e r  known a s  d i r e c t i o n a l  c o u p l i n g  ( 2.3 , 2.8 ) .

For  d i r e c t i o n a l  c o u p l i n g  b e t w e e n  modes  o f  two  a d j a c e n t  
w a v e g u i d e s ,  t h e  c o u p l i n g  e q u a t i o n s  t a k e  t h e  f o r m :

d A( z )
---------  = j c . B ( z ) * e x p {  j ( p -  p ) • z> ,dz a b

( 2 . 2 . 1 )
d B( z )---------  = j c 9 A ( z  ) • e x p f - j  ( (3 -  P ) • z l  ,

b z  a b

w i t h  c  ̂ and C2 g i v e n  by ( 2 . 1 . 1 3 )  .
The d e n o m i n a t o r s  o f  t h e  e x p r e s s i o n s  f o r  c-j and C2 a r e  r e p r e ­
s e n t a t i o n s  o f  t h e  P o y n t i n g v e c t o r

P = ( 1 / 2 )  C E x  H*3
and i n d i c a t e  t h e  power  c a r r i e d  by e a c h  mode.  For  r e a l  f i e l d  
a m p l i t u d e s  Ea , Ha , E^,  Hb t h e  e x p r e s s i o n s  f o r  t h e  c o u p l i n g  
c o e f f i c i e n t s  can  be s i m p l i f i e d  t o

and
T n An^

A  AIVEt| d x d y
4Pa -®

-U) £ m
— 4P _Ja>J 

0

An^ |Ea Eb |dx * dy

( 2 . 2 . 2 )

where  P , T. i s  t h e  p ower  c a r r i e d  by e a c h  mode,  a b
For  c o u p l i n g  b e t w e e n  i d e n t i c a l  w a v e g u i d e s  t h e  a b o v e  

e q u a t i o n s  become  e q u a l ,  s o

C1 ~  c 2



T h i s  c an  be  p e r c e i v e d  a s  a d i r e c t  c o n s e q u e n c e  o f  t h e  p ower  
c o n s e r v a t i o n  a r g u m e n t .  I f  t h e  p ower  c a r r i e d  by e a c h  mode i s  
p r o p o r t i o n a l  t o  |A(z)[  and | B ( z ) |  r e s p e c t i v e l y ,  t h e n  t h e  z -  
d e r i v a t i v e  o f  t h e  t o t a l  p ower  c a r r i e d  i n  b o t h  g u i d e s  b e c o m e s

---  C |A(z)|2 + |B(z)j23=2 Kefj (c2- c )A(z ) -B(z )> . (2.2.3)
dz

For  p ower  c o n s e r v a t i o n  t h e  a b o v e  e x p r e s s i o n  mus t  be  z e r o ,  
w h i c h  i s  c l e a r l y  s a t i s f i e d  when

C1 = c 2 »
f o r  r e a l  v a l u e s  o f  c o u p l i n g  c o e f f i c i e n t s .
A l t h o u g h  t h e  a b o v e  a r g u m e n t  a p p e a r s  t o  be g e n e r a l l y  t r u e ,  in  
p r i n c i p l e ,  a s  f o l l o w i n g  from power  c o n s e r v a t i o n  c o n s i d e r ­
a t i o n s ,  i t  i s  n o t  s t r i c t l y  c o r r e c t ,  b e c a u s e  ( 2 . 1 . 5 )  u s e d  f o r  
t h e  d e r i v a t i o n  o f  t h e  a b o v e  a n a l y t i c a l  e x p r e s s i o n s  f o r  c-j and  
c 2 i i g n o r e s  c r o s s  t e r m s  r e s u l t i n g  from t h e  i n t e g r a t e d  o v e r ­
l a p  o f  t h e  i n d i v i d u a l  w a v e g u i d e  mode f i e l d s  a l l  o v e r  s p a c e  
( 2.9 ) .  For  weak c o u p l i n g  t h e  n e g l e c t e d  t e r m s  a r e  c o m p a r ­
a t i v e l y  s m a l l ,  l e a d i n g  t o  c  ̂ c: c 2 .

S o l v i n g  t h e  s y s t e m  i n  ( 2 . 2 . 1 )  , r e s u l t s  i n  t wo  s e c o n d  
o r d e r  d i f f e r e n t i a l  e q u a t i o n s  :

2d A(z)  dA( z )
-- r- “ j ( P - B ) ----  + c- c9 A (z) = 0d z 2 a b a z

and 2dB( z ) dB( z )
-- o—  + j ( P - P ) ----  + c. c?B(z) = 0dz2 3 b d 2  1 2

I f  power  i s  o r i g i n a l l y  f e d  i n  mode ( a ) ,  A( 0 ) =Ao and B ( 0 ) = 0  . 
S u b j e c t  t o  t h e s e  c o n d i t i o n s ,  t h e  s o l u t i o n s  o f  t h e  a b o v e



equat ions a re :

B(z)  

and 

A ( z )

s i n W l C y C 2 + (A p /2 )2 3 • z> 

1 VCcr c2 + (A(3/2)2 3

A0 Ccos</[C-J-C2 + (A p /2 )2 3 - z> -

e x p { - j  A p z /2 >

( 2 . 2 . 4 )

-jAp-
s i n f  VtcyC2 + (A P /2 )2 3 *z> 

V’Cc1-c2 + (A P /2 )2 3
3 exp{ j Ap z /2>  ,

( 2 . 2 . 5 )

where Ap = (3 -  is  a measure of the mismatch between the  

two waveguides. In terms of power the s o lu t io n  becomes:

c
P. (z )  = P — -----------------r - s i n 2 {V'Cc2 + ( A p /2 ) 2 3-z> ( 2 . 2 . 6 )
b ° c2+ (Ap/2 r

and

P (z )  = P -  PL (z )  ( 2 . 2 . 7 )a ° b2 2where P0 = IA (0 )| = A0 , and c =V(c^ c2 )

Equation ( 2 . 2 . 6 )  shows th a t  s u b s ta n t ia l  amounts of power

can be t r a n s f e r r e d  to  mode (b) , only i f  the waveguides

are approx im ate ly  phase matched ( i . e  Ap P = P ) .
a b

Equations ( 2 . 2 . 4 )  and ( 2 . 2 . 5 )  become:

B(z)  = Ac s i n ( c • z ) ,
(2 .2 .8 )

A (z ) = A„ cos (c • z ) 1

with complete power t r a n s f e r  over a length :

L = T T / ( 2 c ) .

For Apj^ 0 , the maximum f r a c t i o n  of coupled power is  pro­

p o r t io n a l  to
c2

c2 + (Ap / 2  )2

When Ap>> 2-c  the power exchange between the two modes 

becomes n e g l i g i b l e ,  as shown in F i g . 2 .1  .
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F ig .  2. 1

Power d i s t r i b u t i o n  in a d i r e c t i o n a l  coupler  as a fu n c t io n  

of i n t e r a c t i o n  length ,  fo r  d i f f e r e n t  amounts of mismatch.
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2 .3  G r a t i n g - A s s i s t e d  D i r e c t i o n a l  

C o u p l e r s

E f f i c i e n t  d i r e c t i o n a l  coupl ing  between two single-mode  

waveguides by means of  a p e r io d ic  p e r t u r b a t io n  is  achieved  

when i t s  p e r i o d i c i t y  s a t i s f i e s  the phase matching r e q u i r e ­

ment

( R -  B ) = 271 / A  ( 2 . 3 .  1)
a b

Depending on the s iz e  o f  the p e r i o d i c i t y ,  both c o d i r e c t io n a l  

( 2.10 ) and c o n t r a d i r e c t  iona l  coupl ing  (2.11, 2.12) may occur,  the  

l a t t e r  r a i s i n g  g re a te r  i n t e r e s t  because of i t s  h igher  wave­

length s e l e c t i v i t y .  For c o d i r e c t io n a l  coupl ing

A — X0/ ( pi — n£p2^, ( 2 . 3 . 2 )

while  fo r  c o n t r a d i r e c t i o n a l  coupl ing

A = X0 /  ( n  ̂ i ( 2 . 3 . 3 )

where X0 is the wavelength a t  which the matching c o n d i t io n  

is  s a t i s f i e d ,  and n ^  , n ^  are the e f f e c t i v e  in d ice s  of  

the two waveguides. I t  is  e v ide n t  from the above equat ions  

t h a t  c o n t r a d i r e c t i o n a l  coup l ing  re q u ire s  a s u b s t a n t i a l l y  

f i n e r  g r a t in g  p e r i o d i c i t y .  Even so, the use of the same 

g r a t in g  fo r  c o d i r e c t io n a l  and c o n t r a d i r e c t i o n a l  coup l ing  a t  

w ide ly  d i f f e r e n t  wavelengths has been suggested (2.13 ).

2 . 3 . 1  CONTRADIRECTIONAL COUPLING

Consider the case o f  c o n t r a d i r e c io n a l  coupl ing  in two 

single-mode p a r a l l e l  waveguides phase-matched by a p e r io d ic



p e r t u r b a t io n  of p e r i o d i c i t y  A , such t h a t  :

P + P = 2 Tl / A ,
a b

where p , (3 are the propagation constants of the waveguides, 
a b

G e n e ra l ly  the two waveguides are asynchronous, and p # p  ,
a b

although for the special case of the single waveguide 
grating reflector P = (3

The p e r t u r b a t io n  u s u a l ly  takes  the form of a surface  

c o rru g a t io n  on a core /  c ladd ing  i n t e r f a c e .  I t  is  assumed to  

be s in u s o id a l ,  of depth h and can be descr ibed by a 

r e f r a c t i v e  index d i s t r i b u t i o n :

( rij - n̂  ) -h ^ x 0 1

A n z ( x , y )=  < ( 2 . 3 . 4 )

0 elsewhere,

where n̂  , n̂  are the core and c ladd ing  ind ices  r e s p e c t i v e l y .

The f i e l d  ampli tudes of the two modes A(z)  , B (z)  are  

r e l a t e d  by the coupled mode equat ions:

dA (z)
---------  = j c. B ( z ) exp{ j ( p + p ) z> ,

dz a b
( 2 . 3 . 5 )

dB(z)
---------  = j  c 9A(z ) e x p { - j ( P + p  ) z )  ^

dz a b

where ĉ  , C2 are the coupl ing  c o e f f i c i e n t s ,  approx im ate ly  

expressed as the  in t e g r a l  o f  the product o f  the mode f i e l d s  

in the perturbed  re g io n .  Due to  the c o n tra ry  d i r e c t i o n s  of  

power f low in the two waveguides,

C1 c 2 =c >

which comes as a d i r e c t  consequence of  the conservat ion  of

power:
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d 2 2
-----  C |A(z)| -  |B(z)| 3 = 2 - R e f j ( | c | - | c | ) • A ( z ) - B ( z ) >
dz 1 2

( 2 . 3 . 6 )

0 •

The p e r t u r b a t io n  is  assumed to  vary p e r i o d i c a l l y  in the  

z - d i r e c t i o n  ( i . e .  d i r e c t i o n  of p ro p a g a t io n ) ,  so

c = 2 6 -cos (k*z )  = 6-CexpC jk * z >  + e x p f - j k * z > 3  i ( 2 . 3 . 7 )  

where k is  the p e r t u r b a t io n  momentum, i . e .  k = 2 f t / A  • 

S u b s t i t u t in g  2 . 3 . 7  in the coup l ing  equat ions 2 . 3 . 5  g ives :

dA ( z )
--------- = j 6 B ( z ) C e x p { - j ( k - p - p ) z }  + expf j ( k +  p + p )z3 3 ,

5z a b s b
( 2 . 3 . 8 )

d B ( z )
--------- = - j 6 A ( z )  Cexp{ j ( k — p — p ) z } + e x p { - j ( k + p + p  )z>3 •

d z 3 b 3 b

The r a p i d l y  va ry ing  fa c to rs  of 2 . 3 . 8  can be made redundant,

s ince s i g n i f i c a n t  coupl ing  is  expected to  occur on ly  when

kcr p+p . Thus the coupl ing  equat ions take the form :
3 b

dA(z)
---------  = j 6 B(z)  e x p { - j C k - ( P  + P ) 3 z }  ,

dz s b
( 2 . 3 . 9 )

dB(z )
---------  = - j  6 A(z)  expf jC k - (  P + P ) 3z> ,

d z a b

where 6 is  the  magnitude of the coupl ing  c o e f f i c i e n t ,  given

by - U) £o aj
6 =  -------— j f A n 2 ( x , y )  | £ . * f i b l dx*dy • ( 2 . 3 . 1 0 )

4 P - VO

Equations 2 . 3 . 9  can be w r i t t e n  in a s im pler  e q u iv a le n t

form by in t ro d u c in g  the wave am pli tudes:

a ( z )  = A(z)  e x p ( - j  B-z) i
a

b ( z )  = B (z)  expf j  6 z )  *
b
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fo r  which the coupl ing  equat ions become:

d a ( z )
---------  = - j P * a ( z )  + j 5 e x p f - j k • z 3 •b ( z ) ,

b z  a
( 2 . 3 . 1 1 )

db(z)
---------  = j p - b ( z )  -  j 6 expf j k * z 3 * a ( z )

b z  b

A f u r t h e r  s i m p l i f i c a t i o n  r e s u l t s  from removing the  

z-dependance of  the coupl ing  c o e f f i c i e n t  by co ns ider ing :  

a ( z )  = a ( z )  expf j k * z / 2 )  , 

b ( z )  = b ( z )  e x p t - j k - z / 2 1  v 

fo r  which the equat ions of 2 . 3 . 1 1  take the form

da ( z )
---------  = - j ( p -  k / 2 ) • a ( z ) + j 6 ( z ) ,

dz a
( 2 . 3 . 1 2 )

db ( z )
---------  = j ( p -  k / 2 ) • b ( z ) -  j 6 *a ( z ) ,

d z b

with a l l  the c o e f f i c i e n t s  being constant .

The above system r e s u l t s  in two second order d i f f e r e n t i a l

equat ions for a(z) and b(z) respectively :

da(z) da(z) 2 „----- + j < P - (3 ) ----- + C ( (3 - k / 2 )•( B - k /2 ) - 6 3•a(z )
dz2 a b dz a b

^b (z) d b ( z )
( 2 . 3 .  

2 ~0 + j( p -  p  ) ----- + C ( (3 - k / 2 M  (3 - k /2 ) - 5 3 • b (z )
b  z2 a % d z a b

the s o lu t io n  depending on the sign of the determ inant  of the  

c h a r a c t e r i s t i c  equat ion :

2s C-[ P.- fL -  £CP - k / 2  )•( Pb" k /2 ) - 623) = 6 2
(A(3/2) ,



where A6 = k -  l G + 6 ) is  the e f f e c t i v e  phase mismatch.
a b

Subject  to  the boundary c o n d i t io n s  a ( 0 )= a o and %(L)=0 fo r  

a g r a t in g  of length L , the coupled f i e l d  ampli tude

j5  ao-s inhCs-(z-L) 3
b ( z )  --------------------------------------------------------------e x p { - j ( p -  p )z /2 3

s-cosh(s-L) -  j (Ap/2)  • s inh (s-L) a b
( 2 . 3 . 1 4 )

fo r  s2 > 0  i . e .  ( A p /2 ) 2 < 62 »

j 6-a0- (z -L )
b ( z ) = -----------------------  e x p f - j  ( p - p  ) z / 2 )  ( 2 . 3 . 1 5 )

1 - j 5 L  a b

2 2 2 fo r  s = 0  i . e .  (Ap/2) = 5  , and

b ( z ) =
j 6-ao- {cos (sz )-cosCs-(2-L-z) 3+j { s in ( s z ) - s in C s  (2L -z  ) 3>> 

C (A p /2 ) -s 3  + C (AP/2 )+s3cos ( 2 s L ) - j  C (AP/2)+s3*sin (2sL)

•exp{-j(p - p ) z/2> 
a b

fo r  (Ap/2)  > 62 * where s2 = (A p /2 )2 - 6 2

( 2 . 3 . 1 6 )

The power d i s t r i b u t i o n  in the two modes is given by

P .52s in h 2L s ( L - z )3
P =
b Cs2 cosh2 (s-L) + (A p /2 )2 s in h 2 (s-L) 3

( 2 . 3 . 1 7 )

fo r  |A P /2 |<  5 ,

Pb =

2 2 P -6 ( L - z ro

1 + 6 2L2
( 2 . 3 . 1 8 )

fo r  IAP /21= 6 and

P. =
P0 6?sin2 Cs ( L - z ) 3

b Cs2cos2 (s-L) + (Ap/2)2 sin2 (sL) 3 (2.3.19)



62

fo r  AB/2 >6 , w ith  P = 1 -  Ea d

The normalised power propagation in the r e c e iv in g  guide

P. as a fu n c t io n  of d is tan ce  along the d i r e c t i o n  of  u
propagation z is  shown in F i g . 2 . 2  , f o r  an i n t e r a c t i o n

length L . For I A p / 2 6  I < 1 , the  r e f l e c t e d  power r i s e s

m onoton ica l ly  in the ne ga t ive  z - d i r e c t i o n .  The v a r i a t i o n  in

P. is  a lso  examined as a fu nc t ion  of  i n t e r a c t i o n  length  □
( i . e .  g r a t in g  le n g t h ) ,  fo r  d i f f e r e n t  measures of mismatch, 

as shown in F i g . 2 . 3  .

These curves i l l u s t r a t e  two s i g n i f i c a n t  p r o p e r t ie s  of  

backward wave devices in g e n e ra l ;  t h a t  p re c is e  phase match­

ing is not re q u ire d  fo r  s trong  r e f l e c t i o n ,  provided t h a t  the  

i n t e r a c t i o n  length is s u f f i c i e n t l y  long; and t h a t  the  

v a r i a t i o n  of coupled power with length has an asymptotic  

c h a ra c te r  in the near matching reg io n ,  so t h a t  a p re c is e  

dete rm ina t ion  of  an i n t e r a c t i o n  length is  not r e q u i re d ,  in 

marked c o n tra s t  w ith  the p e r io d ic  power t r a n s f e r  in forward  

coup lers .  For values of I A P / 2 6  l > 1, the amount of coupled  

power reduces and v a r ie s  p e r i o d i c a l l y  w ith  the i n t e r a c t i o n  

l e n g t h .

I t  is  poss ib le  to w r i t e  the near phase-matching r e q u i r e ­

ment in terms o f  the d e v ia t io n  in angular  frequency U) from 

the frequency a t  resonance U)0 , as 

!Apl= l (  n̂ p<j + n^p2 )C(0 -U)0] / c l  ^ 26 ( 2 . 3 . 2 0 )

where n ^  and n^p^are the  e f f e c t i v e  waveguide in d ic e s ,  and 

c is  the v e l o c i t y  of l i g h t .

The width of  the frequency gap is  given by

+ n EF2( Au) ) = 4 6  c / (  ncc-gap EF1
) ( 2 . 3 . 2 1 )
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F ig .  2 . 2

Coupled power v a r i a t i o n  along the g r a t in g  length fo r  a 

c o n t r a d i r e c t i o n a l  coup ler .

Fig. 2.3
Coupled power as a function of the grating length 6-L *
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and. is  b e t t e r  known as the " forbidden gap" or coupled band­

width of the c o n t r a d i r e c t i o n a l  coup ler .

The mode r e f l e c t i v i t y  is  d e f in ed  as the f r a c t i o n  of the

power coupled 2
I B (0) I P_ (0)p _ J____ !_ = _b____  ,
| A( 0) |2 Pa (0)

and is given by:

62-sinh2 (s-L)
R =

Cs2-cosh2 (s-L) + (Ap/2)2 sinh2 ( s-L) 3
( 2 . 3 . 2 2 )

Under phase matching, the r e f l e c t i v i t y  reaches i t s  maximum 

value

R = tanh2 ( 5*L) . ( 2 . 3 . 2 3 )
2 2Outside the "forb idden gap", i . e .  fo r  IA(3/2l >S , the  

r e f l e c t i v i t y  is  given by

R
2 2 Cs•cos

62 s i n 2 ( s L )

(s-L) + (A P /2 )2 s i n 2
-----  »
(sL) 3

( 2 . 3 . 2 4 )

and is resp ons ib le  fo r  the appearance of s id e lo b e s ,  c l e a r l y  

in d ic a te d  by the ex is ta nc e  of  minima and maxima in the above 

equat ion ;  minima fo r  s-L=nTl , and maxima fo r  s-L= ( 2n+1 )TC / 2  , 

fo r  n=0, 1 , 2 . . .

Thus, the le v e l  of  the n^ s id e lo b e  in the r e f l e c t i v i t y  is  

given by

Rn
1

1 + [ (2 n + 1) Tt / ( 2 6 L ) ] 2
( 2 . 3 . 2 5 )

The v a r i a t i o n  in r e f l e c t i v i t y  as a funct ion  of the e f f e c t i v e



F ig .  2 .4

G ra t in g  r e f l e c t i v i t y  as a fu n c t io n  of mismatch Ap-L .

0sLTI
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mismatch A(B-L is shown in Fig. 2.4. For high reflectivities 
large 6*L products, result in severe sidelobe presence.

Note also that for narrow bandwidths (2.3.21) and high 
reflectivities (2.3.23) long grating lengths are required.

2.3.2 BRAGG REFLECTION IN A PERIODIC WAVEGUIDE

A periodic perturbation on a single mode dielectric 
waveguide may result in power being reflected from a forward 
to a backward-going mode, when the periodicity A satisfies 
the momentum conservation requirement:

P r T t / A  . ( 2 . 3 . 2 6 )3
The phenomenon is similar to that of Bragg reflection from a 
periodic layered medium ( 2.14), and analogous to Bragg 
scattering of Bloch electron waves in a crystal along the 
Brillouin zone by the crystal periodicity (2.15).

Bragg reflection can be treated as a special case of 
contradirectional coupling between modes of the same wave­
guide, where P = p  (2.16) .b a
The coupling equations can be presented as

dA (z)
----  = j c,B(z)-exp{ j2p*z> ,dz a
dB(z)
----  = j c„ A (z ) • exp{-j 2 p - z )  ,dz a

( 2 . 3 . 2 7 )

and for a sinusoidal perturbation along the z-direction :
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dA(z)
----  = j 6*B(z) • expf-j (k - 2 (3 )*z> >
dz 3

( 2 . 3 . 2 8 )
dB(z)
----  =-j 6*A(z ) *exp{ j(k - 2 p )*z) ,
dz a

where k = 2 T I / A  is the Bragg momentum, and 6 is  the  

magnitude of the p e r t u r b a t io n  coupl ing c o e f f i c i e n t  given by

6 =
- U)-£ ® _ 0
-------- J J  An2.|Ea|2dx. dy . ( 2 . 3 . 2 9 )

4-P ZaT

Solv ing the system of equations ( 2 . 3 . 2 8 )  fo r  A(z)  and 

B ( z ) , r e s u l t s  in two second order  d i f f e r e n t i a l  equat ions:

d2A ( z )

b z
—  + j (k - 2 P )
2 a

and
d2B (z)

b z
j (k - 2 p )

dA (z ) 
dz
B (z)

- 6•A(z) = 0

-  6 *B (z )  = 0

( 2 . 3 . 3 0 )

a dz

For a g r a t in g  length L , i f  A(0)=Ao then B(L)=0 , s ince  

B(z)  is  generated by the p e r t u r b a t io n .

Def in ing A  p = 1 k -  2(33 1 and
2 2 2 

S = 6 -  (AP / 2 )

the s o lu t io n s  of 2 . 3 . 3 0  , s u b je c t to the above boundary
2c o n d i t io n s , w i 11 depend on the sign of  S 

2For S > 0 , the s o lu t io n  f o r  (b) takes the  form

j 2  6 s in h C S (z -L ) 3
B(z)  = Ao---------------------------------------------------------- exp l - jAB z /21  .

C -A p s in h (S L )  + j2S cosh(SL)3
( 2 . 3 . 3 1 )

Under phase matching c o n d i t io n s , Ap = 0 and S = 6 , the

above equat ion is  s i m p l i f i e d  in to
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s inh C 6 (z - L )3
B ( z ) = At

cosh C6-L3

For the s p e c ia l  case,  

s o lu t io n  becomes:

( 2 . 3 . 3 2 )

2where |A(31= 26 , i . e .  S = 0 , the

j 6 - (z -L )
B(z)  = Ae-------------------  e x p t - j  6'Z) .

1 -  j  6-L

2 2 
F i n a l l y ,  f o r  6< (Ap/2)

s o lu t io n  takes the form

and

( 2 . 3 . 3 3 )

S2 = (Ap/2)2 - 6 2 , the

B(z)=A0
j2-6{cos ( Sz ) -cosCS( 2L-z  ) 3 + j Esin ( Sz ) -s  in CS ( 2-L-z ) 3 3 } 

[ (AP - 2 S ) + (AP+2S) • cos ( 2-S-L) -  j (Ap +2S) • s i n ( 2SL) 3

exp ( - jApz/2 ]

In terms of power, the above expressions g ive :

P 62 s inh2 CS(L-z) 3
P = 
b CS2cosh2 (SL) + (A p /2 )2 sinh2 (SL)3

( 2 . 3 . 3 4 )

( 2 . 3 . 3 5 )

fo r  I Ap/21 < 6

pb =

2 2 P-6-( L-z  r
1 + (6 • L ) ‘

( 2 . 3 . 3 6 )

fo r  I A p / 2 l = 6 , and

P - 6 2s i n 2 CS(L-z)3

^ CS2cos2 ( SL) + (A p /2 )2-s in 2 (SL) 3

fo r  I A p / 2 l > 6  , whi le  fo r  a l l  cases 

Pa = p. -  pb '
Under phase matching c o n d i t io n s ,  i . e .  fo r  Ap

( 2 . 3 . 3 7 )

= 0 ,
( 2 . 3 . 3 8 )
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sinh2 L6 ( L-z  ) 3
P = PG --------------------------------  . ( 2 . 3 . 3 9 )
D cosh2 (6L)

The above equations bear a c lose resemblance to  those

d e r iv e d  fo r  c o n t r a d i r e c t i o n a l  coupl ing  in a two waveguide

s t r u c t u r e  ( 2 . 3 . 1 7 - 1 9 ) ,  fo r  (3 = (3 . There is  no fundamental
b a

d i s t i n c t i o n  between these coupl ing  processes, but p u re ly  

d i f f e r e n c e  in d e t a i l  a r i s i n g  from the d i f f e r e n t  magnitudes 

of the coupl ing  c o e f f i c i e n t  CC2.3 .29) , ( 2 . 3 . 1 0 ) 3  , which 

fo r  c o n t r a d i r e c t i o n a l  coupl ing  is  a lso  a fu n c t io n  of the  

waveguide s e p a ra t io n .

The v a r i a t i o n  in coupled power along the i n t e r a c t i o n

length ,  and as a fu n c t io n  of d i f f e r e n t  g r a t in g  lengths,

presented in F i g s . 2 .2  and 2 . 3  fo r  the c o n t r a d i r e c t i o n a l

c o up le r ,  a lso  hold fo r  the Bragg r e f l e c t o r ,  withA(3 = k -  2(3
a

and 6 as given by ( 2 . 3 . 2 9 )  .

The " forbidden gap" or coupled bandwidth is  given by

(Au) )nan = 26c /  nrc ( 2 . 3 . 4 0 )

and is g e n e r a l ly  of the same order as the one fo r  the  

g r a t in g  coupler  ( 2 .3 .2 1 ) ,  fo r  p e r tu rb a t io n s  of equal s t re n g th ,  

i . e .  when the coup l ing  c o e f f i c i e n t s  are made equal .

The r e f l e c t i v i t y  is  d e f in ed  as in ( 2 . 3 . 2 2 - 2 4 )  and exper ­

iences s id e - lo b e  presence as shown in F i g . 2 . 4
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2.3.3 CODIRECTIONAL COUPLING

Consider tuo single-mode waveguides in the presence of 
a periodic perturbation, such as a surface corrugation. If 
the periodicity is large enough to satisfy the momentum 
equation :

B - B = 2 ti/A . with Bj^B i 
a rb a  %

where p , p are the co-propagating modes of the two a b
waveguides, then these modes are strongly coupled and power 
exchange can occur, similarly to a conventional directional 
directional coupler.

The mode amplitudes A(z) and B(z) are interelated by 
the coupling equations, which for a sinusoidal longitudinal 
perturbation take the form:

dA(z)
----  = j 6-B (z ) • exp{-j Ck - ( p - p )3z> ,

dz a b
(2.3.41)

dB (z)
----  = j 6* A (z ) - expf jCk - ( p - P )3z> •
dz a b

Due to the codirectional power flow in the two modes, both 
coupling coefficients have the same sign, their amplitude 6 
given by

6 = I Eal I Ebl dx-dy (2.3.42)

Note also, that the total power carried by the two modes is 
conserved,since :

d 2 2---- { | A (z ) | + | B (z ) | > = 0 .
dz
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S epa ra t ing  the in d iv id u a l  mode ampli tudes from ( 2 . 3 . 4 1 )  

r e s u l t s  in two second order d i f f e r e n t i a l  equat ions:

2
dA ( z ) 5 A ( z ) ?
----- —  + j t k  -  ( P ) 3 ---------  + 6-A(z)  = 0 ,

dzz a b 5 z
2 ( 2 . 3 . 4 3 )
d£(z)  d B (z ) 2
------------- jCk -  ( P -  p ) ]  ------------ + 6'B( z ) = 0 ,

dzz a b dz

the s o lu t io n  of which, su b je c t  to  the boundary c o n d i t io n s  

A(0)=Ao and B (0 )= 0 ,  becomes:

B(z )  = - j  A0*( 6 / S ) • s in ( Sz ) • exp{ j A P-z /  2} ( 2 . 3 . 4 4 )

and

A (z )  = A0-Ccos(Sz) + j (Ap/2-S) -s in  (Sz ) 3*

•e x p t - jA p -z  /  2> » ( 2 . 3 . 4 5 )
2 2 2

where Ap= I k  -  ( p -  p )l and S = 6 +  (Ap/2)  .
a b

In terms of power :

P. = P ( 6 /  S )2 s in 2 (Sz) , ( 2 . 3 . 4 6 )
U o

and P = P -  Pu 
a 0 b

Note t h a t  the coupl ing  process is  p e r io d ic ,  provided th a t

the g r a t in g  length is  s u f f i c i e n t l y  long. Complete power

t r a n s f e r  may occur only under phase matching ( i . e  Ap = 0)

and over a g r a t in g  length Tt /26.  For Ap^O , the maximum

t r a n s f e r a b l e  f r a c t i o n  of power is  given by

52/C 6 2+ (Ap /2)2 3 . ( 2 . 3 . 4 7 )

The above equations look s i m i l a r  to those, obta ined fo r

d i r e c t i o n a l  coupl ing  ( 2 . 2 . 8 ) ,  where A p = p - p
a b

In both situations coupling is periodic and of similar
nature, a small difference arising in the matching require­
ment and in the calculation of the coupling coefficient. In



the present  case, the l a t t e r  is  u s u a l ly  weaker fo r  the same 

waveguide s e p a ra t io n ,  r e q u i r i n g  longer i n t e r a c t i o n  lengths .  

Strong coupl ing  occurs only f o r  Ap < 26 ( 2 . 3 . 4 7 ) ,  over a
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coupled bandwidth

(AW ’gap = 4 6 c / t l  nEF1 “ “ e F^’ ( 2 . 3 . 4 8 )

where c is  the  v e l o c i t y  of l i g h t ,  and nEF1 nEF2 lS the  

d i f f e r e n c e  in the e f f e c t i v e  in d ic e s  o f  the two guides.

Note t h a t  the coupled bandwidth increases fo r  s i m i l a r  wave-

2 .4  C o m p o s i t e  C o u p l i n g  P r o c e s s e s

Even though the th re e  main coup l ing  processes i . e  d i r e c t ­

iona l  co up l ing ,  Bragg r e f l e c t i o n  and c o n t r a d i r e c t i o n a l  

coup l ing  have been considered i n d i v i d u a l l y ,  i t  is  c le a r  

t h a t  fo r  a two waveguide system perturbed by a surface  

c o r r u g a t io n ,  a l l  th re e  may ac t  s im u l tan eou s ly .  The range of  

coup l ing  p o s s i b i l i t i e s  can be v is u a l i s e d  most r e a d i l y  by 

re fe re n c e  to  the  d is p e rs io n  diagram shown in  F i g . 2 . 5  fo r  two 

d i s s i m i l a r  guides (a )  and ( b ) ,  and a s in g le  p e r io d ic  

p e r t u r b a t io n  o f  p i t c h  A and momentum k = 2 T l /A  . Forward 

d i r e c t i o n a l  coup l ing  occurs a t  f requenc ies  around U)̂  , where

G ( U),) = P ( cu,) .  Power launched in  guide (a )  w i l l  be r e f l e c t e d  
a 1 b 1

back a t  f requenc ies  around co0 , where BttuJtrTE/A  » and1 a 1
s i m i l a r l y  power launched in guide (b) w i l l  be r e f l e c t e d  in

guides when i . e .  n -  n is  s m a l l .  
EF1 EF2
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F ig .  2 .5

D ispers ion  diagram showing the coupl ing p o s s i b i l i t i e s  

between two d i s s i m i l a r  guides (a )  and (b) in the presence  

of a p e r io d ic  p e r t u r b a t io n .
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coupling between the guides will occur at frequencies around
, where (3(U)^)+p(U)^)c2Tt/A. By appropriate choice of a b

the dispersion characteristic of the individual guides and 
the per iodicity A,the various frequencies of strong coupling 
can be adequately isolated and a simple two-mode analysis 
can be carried out for each process separately.

If, however, all the different coupling processes are 
allowed to overlap, a more interesting situation arises with 
all four modes (one forward and one backward for each guide) 
competing for a share of the power, finally distributed 
among all four ports of the device.

Consi dering the different coupling processes interacting 
with the same central frequency, i.e. dip w 2= W3 = * two 
modes of operation will be examined, the synchronous; at the 
central frequency, and the near 1y-synchronous; at neighbour­
ing frequencies.

A device operating in full synchronism is only influenced 
by the comparative strengths of the different coupling 
coefficients, while for near-synchronous operation coupling 
is also affected by the wavelength selectivity of the 
individual coupling processes.
The analysis of composite coupling processes will be based 

on coupled mode theory, generally treated as a four wave 
problem. A simple analytical solution does not always exist, 
in which case numerical solutions will be offered. Although 
a similar type of analysis was carried out in (2.17), some 
new results are presented, and also some consideration is 
given to possible implementation restrictions in the
relative magnitudes of the various coupling coefficients.



2.4.1 SYNCHRONOUS OPERATION

Consider two single-mode dielectric waveguides and a 
periodic perturbation of Bragg momentum k (see Fig.2.6), 
with both the phase matching and the momentum conservation 
requirements satisfied at the same central frequency (jl)q .

For operation at U)q , the individual field amplitudes A , 
B , C , D are related by the coupling equations :

dA (z) 
dz

dB (z ) 
dz

dC (z) 
dz

dD (z ) 
dz

J cab ̂ 2 * J Cg^C(z) + j c ad D(z ) ,

j cba A (z) + j cbcC(z) + j cbdD(z) ,
(2.4.1)

j c ca A ( z ) + j ccbB(z) + j cccj D (z ) ,

j cdaA(z) + j cdbB(z) + j cdcC(z) ,

where c^ are the different coupling coefficients; (i) 
denoting the source and (1) the destination of the energy. 
The above equations have originated from a four-wave coupled 
mode analysis, similar to the one presented in section 2.1 
for the two-wave case.

The coupling coefficients can be regrouped into those of 
the four coupling processes;

cab=-cba=x,j and Ccd=-Cdc= x 2 for Bragg reflection in 
the individual waveguides,

cac = cca =“cbd =-cdb = c° forward directional coupling,and 
cad= ccb=-cda=-cbc=6 contradirectional coupling in
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Fig. 2.6
Schematic diagram of a grating coupler operated as 

port device.
four
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the two waveguides. For simplicity consider a symmetrical 
structure, where the reflection coefficients in both wave­
guides are approximately equal i.e. x 2 = X . This can be
achieved, either by fabricating a grating on each waveguide, 
or a single grating equidistant from the two guides.

The coupling equations:

dA (z)
----- = j X-B(z) + jc0 C(z) + j 6-D(z) ,
dz

dB (z)
-----  =-j X-A(z) - j 6C(z) - j C'D(z),
dz

(2.4.2)
dC(z)
— --  = jc0A(z) + j 6-B(z) + j X'D(z),
dz

dD (z)
----- =-j 6-A (z ) - j c0B ( z ) - jx-C(z),
dz

result in four fourth order differential equations of the 
form :

a S
dz

- 2 ( X2+ 62- c2 )
d2U)
dz

+ C ( X2+ 62- c„2 )2 - (2 6-X )2 } U) = 0 .
(2.4.3)

The roots of the characteristic equation are given by
p = 1 /{(X1 6 )2 - c2} , (2.4.4)1,2,3,4

the form of solution depending on the comparative strengths 
of the different coupling processes, as influenced by the 
coupler design.

For a grating fabricated close to the core of a guide, 
the reflection coefficient X , as given by the integral of
(2.3.29) , depends on the dimensional parameters of the
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grating, i.e. its depth and its proximity to the core, and 
is not influenced by the presence of other waveguides. The 
directional coupling coefficient c0 , as given by (2.2.2), 
depends on the evanescent field penetration of both guides 
and their separation, and is not affected by the presence of 
the grating. The contradirectional coupling coefficient 6 , 
as given by (2.3.10), results from the field of the two 
guides overlapping over the perturbation region and thus 
depends on the grating characteristics, field penetration 
and waveguide separation.

For a grating imposed on the core / cladding interface of 
one of the waveguides, the contradirectional coefficient is 
usually smaller than the reflection coefficient in the wave­
guide on which the grating has been imposed, due to "weaker" 
field overlap, and is bigger than the reflection coefficient 
in the neighbouring guide.

If the grating is fabricated on both guides, or in the 
cladding half-way between the two cores, the contradirection­
al coefficient 6 and the reflection coefficients in both 
guides x-| and are approximately equal, although usually 
smaller than the forward coupling coefficient c„ . It is, 
therefore, reasonable to assume that c0>> X-6

In this case all four roots of the characteristic 
equation are imaginary:

P12= ! j ^ c.2- (X+6)2 > = ±JY-i .
p =i jVtc?- (X-6)2 } = ±jV2 • (2.4.5)

Subject to the boundary conditions A(0)=Ao, C(0)=0, B(L)=0 
and D(L)=0 , for a grating length L (interaction length),the



field solutions at the four output ports are:

A (L)

BCO)

C(L)

D (0)

2 Yj-cos ( Yj*Li“' j c o*sin ( YjL)  

Ae  ̂ j ( x + 6 ) • s in  ( y ^L)

2 y1'cos( Y1-L ) ~Jco’s in (  YfL)

A y.
-  [---------^ -----------
2 Y|’cos ( YfL ) “ Jc0‘s in  ( Y fL)

A j ( x + 6 ) •s i n ( YvD° [ ___ ____________n_____
2 Y^cost Y-|*L)-jco*sin ( y^L)

Y^cos ( Y2L) + jc0'sin ( Y2L) 
j (x-6) • sin ( y ^ L )  ^

Y^cos( Y2L ) + Jco’s in (  Y2L)

Y^cos ( y^L) + jco- sin ( y ^ L ) 

j (x-6) • sin ( y L̂) 
Y2C°s ( Y^D+jc-sinl Y2‘D

(2.4.6)
and expressions in terms of power can be obtained by 
consider ing:

P = I A ( L) 12 , P = IB ( 0) |2 , P = I C ( L) 12 , P. =|D(0)|2,3 □ C u
satisfying the conservation of power requirement:

P + + P + P. =| A |2 . (2.4.7)a b c d 0

Fig.2.7 shows the power distribution in the four ports of 
the device as a function of interaction length L . For 
values of co>>x^6 (Fig.2.7.i), there is hardly any power
in (b) and (d) , and the device behaves generally as a 
forward directional coupler with periodic power exchange 
between modes (a) and (c) . For smaller differences between 
the directional and contradirectional coupling strengths 
(see Fig.2.7.i i)* power is distributed in all four ports, 
though most of it is still being handled by the two forward­
going modes and the process remains basically periodic.

A more interesting situation arises when the coupling 
coefficients of the three different processes are of
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Fig. 2.7
Power distribution in the 
of interaction length for

four output ports as a function 
i ) ce >> X + 6
ii ) c > x + 6
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comparable strength,
i . e .  ( 6 -  X )2 < c2 < ( 6 + X )2

and the roots of the characteristic equation become:
p = ± V{(X+6) - C 2 }  =i A real ,
1,2
p=*jV"{(c^- (x-6)2 } = + jy imaginary . (2.4.8)
3A

In this case the field expressions of the output ports are

ACL)

B(0>

C (L)

D ( 0 )

A A
—  [------------------------

2 A-cosh ( A -L ) - jc 0 sinh ( A-L)

Ao j (x+6) • sinh ( A-L)
2 A-cosh ( A-L) - j  co-s i nh ( A-L)

A A
—  [-----------------------

2 cosh( A-L ) -  j c0-s inh ( A-L)

A0 j (X+ 6) • sinh ( A-L)
—  [-----------------------

2 A-cosh ( A-L) -  j c0-s inh ( A-L)

Y -c o s (Y L )  + jc0-s in (Y -L )

j (X~6) • s in  ( Y ’L)
--------------------- ]’
Y-cos( Y-L) + jce-sin ( y - L )

Y-co s ( Y ‘L)+jc0.sin( Y’L)
j (X-6) • sin ( Y-L)

--------------------- 1*Y-cos( Y*L)+jc0-sin(Y-L)

(2.4.9)
and again expressions for the power distribution can be 
obtained from eq.2.4.7 .

In this case power is more evenly distributed among the 
four ports (see Fig.2.8.i) and the process appears to have 
lost its periodic profile. The power variation with grating 
length is rather slow,and a length exists,for which the two 
forward and the two backward modes carry equal amounts of 
power. A most interesting development occurs when

6 = X > co , (Fig.2.8.ii)
and the outputs from all four ports tend to the same value,
acting as a four way power divider. Note, that a further
increase in the interaction length does not produce any
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F ig .  2 . 8

Power d i s t r i b u t i o n  in the four  output  ports  as a fu nc t ion

of i n t e r a c t i o n  length fo r  i )  x + 5  > c0 > l x - 6 l  ,

i i )  X + 6 > c0 and x  = 6
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change in the d i s t r i b u t i o n  of power.

F i n a l l y ,  i f  ce is considered to be much sm aller  than
2 2 2

e i t h e r  x  or 6 i . e .  (x+6) > (X -6) > c* ,

a l l  the roots  of  the c h a r a c t e r i s t i c  equation become r e a l :

p = t V u x + 6 ) 2 -  c2 > = lA ,  ,
1,2 2 1

p =  l / { ( X - 6 r -  C 2 }  = i  A, , ( 2 . 4 . 1 0 )3,4 2
the f i e l d  s o lu t io n s  in the four output ports  are given by:

ACL) =

B (0 ) = --  [

C(L) =

D(0) =

2
Ao
2

[ ‘1
A^cosh ( AyL) -  j  c0-s inh ( A-jL ) A^cosh ( A^L) + jc0-s inh ( A^L )

j  ( X+6  ) • s i n h  ( A y L ) j  ( X - 6 )  • s i n h  ( A^L)
---------------------------------------------------- + ----------------------------------------------------

A jc o sh  ( A y L ) -  j  ce-s i n h  ( AyL) A2C0sh( A^D + j c ^ s i n h  ( A^L)

]

t
Aycosh ( AyL ) - j c 0- s i n h  ( AyL) A2COSI1 ( A^L) + j  c0 *s i n h  ( A2L)

j  ( X + 6 )  - s i n h  ( AyL) j  ( X - 6 )  • s i n h  ( A^L)

A-j-cosh ( A<| L ) -  j  c0-s i n h  ( AyL) A2COSI1 ( A ^ L ) + j  c0 s i n h  ( A^L )
]

(2.4•11)
which can again be expressed in terms of power.

Since forward coupling is r a t h e r  weak, we expect r e f l e c t ­

ion and c o n t r a d i r e c t i o n a l  coupl ing  to dominate, with most 

of the power being shared between the backward modes (b) 

and (d) , and only  fo r  short  g r a t in g  lengths some of i t

remains in (a )  or f in d s  i t s  way in to  (c )  , as shown in 

F i g . 2 .9 .  Note a lso  t h a t  the power d i s t r i b u t i o n  fo r  d i f f e r e n t  

i n t e r a c t i o n  lengths ,  has lo s t  i t s  p e r io d ic  na ture  and has 

assumed the w e l l  known e x pon en t ia l  Bragg-type response.

The above t rea tm ent  c l e a r l y  in d ic a te s  , th a t  fo r  a 

combination of d i r e c t i o n a l  and c o n t r a d i r e c t i o n a l  coupl ing
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c.L

Fig. 2.9
Power distribution in the four output ports as a function 
of interaction length for "X. + 6 >lx-6l > co



8 5

in synchronism, with the directional coupling stronger for 
a realistic waveguide separation and a perturbation magni­
tude, the device behaves mainly as a forward coupler, with 
only a minute amount of power handled by the grating 
coupling processes.

2.4.2 NEAR-SYNCHRONOUS OPERATION

For near-synchronous operation, the phase-matched modes 
of the previous section are driven at a frequency U) , other 
other than their matching frequency (i)q , thus being pulled 
slightly off matching. The change in frequency or rather in 
wavelength, introduces the effective mismatches A(3^ and A P ^  

on the propagation constants of the two guides where,

Pa(w) = Pa‘V  +A(3M •
p ( (A) ) = (3 ( co0 ) + A P x2 . ( 2 . 4  . 12)

Note that for dissimilar waveguides A6#AGX1 X2
The field amplitudes A, B, C, D are related via the coupling 
equations :

dA--- = jAp-A + jXfB + jc0C + j6*D ,
dz X1 1
dB
------ = - j  X.-A “ jAp-B -  j 6 C -  j c 0 D .dz w

( 2 . 4 . 1 3 )
dC
-------- = j c 0 A + j - 6 B + j A p - C  + j  X-D idz x̂ z
dD
------ = - j  6-A -  j c 0-B -  j xaC -  jAB-D,
dz L xz
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for mismatches AP , Ap and where X. , X9 are the reflect-rX1 X2 1 1
ion, cG the directional,and 6 the contradirectional coupling 
coef f ic ients.

A simple analytical solution does not always exist for
the above system of equations. Only when X1= *'2 = *' and for

AS =AB „ it is possible to resolve (2.4.13) into a fourth rX1 rX2
order differential equation of a form similar to (2.4.3) . 
The roots of the characteristic equation are given by

(2.4.14)p = t Vf (X±6)2 - (c0±Ap)2} 1.2.3.4 °
Two i d e n t i c a l  waveguides, as is  the case fo r  AP =AP » 

remain phase-matched a t  a l l  f requencies ,  wh i le  B r a g g - r e f l e c t ­

ion and c o n t r a d i r e c t i o n a l  coupl ing  are p u l le d  o f f  matching.  

The s i g n i f i c a n t l y  broader bandwidth of the forward coupl ing  

process, combined with the g e n e r a l ly  s t ronger  coup l ing  

c o e f f i c i e n t  c0 , make the device behave as a d i r e c t i o n a l  

coupler,  with  most of the power shared between modes (a)  and 

l c ) .

The f i e l d  s o lu t io n s  fo r  d i f f e r e n t  combinations of c0 , x

and 6 can be obta ined from ( 2 . 4 . 1 4 ) ,  and are of s i m i l a r  form

to those presented in se c t io n  2 . 4 . 1  fo r  the synchronous case

where I y I =1 AJ = 1 Vf (x+6 )̂  -  (c0 + A p ) 2 >l‘  ̂ (2.4.15)
i y2i = i ^ i = i V u x - e r  -  ( c. - a p >2 > iand

The power d i s t r i b u t i o n  among the four output p o r t s ,as
a fu n c t io n  of mismatch AP , is  shown in Fig. 2. 10. i , i i , i i i

X? 2 7 2for ccX X  + 6 ) , c0 = X = 6 and ce << ( X - 6 ) respectively,
fo r  an i n t e r a c t i o n  length L.

In F i g . 2. 1 0 . i ,  fo r  la rge  Ap , a l l  the power is  conta ined
X
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ar-l

i i )

AP-L
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i i i )

F ig .  2. 10

Power d i s t r i b u t i o n  in the four output ports  as a fu n c t io n

of mismatch A pL  fo r  i )

i i )

c 2 > ( X + 6 )2

Ce = X  =  6 

c < ( x  -  6 ) Li i i )
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w ith in  modes (a)  and (c ) ,  and even fo r  AP =0 , where theX
g r a t in g  coupl ing  processes are mostly e f f e c t i v e ,  on ly  16 %

of the t o t a l  power f in d s  i t s  way in to  (b) and (d ) .

An i n t e r e s t i n g  development appears in F i g . 2 . 1 0 . i i ,  when

C0= X =6 . Although fo r  la rge  values of AP the power isX
being shared by (a )  and ( c ) ,  fo r  small  Ap a " f l a t "X
wavelength range e x i s t s ,  where the power is  being e q u a l ly

s p l i t  among a l l  four po rts  the device a c t in g  as a four  way

power d i v i d e r ,  i n s e n s i t i v e  to  small v a r i a t i o n s  in X

F i n a l l y ,  when c }  < <  ( X - 6)2 (F ig .  2. 10. i  i  i ) fo r  small  A p a l lX
the power is  being handled by (b) and ( d ) ,  but fo r  la r g e r  Ap,X
and as the Bragg-type processes are being p u l le d  o f f  match­

ing, power ends in to  (a)  and (c)  , which remain phase-  

matched.

A more general  numerical  s o lu t io n  of ( 2 .^ .  15) has also

been obta ined fo r  the case of two d i s s i m i l a r  waveguides and

a g r a t in g  f a b r ic a t e d  on one of the cores in between the two

guides,  i . e .  Ap *Ap and X.^X-, . The power d i s t r i b u t i o nX1 X2 1 2
in the four  ports  as a fu n c t io n  of wavelength is shown in 

F i g . 2. 11, fo r  a design d e f in e d  in the above F ig .

Note t h a t  these r e s u l t s  were obta ined fo r  la rge  p e r t u r b a t io n  

va lue s;  g r a t in g  depth 28 % of the a c tu a l  waveguide w id th ,  

which gave c0 =0.001111 /fim, X^=0.001506 /pm, X2=0.000073 /pm 

and 6 = 0 .0 0 0 2 5 4  /pm, and seem to be in genera l  agreement 

with the r e s u l t s  presented in F i g s . 2 . 1 0 . i , i i , i i i  , a l though  

fo r  such large p e r tu r b a t io n s  the accuracy of coupled mode 

a n a ly s is  becomes q u e s t io n a b le .

Concluding, although the d i f f e r e n t  coupl ing  processes
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F ig .  2. 11

Power d i s t r i b u t i o n  in the four output ports  as a fu n c t io n  of wavelegth.

Results  obta ined n u m e r ic a l ly  fo r  a g r a t in g  coupler  operated a t  6 3 2 .8  nm.

Slab waveguides of th icknesses  1.5 Jim and 1.02 pm separated  by 1 pm .

Core ind ices  1.512 and 1.516 r e s p e c t i v e l y ,  with c la dd ing  in d ice s  1.508 ,

1.506 and 1.500 . G ra t in g  of p e r i o d i c i t y  0 .2 0 9  pm and depth 0 .2 8  pm .

I n t e r a c t i o n  length 1.5  mm . 'Oo
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compete v ig u ro u s ly  fo r  a share of the a v a i l a b l e  power, i t  is  

forward coupl ing  th a t  g e n e r a l ly  dominates, because of  i t s  

stronger  coupl ing c o e f f i c i e n t  and the s i g n i f i c a n t l y  broader  

bandwidth (wavelength i n s e n s i t i v i t y ) fo r  a r e a l i s t ic  coupler  

de s ign .

2 .5  T h r e e  W a v e g u i d e  S t r u c t u r e s

Although three-waveguide d i r e c t i o n a l  couplers  have been 

f u l l y  analysed ( 2.18 , 2.19 ) ,  combinations of c o d i r e c t  ional  

and c o n t r a d i r e c t i o n a l  coupl ing  in th ree  waveguide s t ru c tu re s  

are presented here fo r  the f i r s t  t im e .  An advantage of t h i s  

scheme is  the r e l a t i v e  i n s e n s i t i v i t y  of the power d i s t r i ­

bution to small v a r i a t i o n s  in the i n t e r a c t i o n  length ,  

provided th a t  c o n t r a d i r e c t i o n a l  coupl ing is  s t ronge r  and 

th a t  the g r a t in g  length is s u f f i c i e n t l y  long.

The f e a s i b i l i t y  of a r e a l i s t i c  t h r e e - p o r t  switch in 

in te g ra t e d  optics form is  examined, where n e a r ly  a l l  o f  the  

input power can come out from any of  the th re e  output p o r ts ,  

with detuning vo l tages  not l a r g e r  than those fo r  a convent­

iona l  d i r e c t i o n a l  co up le r .  Another a p p l ic a t io n  may invo lve  

power d i v is io n  in to  the th re e  guides a t  predescr ibed r a t i o s .
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2 . 5 . 1  DIRECTIONAL VERSUS CONTRADIRECTIONAL COUPLING 

IN A THREE WAVEGUIDE STRUCTURE.

The dependence of the c o n t r a d i r e c t i o n a l  coupl ing  s t re n g th  

on the d i r e c t i o n a l  coupl ing  s t rength  cG fo r  a two wave­

guide co up le r ,  can be removed,by se p a ra t in g  the two coup l ing  

processes in to  d i f f e r e n t  waveguides, in a th re e -g u id e  c o up le r .  

In t h i s  way, any d e s i r a b le  6 / c 0 r a t i o  could be achieved  

by s u i t a b l e  s c a l in g  of the waveguide se p a ra t io n s .

Consider th re e  ad jacent  s in g le  mode waveguides ( a ) ,  (b)

and (c)  as shown in F i g . 2. 1 2 . i ,  where the modes (a) and (b) 

are phase matched through e q u a l i t y  of t h e i r  phase v e l o c i t i e s ,

i . e .  p = p , and modes (a)  and (c)  are phase matched v ia  a 
a b

g r a t in g  of momentum k , i . e .  P+ P = k , where (c) is  a
a c

backward-going mode. For synchronous op era t io n  both coupl ing  

processes occur at the same c e n t r a l  frequency 0)̂  , where

g e n a r a l ly  the th re e  waveguides are d i s s i m i l a r  as shown in

F i g . 2. 12. i i , with P( U)n ) = p (  
a 0 b

C0Q P ( U)g ) . The f i e l d  a m p l i -

tudes A, B and C of the th re e  modes s a t i s f y the coupl ing

equat io n s :

A
dA

= j (k /2  -  p̂ ) • A + j c e-B + j 6 -C ,
dz

A
dB

= j ( k /2 -  P ) - B + 
b

jce-£ , ( 2 . 5 . 1 )
dz

A -
dC

= - j ( k /2 - B )•6 - j 6 'A i
dz

A A
where A=A e x p f - j k  • z / 2 > , B=B e x p f - j k •z /2> , C=C exp{ j k - z / 2 }
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i ) ii)

F ig .  2 .1 2

i )  Schematic diagram of a th re e  waveguide coupler  combining 

d i r e c t i o n a l  and c o n t r a d i r e c t i o n a l  coupl ing ,

i i )  U) — 3 diagram of the th re e  waveguide coupler  .



and assuming n e g l i g i b l e  coup l ing  between modes (b) and ( c ) .  

The propagation constant P , under an assumed e x p { - j  P-z> 

dependence,is the root  of the de te rm inan ta l  equat ion :

9 4

P3+ p2Ck/2 -  P -  P+ P 3 + PC ( k /2  -  P ) ( k /2  -  P ) - ( k / 2 -  P ) ( k -  P -  P ) -  
a b c  a b c a b

- ( c e2-  62) 3 -  C ( k / 2 -  P ) ( k / 2 -  p ) ( k / 2 -  p )+c2 ( p - k / 2 ) +  6?( P - k / 2 ) 3 = 0,
a b c c b

( 2 . 5 . 2 )

which does not appear to have a simple a n a l y t i c a l  s o lu t io n .

Considerable s i m p l i f i c a t i o n  is  achieved fo r  synchronous

o p e ra t io n ,  where p = p and P + P  =k and ( 2 . 5 . 2 )  becomes:
a b a c

P3+ (3 P / 2 ) P2+ L 3 ^ 2/ A  -  (ce2-  62)3 P + C JJ3/8 -  (co2-  62) P / 2  3 = 0 ,

( 2 . 5 . 3 )

where J3 = p — p , with roots: c a
Bj = - P / 2 and P23= - ( J J / 2 )  ± V { c 2 - 62) • ( 2 . 5 . 4 )

The nature of the s o lu t io n  w i l l  depend on the comparative  

stre ng th  of the two coupl ing  processes. For ce >6 a p e r io d ic  

response is expected, w h i le  fo r  6 >cG the system should  

assume an ex ponent ia l  Bragg type response.

Subject  to  the boundary cond i t ion s  A(0)=Ao , B (0 )=0  and

C(L)=0 fo r  a g r a t in g  length L, the power d i s t r i b u t i o n  in the  

th ree  output ports  fo r  6 >ce is  given by:

Pa =
z=L

c
z = 0

|A0|- C( 6 / c o )2 -  cosh ( A-L) 3 2 
______________________________  »

C ( 6 / c 0 )2 cosh ( A-L) -  1 32

| A0|2C ( 6 / c c )2 -  1 3 s in h 2 ( A-L)
? 7 1C ( 6 / c 0 ) -cosh( A-L) -  1 r

|Ac|2( 6 2 / c 02  )-C ( 6 / c 0 )2 -  1 3 s in h 2 ( A-L)

C ( 6 / c e )2 cosh ( A-L) -  1 32
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where A = V( 6 - c 2 } .O
Note, t h a t  fo r  long g r a t in g  lengths,  i . e .  A-L>>0 , the power

/ o
in the th re e  ports  Pa , P̂  » Pc tends to (c0/ 6  ) -| A0| ,

(ce /  6 ) 2 C l - ( c e /  6 )2 3*| A#|  ̂ and C l - ( c e /  6 )  ̂D*| A01̂  r e s p e c t i v e l y ,  

and f u r t h e r  increase in the g r a t in g  length has no e f f e c t  on 

the power d i s t r i b u t i o n .

For c > 6 , the s o lu t io n  takes the form:

2

Fa =
z=L

Fc =
7r0

|AJ2 C 1 -  (C / 6  )2 cos( A-L)32o o
o o ’

Ceos ( A-L) -  (c0 /  6 r

|A0|2-(c0 /  6 )2 C (ce /  6 ) 2-  1 3 - s i n 2 ( A -L)

Ceos ( A-L) -  ( C0 /  6 )2 32

|A0|2 C (c0 /  6 )2 -  1 3 s i n 2 ( A-L)
-  -  )

Ccos(A-L) -  (c0 / 6  )z 3*

1

( 2 . 5 . 6 )

where A= VCc f  -  62> .

Note, t h a t  the power v a r i a t i o n  is  o f  p e r io d ic  form, with  a l l  

the power r e tu rn in g  to  the input mode (a )  fo r  i n t e r a c t i o n  

lengths L=2 n-TI/A , where n is an in t e g e r .  The maximum 

power t r a n s f e r  to (b) and (c)  occurs every L = ( 2 • n+1 M l / A 

and is p ro p o r t io n a l  to C l - ( 6 2/ c 2 )3 and ( 62/ c 2 )-Cl-( 62/ c 2 ) 3 

r e s p e c t i v e l y .

Expressions s i m i l a r  to  ( 2 . 5 . 5 )  and ( 2 . 5 , 6 )  can be de r iv ed  

fo r  d i f f e r e n t  input c o n d i t io n s .  F i g s . 2 . 1 3 . i , i i - 1 5 . i , i i  show 

the power d i s t r i b u t i o n  in the output ports  as a fu n c t io n  of 

i n t e r a c t i o n  length ,  fo r  d i f f e r e n t  input c o n d i t io n s ,  when 

( 6 / c 0 )=V3 and (c0/ 6  )=V3 r e s p e c t iv e ly .  For cD > 6 the  

power d i s t r i b u t i o n  assumes a p e r io d ic  p r o f i l e ,  though 

complete power t r a n s f e r  to  any o ther  mode is  not p o s s ib le .
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6 L
i)

ii )
6 L

F ig .  2 .1 3

Power distribution in the output ports as a function of
interaction length 6-L . Input port (a) with

i ) ( 6 / ce ) = V3 , i i ) ( co / 6 ) = V"3
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6 L
i )

F ig .  2 .1 4

Power distribution in the output ports as a function of
interaction length 6-L . Input port (b) with

i) ( 6 / c„ ) = V 3  ,ii) ( c. / 6 ) = V 5  .
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1.0

i )
6 L

ii  )
6 L

Fig* 2 .1 5

Power distribution in the output ports as a function of
interaction length (j-L . Input port (c) with

i ) ( 6 / cc ) = V5 , ii ) ( co / 6 ) = V3
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For 6 >c0 , and provided t h a t  the i n t e r a c t i o n  ( g r a t in g )  

length is s u f f i c i e n t l y  long, the power in the th re e  output  

ports  tend to the l i m i t s  de f ined  by the 6 / c e r a t i o .

I t  i s ,  t h e r e f o r e ,  poss ib le  to in f lu e n c e  the power d i v i s i o n  

in the th re e  output ports  by a p p ro p r ia te  choice of 6 / c 0 , 

w ithout  the need fo r  a p re c is e  i n t e r a c t i o n  length ,  provided  

the g r a t in g  is  s u f f i c i e n t l y  long.

A most i n t e r e s t i n g  s i t u a t i o n  a r is e s  when 6 =c0 . The 

output power d i s t r i b u t i o n  fo r  d i f f e r e n t  input c o n d i t io n s  is  

shown in F i g . 2. 16. i , i i , i i i  . I f  power is launched in to  the  

c e n t r a l  waveguide mode ( a ) ,  a l though some coupl ing in to  (b)  

and (c)  occurs fo r  short  lengths ,  a l l  the power e v e n t u a l ly  

re tu rn s  in to  ( a ) .  For short  in t e r a c t i o n  lengths the process 

s t a r t s  as p e r io d ic ,  but f i n a l l y  becomes e x p o n e n t ia l l y  

asymptotic  fo r  longer g r a t in g  lengths .

I f  power is launched in to  modes (b) or (c )  (F ig .  2. 16ii, iii ) 

fo r  long i n t e r a c t i o n  lengths ,  the power comes out from (c)  

or (b) r e s p e c t i v e l y .  This may be compared with  the p e r io d ic  

power exchange between the side waveguides in the case of a 

a th re e  waveguide d i r e c t i o n a l  coupler  o p e ra t in g  in synchro­

nism (2.19) . By employing a combination of d i r e c t i o n a l  and 

c o n t r a d i r e c t i o n a l  coup l ing ,  a s i m i l a r  r e s u l t  can be achieved  

independent of a p rec ise  d e f i n i t i o n  of i n t e r a c t i o n  length .

Such a device could be r e a l i s e d  in an in te g r a t e d  optics  

form, w ith  s u i t a b le  e le c t ro d e s  deposited over guides (a )  and 

(b) and the g r a t in g  f a b r ic a t e d  on ly  on guide ( c ) ,  as shown 

in F i g . 2. 17 . The waveguide separa t ion s  have been designed  

to a l low  6 =c0 and the g r a t in g  is  s u f f i c i e n t l y  long. I f
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6 L

i i )



i i i  )

F ig .  2. 1G

Power d i s t r i b u t i o n  in the th re e  output ports  as a fu n c t io n  

of 6-L with 6 = c0 fo r  i )  input  port  (a)

i i )  input po r t  (b)

i i i ) , i n p u t  port  ( c )
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v1 = v2=o
v,= o v2=v.
V,= V. v2= 0

F ig .  2 .1 7

Schematic re p re s e n ta t io n  o f  a th re e  p o r t  sw itch  based on the  

th re e  waveguide d i r e c t i o n a l  versus c o n t r a d i r e c t i o n a l  coup ler  

design, fo r  r e a l i s a t i o n  in in t e g r a t e d  o p t ic s  form with  

e le c t ro d e s  deposited over (a )  and ( b ) .
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power is o r i g i n a l l y  launched in to  guide ( c ) ,  and th ere  is  no 

vo l tag e  a p p l ie d  on the e le c t rod e s *  the three-waveguide  

coupler  operates in synchronism and a l l  the power comes out 

of ( b ) .  By app ly ing  a detuning vo l tage  on ( b ) ,  the waveguide 

can be p u l le d  o f f  synchronism, and since guides (a) and (c)  

remain phase-matched by the g r a t in g ,  a l l  the power w i l l  

come out of ( a ) ;  the device operates as a two-wave c o n t r a -  

d i r e c t i o n a l  co up ler .  F i n a l l y  by p u l l i n g  (a )  o f f  tu n in g ,  both 

coupl ing processes are a f f e c t e d  and the o p t i c a l  power 

remains on ( c ) .  Thus, by app ly ing  s u i t a b le  detuning vo l tages  

on the e le c t ro d e s  (a) and ( b ) i  the th re e  waveguide coupler  

can be operated as a t h r e e - p o r t  switch fo r  time d i v i s i o n  

m u l t i p l e x i n g , o r  even as an e l e c t r o - o p t i c  decoder fo r  o p t i c a l  

processing a p p l ic a t io n s .  The le v e l  of detuning vo l tages  are  

expected to  be comparable to the ones used in a convent iona l  

d i r e c t i o n a l  coup ler .

2 . 5 . 2  THREE — WAVEGUIDE GRATING COUPLER

The s p e c ia l  case of a th re e  -  waveguide system,phase  

matched by a g r a t in g  of  momentum k,has a lso  been considered.  

A combination of c o d i r e c t io n a l  and c o n t r a d i r e c t i o n a 1 

coup l ing ,  po s s ib ly  by two g ra t in g s  of d i f f e r e n t  p e r i o d i c ­

i t i e s ,  r e s u l t s  in a behaviour very s i m i l a r  to the one 

presented fo r  d i r e c t i o n a l  versus c o n t r a d i r e c t i o n a l  coupl ing  

in the prev ious s e c t io n .



For a th re e  waveguide c o n t r a d i r e c t i o n a l  c o up le r ,  the

coupl ing  equat ions take the form:

dA

dz
= j ( k/2 - •V A + j 6^B ,

dB
= - j ( k/2 - B -  j 6<|A - j  62c , ( 2 . 5 . 7 )

dz

dC
= j ( k /2 - Pc’ C + j 62B ,

dz

where A , B and c are the f i e l d  ampli tudes of the th re e

modes • ■ P. and b Pc are t h e i r propagation constants and

6i . §2 the coupl ing coef f  i c i e n t s between the c e n t r a l  wave-

guide (b) and the s ide ones (a)  and (c) . Note th a t  coupl ing  

between (a) and (c) is assumed to be n e g l i g i b l e .

For the th re e  modes to be phase matched a t  a s in g le  

frequency U ) q  ,

P (U)Q) H- Pb( a>0) = k and Pa(cV  = (3 ( u>0> *
For i d e n t i c a l  (a )  and (c )  , an a n a l y t i c a l  s o lu t io n  to

( 2 . 5 . 7 )  e x i s t s ,  with the roots  of the de te rm ine n ta l  equation  

given by
2 2

6 = S -  k/2 , P = ( P -  P )/2 ± j Vf fy+So- £k -  ( P + Pj ] 2/4>° ab ' * ab
fo r  an assumed s o lu t io n  of  the type expf j p*z> .

Even though expressions fo r  the power d i s t r i b u t i o n  a t  the  

th re e  ports  have been obta ined fo r  d i f f e r e n t  input  

c o n d i t io n s ,  they appear to  be of l i t t l e  i n t e r e s t .

I f  power is launched in to  the c e n t r a l  waveguide (b) , fo r

a s u f f i c i e n t l y  long g r a t in g  length ,  i t  is  d iv id e d  between
2 2 2 2 2 2 

(a) and ( c ) ,  w ith  s p l i t t i n g  r a t i o  6j/ ( 61+ 62) and 62  ̂C 6 -h ^
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respect  i v e l y .

I f  power is launched in to  any of the s ide waveguides (a)  

and ( c ) ,  i t  is  d i s t r i b u t e d  among a l l  output p o r ts ,  the  

s p l i t t i n g  r a t i o  r e l a t e d  to  the r a t i o  of the coup l ing  

c o e f f i c i e n t s ,  w ithou t  being in genera l  po ss ib le  to  get a l l  

the power out of a s in g le  p o r t  a t  w i l l .
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2 . 6  E v a l u a t i o n  o f  t h e  C o u p l i n g  

C o e f f i c i e n t s  f o r  d i f f e r e n t  

W a v e g u i d e  M o d e l s .

The coupled mode th eory  as presented in se c t io n  2. 1 is  

independent of waveguide geometry. The e v a lu a t io n  of the  

coupl ing  c o e f f i c i e n t s  as given from ( 2 . 2 . 2 )  , ( 2 . 3 . 1 0 )  and

( 2 . 3 . 2 9 )  re q u ire s  the a n a ly s is  of s p e c i f i c  coupler  

geometr i e s .

The s lab  waveguide model is  the s im plest  s t r u c t u r e  used 

to  analyse mode conversion p r o p e r t ie s  of d i e l e c t r i c  wave­

guides ( 2.20 ) .  Although not a r e a l i s t i c  model, i t s  r e s u l t s  

are u s u a l ly  somewhat a p p l ic a b le  to  o p t i c a l  waveguides of  

d i f f e r e n t  geometr ies.

In the a n a ly s is  presented in t h i s  s e c t io n ,  both symmetric 

and asymmetric waveguides are  considered and expressions fo r  

the d i r e c t i o n a l  and c o n t r a d i r e c t i o n a l  coupl ing  c o e f f i c i e n t s  

are ob ta ined .  F i n a l l y ,  a re c ta n g u la r  waveguide model is  

examined, as more a c c u r a t e ,  fo r  the d e s c r ip t io n  of a g r a t in g  

coupler  c o n f ig u r a t io n  based on the in te g ra t e d  f i b r e .

2 . 6 . 1  THE SLAB -  WAVEGUIDE REFLECTOR

A g r a t in g  r e f l e c t o r  is  more e a s i l y  v is u a l i s e d  as an 

asymmetric s la b  waveguide, c o n s is t in g  of a t h in  f i l m  of  

d and r e f r a c t i v e  index n̂  , sandwiched betweenth ickness
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media of in d ice s  and 112 r e s p e c t iv e ly .  A g r a t in g  of

p e r i o d i c i t y  A and ampli tude h is imposed on one of the  

in t e r f a c e s  as shown in F i g . 2 .1 8 .

In ge n e ra l ,  a s lab  waveguide can support a f i n i t e  number 

of guided T.E and T.M modes. By l i m i t i n g  the a n a ly s is  to  T.E

modes on ly ,and  assuming b y =0 (s ince the guide extends in ­

f i n i t e l y  in the y d i r e c t i o n ) ,  the only  non-zero f i e l d  

components Hx , Hz and Ey are r e l a t e d  by M axw e l l ’ s equat ions:

Hx =

Hz =
j

d z 

b E ) 

dx

(2 .6 . 1)

The t ran sve rs e  f i e l d  component E y  obeys the wave equation

b E y  o  O 2
------ —  + ( nz k0 -  p ) Ey = 0 , ( 2 . 6 . 2 )

b XZ
2

where p is the propagation constant of the guided modes,n 

is  the index d i s t r i b u t i o n  of the s t r u c tu r e ,  and k = 2 TT /X  . 

Solv ing  e q . 2 . 6 . 2  r e s u l t s  in :

Ey-

A -e x p f -  Ŷ -x}

A • Ceos ( x x ) -  ( Y] /  X ) s i n ( x - x ) 3  

A • Ceos ( X -d) + ( Yj/  ) s in ( X - d ) 3  expt Y ^ x + d > *

where Y,= P2-  n2k2 

X2= \ k 2c -  p2 
y 2=  p 2 -  n2k„2

1

1

)

0 ^ X <+00 ,
-d  x  4  0 , 

-00 < x 4 - d  , 

( 2 . 6 . 3 )

( 2 . 6 . 4 )



X

n 2
l  1 1 i

I ii i

x -

no i  i
i i i i_i_______________________ i__ v  -

i
2=0  z = L

F ig .  2 .1 8

S l a b  w a v e g u id e  g r a t i n g  r e f l e c t o r  c o n f i g u r a t i o n .
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and A is  the f i e l d  ampli tude constant .

For Ey and Hz to  be continuous a t  the two in t e r f a c e s ,  i . e

fo r  x=0 and x=-d , the e igenva lue  equation:

*■ ( Yt + Y J
tan ( X -d) = ------ y   —  ( 2 . 6 . 5 )

< * -  y1y2)

must be obeyed, from which the propagation constant p of the  

d i f f e r e n t  conf ined T.E modes can be ob ta ined .  For s in g le  

mode o p e ra t io n ,  the waveguide th ickness  d and index  

d i f f e r e n c e  An can be designed to a l low  on ly  one e ig e n -  

s o lu t io n  in ( 2 . 6 . 5 ) ,  t h a t  of  the lowest order even T.E mode. 

The constant A can be ob ta ined  by no rm a l is in g  the power 

flow in the waveguide. The n o rm a l is a t io n  c o n d i t io n ;

--------- f  Ev H* dx = ------------  f  C Ev ( x ) J dx =1 , ( 2 . 6 . 6 )2 -00  ̂ 2a>|JL0 - i  y

r e s u l t s  in :

----------------------------------------=---- 5— ] ( 2 . 6 . 7 )
|p|(d + l / v , +  l / Y 2>-t ■**• + Y, >

As discussed in se c t io n  2 . 3 ,  when the Bragg cond i t ion :

P^TC/A
is  approx im ate ly  s a t i s f i e d ,  s trong r e f l e c t i o n  w i l l  occur  

in to  the same mode, t r a v e l 1ing in the opposite  d i r e c t i o n .  The 

r e f l e c t i o n  c o e f f i c i e n t  fo r  normalised power f low can be 

w r i t t e n  as:

„ u)-e0 r°  2 2 2
6 =  ---------  ( n . -  nj ) [ Ey (x)  ] dxit -t o i  y

A = 2  -XV [



110

and ev a luated  as

6 =
x2i pi ( d + i /v,+ i / y2)-< *h.2+ y,2 )

Yi 2 h{ - 4 r - s i n *  ( X h )  + ------ [ 1 +
Xz 22 4-X

1

( 2 . 6 . 8 )

2 . 6 . 2  THE SLAB -  WAVEGUIDE COUPLER

The s lab  waveguide g r a t in g  coupler  can be analysed as a 

m u l t i l a y e r e d  s t r u c t u r e , c o n s i s t i n g  of  two ad jac en t  s la b  wave­

guides, with a g r a t in g  of p e r i o d i c i t y  A imposed on one of  

the i n t e r f a c e s ,  as shown in F i g . 2.19 . The exact  lo c a t io n  

of the g r a t in g  w i l l  depend on the d i f f e r e n t  implementations  

of t h i s  simple model. I f ,  fo r  example, the device is  to  be 

implemented by means of two D-shaped f i b r e s ,  i t  w i l l  be 

reasonable  to  p lace the g r a t in g  in between the two guides  

( F i g . 2 . 1 9 . i ).  On the otherhand, i f  an in te g ra t e d  f i b r e  is  

used, the g r a t in g  w i l l  be placed on the top waveguide i n t e r ­

face ( F i g . 2 . 1 9 . i i ) .

Consider two ad jac ent  asymmetric s lab  waveguides. In the  

absence of any p e r t u r b a t io n ,  and l i m i t i n g  the  a n a ly s is  to  

T.E modes on ly ,  the two waveguides can be analysed independ­

e n t l y  (as in s e c t io n  2 . 6 . 1 ),  and t h e i r  t r a n s v e r s a l  f i e l d  

components Eŷ  , Eŷ can be ob ta ined .
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n 1

X j l

Z X it o

n 2
x = - d ,

n 3
A — **—

X II 1 CL ro
n 4

x = - d ^
n s

|«a-----------  L -------------- e=»j

n 1

n1

i i )

F ig .  2.  19

Slab waveguide g r a t in g  coupler  c o n f ig u r a t io n  fo r  

d i f f e r e n t  implementations : i )  po l ished  coupler  ,

i i )  in te g ra t e d  f i b r e  co up le r .
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E v = yi

YiL • Ceos ( Xf&j )+—Ls in ( X-jd-| )3 e x p { y - (x + d ^  )} -oo < x ,X-| t
L • Ceos ( XfX) -  ~jjS in ( X|X ) 3 -d-j ^ x ^ 0 ,

L • expC- Y^x> 0 4  x  <+oo ,

( 2 . 6 . 9 )

and

E v  =<

V*- R • Ceos t X^( d3~d2) 3 + ~ s  in { X J d 3~d2)3 3 exp{ Y^(x+d3 ) 3
X2 — oo < x ^ - d 3 ,Yo

R • Ceos C y t y  x+d2 ) >-- ĵ“S in C X2( x+d2 ) 3 

R - e x p C -  Y3( x + d 2 ) 3

ni k! 1

nm P22-  n3ko

-  p 2 ’ri
and 11

CNI CM 
*

" ^ ' P /
n3 kl ' ii

V

P22-  4  k2

d ^  x d 2 % 

- d 2^ x <+oo *» 

( 2 . 6 . 10)

( 2 . 6 . 1 1 )

with p , P being the propagation constants of the two wave- 
1 2

guides, and R , L the f i e l d  ampli tudes.

Considering normalised power f low in the two waveguides,  

R and L can be ev a lu a te d  as in se c t io n  2 . 6 . 1  :

L = 2 X,V[-
1 1 |p  | - (d1 + 1/ y ,  + 1/ Y2)'( X-i + Y-j2 >

] > ( 2 . 6 . 1 2 )

and

R = 2 X , / [-
0) . | i e

i p  |.(d3-  d2 + 1/Y3+ 1/Y4>'< x 2+ Y32
] • ( 2 . 6 . 1 3 )

C o n t in u i ty  of the E y  and H z  f i e l d s  a t  the i n t e r f a c e s  r e s u l t s  

in the two e igenvalue equat ions:

tan ( x<j-d<j )

and

tanC x 2(d^-  d 2 ) 3

w v

x i - yvy2

A - y3\

( 2 . 6 . 1 4 )

( 2 . 6 .  15)
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p ro v id in g  the e igenso1ut ions  8 , 8 fo r  the conf ined  T.Er1 '2
modes of the two guides. By proper design of the guide para­

meters, propagation can be l i m i t e d  to the lowest order  even 

T.E mode in each guide,  thus ensur ing s in g le  mode o p e ra t io n .  

I f  the waveguides are i d e n t i c a l ,  or a frequency U)̂  e x is ts ,

a t  t h i s  frequency, and d i r e c t i o n a l  coupl ing  takes place  

between the guides. For normalised power f low ,  the d i r e c t ­

ional  coupl ing c o e f f i c i e n t  c. has been ev a lua ted  from 

( 2 . 2 . 2 ) as:

[expCy^d^ d2 ) K  ( Y-j “ Y3 ) cos ( x̂ d-j ) + ( x<j+y y /  X<,)-sin ( X.jd.] ) +

+ CY,-Y3)-exp I - Y 3d 2 1] ( 2 . 6 .  16)
I f  a g r a t in g  of p e r i o d i c i t y  A  is s i t u a t e d  in the i n t e r f a c e  

between the two waveguides ( F i g . 2 . 1 9 . i ) ,  and a t  a frequency  

U)2, fo r  which the Bragg momentum conservat ion  requirement  

P ( U)2> + p ( 0>2) = 2 K  / A  , with  (3 ( a>2) /  |B ( 0)2) 

is  s a t i s f i e d ,  c o n t r a d i r e c t i o n a l  coupl ing  w i l l  occur between 

the two modes. For normalised power f low ,  the coupl ing  

c o e f f i c i e n t  6 , d e f in ed  by ( 2 . 3 . 1 0 ) ,  can be expressed as:

X2-( y 32+ x 2)./{ P,-P <d, +1/Y1+1/Y2>'< X 2+Y^-Idj-dj+l/Y+l/Y^f * 2 + Yj> >

and eva luated  as :
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2 24-k -( n0-  in ) X-.-X,
6 =  ---------------------------------------1------ 1------!—  -----------------------------------------------------

X-I 732+ x 2)\A  |Pi -p |(d 3 - d 2 + l / v + i /Y 4)-(d1 +1/ y + 1 /y2)-( y i f+ y f n  x 2+ y2 > >

C (*K̂ +Yj-Ŷ / X-j) Cs in (Xjdj)expC-y^(^ 2“ ^   ̂3-s in CXj( d-j -h  ) 3-expC- y^( d2~d-| +h ) 3 3 + 

+ (Yj-^'Ccos CXj( d1 -h  ) 3-exp{-Y^( d2 -d-j +h ) 3-cos ( X ^  )-expf- y^( d2 -  d-j ) 3 3 3

( 2 . 6 . 1 7 )

M odel l ing  the in te g ra te d  f i b r e  as a combination of  a 

symmetric and an asymmetric waveguide, the g r a t in g  has to be 

s i t u a t e d  on the top of the asymmetric waveguide ( F i g . 2.19 . i i  ) .

The e igenva lue  equation of the symmetric guide is

tan C X 2( d} “ d2 ) / 2 J  = % / y  , ( 2 . 6 . 1 8 )

while  ( 2 . 6 . 1 5 )  remains unchanged. The coupl ing  c o e f f i c i e n t  

can be expressed as

b) ’ £o fO n n
6 = ---------  ( nf ) • | Eu ( x ) • Ev ( x ) I dx

4-Tt 2 1 y1 y2

and can be ev a lua ted  in a form s i m i l a r  to ( 2 . 6 . 1 7 ) .  I t  is  

expected, however, to be weaker since the f i e l d  i n t e r a c t i o n  

in the p e r t u r b a t io n  region is  s m a l le r .
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2 . 6 . 3  RECTANGULAR WAVEGUIDE GRATING COUPLER

The in te g ra t e d  f i b r e  coupler  can be more a c c u ra te ly  

modelled by re c ta n g u la r  waveguides ,using M a r c i t i l i ’ s appro­

ximate a n a l y t i c a l  s o lu t io n  ( 2.21 ) to ob ta in  expressions fo r  

the d i f f e r e n t  coupl ing  c o e f f i c i e n t s .

The s t r u c t u r e  under c o n s id e ra t io n  is shown in F i g . 2 .2 0 .  

Although the guides may in general  have d i f f e r e n t  w id ths ,  

t h i s  causes inconsis tency  in the f i e l d  e v a lu a t io n  of  the  

coupl ing  c o e f f i c i e n t s ,  s ince according to the model used the  

f i e l d  in the shaded areas is complete ly  ignored. An a p p ro x i ­

mate s o lu t io n  to t h i s  problem r e s u l t s  from co ns ider ing  a 

mean guide width, b = ( b-j + b2 ) /  2 , fo r  the c a l c u l a t i o n  of  

the coupl ing  c o e f f i c i e n t s  ( 2.22 ) .  To avoid t h i s ,  however, 

both guides are designed to have the same width b.

Each r e c ta n g u la r  waveguide can support two types of
x y

modes, E ^ p re d o m in a n t ly  p o la r is e d  in the x - d i r e c t i o n ,  and Epq,

p o la r is e d  in the y - d i r e c t i o n .  By s u i t a b le  choice of ind ices

and dimensions, the modes can be l im i t e d  to  one from each

type,  i . e .  and E^

For the E^, the t ran sve rs e  f i e l d  component Ex is  dominant 

in both waveguides, Ey and Hx are n e a r ly  ze ro ,  and Ex can be 

expressed in terms of the l o n g i t u d i n a l  components Ez ,HZ as

Ex ”
j

n 2 k 2

dEz dHz
C p ------+UH1--------  3 ,

dx dy
( 2 . 6 . 1 9 )

where n* is the index d i s t r i b u t i o n  of the two guides and (3 

is  the propagation constant of the guided modes.
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For waveguide 1, the t ran s v e rs e  f i e l d  component Ey is givenX1
by

jA
E = x„

E =

E = 
*1

E = 
*1

E = X1

*1'P,
jA

-jA

2 2 2( n^-^ -  X,j ) sinCXj( x+d2+§ ) 3-cos C X j (  y+T]) 3

( Yj2+n^ o  J c°s CXj(^+d2“ d  ̂ ) 3-exp Cŷ  x+d^ ) 3-cos CXj( y+7) ) 3

fo r  x ^ - d 2 and 0 y ^ b ,

DtV
fo r  — 00 < x ^-d^ and 0 ^ y 4: b ,

------  )cos(Xf§ )-exp{-Y^ ( x+d2 ) 3-cos CXj( y+T] ) 3
Y13̂ | fo r  - d 2̂  x <+ od and 0  ̂ y ^ b ,

• ( n^k2 - x 2 )•( n^/n^J • cos Cx  ̂b +T)) 3-s in CXj( x+d2+S ) 3-expf-V-vf y-
jA

JA

'14
fo r  - d ^  x >$-d2 and b ><: y < + 00, 

2 2 2 2 2 —( n ^ k 9 -X - ]  )•( n ^ / n ^ )  • c o s  CX-j-T) 3-s i n  C X-j-( x + d j+ S  ) 3 -e x p C Y ^y3

fo r  - d ^  x >$;-d2 and -oo< y ,<: 0 ,

( 2 . 6 . 2 0 )

Y12= *? - 1
2 l2 n12 ‘ k«> pi2 ) '

Y13= *1" ‘ n1B k» - p2 > ’ 1
<= * r  < » u - p2 > •1

2 2 , Y15= X,- ( 2 l2n15’ko f --2 2 ,2 02X1 — n-j-j • k0 " Pi

( 2 . 6 . 2 1 )' 1 4  I ! * ♦  w  "-J
2 2 , 2 , 2  „2 .

V15= *1" < n15'k. -  ^
^ -2 _ 2 , 2  c 2 i

and A is the f i e l d  ampli tude of the guide.

For waveguide 2 the t ran sve rs e  f i e l d  component E^can be 

w r i t t e n  as:

jB
E = ----

2 *oP
( n2<jk2 -  x^-s i n C X^t x+§ ) 3-cos C x^( y+T)) 3

2 2 
jB

fo r  - d ^  x 0 and 0 y ^ b

Ex = X
2 2 9 •= — —

—  ( y^ +  n^-k/ )-cos C X^t &-d-j ) 3-exp {Y23* x+<*1 ) 3-cos CX2‘( y+T) ) 3

fo r  — 00 < x >£-d-| and 0 ^ y 4 b23 2

b) 3
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E x =

-JB
 ̂ ^ .r~ 'IY22+ n22k° )C 0 S (X 2 ?  ) e x p t -Y 2jX } c o s C x 2(y+T|) ]

for 0 4  x  < + oo and 0  ̂ y ^ b ,22 2 
jB

Ex= - —  (n2̂ k2 - X^in^/n^) -cost X ^b +7|) 3-sinC X 2-(x+£ ) D-expC-y^ y-b) }

for
jB o 2 2 7 ? ___  —■E„ = -----— ( n ^ , ,  -  C n ^ ]/n 25) • c o s  ( X2:T) ) s i n [ X^( x+ ^  ) J e x p f y  y>

■2 X 2B

d«j<: x  4  0 and b ^ y < + oo ,

25“
for - d ^4 x  4  0 and -oo< y  4  0

(2 .6 .22)

II X22- ( n23\ 2 - P2 ) 1 2

ii
_ . Cvl x 22- ( n222 kl - P2) 5 
2IICM^>- x 22- ( n24x 2 - B2) .
2

v Z = y25 A~ ( n25 ko - P2), r2
X 2 = n21'k2Ko - p2*1 0

and B is the field amplitude of the guide.
The field constants A and B can be evaluated by consider­

ing normalised power flow in the two guides, giving:

[  /  1̂1 A = V{(--L ) / c— n
/  X iCJ-e,

tC  d ^ -  d 2 1
[ ----------------------- +  ------------

Xj 2 4 X
{ s in C2-X|(d2 —d 3 + ) 3 —

1
-sin(2x,jg ) }•( n2,jk2 - X2 Kb/2 + — —--{sinCZx^b+T)) 3 - sin(2-xyT] )>3 +

4-X1

+ (n^/n^)*(n^ - X2)---- cos2C XjCb+Tp 3+ (n^/n^Mn2?k2 -X2)-----cos2( X.,T) ) +
2 -Yl4 2 V15

 ̂ — __ n12 2 2 2  ̂+ Cb/2 + — “  • fs i n C 2 *X<j-( b+Tf]) 3 — sinC2x-j-T) 333 [— -—  (^^+n^2k0 )
4X-j 12 2 -VY12

2 ni 3 9 9 9 2  *cosCx-pt g +d2_d3 )-i + — =-• (yr+nl|Kkf )-cos(x^ ) --- 33}
Y13 2 'Yi 3 (2.6.23)

and
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r 2‘Po /  n21  ̂ - —B = V U — -̂ ) / C— =--Cd«j/2 + --  Cs in [2-X2-(-d.j+§ ) 3-s in (2x2g ) > 3-
0)€o /  X 2 4 X 2

2 2 2  _  _  _  _•C ( n ^  - X^M b/2 + -- -{sinC2 X2(b+7| ) 3-sin(2*x27] )>3 +
4 x 2

n 21 2 2 2  ̂ 2 —  —  n 21 2 2  2 + — r- • (n k̂f - x2)----cos1 C X2Cb+7]) 3 + — - C n25k, - X2) •
n24 2 Y24 n25

 ̂ 2 — -  * _  _  ___---cos ( x 2T] ) + Cb/2 + ---- -Cs in C2 x 2( b+7) ) 3-sinl^ XxT) 3 > •
2-V25 4 x 2

C
2
n13

2 Y 233 Y23 ’ ' cos2[ x 2{ § - d 1 n
n22 2 2 2 2 —+ --3" (Y22+n2̂ o )*cos(X2*g ) 3 3 > *

2 Y 22
(2.6.24)

Continuity of the tangential fields Ex and Hz at the four 
interfaces for each waveguide, results in the following set 
of eigenvalue equations:

tan C X|( d̂  -d2 ) 3

tan-C X<|-b3

tan C x2d1 3

tanCx2b 3

nlrxr( n̂ y12+ n|y13> 
( n ^ . n ^ x 2-  n ^ . y ^ )

*1( Vi u + V1 5 *
( ** ~ YK Yis >
nW ( n22̂ 23+ n13'Y;j 

( n222n23x22 -  n421y 2.y23)
*̂2̂  Y24+ Y25 ̂

( * 2  -  y24y25)

(2.6.25)

(2.7.26)

leading to
respectively,
by:
tan(X-|-§ ) =

the eigensolutions (3 and (3 for the two guides 
with the phase parameters \  , g ,7) , 7j given

2
n13

*11
•( X t /  y13 ) tan(%j-7) ) = “ "%•/ x -j ,

(2.7.27)
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tan (X 2’? ) = 22f -  ( x 2 / y 22) tan (* f \  ] = -  y 2S/  ^2
21

X;
(2.7.28)

For (CÔ ) = p̂( Cx>̂) forward coupling occurs, the coupling 
coefficients c-j , C 2 evaluated from eqs.2.2.2 as:

C1 = ^ 0

AB(n^-iijjl lii^ - Y23+n^kf )•

• V p2 ‘X i 'y2 3 < Ya+x2i )l%2r ' 4 )
COS [ x̂ ( § ”d<j ) 3

C e x p C - d 2“d-| ) 3-{ in ( X-j-g ) - x<jCOS ( X-j| )}-
-expC-y^(d^-d1 ) 3 t y^s in C X|( d2 -d3+ § ) 3-X-j-cos[x-j-Cd2 “d3+g )]>>
( XjCsinCX|(b+i) ) 3-cos C X^ b+tj ) 3-s in C X̂ T) 3-cos C X̂ Tj 33-
- X^Ccos C X>|( b+T) ) 3 s in C X̂ (b+tf ) 3-cosC X̂ T) 3s in [ X 27] 3>> ,
and (2.7.29)

2 9 2A-B-(Y+n̂ k0 )-cos(X-|-| ) _ _
C2 = (a)E0---- &-- 2̂— ---------  [ X-jfsinC X^b+T) ) 3-cosC X2-(b+ Tj )3-

Pl'^2'^13( X1“ X 2)

-sin(X1'T] )c o s(X2-T] ) }-X̂ fcosCX<|-(b+T| ) 3-sin C X£( b+7) )3-

—  _  _  2 2 2 2 2  
- c o s ( x <|-ti ) - s i n ( X 2'T] ) > 3 -f  (n?1- n 1-)-(n2̂ k0 - x 2) --------- 5----«— •

u X^Xj+y/ g)

Cexp{-Y^d2 >-f-Y|3sintX 2-I 3- x^cos C x 2-§ 3>-expf-Y,j(d2~d1 )>• 

t-Y^sinC X?( I “d-j ) 3-X^cosC X 2( I -d-j )3)3 + (n222~ 1̂ 3)•( Y ^ n2̂ »

•cos (X 2 S
1

• e xp C - Yĵ d
(2.7.30)

For a grating of periodicity A and amplitude h imposed on 
the top waveguide, such that

P, ( lV  + P2 ( > = 2 tt / A  ,
contadirectional coupling takes place between the two modes,
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t h e  c o u p l i n g  c o e f f i c i e n t  6 e v a l u a t e d  from e q . 2 . 3 . 1 0  a s :

6 - we 1 nV n22) AB ( n2ik° ■ X2M  Y13+n|k.2 ) cos C X1 1 
P2 ^2

C e x p C - 7 ^ 2  > f - Y ^ s i n C X 2 |  3- X 2C O s [ X 2 £ 3 } - e x p { - Y ^ ( d 2 “ h ) > 
t-y^sinCx^t S ”h > D-X^cosCX^t § -h) 3 3 3 * C XjCsinC XfCb+T) )3- 
•cosCX^b+T] ) 3-sin ( X̂ T) )cos[X2T] 3} - X2fcos C X.j( b+T) > 3*
•s inC X^(b+T) )3 -  c o s ( X | T l  ) - s i n ( X^rj  )>3 .

( 2 . 7 . 3 1 )
In t h e  c a s e  o f  t h e  i n t e g r a t e d  f i b r e  c o u p l e r ,

n 11 = n21 = n0 i s  t î e  c o r e  inc*e x  in b o t h  g u i d e s ,
n24 = n25 = n12 = n13 = n14= nl5= ns i s  t îe s u b s t r a t e  i n d e x ,  

and n 2 2 = nc i s  t î e  e x t e r n a l  c l a d d i n g  i n d e x ,
a l o t  o f  s i m p l i f i c a t i o n  f o r  t h e  a b o v e  g e n e r a l  e x p r e s s i o n s  
can  be a c h i e v e d .

yA s i m i l a r  a n a l y s i s  c an  be f o l l o w e d  f o r  t h e  p o l a r i s a t i o n
r e s u l t i n g  in e x p r e s s i o n s  f o r  , c 2 and 6 .
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C H A P T E R  3

D E S I G N

3.  1 D e s i 8 n P a r a m e t e r s :  B a n d w i d t h

B e a t 1 e n 8 t h » P e f l e c t i v i t y a n d

S e n s i t i  V i t y

The p e r f o r m a n c e  o f  g r a t i n g  c o u p l e r s  and r e f l e c t o r s  can  
be mo s t  r e a d i l y  e v a l u a t e d  in t e r m s  o f  p a r a m e t e r s  s u c h  a s  t h e  
c o u p l e d  b a n d w i d t h ,  t h e  r e f l e c t i v i t y ,  t h e  b e a t l e n g t h  and t h e  
s e n s i t i v i t y .

The c o u p l e d  b a n d w i d t h  h a s  b e e n  p r e v i o u s l y  d e f i n e d  ( e q s .  
2 . 3 . 2 1 ,  2 . 3 . 4 0 )  , a s  t h e  f r e q u e n c y  r a n g e  f o r  w h i c h  t h e  m a t c h ­
i n g  c o n d i t i o n  I A p l ^  2-6 i s  s a t i s f i e d .  In t e r m s  o f  w a v e l e n g t h ,  
t h e  c o u p l e d  b a n d w i d t h  i s  a p p r o x i m a t e l y  g i v e n  by

A X R-  6-A0/ (  n - n Ep)
f o r  t h e  g r a t i n g  r e f l e c t o r  and

( 3 . 1 . 1 )

A A p -  26-X0/ C ti ( n EF+ nEp )3 ( 3 .  1 . 2 )
f o r  t h e  g r a t i n g  c o u p l e r ,  where  6 i s  t h e  c o n t r a d i r e c t i o n a l  
c o u p l i n g  c o e f f i c i e n t ,  n^p t h e  e f f e c t i v e  w a v e g u i d e  i n d e x  and  
A0 t h e  w a v e l e n g t h  o f  o p e r a t i o n .  S i n c e  n^p^C n^p+ n^p ) / 2  , 

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

In c l o s e  a n a l o g y ,  t h e  b a n d w i d t h  o f  a d i r e c t i o n a l  c o u p l e r
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is defined as the wavelength range for which the mismatch 
!Aj3l< 2 cQ , approximately given by :

w h e r e  c 0 i s  t h e  d i r e c t i o n a l  c o u p l i n g  c o e f f i c i e n t .  N o t e  t h a t  
f o r  i d e n t i c a l  w a v e g u i d e s ,  i . e  n EF1 = n EF2 ’ A X — "-00 and t h e  
w a v e g u i d e s  r e m a i n  p h a s e  m a t c h e d  a t  a l l  w a v e l e n g t h s .

By c o m p a r i n g  e q s  3 . 1 . 2  and 3 . 1 . 3 ,  t h e  c o u p l e d  b a n d w i d t h  
o f  t h e  c o n t r a d i r e c t i o n a l  c o u p l e r  a p p e a r s  t o  be

t i m e s  s m a l l e r  t h a n  t h a t  o f  t h e  d i r e c t i o n a l  c o u p l e r .  A 
d i f f e r e n c e  o f  0 . 1  % i n  e f f e c t i v e  i n d i c e s ,  c o r r e s p o n d s  t o  
a b a n d w i d t h  r a t i o  o f  2 0 0 0 .  T h u s ,  t h e  w a v e l e n g t h  s e l e c t i v i t y  
o f  g r a t i n g  c o u p l e r s  and r e f l e c t o r s  i s  by f a r  s u p e r i o r  t o  
t h a t  o f  c o n v e n t i o n a l  d i r e c t i o n a l  c o u p l e r s .

The p e r i o d i c  power  e x c h a n g e  i n  d i r e c t i o n a l  c o u p l e r s  
a l l o w s  c o m p l e t e  power  t r a n s f e r ,  when A p  =0 ( s e e  F i g . 2 . 1 )  
and o v e r  an i n t e r a c t i o n  l e n g t h

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

o f  c o u p l e d  power  w i t h  l e n g t h  h a s  an a s y m p t o t i c  c h a r a c t e r  in  
t h e  n e a r  m a t c h i n g  r e g i o n  ( s e e  F i g . 2 . 3 ) , and  100 % power  
t r a n s f e r  i s  o n l y  a p p r o a c h e d  a s  L —* -co t e v e n  a t  t h e  p r e c i s e  
r e s o n a n t  c o n d i t i o n .  For  a s p e c i f i c  g r a t i n g  l e n g t h  L , t h e  
r e f l e c t i v i t y  o f  t h e  d e v i c e  R , d e f i n e d  a s  t h e  f r a c t i o n  o f  
t h e  r e f l e c t e d  p o w e r ,  t a k e s  i t s  maximum v a l u e  u nd er  p h a s e  
m a t c h i n g  c o n d i t i o n s ,  whe r e

] /  ' ( n EF<, n EF2

Lg= It /  ( 2 • c 0 ) ( 3 .  1 . 4 )

2R = t a n h  ( 6 -L) ( 3 . 1 . 5 )
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I t  i s ,  t h e r e f o r e ,  c o n v e n i e n t  t o  d e f i n e  an e q u i v a l e n t  
" b e a t l e n g t h "  in t e r m s  o f  a p r e s c r i b e d  r e f l e c t i v i t y  v a l u e .  
Even s o ,  a p r e c i s e  d e t e r m i n a t i o n  o f  t h e  i n t e r a c t i o n  l e n g t h  
i s  n o t  e s s e n t i a l ,  i n  marked c o n t r a s t  t o  c o n v e n t i o n a l  d i r e c t ­
i o n a l  c o u p l e r s .

The s e n s i t i v i t y ,  o f t e n  b e i n g  r e f e r r e d  t o  a s  t u n a b i l i t y ,  
i s  d e f i n e d  a s  t h e  c h a n g e  i n  t h e  c l a d d i n g  i n d e x  Anc r e q u i r e d  
t o  s h i f t  t h e  c e n t r a l  w a v e l e n g t h  o f  t h e  c o u p l e d  band by o ne  
b a n d w i d t h .  A l t h o u g h  s m a l l e r  c h a n g e s  i n  i n d e x  may w e l l  be  
d e t e c t a b l e ,  d e p e n d e n t ,  f o r  e x a m p l e ,  on t h e  d e t e c t i o n  s c h e m e ,  
t h e  a b o v e  d e f i n i t i o n  p r o v i d e s  a u s e f u l  b a s i s  f o r  c o m p a r i s o n  
( 3 . 1 )  .

The d e p e n d a n c e  o f  c o u p l e d  b a n d w i d t h  and s e n s i t i v i t y  on 
t h e  b e a t l e n g t h ,  and t h u s  on t h e  c o u p l i n g  s t r e n g t h ,  i s  shown  
i n  F i g . 3 . 1  s i m u l t a n e o u s l y  f o r  d i r e c t i o n a l  and c o n t r a d i r e c t -  
i o n a l  c o u p l e r s .  In b o t h  c a s e s ,  n a r r o w e r  b a n d w i d t h s  and f i n e r  
s e n s i t i v i t i e s  ( i . e .  l a r g e r  1 /  Anc v a l u e s )  c a n  be o b t a i n e d  
f o r  l o n g e r  b e a t l e n g t h s .  N o t e ,  h o w e v e r ,  t h a t  a l t h o u g h  t h e  
c o r r e s p o n d i n g  b a n d w i d t h s  may d i f f e r  by some 4 o r d e r s  o f  
m a g n i t u d e ,  t h e  s e n s  i t i v i t i e s  a p p e a r  t o  be o f  t h e  same o r d e r .  
The r e a s o n  f o r  t h i s  c an  be b e t t e r  u n d e r s t o o d ,  by r e f e r i n g  t o  
t h e  d i s p e r s i o n  c h a r a c t e r  i s i c s  o f  t h e  two w a v e g u i d e s ,  s c h e m a ­
t i c a l l y  p r e s e n t e d  i n  F i g . 3 . 2  . I t  can  be  s e e n  t h a t  t h e  
s i g n i f i c a n t l y  w i d e r  i n t e r s e c t i o n  a n g l e  o f  t h e  c o n t r a d i r e c t -  
i o n a l  c o u p l e r  r e q u i r e d  f o r  n a r r o w e r  b a n d w i d t h ,  i n e v i t a b l y  
makes  t h e  s h i f t  Au) o f  t h e  c r o s s i n g  p o i n t  l e s s  s e n s i t i v e  t o  
c h a n g e s  i n  t h e  c l a d d i n g  i n d e x  nc ( 3 . 2 ) .  H e n c e ,  t h e  s h i f t  
in  t h e  p h a s e  m a t c h i n g  f r e q u e n c y  w i t h  i n d e x  d e c r e a s e s  f o r



F i g .  3 .  1
B a n d w i d t h  and S e n s i t i v i t y  a s  f u n c t i o n  o f  b e a t l e n g t h  f o r  " E q u i v a l e n t "  

d e s i g n s  o f  D i r e c t i o n a l  ( ) and C o n t r a d i r e c t i o n a l  ( )
C o u p l e r s .
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F i g .  3 . 2
S c h e m a t i c  U) -  p d i a g r a m  f o r  d i r e c t i o n a l  and  c o n t r a d i r e c t i o n a 1 

c o u p l i n g  b e t w e e n  g u i d e s  ( a )  and ( b)  w i t h  v a r i a t i o n s  in  t h e  o u t e r  
c l a d d i n g  nc o f  ( a ) .



larger angles, i.e. 
essentially cancel.

narrower bandwidths, the two effects

The limits to the achievable sensitivity for a given 
interaction length, while not significantly affected by the 
coupling process, can be influenced by a common feature of 
the waveguide design. The important factor is the fraction 
of the propagating power, AP/P0 , which experiences the 
changes in the cladding index being sensed. For a slab 
waveguide model, similar to that of Fig.2.18, the power 
fraction in the cladding index n^ is given by:

The ratio AP/Pe depends on the structural waveguide para- 
meteres, such as the index distribution and guide thickness 
( V value ), while the coupling strength and hence the 
beatlength can be maintained by adjusting the waveguide 
separation. The variation in sensitivity, AncxLg,with the 
fractional power in the cladding for constant beatlength, is 
shown in Fig.3.3 for directional and contradirectional 
couplers. Although small differences exist, the sensitivity 
in both cases increases for larger AP/Pe values, the two

AP
PO

(3. 1.6)

characteristics becoming essentially indistinguishable.
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F i g .  3 . 3
The v a r i a t i o n  o f  t h e  p r o d u c t  o f  t h e  minimum d e t e c t a b l e  

c h a n g e  i n  c l a d d i n g  i n d e x ,  nc , and t h e  b e a t l e n g t h ,  Lg , w i t h  
t h e  f r a c t i o n a l  power  i n  t h e  c l a d d i n g ,  A P / P e  , f o r  b o t h  
d i r e c t i o n a l  ( ----------------) and c o n t r a d i r e c t i o n a l  ( ---------------  )
c o u p l e r s .
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3 . 2  D e s i g n  P r o c e d u r e

I f  t h e  c o u p l e r  i s  t o  be i m p l e m e n t e d  by s t a n d a r d  commu­
n i c a t i o n  f i b r e ,  t h e  s t r u c t u r a l  w a v e g u i d e  p a r a m e t e r s  ( i . e .  
i n d i c e s  and c o r e  d i a m e t e r )  a r e  f i x e d ,  and t h e  d e s i g n  i s  
l i m i t e d  t o  t h e  p e r i o d i c i t y  and s t r e n g t h  o f  t h e  p e r t u r b a t i o n ,  
b o t h  s u b j e c t  t o  g r a t i n g  f a b r i c a t i o n  c o n s t r a i n t s .

I t  i s ,  h o w e v e r ,  p o s s i b l e  t o  d e s i g n  a c o u p l e r  c o n f i g u r ­
a t i o n  ( s e e  F i g . 2 . 1 9  o r  2 . 2 0 )  b a s e d  on t h e  p l a n a r  g e o m e t r y  o f  
an i n t e g r a t e d  f i b r e ,  f a b r i c a t e d  by p u l l i n g  a f u s e d  b o r o -  
s i l i c a t e  c o m p o s i t e  p r e f o r m  down t o  t h e  r e q u i r e d  d i m e n s i o n s .  
For a d e s i g n  b a s e d  on t h e  a s y m m e t r i c  s l a b  w a v e g u i d e  m o d e l ,  
s i n g l e - m o d e  o p e r a t i o n  ( i . e .  l o w e s t  o r d e r  T . E .  mode)  r e q u i r e s  
t h e  w a v e g u i d e  t h i c k n e s s  d t o  be b o u n d e d  by:

t a n ^  ( A n , , /  An,  , )  d C Tt + tan"<' ( A n , , /  An,  , ) ]------------------ U -------- L i _  < c —  3 < -------------------------- ^ ^ —  ,
2-71-A n1 3 X0 2 -ti-A n1 3

( 3 . 1 . 7 )
2 2 2 2 2 2w i t h  A n^^n 3 - n 2 , An-J3=n>] , where  n/| i s  t h e  c o r e  a nd  n2 , 113

t h e  c l a d d i n g  i n d i c e s  and  Xe t h e  w a v e l e n g t h  o f  o p e r a t i o n .
N o t e ,  t h a t  f o r  t h e  s y m m e t r i c  c a s e  ( i . e .  n 2 = 0 3 ) e q . 3 . 1 . 7

b e c o m e s :
( d /  Xe )TE < 1 /  ( 2 A n 1(3 ) , ( 3 . 1 . 8 )

w i t h  no l o w e r  c u t - o f f .
For  i m p r o v e d  s e n s i t i v i t y  weak g u i d i n g  w i t h  low V v a l u e  

( i . e .  V=2 TT A n ^ - d /  Ae ) i s  d e s i r a b l e ,  w i t h  n 3 > n 2 t o  a l l o w  a
g r e a t e r  f r a c t i o n  o f  t h e  p r o p a g a t i n g  power  i n t o  t h e  e x t e r n a l  
c l a d d i n g  medium 3 .
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The c h o i c e  o f  w a v e l e n g t h ,  s u b j e c t  t o  t h e  f i l t e r i n g  
r e q u i r e m e n t s ,  w i l l  d e f i n e  t h e  w a v e g u i d e  t h i c k n e s s  and  s e t  
t h e  n o m i n a l  i n d e x  v a l u e s  from t h e  d i s p e r s i o n  c h a r a c t e r i s t i c  
o f  t h e  g l a s s e s ,  a l t h o u g h  t h e  e f f e c t  on t h e  i n d e x  d i f f e r e n c e s  

A n ^  » ^ n 32 i s  e x p e c t e d  "to be m i n i m a l .
Once t h e  s t r u c t u r a l  w a v e g u i d e  p a r a m e t e r s  h a v e  b e e n  d e f i n e d ,  
t h e  e i g e n v a l u e  e q u a t i o n  ( e q .  2 . 6 . 5 )  can  be  s o l v e d  f o r  t h e  
p r o p a g a t i o n  c o n s t a n t  p

In t h e  c a s e  o f  t h e  g r a t i n g  c o u p l e r ,  c o n t r a d i r e c t i o n a l  
c o u p l i n g  must  be  i s o l a t e d  f rom d i r e c t i o n a l  c o u p l i n g  and  
r e f l e c t i o n  i n  t h e  i n d i v i d u a l  w a v e g u i d e s ,  by d e s i g n i n g  t h e  
two  g u i d e s  t o  be p r o f o u n d l y  d i s s i m i l a r ,  i . e  I I>> 0 , 
a t  t h e  w a v e l e n g t h  o f  o p e r a t i o n .  A l t h o u g h  t h e  e x a c t  p l a c i n g  
o f  t h e  g r a t i n g  d e p e n d s  on t h e  i m p l e m e n t a t i o n ,  i t  c a n  be  
shown ( 2 . 1 2 ) ,  t h a t  a b e t t e r  c r o s s t a l k  i s o l a t i o n  i s  a c h i e v e d  
when t h e  g r a t i n g  i s  i m p o s e d  on t h e  i n t e r f a c e  o f  t h e  r e c e i v ­
i n g  w a v e g u i d e ,  t h u s  m a ki ng  r e f l e c t i o n  i n  t h e  i n p u t  w a v e g u i d e  
s i g n i f i c a n t l y  w e a k e r  t h a n  c o n t r a d i r e c t i o n a l  c o u p l i n g .

From t h e  k n o w l e d g e  o f  t h e  p r o p a g a t i o n  c o n s t a n t s  a t  t h e  
w a v e l e n g t h  o f  o p e r a t i o n ,  t h e  g r a t i n g  p e r i o d i c i t y  A c an  be  
a c c u r a t e l y  d e f i n e d  ; e q .  2 . 3 . 3  f o r  t h e  g r a t i n g  c o u p l e r ,  or  
e q .  2 . 3 . 2 6  f o r  t h e  r e f l e c t o r .  The g r a t i n g  l e n g t h ,  L , i s  
l i m i t e d  by f a b r i c a t i o n  c o n s t r a i n t s  t o  no more t h a n  a f e w cms ,  
w h i c h  f o r  a p r e s c r i b e d  r e f l e c t i v i t y ,  p r o v i d e s  a d i r e c t  
m e a s u r e  o f  t h e  r e q u i r e d  c o u p l i n g  c o e f f i c i e n t  ( e q .  3 . 1 . 5 ) ,  
g i v i n g  an e s t i m a t e  o f  t h e  c o u p l e d  b a n d w i d t h  ( e q .  3 . 1 . 1  o r
3 . 1 . 2 ) .  For  e x a m p l e ,  f o r  a  g r a t i n g  l e n g t h  o f  2  cm and 9 5  % 
r e f l e c t i v i t y ,  t h e  r e q u i r e d  c o u p l i n g  c o e f f i c i e n t  i s  1 0 8 . 9 1  / m,
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with a coupled bandwidth of 0.1 A,for an effective index of 
1 . 5 5  .

The r e q u i r e d  c o u p l i n g  s t r e n g t h  o f  a r e f l e c t o r ,  w i t h  t h e  
g r a t i n g  i m p o s e d  on t h e  c o r e / c l a d d i n g  i n t e r f a c e  , c an  be  
o b t a i n e d ,  by a p p r o p r i a t e  c h o i c e  o f  t h e  c o r r u g a t i o n  d e p t h  h,  
f rom e q .  2 . 6 . 8 .  I f  6 =  1 0 8 . 9 1  /m , a c o r r u g a t i o n  d e p t h  i n t o  
t h e  c o r e  o f  h= 5 2 0  A i s  r e q u i r e d .

In t h e  c a s e  o f  a g r a t i n g  c o u p l e r ,  t h e  d e s i r e d  c o u p l i n g  
s t r e n g t h  can  be o b t a i n e d  by t h e  c o m b i n e d  a c t i o n  o f  t h e  
p e r t u r b a t i o n  d e p t h  and t h e  w a v e g u i d e  s e p a r a t i o n ,  a s  g i v e n  
f rom e q .  2 . 6 . 1 7 .  For 6 =  1 0 8 . 9 1  /m , a c o r r u g a t i o n  d e p t h  
h= 1250 A and a w a v e g u i d e  s e p a r a t i o n  t =  2 . 5  jim a r e  r e q u i r e d .  
The c o r r u g a t i o n  d e p t h  i s  u s u a l l y  l i m i t e d  by f a b r i c a t i o n  t o  
l e s s  t h a n  t h e  g r a t i n g  p e r i o d i c i t y ,  s o , f o r  a s p e c i f i c  g r a t i n g  
d e p t h  h ,  a w a v e g u i d e  s e p a r a t i o n  c a n  be s e t  f o r  t h e  r e q u i r e d  
c o u p l i n g  c o e f f i c i e n t .

3 . 3  N u m e r i c a l  D e s i g n  B a s e d  O n
A s y m m e t r i c  S l a b  W a v e g u i d e s

W a v e l e n g t h  s e l e c t i v e  d e v i c e s  b a s e d  on g r a t i n g  r e f l e c t o r s  
and c o u p l e r s  c an  be d e s i g n e d  i n  a c c o r d a n c e  w i t h  t h e  g u i d e ­
l i n e s  s e t  i n  t h e  p r e v i o u s  s e c t i o n .  Some n u m e r i c a l  e x a m p l e s  
w i l l  be p r e s e n t e d ,  i n  o r d e r  t o  g i v e  a c l e a r e r  i n s i g h t  o f  t h e  
p r a c t i c a l  a s p e c t s  o f  c o n t r a d i r e c t i o n a l  c o u p l e r  d e s i g n .

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



1 3 2

i . e .  0 . 6 3 3  Jim, 0 . 8  pm, 1 . 0  pm and 1 . 5  pm, c o v e r i n g  a w i d e  
r a n g e  o f  p o s s i b l e  a p p l i c a t i o n s ,  f rom s p e c t r a l l y  s e l e c t i v e  
m i r r o r s  t o  m u l t i p l e x e r s .  In e a c h  c a s e ,  t h e  d e s i g n  was  
o p t i m i s e d  by p r e s e r v i n g  t h e  V - v a l u e  and  r e t a i n i n g  t h e  
r e f l e c t i v i x y  f o r  t h e  same g r a t i n g  l e n g t h ,  w i t h  b o t h  t h e  
w a v e g u i d e  t h i c k n e s s  and t h e  g r a t i n g  c h a r a c t e r i s t i c s  ( i . e  
p e r i o d i c i t y  and m o d u l a t i o n  d e p t h )  p r o p e r l y  a d j u s t e d  t o  
c o m p e n s a t e  f o r  t h e  c h a n g e  in w a v e l e n g t h .

" E q u i v a l e n t "  d e s i g n s  f o r  g r a t i n g  c o u p l e r s  a nd  r e f l e c t o r s  
a t  f o u r  d i f f e r e n t  w a v e l e n g t h s  a r e  p r e s e n t e d  i n  T a b l e s  3 . 1  
and 3 . 2  r e s p e c t i v e l y .  In b o t h  c a s e s ,  f o r  a b e a t l e n g t h  o f  
2 cm and a r e f l e c t i v i t y  o f  9 8  %, a c o u p l i n g  s t r e n g t h  o f
1 3 8 . 8  /ra i s  r e q u i r e d ,  w hi ch  c an  be o b t a i n e d  and r e t a i n e d  by 
s u i t a b l e  c h o i c e  o f  t h e  g r a t i n g  d e p t h .

C o m p ar i s on  b e t w e e n  t h e  c h a r a c t e r i s t i c s  o f  t h e  g r a t i n g
c o u p l e r  w i t h  t h o s e  o f  t h e  r e f l e c t o r ,  show no d i f f e r e n c e  in
t e r m s  o f  c o u p l e d  b a n d w i d t h , a n d  o n l y  a s m a l l  i m p r o v e m e n t  in
s e n s i t i v i t y ,  i n f l u e n c e d  by t h e  p r e s e n c e  o f  t h e  s e c o n d
w a v e g u i d e .  The b a n d w i d t h  a p p e a r s  t o  b r o a d e n  f o r  l o n g e r
wavelengths from 0 . 1 1 4  ft at 0 . 6 3 3  pm to 0 . 6 4 6  A at 1 . 5  pm,
a p p r o x i m a t e l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  w a v e l e n g t h

2o f  o p e r a t i o n  i . e .  AXoc Ae ( e q s .  3 .  1. 1 and 3 .  1 . 2 )  .
F i g .  3 . 4  s h o w s  t h e  f i l t e r i n g  c h a r a c t e r i s t i c s  o f  a c o n t r a -  

d i r e c t i o n a l  c o u p l e r  f o r  d i f f e r e n t  g r a t i n g  l e n g t h s .  D e s i g n s  
b a s e d  on l o n g  i n t e r a c t i o n  l e n g t h s  f o r  h i g h  r e f l e c t i v i t y  
v a l u e s ,  a r e  c h a r a c t e r i s e d  by a f l a t  p a s s b a n d  r e s p o n s e  
f o l l o w e d  by s h a r p  c u t - o f f  w i t h  c o n s i d e r a b l e  s i d e l o b e  p r e s e n ­
c e  i n  t h e  s t o p b a n d .  For  a g i v e n  c o u p l i n g  s t r e n g t h ,  b o t h  t h e
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TABLE 3. 1 
GRATING COUPLER

Indices of the glasses used in the design (at 633 nm): 
substrate : 1.5560 , core : 1.5620 , cladding : 1.55 .
Dispersion associated with glasses:
0.02223 /jim for substrate and core , 0.0223 for cladding.

Wavelength (pm) : 
Thickness 1 (pm) : 
Thickness 2 (pm) : 
Separation (pm) :

P / m :1
P /  m :

2
Grat. period (pm):
Grat. depth (A) :
Grat. length (cm):
Coupl. coef. :

/  m
Reflectivity :
Bandwidth (A) :
Sensitivity :
( x 103)

Isolation from directional
(Ap/2-cJ2 : 48.52(Ap/2-X ) : 48,408

0.8 1.0 1.5
2.53 3. 16 4.77
1.89 2.37 3.01
1.2 1.2 1.2
12,216489 9,744872 6,448559
12,208971 9,737100 6,442221
0.257 0.322 0.487
1 670 2012 2695
2 2 2
138.8 138.8 138.8

0. 984 0.984 0.984
0. 182 0.285 0.647
0.724 0.932 1.216

iupling and reflection:
21.4 18.3 12.2
7,387 2,330 364.2

0.633
2. 0

1.5
1 . 2

15,476215 
15,466741 
0.203 
1564 
2
138.8

0.984 
0. 113 
0.576
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TABLE 3 . 2  
GRATING REFLECTOR

I n d i c e s  o f  t h e  g l a s s e s  u s e d  i n  t h e  d e s i g n  ( a t  6 3 3  nm):  
s u b s t r a t e  : 1 . 5 5 6 0  , c o r e  : 1 . 5 6 2 0  , c l a d d i n g  : 1 . 5 5  .
D i s p e r s i o n  a s s o c i a t e d  w i t h  g l a s s e s :

0 . 0 2 2 2 3  /p.m f o r  s u b s t r a t e  and c o r e  , 0 . 0 2 2 3  f o r  c l a d d i n g .

W a v e l e n g t h  (jim) : 
T h i c k n e s s  (jim) :

(3 / ra :
G r a t .  p e r i o d  (f im):  
G r a t .  d e p t h  (A) :
G r a t . l e n g t h  ( c m ) : 
C o u p l .  c o e f .  :

/  m
R e f l e c t i v i t y  :
B a n d w i d t h  (A) : 
S e n s i t i v i t y  :

( x 103 )

0.633 COo

2.0 2.53
15,476215 12,216489
0.203 0.257
266 422
2 2
138.8 138.8

0.984 0.984
0. 114 0. 181
0.693 0.893

1 . 0 1 . 5
3 .  16 4 . 7 7
9 , 7 4 4 8 7 2 6 , 4 4 8 5 5 9
0 . 3 2 2 0 . 4 8 7
6 4 9 1450
2 2

CO 00 CO CO00CO

0 . 9 8 4 0 . 9 8 4
0 . 2 8 4 0 . 6 4 6
1 . 0 7 1 1 . 6 0 0
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F i g .  3 . 4
V a r i a t i o n  in R e f l e c t i v i t y  w i t h  d e v i a t i o n  from t h e  m a t c h i n g  

w a v e l e n g t h  f o r  d i f f e r e n t  g r a t i n g  l e n g t h s .
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r e f l e c t i v i t y  and t h e  s i d e l o b e  l e v e l  i n c r e a s e  w i t h  l o n g e r  
g r a t i n g  l e n g t h s  a c c o r d i n g  t o  e q s .  2 . 3 . 2 4  and 2 . 3 . 2 5 .  T h e r e  
i s  u s u a l l y  a t r a d e  o f f  b e t w e e n  t h e  maximum r e f l e c t i v i t y  o r  
p ea k  f i l t e r  e f f i c i e n c y  and  t h e  p e r m i t t e d  r i p p l e  l e v e l .  When 
h i g h  r e f l e c t i v i t i e s  w i t h  f l a t  p a s s b a n d  r e s p o n s e  and s h a r p  
c u t - o f f  a r e  r e q u i r e d ,  h i g h  r i p p l e  l e v e l s  mus t  be  t o l e r a t e d .

S e v e r e  s i d e l o b e  p r e s e n c e  may c a u s e  p r o b l e m s  f o r  m u l t i p l e x ­
i n g  a p p l i c a t i o n s ,  r e s u l t i n g  in c r o s s t a l k  b e t w e e n  a d j a c e n t  
d a t a  c h a n n e l s .  The u n w a n t e d  s i d e l o b e  l e v e l  c an  be r e d u c e d  by  
v a r y i n g  t h e  c o u p l i n g  s t r e n g t h  g r a d u a l l y  a l o n g  t h e  g r a t i n g  
l e n g t h ,  e i t h e r  by means  o f  t a p e r i n g  t h e  g r a t i n g  d e p t h  ( 3 . 3 )  
o r  by c h a n g i n g  t h e  w i d t h  o f  t h e  g r a t i n g  b e t w e e n  t h e  two  
w a v e g u i d e s  ( 2 . 1 1 ) .  A l t e r n a t i v e l y ,  t h e  s i d e l o b e  l e v e l  c an  be  
s u p p r e s s e d  by c a s c a d i n g  two g r a t i n g  c o u p l e r s  i n  a t h r e e  
w a v e g u i d e  f o r m a t i o n ,  s c h e m a t i c a l l y  shown i n  F i g .  3 . 5 .

The g r a t i n g  l e n g t h  i s  d i v i d e d  b e t w e e n  two  c l a d d i n g  m e d i a ,  
e a c h  o n e  p e r m i t t i n g  c o u p l i n g  b e t w e e n  t h e  c e n t r e  and o n e  o f  
t h e  s i d e  w a v e g u i d e s  a t  t h e  same w a v e l e n g t h ,  e f f e c t i v e l y  
s q u a r i n g  t h e  f i l t e r  r e s p o n s e .  The e f f e c t  i s  shown i n  F i g . 3 . 6  
f o r  a h i g h  r e f l e c t i v i t y  g r a t i n g  c o u p l e r  ( 0 . 9 9 9 )  . Wi th a 
s m a l l  a d d i t i o n a l  l o s s  i n  t h e  p a s s p a n d  r e s p o n s e ,  t h e  s i d e l o b e  
l e v e l s  a r e  s i g n i f i c a n t l y  r e d u c e d .

The s e n s i t i v i t y  o f  b o t h  g r a t i n g  r e f l e c t o r s  and c o u p l e r s  
a p p e a r s  t o  r e d u c e  f o r  l o n g e r  w a v e l e n g t h s  ( T a b l e s  3 . 1  & 3 . 2 )  
f rom 0 . 6 9 3  x 10-3 a t  0 . 6 3 3  jim t o  1 . 6 0  x 10"  ̂ a t  1 . 5  jim; 
t h i s  i s  m a i n l y  due  t o  b r o a d e n i n g  o f  t h e  c o u p l e d  b a n d w i d t h ,  
v a r y i n g  a p p r o x i m a t e l y  a s  Anca  Xo, w i t h  t h e  o v e r a l l  s e n s i t i v i t y  
r e d u c e d  l i n e a r l y  w i t h  w a v e l e n g t h .
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nc=n2

n c = n 1

Pa(O)0)+  Pb(O)0) = - ^ f

(((O30) +  (B(W0 ) ^

F i g .  3 . 5
S c h e m a t i c  c o n f i g u r a t i o n  o f  two c a s c a d e d  g r a t i n g  c o u p l e r s  in

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



( A )

F i g .  3 . 6

F i l t e r i n g  c h a r a c t e r i s t i c  o f  two c a s c a d e d  g r a t i n g  c o u p l e r s  
c o m p ar e d  t o  t h a t  o f  a s i n g l e  g r a t i n g  c o u p l e r .
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The d e p e n d e n c e  o f  t h e  c o u p l i n g  e f f i c i e n c y  on v a r i a t i o n s
in t h e  o u t e r  c l a d d i n g  i n d e x  nc i s  shown i n  F i g .  3 . 7 ,  f o r
two d e v i c e s  p h a s e - m a t c h e d  a t  d i f f e r e n t  c l a d d i n g  i n d i c e s .
The s e n s i t i v i t y ,  d e f i n e d  a s  t h e  w i d t h  o f  t h e  c o u p l e d  band,
i s  s i g n i f i c a n t l y  b r o a d e r  f o r  t h e  l o w e r  c l a d d i n g  i n d e x ,  e ve n
t h o u g h  t h e  w a v e l e n g t h  s e l e c t i v i t y  ( i . e .  c o u p l e d  b a n d w i d t h )
r e m a i n s  u n c h a n g e d .  P h a s e - m a t c h i n g  a t  a h i g h e r  o u t e r  c l a d d i n g
i n d e x  r e s u l t s  i n  w e a k e r  g u i d i n g ,  s t i m u l a t i n g  a l a r g e r
p o r t i o n  o f  t h e  t o t a l  f i e l d  i n  t h e  s e n s e d  c l a d d i n g ,  i m p r o v i n g
t h e  s e n s i t i v i t y  o f  t h e  d e v i c e .  The v a r i a t i o n  i n  s e n s i t i v i t y
f o r  c o r e - c l a d d i n g  i n d e x  d i f f e r e n c e s  i s  shown i n  F i g .  3 . 8  .
N o t i c e ,  t h a t  e v e n  t h o u g h  t h e  s e n s i t i v i t y  may i m p r o v e  by  one

- 4o r d e r  o f  m a g n i t u d e  ( f ro m 6 . 9 2 8  x 10 a t  n = 1 . 5 5  t o  0 . 6 1 8  
-4x 10 a t  n = 1 . 5 6 ) ,  t h e  e f f e c t  on t h e  c o u p l e d  b a n d w i d t h  i s  

m i n i m a l .
The c o u p l e d  b a n d w i d t h ,  d e f i n e d  by e q s .  3 . 1 . 1  and 3 . 1 . 2 ,  

d e p e n d s  on t h e  c h o i c e  o f  w a v e l e n g t h ,  t h e  m a g n i t u d e  o f  t h e  
c o u p l i n g  s t r e n g t h  and t h e  e f f e c t i v e  i n d i c e s  o f  t h e  g u i d e s .  
For a g i v e n  w a v e l e n g t h ,  b o t h  t h e  c o u p l i n g  c o e f f i c i e n t  and  
t h e  e f f e c t i v e  i n d e x  may be i n f l u e n c e d  by v a r i a t i o n s  i n  t h e  
s t r u c t u r a l  w a v e g u i d e  p a r a m e t e r s , s u c h  a s  t h e  w a v e g u i d e  t h i c k ­
n e s s .  The d e p e n d a n c e  o f  t h e  c o u p l e d  b a n d w i d t h  and  r e f l e c t ­
i v i t y  on t h e  t h i c k n e s s  o f  t h e  r e c e i v i n g  w a v e g u i d e  i s  shown  
i n  F i g s . 3 . 9  and 3 . 1 0  r e s p e c t i v e l y  , f o r  t h e  same g r a t i n g  
d e p t h ,  i n  an a t t e m p t  t o  d e f i n e  a n o m i n a l  w a v e g u i d e  t h i c k n e s s .  
For g r a t i n g  l e n g t h  o f  2 cm, t h e  r e f l e c t i v i t y  r e m a i n s  a b o v e  
9 0  % o v e r  an opt i mum t h i c k n e s s  r a n g e  ( d / X e) : ( 1 / 0 . 6 3 3 )  -  
( 2 . 5 / 0 . 6 3 3 ) ,  a b o v e  w h i c h  t h e  r e f l e c t i v i t y  d r o p s  s h a r p l y ,  t h e
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D e v i a t i o n  from t he Out e r  Cl adding  
M a t c h i n g  I n d e x

F i g .  3 . 7
C o u p l i n g  E f f i c i e n c y  w i t h  v a r i a t i o n s  in  t h e  o u t e r  c l a d d i n g  

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

C ore/C ladding Index Di f f e r ence  Anc

Fig. 3.8
Sensitivity as a function of core/cladding index difference 

of the sensing guide. The waveguide thickness remains fixed.
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F i g .  3 . 9
C o u p l e d  b a n d w i d t h  a s  a f u n c t i o n  o f  t h i c k n e s s  v a r i a t i o n  in  t h e  

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



Fig. 3. 10
R e f l e c t i v i t y  a s  a f u n c t i o n  o f  t h i c k n e s s  v a r i a t i o n  i n  t h e  r e c e i v i n g  

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

ro



w a v e g u i d e  b e c o m i n g  e v e n t u a l l y  m u l t i m o d e .  For  s h o r t e r  g r a t i n g  
l e n g t h s  t h e  opt i mum t h i c k n e s s  r a n g e  b e c o m e s  n a r r o w e r ,  
( 1 / 0 . 6 3 3 )  -  ( 1 . 6 / 0 . 6 3 3 )  f o r  a g r a t i n g  l e n g t h  o f  1 cm , w h i l e  
f o r  a 5 mm g r a t i n g  l e n g t h  t h e  r e f l e c t i v i t y  d r o p s  r a p i d l y  f o r  
v a l u e s  a b o v e  ( 1 / 0 . 6 3 3 ) .  N o t i c e ,  t h a t  t h e  l o w e r  t h i c k n e s s  
l i m i t  h a s  b e e n  a r b i t r a r i l y  c h o s e n .

A s m a l l e r  w a v e g u i d e  t h i c k n e s s  r e s u l t s  i n  w e a k e r  g u i d i n g ,  
s i m u l t a n e o u s l y  r e d u c i n g  t h e  e f f e c t i v e  g u i d e  i n d e x  and  
i n c r e a s i n g  t h e  c o u p l i n g  s t r e n g t h ,  due t o  a l a r g e r  f i e l d  
p r e s e n c e  o v e r  t h e  p e r t u r b a t i o n  r e g i o n .  The c o u p l e d  b a n d w i d t h  
i s ,  t h e r e f o r e ,  e x p e c t e d  t o  become n a r r o w e r  f o r  l a r g e r  
w a v e g u i d e  t h i c k n e s s ,  a s  shown i n  F i g .  3 . 9  .

For d i r e c t  c o m p a r i s o n  b e t w e e n  c o n t r a d i r e c t i o n a l  and  
d i r e c t i o n a l  c o u p l e r s ,  t h e  f i l t e r i n g  c h a r a c t e r i s t i c s  o f  
" e q u i v a l e n t "  f o r w a r d  c o u p l e r  d e s i g n s  a t  t h e  f o u r  w a v e l e n g t h s  
o f  o p e r a t i o n  a r e  p r e s e n t e d  i n  T a b l e  3 . 3 .  In a l l  c a s e s  t h e  
t h i c k n e s s  o f  t h e  s e c o n d  w a v e g u i d e  h a s  b e e n  c h o s e n  t o  p h a s e  
match  t h e  f i r s t  g u i d e  a t  t h e  w a v e l e n g t h  o f  o p e r a t i o n ,  w i t h  
t h e  s e p a r a t i o n  s c a l e d  t o  p r o v i d e  a b e a t l e n g t h  o f  2  cm , 
c o m p e n s a t i n g  f o r  t h e  c h a n g e  in w a v e l e n g t h .

The d e p e n d a n c e  o f  t h e  c o u p l e d  b a n d w i d t h  and s e n s i t i v i t y
on t h e  w a v e l e n g t h  o f  o p e r a t i o n ,  i s  s i m i l a r  t o  t h a t  f o r
c o n t r a d i r e c t i o n a l  c o u p l e r s ,  a p p r o x i m a t e l y  d e s c r i b e d  by

2AX'* Xe a nd  Anccc \ o
As e x p e c t e d ,  f o r  t h e  same i n t e r a c t i o n  l e n g t h ,  t h e  b a n d w i d t h s  
o f  t h e  d i r e c t i o n a l  c o u p l e r s  a r e  s i g n i f i c a n t l y  b r o a d e r  ( t h r e e  
o r d e r s  o f  m a g n i t u d e )  t h a n  t h o s e  o f  c o n t r a d i r e c t i o n a l  
c o u p l e r s ,  e v e n  t h o u g h  t h e  s e n s i t i v i t y  o f  b o t h  p r o c e s s e s  i s
o f  t h e  same o r d e r .
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DIRECTIONAL COUPLER
TABLE 3.3

Indices of the glasses used in the design (at 633 nm): 
substrate : 1.5560 , core : 1.5620 , cladding : 1.55 .
Dispersion associated with glasses:
0.02223 /jim for substrate and core , 0.0223 for cladding.

Wavelength (|im) 0.633
Thickness 1 (jam) 2.0
Thickness 2 ( p.m ) 1.732
Separation (jim) 4.280

P1 /  m 15,4762 15
B / m 15.4762151 2

Coupl. coef. 78.5398
/ m

Beatlength (cm) : 2
Bandwidth (A) : 372
Sensitivity : 0.792mOrHXw

00o 1.0 1.5
2.53 3. 16 4.77
2. 190 2.735 4.05
5. 117 6.075 7.32
12,216489 9,744872 6,448559
12,216489 9,744872 6,448559
78.5398 78.5398 78.5398

2 2 2
596 914 2070
0.998 1.240 1.851
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3 . 4 N u m e r i c a 1 D e s i g n F o r
I n t e g r a t e d F i b r e C o u P 1 e  r  s
B a s e d 0 n T h e R e e t a n g u 1 a  r
W a V e g u i d e M o d e 1

The r e s u l t s  p r e s e n t e d  i n  t h e  p r e v i o u s  s e c t i o n  w e r e  a l l  
b a s e d  on t h e  s l a b  w a v e g u i d e  m o d e l .  An i n t e g r a t e d  f i b r e  
c o u p l e r *  h owev e r *  can  be more a c c u r a t e l y  d e s c r i b e d  u s i n g  t h e  
r e c t a n g u l a r  w a v e g u i d e  mode l  p r e s e n t e d  i n  s e c t i o n  2 . 6 . 3  .

The b a s i c  d e s i g n  p r o c e d u r e  i s  r e p e a t e d ,  w i t h  t h e  p r o p a g a t ­
i o n  c o n s t a n t s  o f  t h e  i n d i v i d u a l  w a v e g u i d e s  o b t a i n e d  by  
s o l v i n g  t h e  e i g e n v a l u e  e q s .  2 . 6 . 2 5  & 2 . 6 . 2 6  * and  t h e
c o u p l i n g  c o e f f i c i e n t s  c a l c u l a t e d  from e q s .  2 . 6 . 2 9  & 2 . 6 . 3 0
f o r  d i r e c t i o n a l  c o u p l i n g , a n d  e q .  2 . 6 . 3 1  f o r  c o n t r a d i r e c t i o n -  
a l  c o u p l i n g .  The c h a r a c t e r i s t i c s  o f  " e q u i v a l e n t "  c o u p l e r  
d e s i g n s  f o r  o p e r a t i o n  a t  t h e  f o u r  w a v e l e n g t h s  o f  i n t e r e s t  
a r e  p r e s e n t e d  in T a b l e s  3 . 4 . 1  & 3 . 4 . 2 , r e s p e c t i v e l y  f o r  
c o n t r a d i r e c t i o n a l  and d i r e c t i o n a l  c o u p l e r s  o f  2 cm b e a t -  
l e n g t h s  .

C o m p a r i s o n ,  b e t w e e n  d e s i g n s  b a s e d  on r e c t a n g u l a r  and  s l a b  
w a v e g u i d e  m o d e l s , s h o w s  t h a t ,  a l t h o u g h  some s m a l l  d i f f e r e n c e s  
may a r i s e  f rom t h e  s m a l l e r  p r o p a g a t i o n  c o n s t a n t s  o f  r e c t ­
a n g u l a r  g u i d e s ,  t h e  b a n d w i d t h  and s e n s i t i v i t y  r e m a i n  u n ­
c h a n g e d  f o r  e q u a l  c o u p l i n g  s t r e n g t h s , a n d  t h e  r e l a t i v e  d e s i g n  
c o n s i d e r a t i o n s  d i s c u s s e d  f o r  s l a b  w a v e g u i d e s  i n  t h e  p r e v i o u s  
s e c t i o n  a l s o  h o l d  f o r  r e c t a n g u l a r  g u i d e s .

A marked d i f f e r e n c e  r e s u l t s  f rom t h e  p o s i t i o n i n g  o f  t h e
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TABLE 4.1

GEATING COUPLEE

Indices of -the glasses used in the coupler design (at 633 nm):
substrate : 1.5560 , core : 1.5620 , cladding • 1.55 •
Design based on Fig. 2.20 .

Wavelength (pm) : 0.633 0.8 1.0 1.5
Thickness 1 (pm) : 2.0 2.53 3. 16 4.77
Width 1 (pm) : 2.0 2.53 3. 16 4.77

(3 /m
r 1 : 15,455173 12,199835 9,731523 6.439911

Thickness 2 (pm) : 2.0 2.53 3. 16 4.77
Width 2 (pm ) : 2.0 2.53 3. 16 4.77

8 /m
2

: 15,451416 12, 196861 9,729134 6.438268
Separat ion (pm) : 0.4 0.4 0.4 0.4
Grat. period (pm) 0.203 0.257 0.323 0. 488
Grat. depth ( K ) : 2860 3621 4362 5843
Grat. length (cm): 2 2 2 2
Coupl. coef. : 138. 5 138.5 138.5 138.5

/m
Eef lect ivity : 0.984 0.984 0.984 0.984
Bandwidth (X) : 0. 113 0. 181 0.284 0.646
Sensitivity 0.578 0.725 0.933 1.218

x 103
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TABLE 4.2

DIRECTIONAL COUPLER

Indices of the glasses used in the coupler design (at 633 nm):
substrate : 1.5560 , core : 1.5620 , cladding : 1.55 ♦
Design based on Fig. 2.20 .

Wave length ([Lira) : 0.633 0.8 1.0 1.5
Thickness 1 (jim) : 2.0 2.53 3. 16 4.77
Width 1 (Jim) : 2.0 2.53 3. 16 4.77

(3 / m
1

: 15,455173 12,199835 9,731523 6.439911
Thickness 2 (jim ) : 2.262 3.99 3.575 4.863
Width 2 (jim ) : 2.0 2.53 3. 16 4.77

P  / m  
2

: 15,455176 12,199838 9,731523 6.439912
Separat ion (Jim ) : 3. 145 4.035 5. 124 7. 102
Coup I. coe f. : 78.54 78.5395 78.5398 78.541

/m
Beatlength (ram) : 2 2 2 2
Bandwidth ( A )  : 378 601 915 2083
Sensitivity 0.796 1.002 1.247 1.863

x 103
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grating on the exposed interface of the top waveguide, 
effectively reducing the perturbation strength. The coupling 
strength can be restored by increasing the grating depth and 
reducing the waveguide separation. The latter, however, has 
the undesirable effect of increasing the strength of the 
forward coupling process,resulting in crosstalk, while the 
former is limited by the grating fabrication constraints.
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C H A P T E R  4

F A B R I C A T I O N

4 . 1  T e c h n i q u e s  F o r  G r a t i n g  
F a b r i c a t i o n .

C o r r u g a t e d  s u r f a c e s  o f  s u b - m i c r o n  p e r i o d s  a r e  e x t e n s i v e ­
l y  b e i n g  u s e d  i n  d i s t r i b u t e d  f e e d b a c k  (DFB) and d i s t r i b u t e d  
B r a g g  r e f l e c t o r  (DBF) l a s e r s ,  c o u p l e r s ,  beam e x p a n d e r s ,  
n a r r o w - b a n d  f i l t e r s ,  l i g h t  d e f l e c t o r s ,  and p h a s e - m a t c h i n g  
e l e m e n t s  f o r  i n t e g r a t e d  and f i b r e  o p t i c  a p p l i c a t i o n s .  A 
l a r g e  number o f  d i f f e r e n t  p r o c e d u r e s  h a v e ,  t h e r e f o r e ,  b e e n  
d e v e l o p e d  f o r  g r a t i n g  f a b r i c a t i o n  on c r y s t a l l i n e  GaAs,  InP  
and s i l i c a  s u b s t r a t e s .

The mo s t  commonl y  u s e d  t e c h n i q u e s  a r e  b a s e d  on o p t i c a l  
i n t e r f e r e n c e  m e t h o d s ,  w i t h  two c o h e r e n t  l a s e r  beams  c r e a t i n g  
an i n t e r f e r e n c e  p a t t e r n  on a s u b s t r a t e .  For  I I I —V s e m i ­
c o n d u c t o r  s u b s t r a t e s ,  t h e  i n c r e a s e d  e l e c t r o c h e m i c a l  a c t i v i t y  
o f  t h e  e x p o s e d  a r e a  w i l l  r e s u l t  i n  s e l e c t i v e  e t c h i n g  ( 4 . 1 ,
4 . 2 ) ,  when i mme r s e d  in e t c h a n t  d u r i n g  e x p o s u r e ,  y i e l d i n g  a 
s e r i e s  o f  p a r a l l e l  g r o o v e s  ( 4 . 3 ,  4 . 4 ) .  A l t e r n a t i v e l y ,  a t h i n  
l a y e r  o f  p h o t o r e s i s t  may be u s e d , w i t h  s u b s e q u e n t  d e v e l o p m e n t  
t o  p r o d u c e  a g r a t i n g  r e l i e f  p a t t e r n ,  w h i c h  c an  t h e n  be
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t r a n s f e r r e d .  i n t o  t h e  s u b s t r a t e  by c h e m i c a l  e t c h i n g  ( 4 . 5 ) ,  
p l a s m a  e t c h i n g  ( 4 . 6 )  o r  r e a c t i v e  i o n  m i l l i n g  ( 4 . 7 ) .

H o l o g r a p h i c  t e c h n i q u e s  h a v e  b e e n  u s e d  t o  f a b r i c a t e  l a r g e ,  
c o m m e r c i a l l y  a v a i l a b l e  g r a t i n g  a r e a s  ( 4 . 8 ) ,  w i t h  t h e  
p e r i o d i c i t y  c o n t r o l l e d  by t h e  c h o i c e  o f  w a v e l e n g t h  and a n g l e  
b e t w e e n  t h e  i n t e r f e r i n g  b ea ms .  The s m a l l e s t  a t t a i n a b l e  
p e r i o d i c i t y  i s  l i m i t e d  by t h e  l a s e r  w a v e l e n g t h  r a t h e r  t h a n  
t h e  p h o t o r e s i s t  r e s o l u t i o n , a n d  c a n  be r e d u c e d  t o  l e s s  t h a n  
0 .  1 p.m w i t h  t h e  u s e  o f  s h o r t e r  w a v e l e n g t h s .

G r a t i n g  f a b r i c a t i o n  by e l e c t r o n  beam l i t h o g r a p h y  ( 4 . 9 )  
e m p l o y s  t h e  h i g h  r e s o l u t i o n  and d i m e n s i o n a l  p r e c i s i o n  o f  
c o m p u t e r  programmed 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 s  (SEM),  
d e v e l o p e d  f o r  t h e  p r o d u c t i o n  o f  i n t e g r a t e d  c i r c u i t  m a s k s ,  t o  
w r i t e  g r a t i n g  p a t t e r n s  on PMMA o r  o t h e r  s u i t a b l e  m a s k i n g  
r e s i s t s ,  a s  p a r t  o f  an i n t e g r a t e d  o p t i c  c i r c u i t r y .  A f t e r  
v a r i o u s  p r o c e s s i n g  s t a g e s ,  t h e  r e s i s t  i s  f i n a l l y  u s e d  a s  a 
mask f o r  e t c h i n g  t h e  p a t t e r n  i n t o  t h e  s u b s t r a t e .  The minimum 
p e r i o d i c i t y  i s  l i m i t e d  by t h e  s i z e  o f  t h e  w r i t i n g  beam and  
t h e  r e s i s t  r e s o l u t i o n ,  w h i l e  t h e  maximum g r a t i n g  l e n g t h  i s ,  
a t  b e s t ,  a f ew mms ( 4 . 1 0 ) ,  l i m i t e d  by t h e  e f f e c t  o f  l e n s  
a b e r r a t i o n  on t h e  s c a n n e d  beam.  G r a t i n g  f a b r i c a t i o n  by  
e l e c t r o n  beam w r i t i n g  r e q u i r e s  s o p h i s t i c a t e d ,  s t a t e  o f  t h e  
a r t  e q u i p m e n t ,  w i t h  a l a r g e  number o f  c o m p l e x  m a s k i n g  
s t a g e s ,  i n c l u d i n g  a d d i t i o n a l  A1 and NiCr ma s ks  f o r  s i l i c a  
s u b s t r a t e s ,  t h a t  make t h i s  t e c h n i q u e  more e x p e n s i v e  and t i m e  
c o n s u m i n g  t h a n  c o n v e n t i o n a l  h o l o g r a p h i c  p r o c e s s e s .

In c o m p a r i s o n  t o  h o l o g r a p h i c  and e l e c t r o n  beam w r i t i n g  
t e c h n i q u e s ,  e m b o s s i n g  ( 4 . 1 1 )  p r o v i d e s  a c h e a p ,  s i m p l e  and
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f a s t  a l t e r n a t i v e  f o r  g r a t i n g  f a b r i c a t i o n  i n t o  t h i n  f i l m s .  
Emb o s s e d  g r a t i n g s  a r e  f o r m e d  on a s o f t  s e m i - d r i e d  d i p  c o a t e d  
f i l m ,  d e f o r m a b l e  w h i l e  s t i l l  i n  t h e  g e l  s t a t e ,  by p r e s s i n g  
i t  a g a i n s t  a h a r d  c o m m e r c i a l l y  a v a i l a b l e  m a s t e r  g r a t i n g .  The  
e m b o s s e d  f i l m  i s  s u b s e q u e n t l y  h a r d e n e d  by d r y i n g  and b a k i n g .  
L a r g e  g r a t i n g  a r e a s  h a v e  b e e n  s u c c e s s f u l l y  f a b r i c a t e d  on 
S i C ^/ Ti C^  f i l m s  ( 4 . 1 2 ) ,  w i t h  t h e  g r a t i n g  p e r i o d i c i t y  l i m i t e d  
by t h e  a v a i l a b i l i t y  o f  m a s t e r  g r a t i n g s ,  w h i l e  t h e  c o r r u g a t ­
i o n  d e p t h  d e c r e a s e s  f rom t h e  c e n t r e  t o  t h e  s i d e s .  The  
e m b o s s i n g  a p p a r a t u s  c o n s i s t s  o f  a number o f  m a s t e r  g r a t i n g s  
w i t h  d i f f e r e n t  p e r i o d i c i t i e s  and a f a c i l i t y  f o r  p r o d u c i n g  
d i p  c o a t e d  f i l m s .  T h u s ,  a l a r g e  number o f  d e v i c e s  c a n  be  
p r o d u c e d  i n  a r e l a t i v e l y  s h o r t  t i m e ,  w i t h o u t  t h e  n e e d  f o r  
s o p h i s t i c a t e d  e q u i p m e n t  and m a s k i n g  t e c h n i q u e s .  I t  i s ,  
h o w e v e r ,  l i m i t e d  m a i n l y  t o  t h i n  f i l m s ,  e v e n  t h o u g h  some work  
h a s  a l s o  b e e n  c a r r i e d  o u t  i n  e m b o s s i n g  c h a n n e l  w a v e g u i d e s  
and o t h e r  i n t e g r a t e d  o p t i c a l  c o m p o n e n t s .

An a l t e r n a t i v e  a p p r o a c h  i s  b a s e d  on t h e  " s p o n t a n e o u s  
g e n e r a t i o n "  o f  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 ,  o r  r i p p l e s  
r e s u l t i n g  d u r i n g  i l l u m i n a t i o n  o f  m o d e r a t e l y  t r a n s p a r e n t  
s u b s t r a t e s  by i n t e n s e  l a s e r  p u l s e s  ( 4 . 1 3 ) ,  w i t h  t h e  s p a t i a l  
p e r i o d s  c l o s e l y  r e l a t e d  t o  t h e  l a s e r  w a v e l e n g t h  and t h e  
i n c i d e n t  a n g l e .

A s i m i l a r  t e c h n i q u e  makes  u s e  o f  t h e  p h o t o s e n s i t i v i t y  i n  
t h e  c o r e  r e g i o n  o f  G e - d o p e d  s i l i c a  f i b r e s  t o  i n d u c e  a 
p e r i o d i c  i n d e x  v a r i a t i o n  i n  t h e  c o r e  /  c l a d d i n g  i n t e r f a c e
( 4 . 1 4 ) .  The d e f o r m a t i o n  i s  p r o d u c e d  by u s i n g  an Argon i o n  
beam t o  s e t  up a s t a n d i n g  wave  p a t t e r n  i n s i d e  a f i b r e ,  w i t h
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i n t e r f e r e n c e  b e t w e e n  t h e  p r o p a g a t i n g  and t h e  F r e s n e l -  
r e f l e c t e d  beam.  The p e r i o d i c i t y  o f  t h e  e f f e c t i v e  g r a t i n g ,  
p e r m a n e n t l y  i n d u c e d  i n t o  t h e  f i b r e ,  c an  be  t a i l o r e d  by  t h e  
c h o i c e  o f  w a v e l e n g t h ,  w i t h  t h e  p o s s i b i l i t y  o f  s u p e r i m p o s i n g  
d i f f e r e n t  p e r i o d i c i t i e s  i n t o  t h e  same f i b r e .  T h i s  r a t h e r  
s i m p l e  t e c h n i q u e  i s ,  h o w e v e r ,  l i m i t e d  by  t h e  r e d u c t i o n  i n  
p h o t o n  e n e r g y  a t  h i g h e r  w a v e l e n g t h s .

Such " s p o n t a n e o u s  g e n e r a t i o n "  t e c h n i q u e s  may p r o v i d e  a 
u s e f u l  o n e - s t e p  p r o c e s s  f o r  p r o d u c i n g  p e r i o d i c  i n d e x  
v a r i a t i o n s ,  a l b e i t  w i t h  a l i m i t e d  r a n g e  o f  p e r i o d i c i t i e s .

We h a v e  d e c i d e d  t o  u s e  i n t e r f e r e n c e  m e t h o d s  f o r  g r a t i n g  
f a b r i c a t i o n ,  f i r s t  on p l a t e s  and  s u b s e q u e n t l y  on t h e  f l a t  
f a c e  o f  D - s h a p e d  o p t i c a l  f i b r e s .

4 . 2  G r a t i n g  F a b r i c a t i o n  o n  
P h o t o r e s i s t  F i l m s

Two c o h e r e n t  beams i n t e r s e c t i n g  a t  an a n g l e  2 0  form  
an i n t e r f e r e n c e  p a t t e r n  w i t h  f r i n g e  s p a c i n g :

A = X0 /  ( 2 - nc s i n  0 ) ( 4 . 2 . 1 )
where  X, i s  t h e  w a v e l e n g t h  i n  vacuum,  and  i s  t h e  r e f r a c t ­
i v e  i n d e x  o f  t h e  s u r r o u n d i n g  medium.  N o t i c e ,  t h a t  t h e  
minimum a t t a i n a b l e  p e r i d i c i t y  X0/ ( 2 * n c) i s  h a l f  t h e  e f f e c t i v e  
w a v e l e n g t h .

The i n t e n s i t y  d i s t r i b u t i o n  a c r o s s  t h e  i n t e r f e r e n c e  p l a n e
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c an  be d i r e c t l y  r e c o r d e d  on a t h i n  p h o t o r e s i s t  f i l m .  The  
p h o t o r e s i s t  mo s t  commonl y  u s e d  f o r  g r a t i n g  f a b r i c a t i o n  i s  
S h i p l e y  1350 p o s i t i v e  ( 4 . 1 5 ,  4 . 1 6 ) .  I t  c o n s i s t s  o f  t h r e e  
b a s i c  c o m p o n e n t s :  a p h o t o a c t i v e  compound ,  a  b a s e  r e s i n  and  a 
s u i t a b l e  o r g a n i c  s o l v e n t  s y s t e m .  W i t h o u t  t h e  p h o t o a c t i v e  
compound,  t h e  b a s e  r e s i n  b e c o m e s  s o l u b l e  t o  an a q u e o u s  
a l k a l i n e  d e v e l o p e r  s o l u t i o n  a t  a r a t e  o f  a p p r o x i m a t e l y  
15 n m/ s  , a s  c o m p ar e d  t o  0 .  1 - 0 . 2  n m / s e c  i n  t h e  p r e s e n c e  o f  
t h i s  c ompound .  R a d i a t i o n  i n  t h e  w a v e l e n g t h  r a n g e  3 0 0 - 4 5 0  nm 
d e s t r o y s  t h e  l o c a l  p h o t o a c t i v e  compound ,  r e s u l t i n g  i n  an 
i n c r e a s e d  f i l m  d i s s o l u t i o n  o f  t h e  e x p o s e d  a r e a s  i n  d e v e l o p e r ,  
c r e a t i n g  a m o d u l a t e d  s u r f a c e  r e l i e f  p a t t e r n .

A l a r g e  v a r i e t y  o f  i n t e r f e r o m e t e r  d e s i g n s  h a v e  b e e n  
p r o p o s e d  f o r  t h e  f a b r i c a t i o n  o f  d i f f r a c t i o n  g r a t i n g s  on 
p o s i t i v e  p h o t o r e s i s t ,  a nd  a r e  p r e s e n t e d  i n  F i g .  4 . 1  . To 
a v o i d  t h e  c a t a s t r o p h i c  e f f e c t s  o f  e x t e r n a l  v i b r a t i o n s  s h o r t  
e x p o s u r e  t i m e s  a r e  d e s i r a b l e .  Even t h o u g h  t h e  3 2 5  nm He-Cd  
l a s e r  l i n e  a p p e a r s  t o  be more e f f e c t i v e  on p h o t o r e s i s t ,  
r e q u i r i n g  s h o r t e r  e x p o s u r e  t i m e s ,  mo s t  o f  t h e  work h a s  b e e n  
c o n c e n t r a t e d  on t h e  v i s i b l e  4 5 7 . 9  nm l i n e  o f  t h e  Argon  
l a s e r ,  a v o i d i n g  s p e c i a l  U.V o p t i c s .  F i g . 4 . 1 . a s h o w s  t h e  
c o n v e n t i o n a l  e x p e r i m e n t a l  s e t  up u s e d  f o r  ma ki ng  d i f f r a c t i o n  
g r a t i n g s .  L a s e r  r a d i a t i o n  i s  d i v i d e d  i n t o  two beams  by a 
beam s p l i t t e r ,  w h i c h  a r e  t h e n  f i l t e r e d ,  c o l l i m a t e d  and  s u p e r ­
i m p o s e d  t o  form an i n t e r f e r e n c e  p a t t e r n  on a s u b s t r a t e  
c o a t e d  in p h o t o r e s i s t .

To r e d u c e  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  by t h e  compa­
r a t i v e l y  low s e n s i t i v i t y  o f  t h e  p h o t o r e s i s t  t o  t h e  4 5 7 . 9  nm
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S ubstra te

b)

Prism

c ) d )
He-Ne Monitoring 

Beam
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e) f )
HeNe

F i g .  4 . 1
I n t e r f e r o m e t e r  d e s i g n s  p r o p o s e d  f o r  g r a t i n g  f a b r i c a t i o n :

a )  C o n v e n t i o n a l  I n t e r f e r o m e t e r  ,
b)  S h a n k ’ s  P r i s m  ,
c )  S e m u l t a n e o u s  E x p o s u r e  and D e v e l o p m e n t  ,
d)  R e f l e c t i v e  S u b s t r a t e  ,
e )  L l o y d ’ s  M i r r o r  ,
f )  L l o y d ’ s  M i r r o r  w i t h  S . E . D .  i n c o r p o r a t e d .
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l a s e r  l i n e ,  a p r e - e x p o s u r e  s t a g e  h a s  b e e n  s u g g e s t e d  ( 4 . 1 7 ) .  
The p h o t o r e s i s t  f i l m  i s  e x p o s e d  t o  a u n i f o r m  i l l u m i n a t i o n ,  
p r i o r  t o  i t s  e x p o s u r e  t o  t h e  i n t e r f e r e n c e  p a t t e r n ,  w i t h  
r e d u c t i o n  i n  t h e  t y p i c a l  e x p o s u r e  t i m e s  by 2 5  % from t h o s e  
n e c e s s a r y  w i t h o u t  p r e - e x p o s u r e .

The u s e  o f  t h e  4 5 7 . 9  nm l i n e  l i m i t s  t h e  minimum g r a t i n g  
p e r i o d i c i t y  t o  0 . 2 2 9  pm f o r  e x p o s u r e  i n  a i r .  The u l t i m a t e  
l i m i t  o f  g r a t i n g  p e r i o d  c an  be  i m p r o v e d  by e x p o s u r e  t h r o u g h  
a p r i s m ,  a s  shown i n  F i g .  4 . 1 . b  , w i t h  t h e  e f f e c t i v e  w a v e ­
l e n g t h  r e d u c e d  by t h e  r e f r a c t i v e  i n d e x  o f  t h e  p r i s m .  T h i s  
t e c h n i q u e  h a s  b e e n  u s e d  w i t h  a He-Cd l a s e r  t o  f a b r i c a t e  
g r a t i n g s  o f  p e r i o d i c i t i e s  a r o u n d  0 . 1  pm ( 4 . 1 8 ) .

S i m u l t a n e o u s  e x p o s u r e  and d e v e l o p m e n t  (SED) a c c o m p l i s h e s  
b o t h  s h o r t e r  e x p o s u r e  t i m e s  and  f i n e r  g r a t i n g  p e r i o d i c i t i e s .  
I t  e m p l o y s  a p r i s m l i k e  c o n t a i n e r  w i t h  w a l l s  made o f  o p t i c a l ­
l y  f l a t  g l a s s  f i l l e d  w i t h  d e v e l o p e r ,  a s  shown i n  F i g .  4 . 1 . c .  
E x p o s u r e  t a k e s  p l a c e  i n s i d e  t h e  c o n t a i n e r ,  w i t h  t h e  n e w l y  
e x p o s e d  s u r f a c e  c o n s t a n t l y  b e i n g  d e v e l o p e d ,  a s  t h e  
p h o t o a c t i v e  compound i n  t h e  p h o t o r e s i s t  b r e a k s  down,  t h e  
r e m o v a l  r a t e  p r o g r e s s i v e l y  i n c r e a s i n g  w i t h  i n c r e a s i n g  d e p t h .  
N o t i c e ,  t h a t  t h i s  i s  c o n t r a r y  t o  t h e  c o n v e n t i o n a l  m e t h o d ,  
whe r e  d u r i n g  d e v e l p o m e n t  t h e  r e m o v a l  r a t e  s l o w s  down w i t h  
i n c r e a s i n g  d e p t h .  In t h i s  way,  SED o f f e r s  s i g n i f i c a n t  
i m p r o v e m e n t  in  t h e  r e q u i r e d  e x p o s u r e  t i m e ,  w i t h  s h a r p  e d g e s  
and d e e p  p r o f i l e s .  A d d i t i o n a l l y ,  t h e  e f f e c t i v e  w a v e l e n g t h  i s  
r e d u c e d  by t h e  r e f r a c t i v e  i n d e x  o f  t h e  d e v e l o p e r  s o l u t i o n ,  
r e s u l t i n g  i n  f i n e r  p e r i o d i c i t i e s .  G r a t i n g s  o f  p e r i o d i c i t y  
down t o  0 . 2  pm and g r o o v e  d e p t h  up t o  0 . 8  pm h a v e  b e e n
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f a b r i c a t e d  on 1 . 3  pm t h i c k  p h o t o r e s i s t  f i l m s  by SED u s i n g  a 
weak 4 8 8 . 8  nm Argon l a s e r  l i n e ,  w i t h  opt i mum e x p o s u r e  t i m e s  
o f  10 min ( 4 . 1 9 ) .  Even t h o u g h  c o n v e n t i o n a l  m e t h o d s  r e q u i r e  
f i v e  t i m e s  a s  l o n g ,  t h e  l o n g  e x p o s u r e  c an  be  s i g n i f i c a n t l y  
r e d u c e d  by u s i n g  a more p o w e r f u l  l a s e r  beam a t  s h o r t e r  
w a v e l e n g t h s ,  r e d u c i n g  t h e  p h o t o r e s i s t  t h i c k n e s s  o r  by  
i n c r e a s i n g  t h e  d e v e l o p e r  c o n c e n t r a t i o n .

A c o m p a r a t i v e l y  s i m p l e r  d e s i g n ,  shown i n  F i g .  4 . 1 . d  , 
u s e s  t h e  s u b s t r a t e  i t s e l f  a s  o n e  o f  t h e  i n t e r f e r o m e t e r  
m i r r o r s  ( 4 . 2 0 )  and n e e d s ,  t h e r e f o r e ,  t o  be m e t a l l i s e d  b e f o r e  
b e i n g  c o a t e d  i n  p h o t o r e s i s t .  A ma j o r  a d v a n t a g e  o f  t h i s  
s c h e m e  i s  t h a t  t h e  p a t t e r n  i s  i n d e p e n d e n t  o f  t h e  s u b s t r a t e  
r e f r a c t i v e  i n d e x .  Due,  h o w e v e r ,  t o  t h e  l a r g e  a s y m m e t r y  
b e t w e e n  t h e  i n t e r f e r o m e t e r  a rm s ,  t h e  l a s e r  s o u r c e  mus t  h a v e  
a s u f f i c i e n t l y  l o n g  c o h e r e n c e  l e n g t h ,  r e q u i r i n g  t h e  u s e  o f  a 
F a b r y  P e r o t  e t a l o n  i n  t h e  l a s e r  c a v i t y .  A d d i t i o n a l l y ,  t h e  
r e l a t i v e  s i m p l i c i t y  o f  t h e  i n t e r f e r o m e t e r  d e s i g n  i s  c o u n t e r ­
a c t e d  by t h e  c o m p l e x i t y  o f  h a v i n g  t o  e t c h  t w i c e ,  o n c e  i n t o  
t h e  m e t a l l i s e d  s u r f a c e  and t h e n  t h r o u g h  t h e  m e t a l l i s e d  mask 
i n t o  t h e  s u b s t r a t e .

We h a v e  d e s i g n e d an i n t e r f e r o m e t e r b a s e d on L l o y d ’ s
m i r r o r ,  w i t h  a s i n g l e  m i r r o r  c r e a t i n g an i n t e r f e r e n c e
p a t t e r n  b e t w e e n t h e s p a t i a l  h a l v e s  o f an e x p a n d e d  and
c o l l i m a t e d  l a s e r beam, a s  shown i n  F i g . 4 .  1. e . To a v o i d
r e f l e c t i o n s  from t h e b ac k  o f  t h e  g l a s s s u b s t r a t e ,  a h i g h
i n d e x  p r i s m  was p l a c e d  in g o o d  c o n t a c t  w i t h  t h e  s u b s t r a t e  
u s i n g  i n d e x  f l u i d .

The i n t e r f e r o m e t e r  d e s i g n  i s  s i m p l e ,  v e r s a t i l e ,  s t a b l e
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( r e l a t i v e l y  i n s e n s i t i v e  t o  v i b r a t i o n s ) ,  and e c o n o m i c  ( u s i n g  
t h e  minimum p o s s i b l e  number o f  o p t i c a l  c o m p o n e n t s ) .  Bot h  
c h i r p e d  and c u r v e d  g r a t i n g  p r o f i l e s  c o u l d  be  s i m p l y  
i m p l e m e n t e d ,  by a d d i n g  c y l i n d r i c a l  o r  s h e r i c a l  l e n s e s  t o  t h e  
i n t e r f e r o m e t e r .  S i m u l t a n e o u s  e x p o s u r e  and d e v e l o p m e n t  i s  
e a s i l y  i n c o r p o r a t e d  i n t o  t h e  d e s i g n ,  by p l a c i n g  t h e  i n t e r ­
f e r o m e t e r  i n  a w a t e r  t i g h t  c o n t a i n e r  w i t h  o p t i c a l l y  f l a t  
w i n d o w s ,  f i l l e d  w i t h  a d e v e l o p e r  s o l u t i o n ,  a s  shown in  
F i g .  4 . 1 . f  . The g r a t i n g  p e r i o d i c i t y  c an  be f i n e  t u n e d ,  n o t  
o n l y  t h r o u g h  s m a l l  v a r i a t i o n s  i n  t h e  a n g l e  o f  i n t e r f e r e n c e ,  
b u t  a l s o  by c h a n g i n g  t h e  r e f r a c t i v e  i n d e x  o f  t h e  s u r r o u n d i n g  
medium,  when m i x i n g  t h e  d e v e l o p e r  w i t h  d i s t i l l e d  w a t e r .
F i n a l l y ,  t h e  d i f f r a c t i o n  e f f i c i e n c y  o f  t h e  g r a t i n g  c an  be
m o n i t o r e d  in  s i t u  t h r o u g h o u t  f a b r i c a t i o n ,  by c o m p a r i n g  t h e  
i n t e n s i t y  o f  t h e  z e r o  o r d e r  o f  a He-Ne l a s e r  beam i n c i d e n t  
on t h e  g r a t i n g ,  w i t h  t h a t  o f  t h e  f i r s t  o r d e r  beam a s  
d e v e l o p m e n t  p r o c e e d s .  D e v e l o p m e n t  can  be c o n v e n i e n t l y
s t o p p e d  a t  t h e  a p p r o p r i a t e  moment ,  by d i l u t i n g  t h e  d e v e l o p e r
w i t h  e x c e s s i v e  d i s t i l l e d  w a t e r .

L l o y d ’ s  m i r r o r  i n t e r f e r o m e t e r s  f o r  g r a t i n g  f a b r i c a t i o n  
h a v e  a l s o  b e e n  p r o p o s e d  by o t h e r  a u t h o r s  ( 4 . 4 ,  4 . 2 1 ) .
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4 . 3 F a b r i c a t  i o n o f H o 1 0 8 r a p h i c
G r a t i n 8 S o n P 1 a n e 8 1 a s s
s u b s t r a t  e s

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

4 . 3 . 1  SAMPLE PREPARATION

P r i o r  t o  c o a t i n g ,  t h e  s u b s t r a t e s  h a v e  t o  be t h o r o u g h l y  
c l e a n e d ,  a v o i d i n g  damage o f  t h e  s u r f a c e  q u a l i t y .  For  t h i s  
p u r p o s e ,  t h e y  a r e  l e f t  s o a k i n g  in a m i l d l y  a b r a s i v e  
d e t e r g e n t  ( DECQN ) s o l u t i o n  f o r  a b o u t  t e n  m i n u t e s ,  s c r u b b e d  
w i t h  a c o t t o n  s w a b ,  r i n s e d , f i r s t  in r u n n i n g  h o t  w a t e r  and  
t h e n  in d e i o n i z e d  w a t e r , a n d  d r i e d  i n  a c l e a n  e n v i r o n m e n t .  
The f i n a l  c l e a n i n g  s t a g e  i n v o l v e s  w i p i n g  t h e  s u b s t r a t e s  w i t h  
a l e n s  t i s s u e  l i g h t l y  w e t t e d  by a few d r o p s  o f  p u r e  
a l c h o h o l ,  in  t h e  f a s h i o n  u s e d  f o r  c l e a n i n g  l a s e r  m i r r o r s  and  
w in d o ws  ( 4 . 2 2 ) .  The c l e a n  s l i d e s  a r e  i n s p e c t e d  by e x a m i n i n g  
t h e  s u r f a c e  s c a t t e r i n g  when i l l u m i n a t e d  by a c o l l i m a t e d  
l i g h t  s o u r c e ,  w i t h  t h e  s m a l l  s p e c k s  o f  d i r t ,  s u r f a c e  im­
p e r f e c t i o n s  and o r g a n i c  r e s i d u e ,  s h o w i n g  c l e a r l y  a s  t h e y  
s c a t t e r  l i g h t .

T h i s  s i m p l e ,  but  e f f e c t i v e  c l e a n i n g  p r o c e d u r e  was found
t o  g i v e  r e s u l t s  a s  good as  o t h e r  more e l a b o r a t e  s t a n d a r d
t e c h n i q u e s  ( 4 . 2 3 , 4 . 2 4 ) .
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The c l e a n  s u b s t r a t e s  a r e  t h e n  c o a t e d  by S h i p l e y  1350  
p o s i t i v e  p h o t o r e s i s t ,  t h e  p r o p e r t i e s  o f  w h i c h  a r e  g i v e n  
in  ( 4 . 1 5 ) .  Two d i f f e r e n t  t e c h n i q u e s  h a v e  b e e n  i n v e s t i g a t e d  
d i p  c o a t i n g  ( 4 . 2 5 )  and s p i n n i n g  ( 4 . 1 5 ) ,  b o t h  w i d e l y  u s e d  f o r  
t h e  f o r m a t i o n  o f  f i l m s  from l i q u i d  s o l u t i o n s .

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

r e s i s t  s o l u t i o n ,  s i m u l t a n e o u s l y  c o v e r i n g  i t  i n  a l i q u i d  
f i l m .  The a p p a r a t u s  u s e d ,  i s  s c h e m a t i c a l l y  shown i n  F i g .
4 . 2 . a ,  w i t h  t h e  s u b s t r a t e  m o u n t e d  by w a x i n g  on a g l a s s  
c a r r i e r  and t h e n  l i f t e d  o u t  o f  t h e  s o l u t i o n ,  s l i d i n g  o n t o  a 
v e r t i c a l  g l a s s  c o v e r  s l i d e ,  h e l d  by t h e  s u r f a c e  t e n s i o n  o f  
t h e  l i q u i d .  The l i f t i n g  movement  h a s  t o  be c o m p l e t e l y  s m o o t h  
and s h o c k l e s s ,  a v o i d i n g  v i b r a t i o n s  from t h e  d r i v i n g  mo t o r  or  
by u n c o n t r o l l e d  a i r  c u r r e n t s .  S t a r t i n g  t h e  m o t i o n  c r e a t e s  an 
i n i t i a l  d i s t u r b a n c e ,  c a u s i n g  a v a r i a t i o n  i n  t h i c k n e s s  o v e r  
t h e  f i r s t  f e w  mms. Once t h e  l i f t i n g  s p e e d  h a s  b e e n  
s t a b i l i s e d ,  t h e  f i l m  f o r m a t i o n  on t h e  s u b s t r a t e  d e v e l o p s  
u n i f o r m l y  o v e r  t h e  c e n t a l  r e g i o n ,  w i t h  n ar r ow  3 mm z o n e s  o f  
i n c r e a s e d  t h i c k n e s s  a l o n g  t h e  e d g e s .  The d e p e n d a n c e  o f  t h e  
f i l m  t h i c k n e s s  on t h e  l i f t i n g  s p e e d ,  t h e  a n g l e  o f  
i n c l i n a t i o n  o f  t h e  c o a t e d  s u r f a c e  i n  r e s p e c t  t o  t h e  
l i q u i d  l e v e l ,  and t h e  c o n c e n t r a t i o n  o f  t h e  s o l u t i o n  a r e  
p r e s e n t e d  i n  F i g .  4 . 2 . b , c , d  a s  g i v e n  by ( 4 . 2 6 ) .  O t h e r  p a r a ­
m e t e r s  t h a t  may a f f e c t  t h e  f i l m  t h i c k n e s s  a r e :  t e m p e r a t u r e ,  
v i s c o s i t y ,  s u r f a c e  t e n s i o n  and v a p o u r  p r e s s u r e  o f  t h e
s o l u t i o n .
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Fi g*  4 . 2
Di p  c o a t i n g  by l i f t i n g  from a l i q u i d  s o l u t i o n ,  
a )  C o a t i n g  a p p a r a t u s  .
F i l m  t h i c k n e s s  a s  a  f u n c t i o n  o f :

b)  L i f t i n g  S p e e d  ,
c )  A n g l e  o f  I n c l i n a t i o n  ,
d)  C o n c e n t r a t i o n  o f  t h e  S o l u t i o n  .
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We h a v e  u s e d  a l i f t i n g  s p e e d  o f  0 . 2 1  mm/s , w h i c h  f o r  an 
u n d i l u t e d  p h o t o r e s i s t  s o l u t i o n  g i v e s  a n o m i n a l  f i l m  
t h i c k n e s s  o f  0 . 6  pm. In t h e  c e n t r a l  r e g i o n ,  a t y p i c a l  5 % 
v a r i a t i o n  i n  f i l m  t h i c k n e s s  was m e a s u r e d  o v e r  a d i s t a n c e  o f  
lcm . T h i n n e r  p h o t o r e s i s t  f i l m s  c an  be o b t a i n e d  by d i l u t i n g  
t h e  p h o t o r e s i s t  i n  an o r g a n i c  s o l v e n t .  For  e x a m p l e ,  a 
s o l u t i o n  o f  1 p a r t  t h i n n e r  i n  1 p a r t  p h o t o r e s i s t  g i v e s  a 
f i l m  t h i c k n e s s  o f  0 . 2 8  pm.

b)  S p i n  c o a t i n g
S p i n  c o a t i n g  i s  u n i v e r s a l l y  b e i n g  u s e d  i n  t h e  d e p o s i t i o n  

o f  p h o t o r e s i s t  f i l m s  on p l a n e  s u r f a c e s  f o r  l i t h o g r a p h i c  o r  
h o l o g r a p h i c  p r o c e s s e s .  The s u b s t r a t e  i s  f i r s t  f l o o d e d  by 
p h o t o r e s i s t  s o l u t i o n ,  and t h e n  s p u n  a r o u n d  an a x i s  n or ma l  t o  
t h e  s u r f a c e  t o  r emo v e  t h e  e x c e s s  ( F i g .  4 . 3 . a ) .  The r e s u l t i n g  
f i l m  a p p e a r s  t o  be c o m p l e t e l y  e v e n , o v e r  a l a r g e  c e n t r a l  
d i a m e t e r ,  w i t h  an i n c r e a s e d  t h i c k n e s s  a l o n g  t h e  f o u r  e d g e s .  
S p e c k s  o f  d u s t ,  o r i g i n a l l y  l e f t  on t h e  s u b s t r a t e ,  s u r f a c e  
i r r e g u l a r i t i e s  and s o l i d  r e s i d u e  f rom u n f i l t e r e d  p h o t o r e s i s t  
show a s  s p i r a l s  on t h e  c l e a r  g l o s s y  s u r f a c e ,  d a m a g i n g  t h e  
t h i c k n e s s  u n i f o r m i t y .  S a m p l e s  f a i l i n g  t h i s  s i m p l e  t e s t  a r e  
c l e a n e d  and c o a t e d  a g a i n .

The t h i c k n e s s  o f  t h e  s p i n  c o a t e d  f i l m  d e p e n d s  m a i n l y  on 
t h e  r o t a t i o n  s p e e d  and t h e  c o n c e n t r a t i o n  o f  t h e  p h o t o r e s i s t  
s o l u t i o n .  The v a r i a t i o n  i n  f i l m  t h i c k n e s s  w i t h  r o t a t i o n  
s p e e d  f o r  u n d i l u t e d  p h o t o r e s i s t  i s  shown i n  F i g .  4 . 3 . b  . For  
maximum c o a t i n g  u n i f o r m i t y ,  s p e e d s  b e t w e e n  3 0 0 0  and 5 0 0 0  rpm 
a r e  r e co mme nd ed  by t h e  m a n u f a c t u r e s ,  g i v i n g  f i l m  t h i c k n e s s
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o f  0 . 4 3  t o  0 . 2 9  fim . For  t h i n n e r  m a s k s ,  t h e  p h o t o r e s i s t  must  
be d i l u t e d  i n  t h i n n e r .  F i g .  4 . 3 . C  s h o w s  t h e  v a r i a t i o n  i n  t h e  
r e s u l t i n g  f i l m  t h i c k n e s s  w i t h  t h e  p e r c e n t a g e  c o n c e n t r a t i o n  
o f  p h o t o r e s i s t  in  t h i n n e r ,  f o r  a f i l m  s p i n  c o a t e d  a t  
3 5 0 0  rpm f o r  3 0  s e c  a t  2 3 ° C .  For  a 5 0  % d i l u t i o n ,  i . e  1 p a r t  
t h i n n e r  i n  1 p a r t  p h o t o r e s i s t ,  a t h i c k n e s s  o f  0 . 1 4  pm c a n  be  
o b t a i n e d .

We h a v e  c o a t e d  r e c t a n g u l a r  s u b s t r a t e s  w i t h  b o t h  t h i n n e d  
and u n t h i n n e d  p h o t o r e s i s t .  A r o t a t i n g  s p e e d  o f  3 5 0 0  rpm was  
u s e d ,  w i t h  t y p i c a l  s p i n n i n g  t i m e s  b e t w e e n  3 0  and 4 5  s e c .  
Smooth g l o s s y  f i l m s  o f  v e r y  g o o d  u n i f o r m i t y  o v e r  a 2 cm 
d i a m e t e r  wer e  o b t a i n e d ,  w i t h  a n o m i n a l  t h i c k n e s s  o f  0 . 4  pm 
f o r  u n t h i n n e d  p h o t o r e s i s t .

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

The c o a t e d  s u b s t r a t e s  a r e  s o f t  b a k e d  f o r  25  min in  a 
f o r c e d  a i r  c o n v e c t i o n  o v e n ,  m a i n t a i n i n g  an opt i mum  
t e m p e r a t u r e  o f  9 0 °C . S o f t  b a k i n g  r e d u c e s  t h e  f i l m  t h i c k n e s s  
due t o  r e d u c t i o n  i n  s o l v e n t  c o n t e n t  by e v a p o r a t i o n .  The  
c h o i c e  o f  t e m p e r a t u r e  h a s  a d i r e c t  e f f e c t  on t h e  e x p o s u r e  
r e q u i r e m e n t s .  For  h i g h e r  s o f t b a k e  t e m p e r a t u r e s ,  a l o n g e r  
e x p o s u r e  i s  n e e d e d ,  w h i l e  l o w e r  t e m p e r a t u r e s  may r e s u l t  in  
s h o r t e r  t i m e s ,  b u t  i n c r e a s e  t h e  s o l u b i l i t y  o f  t h e  u n e x p o s e d  
p h o t o r e s i s t ,  t h u s  r e d u c i n g  t h e  p r o c e s s i n g  l a t i t u d e .  The  
b ak e d  s u b s t r a t e s  a r e  t h e n  a l l o w e d  t o  c o o l  down t o  room 
t e m p e r a t u r e  i n  a c l e a n  e n v i r o n m e n t ,  p r i o r  t o  f u r t h e r
p r o c e s s  i n g .



4.3.2 EXPOSURE AND DEVELOPMENT

The s a m p l e s  a r e  e x p o s e d  by t h e  4 5 7 . 9  nm l i n e  o f  an 
Argon i o n  l a s e r  o p e r a t i n g  i n  t h e  TEMqq mode and d e l i v e r i n g  
a n o m i n a l  power  o f  5 0 0  mW . The l a s e r  beam was e x p a n d e d  by a 
x l O m i c r o s c o p e  o b j e c t i v e ,  f i l t e r e d  t h r o u g h  a 10 pm d i a m e t e r  
p i n h o l e ,  and c o l l i m a t e d  i n t o  a u n i f o r m  G a u s s i a n  beam o f  
3 cm d i a m e t e r .

Two v e r s i o n s  o f  a L l o y d ’ s  m i r r o r  i n t e r f e r o m e t e r  we r e  u s e d  
f o r  e x p o s i n g  t h e  p h o t o r e s i s t  c o a t e d  s u b s t r a t e s .  The i n i t i a l  
d e s i g n ,  o f  F i g .  4 . 1 . f  , was c o n s t r u c t e d  i n  a l i q u i d  t i g h t  
p e r s p e x  c o n t a i n e r ,  w i t h  o p t i c a l l y  f l a t  w i n do ws  t o  a v o i d  
p r o f i l e  d e t e r i o r a t i o n  o f  t h e  i n c o m i n g  beam.  I t  was i n t e n d e d  
f o r  t h e  f a b r i c a t i o n  o f  g r a t i n g  p e r i o d i c i t i e s  a r o u n d  0 . 2  pm , 
i n c o r p o r a t i n g  t h e  s i m u l t a n e o u s  e x p o s u r e  and d e v e l o p m e n t  (SED)  
t e c h n i q u e  f o r  s h o r t  e x p o s u r e s  and d e e p  p r o f i l e s .  A r e v i s e d  
d e s i g n ,  shown in F i g .  4 . 4  , was u s e d  f o r  l a r g e r  g r a t i n g  
p e r  i o d i c  i t  i e s .

For u n i f o r m  e x p o s u r e ,  g r e a t  e m p h a s i s  was p l a c e d  on t h e  
q u a l i t y  o f  t h e  e x p a n d e d  beam,  s i n c e  t h e  i n t e r f e r i n g  h a l v e s  
b e l o n g  t o  d i f f e r e n t  p a r t s  o f  t h e  beam.

F i g .  4 . 5  s h o w s  t h e  r e d u c t i o n  i n  f i l m  t h i c k n e s s  a s  a 
f u n c t i o n  o f  e x p o s u r e  l e v e l ,  f o l l o w e d  by a 3 0  s e c  d e v e l o p m e n t  
i n  a s o l u t i o n  o f  1 p a r t  d i s t i l l e d  w a t e r  i n  3 p a r t s  d e v e l o p e r  
m a i n t a i n e d  a t  2 5 ° C .  The e x p e r i m e n t a l  c u r v e  was o b t a i n e d  by  
e x p o s i n g  t h e  s u b s t r a t e ,  p a r t i a l l y  c o v e r e d  by an o p a qu e  
s c r e e n ,  t o  a number o f  5 s e c  r a d i a t i o n  d o s e s  f rom a
c o l l i m a t e d  l a s e r  beam. In t h e  i n t e r v a l  b e t w e e n  s u c c e s s i v e
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F i g . 4 . 4
L l o y d ’ s  M i r r o r  I n t e r f e r o m e t e r  u s e d  f o r  G r a t i n g  F a b r i c a t i o n .
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F i g . 4 . 5
R e d u c t i o n  in P h o t o r e s i s t  T h i c k n e s s  a s  a f u n c t i o n  o f  t h e  E x p o s u r e  L e v e l
f o r  a 30  s e c  d e v e l o p m e n t .
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e x p o s u r e s ,  t h e  s a m p l e  was s h i f t e d  by 2 mm r e v e a l i n g  a 
f u r t h e r  p a r t  o f  t h e  u n e x p o s e d  a r e a .  A f t e r  d e v e l o p m e n t ,  t h e  
s t e p  s i z e  and t h e  f i l m  t h i c k n e s s  c o r r e s p o n d i n g  t o  e a c h  
e x p o s u r e  l e v e l  wer e  m e a s u r e d  and r e c o r d e d .  T h u s ,  f o r  a power  
d e n s i t y  o f  4 2 . 5  mW/cm t h e  e x p o s u r e  t i m e  n e c e s s a r y  f o r  
r e m o v i n g  0 . 5  îm o f  p h o t o r e s i s t  t h i c k n e s s  i s  a p p r o x i m a t e l y  
4 5  s e c .  In a s i m i l a r  e x p e r i m e n t  u s i n g  SED, t h e  r e q u i r e d  t i m e  
was r e d u c e d  t o  2 0  s e c  , o f f e r i n g  an i m p r o v e m e n t  by a 
f a c t o r  o f  t w o .  In L l o y d ’ s  m i r r o r  i n t e r f e r o m e t e r s  t h e  e x p o s e d  
a r e a s  r e c e i v e  a maximum d o s e  o f  t w i c e  t h e  n o r ma l  power  
d e n s i t y  o f  t h e  l a s e r  beam,  and a r e ,  t h e r e f o r e ,  e x p e c t e d  t o  
r e q u i r e  h a l f  t h e  n or ma l  e x p o s u r e  t i m e ,  i . e .  2 5  s e c  f o r  a d r y  
e x p o s u r e  and 10 s e c  f o r  SED.

A f t e r  a d r y  e x p o s u r e ,  t h e  s a m p l e s  a r e  d e v e l o p e d  in  a b a t h  
o f  3 p a r t s  d e v e l o p e r  and 1 p a r t  d i s t i l l e d  w a t e r ,  a t  2 5° C.  
H i g h e r  d e v e l o p e r  c o n c e n t r a t i o n  may g i v e  f a s t e r  d e v e l o p m e n t ,  
b u t  i n c r e a s e s  t h e  d i s s o l u t i o n  r a t e  o f  t h e  u n e x p o s e d  p h o t o ­
r e s i s t .  I mme r s i o n  t i m e s  b e t w e e n  20  and 6 0  s e c  a r e  r eco mmend ­
e d .  S h o r t e r  d e v e l o p m e n t  t i m e s  m i n i m i s e  t h e  a t t a c k  on t h e  
u n e x p o s e d  r e s i s t .  N o t i c e  a l s o ,  t h a t  a h i g h e r  d e v e l o p e r  
t e m p e r a t u r e  r e s u l t s  i n  f a s t e r  d e v e l o p m e n t .

In g e n e r a l ,  t h e r e  i s  a t r a d e  o f f  b e t w e e n  e x p o s u r e  and  
d e v e l o p m e n t  t i m e s .  I t  i s  p o s s i b l e  t o  a d j u s t  t h e  l a t t e r  t o  
c o m p e n s a t e  f o r  p o s s i b l e  v a r i a t i o n s  i n  e x p o s u r e  l e v e l .

The d e v e l o p e d  s a m p l e s  a r e  w as h e d  t h o r o u g h l y  in c l e a n  
d i s t i l l e d  w a t e r  f o r  a b o u t  1 min and a r e  t h e n  b a k e d  f o r  
25  min i n  a f o r c e d  a i r  c o n v e c t i o n  o v e n  a t  120°C.  H i g h e r  
t e m p e r a t u r e s  i n c r e a s e  t h e  r e s i s t a n c e  t o  s u b s e q u e n t  p r o c e s s ­
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i n g  s t a g e s ,  b u t  may r e s u l t  i n  t h e r m a l  d i s t o r t i o n  o f  t h e  
p h o t o r e s i s t  mask.

We h a v e  f a b r i c a t e d  g r a t i n g s  o f  t h r e e  d i f f e r e n t  p e r i o d i c ­
i t i e s ,  a r o u n d  0 . 2 1  pm , 0 . 2 8  jam and 0 . 3 4  pm . The f i r s t  two  
w e r e  f a b r i c a t e d  u s i n g  t h e  i n t e r f e r o m e t e r  o f  F i g . 4 . 1 . f  . The  
i n t e r f e r i n g  a n g l e  was s e t  a t  55°  + 5° , l i m i t e d  by t h e
r e l a t i v e  d i m e n s i o n s  and p o s i t i o n  o f  t h e  o p t i c a l l y  f l a t  
w i n d o w,  p r o d u c i n g  g r a t i n g  p e r i o d i c i t i e s  i n  t h e  r a n g e  0 . 2 6 4  
t o  0 . 2 9 8  pm f o r  a d r y  e x p o s u r e ,  and 0 . 1 9 8  t o  0 . 2 2 4  pm f o r  
s i m u l t a n e o u s  e x p o s u r e  and d e v e l o p m e n t  i n  a s o l u t i o n  o f  i n d e x  
1 . 3 3  . The g r a t i n g s  o f  p e r i o d i c i t y  0 . 3 4  pm we r e  f a b r i c a t e d  
u s i n g  t h e  i n t e r f e r o m e t e r  o f  F i g . 4 . 4  in  a i r ,  w i t h  an a n g l e  
o f  42°  b e t w e e n  t h e  i n t e r f e r i n g  b ea ms .

4 . 3 . 3  EVALUATION OF THE GRATING MASKS

Once t h e  g r a t i n g  masks  h a v e  b e e n  f a b r i c a t e d  on t h e  
s u b s t r a t e s ,  t h e y  n e e d  t o  be e x a m i n e d  i n  o r d e r  t o  e v a l u a t e  
t h e i r  q u a l i t y ,  p r i o r  t o  a ny  f u r t h e r  p r o c e s s i n g .  A s i m p l e  t e s t  
t h a t  e s t a b l i s h e s  t h e  p r e s e n c e  o f  a g r a t i n g ,  r e l i e s  on i t s  
d i s p e r s i v e  p o w e r ,  when i l l u m i n a t e d  by a w h i t e  l i g h t  s o u r c e .  
A d d i t i o n a l l y ,  a He-Ne l a s e r  beam can be u s e d  t o  d e t e r m i n e  
t h e  d i f f r a c t i o n  e f f i c i e n c y  o f  t h e  g r a t i n g ,  by c o m p a r i n g  t h e  
z e r o  and f i r s t  o r d e r  beam i n t e n s i t i e s .  T h e s e  r a t h e r  s i m p l e  
t e c h n i q u e s ,  h o w e v e r ,  a r e  n o t  a p p l i c a b l e  t o  g r a t i n g s  o f
p e r i o d i c i t i e s  a r o u n d  0 . 2  pm , i n  w h i ch  c a s e  t h e  u s e  o f  a
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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) b e c o m e s  n e c e s s a r y .  The 
s u b s t r a t e  c o n t a i n i n g  t h e  g r a t i n g  mask i s  b r o k e n  t o  a number  
o f  s m a l l e r  p i e c e s ,  o f  s i z e  s u i t a b l e  f o r  m o u n t i n g  o n t o  
m i c r o s c o p e  s t u b s ,  w h i c h  a r e  c o a t e d  in a 2 0 0  A g o l d  f i l m  by  
s p u t t e r i n g ,  t h u s  b e c o m i n g  u s e l e s s  f o r  f u r t h e r  p r o c e s s i n g .

The g r a t i n g  p a t t e r n s  shown i n  F i g . 4 . 6 ,  h a v e  p e r i o d i c i t i e s  
a r o u n d  0 . 2 0 6  jim , and w e r e  p r o d u c e d  by e x p o s u r e  i n  a l i q u i d  
s u r r o u n d i n g  medium o f  i n d e x  a r o u n d  1 . 3 3  . One o f  them  
( F i g . 4 . 6 . a , b ) ,  was p r o d u c e d  by a SED o f  15 s e c  on a 0 . 6  pm 
d i p  c o a t e d  p h o t o r e s i s t  f i l m ,  w h i l e  t h e  o t h e r  ( F i g . 4 . 6 . c )  was  
f a b r i c a t e d  by e x p o s i n g  i n  d i s t i l l e d  w a t e r  f o r  30  s e c ,  
f o l l o w e d  by a 15 s e c  d e v e l o p o m e n t . On t h e  w h o l e ,  f o r  t h e  
same d e v e l o p m e n t  t i me ,  SED g i v e s  d e e p e r  p r o f i l e s  w i t h  s h o r t e r  
e x p o s u r e  t i m e s .  Even t h o u g h  some i s o l a t e d ,  v e r y  h i g h  q u a l i t y  
g r a t i n g  p a t t e r n s  were  f a b r i c a t e d  by e x p o s i n g  i n  a l i q u i d  
e n v i r o n m e n t ,  o v e r  t h e  w h o l e  a r e a ,  t h e  mask a p p e a r s  p a t c h y  
( s e e  F i g . 4 . 7 . a , b , c ) s w e l l i n g  f rom w a t e r  a b s o r p t i o n ,  w i t h  
i s l a n d s  o f  p r o p e r  e x p o s u r e  s u r r o u n d e d  by a r e a s  t h a t  a r e  
e i t h e r  o v e r e x p o s e d  and w a s h e d  o u t  o r  u n d e r e x p o s e d  and b l a n k .  
The e f f e c t  b e c o m e s  more p r o f o u n d  i n  t h e  p r e s e n c e  o f  d i r t  o r  
o t h e r  i m p u r i t i e s  from c o n t a m i n a t e d  p h o t o r e s i s t ,  a l l o w i n g  t h e  
w a t e r  t o  t u n n e l  u n d er  t h e  f i l m ,  c a u s i n g  p h o t o r e s i s t  d e l a m i n ­
a t i o n ,  l i f t i n g  and " p o p p i n g " .  S o f t  b a k i n g  a t  t h e  h i g h e r  
t e m p e r a t u r e  o f  100°C r e d u c e s  t h e  p a t c h i n e s s ,  a l t h o u g h  l o n g e r  
e x p o s u r e  t i m e s  a r e  r e q u i r e d .  Some i mp r o v e m e n t  c an  a l s o  be  
a c h i e v e d  by u s i n g  t h i n n e r  and c l e a n e r  s p i n  c o a t e d  f i l m s .

The g r a t i n g  masks  shown i n  F i g s . 4 . 8 . a , b  & 4 . 8 . c , d  w i t h  
p e r i o d i c i t i e s  0 . 2 8  and 0 . 3 4  pm r e s p e c t i v e l y ,  were  p r o d u c e d
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Fig.4.7
T y p i c a l  d e f e c t s  o f  g r a t i n g  p a t t e r n s  e x p o s e d  i n  a l i q u i d

e n v  i r o m e n t .
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by d r y  e x p o s u r e s  o f  10 t o  4 5  s e c  , d e p e n d i n g  on t h e  l a s e r  
power  o u t p u t  and on t h e  p h o t o r e s i s t  t h i c k n e s s .  The s m a l l  
d i f f e r e n c e  i n  e x p o s u r e  r e q u i r e m e n t s  b e t w e e n  s o d a  g l a s s  and  
s i l i c a  s u b s t r a t e s ,  may be a c c o u n t e d  f o r  by t h e  d i f f e r e n c e  in  
r e f r a c t i v e  i n d i c e s  ( 1 . 5 0  f o r  s o d a  g l a s s  and 1 . 4 6  f o r  s i l i c a ) ,  
r e s u l t i n g  in d i f f e r e n t  a m o u n t s  o f  r e f l e c t i o n  f rom t h e  
p h o t o r e s i s t  ( i n d e x :  1 . 6 5 )  / s u b s t r a t e  i n t e r f a c e .  In f a c t ,  t h e  
l o w e r  i n d e x  s i l i c a  s u b s t r a t e  r e f l e c t s  more l i g h t  f rom t h e  
i n t e r f a c e ,  r e s u l t i n g  i n  f a s t e r  e x p o s u r e .  G e n e r a l l y ,  
v a r i a t i o n s  in  e x p o s u r e  l e v e l  c an  be  c o m p e n s a t e d  by a d j u s t i n g  
t h e  d e v e l o p m e n t  t i m e .  A l t h o u g h  some g oo d  q u a l i t y  g r a t i n g  
masks  wer e  f a b r i c a t e d  on d i p  c o a t e d  f i l m s ,  m o s t l y  t h i n n e r  
s p i n  c o a t e d  s u b s t r a t e s  wer e  u s e d ,  b e c a u s e  o f  t h e i r  s u p e r i o r ­
i t y  in  t h i c k n e s s  u n i f o r m i t y  and c l e a n l i n e s s  n e c e s s a r y  f o r  
r e p r o d u c a b i 1 i t y . F i g . 4 . 9 . a , b  s h ow s  a c r o s s - s e c t i o n  o f  a 
0 . 2 8  jim p e r i o d i c i t y  g r a t i n g  w i t h  a m o d u l a t i o n  d e p t h  o f  
0 . 1 3  pm, f a b r i c a t e d  on a 0 . 3  pm t h i c k  p h o t o r e s i s t  f i l m .  
S i n c e  t h e  s u b s t r a t e  s u r f a c e  i s  n o t  e x p o s e d , t h e  g r a t i n g  
p a t t e r n  c a n n o t  be u s e d  a s  a mask f o r  d i r e c t  e t c h i n g ,  w i t h o u t  
r e m o v i n g  t h e  r e m a i n i n g  0 . 1 5  pm o f  p h o t o r e s i s t  t h i c k n e s s  by  
" a s h i n g "  i n  an o x y g e n  p l a s m a .  A l t e r n a t i v e l y ,  a t h i n n e d  
p h o t o r e s i s t  f i l m  o f  0 . 1 4  pm (1 p a r t  t h i n n e r  i n  1 p a r t  
p h o t o r e s i s t )  g i v e s  a " c o m p l e t e "  g r a t i n g  mask w i t h  an 8 0 0  ft 
p r o c e s s i n g  l a t i t u d e ,  a s  shown i n  F i g . 4 . 9 . c , d  . The e x p o s e d  
s u b s t r a t e  a r e a s  can be d i r e c t l y  p r o c e s s e d  by c h e m i c a l  or  
r e a c t i v e  i o n  e t c h i n g .

A v e r y  i m p o r t a n t  f a c t o r  n e c e s s a r y  f o r  t h e  f a b r i c a t i o n  o f  
h i g h  q u a l i t y  g r a t i n g  ma s ks  i s  t h e  c l e a n l i n e s s ,  n o t  o n l y  o f
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Fig.4.8
Hi gh q u a l i t y  g r a t i n g  p a t t e r n s  on p h o t o r e s i s t  by d r y  e x p o s u r e  

w i t h  p e r i o d i c i t i e s :  a ) ,  b)
c )  , d)

0 . 2 8  pm t 
0 . 3 4  pm .
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F i g . 4 . 9
C r o s s - s e c t i o n a l  v i e w  o f  p h o t o r e s i s t  g r a t i n g  m a s k s :  

a ) ,  b) i n c o m p l e t e  mask ,
c ) ,  d)  c o m p l e t e  mask
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t h e  p h o t o r e s i s t  f i l m s ,  b ut  a l s o  o f  a l l  t h e  o p t i c a l  compo­
n e n t s  o f  t h e  i n t e r f e r o m e t e r .  U n i f o r m i t y  o f  t h e  i n t e n s i t y  
p r o f i l e  o f  t h e  l a s e r  beam,  o p e r a t i n g  i n  t h e  l o w e s t  o r d e r  
TEMqq mode,  i s  a n o t h e r  p r e c o n d i t i o n  f o r  b a l a n c i n g  t h e  
i n t e r f e r i n g  p a r t s  w i t h  u n i f o r m  e x p o s u r e .  Under  m i s a l i g n m e n t ,  
t h e  l a s e r  may s h i f t  t o  t h e  TEM^ mode w i t h  d i s a s t r o u s  
e f f e c t s  on t h e  e x p o s e d  a r e a .  T y p i c a l  d e f e c t s  o f  t h e  
p h o t o r e s i s t  mask may be o b s e r v e d ,  by  v i e w i n g  t h e  e x p o s e d  a r e a  
a t  l ow m a g n i f i c a t i o n ,  a s  shown i n  F i g . 4.10.a , b , f o r  d r y  and  
wet  e x p o s u r e s  r e s p e c t i v e l y .  The d i f f e r e n c e  in e x p o s u r e  l e v e l  
i s  due  t o  r e d u c t i o n  i n  t h e  l a s e r  beam power,  r e f l e c t e d  on t h e  
window and a b s o r b e d  by t h e  l i q u i d  s o l u t i o n .  T h e r e  a r e  t h r e e  
main s o u r c e s  c a p a b l e  o f  e f f e c t i n g  s i g n i f i c a n t  s p a t i a l  
v a r i a t i o n s  in  t h e  i n t e n s i t y  o f  t h e  i n c i d e n t  b e a m s , b o t h  on a 
m i c r o s c o p i c  o r  m a c r o s c o p i c  l e v e l :  ( i )  d i f f r a c t i o n  from  
s c r a t c h e s  and d u s t  p a r t i c l e s  on t h e  o p t i c a l  s u r f a c e s ;  ( i i ) 
r e f l e c t i o n s  from a i r  b u b b l e s  i n s i d e  t h e  l i q u i d  c o n t a i n e r , o r  
in t h e  m a t c h i n g  l i q u i d ;  ( i i i )  s p u r i o u s  r e f l e c t i o n s  from t h e  
o p t i c a l  c o m p o n e n t s .  A d d i t i o n a l l y ,  d u s t  and d i r t  p a r t i c l e s  on 
t h e  p h o t o r e s i s t  s u r f a c e  s u b s e q u e n t  t o  c o a t i n g ,  may r e s u l t  in  
s m a l l  a r e a s  o f  o v e r  o r  u nd er  e x p o s u r e  e i t h e r  by s c a t t e r i n g  
t h e  i n c i d e n t  r a d i a t i o n ,  or  by " c a s t i n g  a shadow" o f  
u n d e r - e x p o s u r e .  The p r e s e n c e  o f  d u s t  p a r t i c l e s  on e i t h e r  t h e  
beam d i v i d i n g  m i r r o r  o r  t h e  c o l l i m a t i n g  l e n s  i s  i l l u s t r a t e d  
in  F i g .  10.c ,  w i t h  a number o f  i s o l a t e d  d i f f r a c t i o n  r i n g s  
s u p e r i m p o s e d  on t h e  o r i g i n a l  f r i n g e  p a t t e r n .  A s m a l l  s c r a t c h  
on t h e  c o l l i m a t i n g  l e n s  i s  r e s p o n s i b l e  f o r  a s e r i e s  o f  s u c h  
r i n g s  ( s e e  F i g . 4 .  10), a l i g n e d  a l o n g  t h e  e x p o s e d  a r e a .  F r e s n e l
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F i g . 4 .  10
E x p o s e d  a r e a  a t low m a g n i f i c a t i o n  f o r Ca) d r y  and  ( b )  we t

e x p o s u r e s .  T y p i c a l  d e f e c t s  ( c )



d i f f r a c t i o n  f r i n g e s  a r e  a l s o  r e c o r d e d  a t  t h e  b e g i n n i n g  o f  
t h e  e x p o s e d  a r e a ,  c a u s e d  by t h e  " h a l f  s c r e e n "  e f f e c t  o f  t h e  
m i r r o r  e d g e .  A p e r t u r i n g  t h e  l a s e r  beam,  r e s u l t s  i n  an 
a d d i t i o n a l  s e t  o f  F r e s n e l  r i n g s .

A l l  t h e  d e f e c t s  d e s c r i b e d  a b o v e  a r e  s u p e r i m p o s e d  on t h e  
o r i g i n a l  g r a t i n g  p a t t e r n , p r o d u c i n g  a r e a s  o f  o v e r  and u n d er  
e x p o s u r e  on t h e  g r a t i n g  mask.  In o r d e r  t o  a v o i d  t h e m,  
s p e c i a l  c a r e  mus t  be t a k e n , w i t h  t h o r o u g h  c l e a n i n g  o f  a l l  
o p t i c a l  c o m p o n e n t s  u s e d  i n  t h e  i n t e r f e r o m e t e r ,  and in  
p a r t i c u l a r  t h e  beam d i v i d i n g  m i r r o r  and t h e  c o l l i m a t i n g  
l e n s .  Some i m p r o v e m e n t  may a l s o  be  a c h i e v e d  by p r e - e x p o s i n g  
t h e  e n t i r e  f i l m  t o  a l e v e l , b e l o w  t h a t  n e e d e d  f o r  c o m p l e t e  
e x p o s u r e ,  i n c r e a s i n g  t h e  gamma o f  t h e  p h o t o ­
r e s i s t  f i l m ,  t h u s  s u p p r e s s i n g  t h e  l o w e r  c o n t r a s t  s t r a y  
p a t t e r n s  ( 4 .  1 7 ) .

4 . 3 . 4  REACTIVE ION ETCHING

The g r a t i n g  p a t t e r n  c an  be t r a n s f e r r e d  i n t o  t h e  g l a s s  
s u b s t r a t e  by r e a c t i v e  i o n  e t c h i n g  ( 4 . 6 ,  4 . 2 0 ) ,  u s i n g  t h e  
s y s t e m  s c h e m a t i c a l l y  shown i n  F i g . 4 . 1 1  ( 4 . 2 7 )  . In o r d e r  t o  
e x p o s e  t h e  s u b s t r a t e  d i r e c t l y  t o  t h e  i o n  a t t a c k , t h e  r e s i d u a l  
p h o t o r e s i s t  mus t  be  c o m p l e t e l y  r e mo v e d  f rom t h e  l o w e r  p a r t  
o f  t h e  g r o o v e s .  T h i s  can  be  a c c o m p l i s h e d  by e x p o s i n g  t h e  
p a t t e r n  t o  1 min o f  o x y g e n  p l a s m a  p r i o r  t o  i o n  e t c h i n g ,  
u n i f o r m l y  t h i n n i n g  t h e  mask,  u n t i l  e v e n t u a l l y  a l l  t h e
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Fi  g . 4 .  11
S c h e m a t i c  d i a g r a m  o f  t h e  e t c h i n g  s y s t e m .
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r e s i d u a l  p h o t o r e s i s t  h a s  b e e n  e l i m i n a t e d  from t h e  g r o o v e s .  
The o n l y  d i s a d v a n t a g e  o f  t h e  o x y g e n  p l a s m a  t r e a t m e n t  i s  t h a t  
i t  r e d u c e s  t h e  o v e r a l l  p h o t o r e s i s t  f i l m  t h i c k n e s s ,  and t h u s  
t h e  p o t e n t i a l  d e p t h  o f  e t c h .

The p r o c e s s e d  s a m p l e s  we r e  e t c h e d  f o r  10 t o  2 0  min u s i n g  
a g a s  f l o w  r a t e  o f  10 c c / m i n  w i t h  r f  p o w e r s  o f  5 0  t o  80  W 
and t h e  t e m p e r a t u r e  m a i n t a i n e d  a t  a m b i e n t  l e v e l s .  Two 
d i f f e r e n t  e t c h i n g  g a s e s  were  i n v e s t i g a t e d ,  CF  ̂ and CHF  ̂ , 
t h e  l a t t e r  p r o v i d i n g  some i m p r o v e m e n t  i n  s e l e c t i v i t y .  When 
CF  ̂ g a s  was u s e d ,  t h e  p r e s s u r e  in t h e  c ha mber  t h r o u g h o u t  
e t c h i n g  was k e p t  a t  7 0  pm Hg, and f o r  CHF  ̂ a r o u n d  4 0  pm Hg,  
w i t h  an e s t i m a t e d  e t c h i n g  r a t e  o f  a p p r o x i m a t e l y  100 f t /min . 
I t  was f o u n d  t h a t  o p e r a t i o n  a t  l o w e r  power  and l o w e r  
p r e s s u r e  l e v e l s ,  o v e r  l o n g e r  t i m e s  r e d u c e s  t h e  e f f e c t i v e  
r o u g h n e s s  o f  t h e  e t c h e d  s u r f a c e ,  r e s u l t i n g  i n  a s m o o t h e r  
f i n i s h .  A f t e r  e t c h i n g ,  t h e  r e m a i n i n g  p h o t o r e s i s t  was r e mo v e d  
in  a c e t o n e  and t h e  s p e c i m e n s  were  t h o r o u g h l y  c l e a n e d .

The e t c h e d  s u r f a c e  was e x a m i n e d  by SEM. F i g . 4 . 1 2 . a , b , c , d 
s h o w s  h i g h  q u a l i t y  e t c h e d  g r a t i n g  p a t t e r n s  t r a n s f e r r e d  i n t o  
s i l i c a  s u b s t r a t e s ,  w i t h  p e r i o d i c i t i e s  a r o u n d  0 . 2 1  , 0 . 2 8  and  
0 . 3 4  pm r e s p e c t i v e l y .  G r a t i n g s  h a v e  a l s o  b e e n  f a b r i c a t e d  
i n t o  s o d a  g l a s s  s u b s t r a t e s ,  a s  shown i n  F i g . 4 . 1 3 . a , b  , w i t h  
t h e  e t c h i n g  r a t e  f o u n d  t o  be s u b s t a n t i a l l y  s l o w e r  t h a n  f o r  
s i l i c a ,  u n d er  t h e  same e t c h i n g  c o n d i t i o n s ,  p o s s i b l y  due  t o  
t h e  p r e s e n c e  o f  h e a v i e r  i n p u r i t y  m o l e c u l e s  d e l a y i n g  t h e  
d e s t r u c t i o n  o f  S i 02 i n  t h e  s u b s t r a t e .

The q u a l i t y  o f  t h e  f a b r i c a t e d  g r a t i n g  i s  a t  b e s t  l i m i t e d  
by t h e  q u a l i t y  o f  t h e  p h o t o r e s i s t  mask.  E x a m i n a t i o n  o f  t h e
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etched, surface at low magnification (see Fig. 4.14.a,b,c), 
reveals the defects inherited from the photoresist mask (as 
compared with Fig.4.10), superimposed on the corrugated 
surface. Additionally, for substates etched in CF̂  some 
stray, scratch like lines (see Fig.4.14.b) appear to have 
been etched into the surface, without being present in the 
original photoresist mask. No such lines were detected in 
patterns etched by CHF^

By examining the etched grating pattern at high magnific­
ation, it is possible to study the surface roughness for 
different etching parameters. Fig.4.15.a,b,c shows the 
quality of the etched surface, for substrates subjected to 
different power/pressure combinations. The surface damage 
originally effected by etching in CF̂  at 80 W for 10 min and 
at 90 pm Hg (Fig. 4. 15. a), has been minimised by etching at 
50 W for 20 min, at a pressure of 60 pm Hg (Fig. 4. 15. b) . 
Gratings of comparable quality have been also obtained for 
samples etched in CHF^ at 60 W for 15 min and at 40 pm Hg 
(see Fig.4. 15.c).

Thus, by carefully controlling the etching parameters, it 
is possible to minimise the roughness of the etched surface 
and fabricate high quality smooth grating patterns from high 
quality photoresist masks.
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H  2 mm

H  2 mm h

Fig.4. 14
Etched pattern at low magnification. Typical defects visible.
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F a b r i c a t i o n o f H o 1 o g r a p h i e
G r a t i n g s o n 0 p t i c a 1 F i b r e s

4.4.1 FIBRE AVAILABILITY

Fabricating holographic gratings on optical fibres 
requires a plane fibre surface,in close proximity to the 
guiding medium. This can be obtained,either by grinding and 
polishing the surface of a conventional communication fibre, 
in a manner similar to the one used for the preparation of 
polished couplers, or by using special fibers with plane 
surfaces, like the D-shaped fibre and the integrated fibre 
coupler (see Fig.4.19 ). 
i) Polished Fibre Blocks

Over the last few years, a large number of techniques has 
been developed for the fabrication of polished fibre blocks. 
Even though the basic idea is simple and straight forward in 
principle, it requires a lot of care and practice. The fibre 
is first cemented into a curved slot of the correct depth 
machined onto a silica substrate, with a suitable potting 
compound. The surface is then ground and po1ished,unti 1 the 
required distance from the core is reached. The process can 
be monitored either by frequent microscopic examination of 
the polished surface (4.28), or by means of the variation in 
the transmission characteristic of the fibre throughout the 
lapping and polishing process (4.29). Usually, an additional 
"fine tune" polishing (4.30) with a finer slurry is 
necessary, to reach the required standards. The effective
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interaction length of a polished fibre block is limited by 
the curvature of the potted fibre. For a 20 cm radius of 
curvature, the interaction length, within 1 |im from the fibre 
core, is 0.9 mm, while a radius of 1 m increases the 
interaction length to 2.8 mm . The restriction in the 
available interaction length, limiting the effective fibre­
grating length, is a serious drawback for the use of polished 
fibre blocks, 
ii) D-shaped Fibres

D-shaped fibres can be fabricated by grinding and 
polishing a flat face on a standard fibre preform, prior to 
pulling. When the preform is then drawn into a fibre, the D 
shape is maintained. The guiding region of a D-shaped fibre 
is close to the flat surface, so, even though the fields are 
normally contained within the fibre, the removal of a small 
amount of cladding from the flat side will bring the fields 
to the surface. The accessibi1ity of the guiding region, 
makes such fibres valuable basic components for fibre device 
app1icat ions.

Two different fibres have been made available to us; an 
Andrew Corporation polarisation holding fibre with an
elliptical core (4.31, 4.32) ( Fig.4.16.a), and a British
Telecom. fibre with a circular core (see Fig.4.16.b). The 
D-shaped fibres have the same transmission characteristics 
as standard elliptically cored (4.33) and circularly cored 
(4.34) communication fibres. For the A.C fibre, the flat 
face is parallel to the major axis of the elliptical core, 
with a large index difference ( A n = 0 . 0 3 5 )  between the
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*■ ----------------  100 u rn ---------------------------- ■ =-

b )

Fig.4.16
Cross-sect ions of D-shaped fibres: a) Andrew Corporation Fibre,

b) British Telecom. Fibre .
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germanium doped core and the fluorine doped depressed silica 
cladding, of index below that of the outer support tube, 
necessary for maintaining the polarisation. The B.T. fibre 
has a smaller index difference ( An=0.0063) and no depressed 
cladding. The fibres were found to have a preferred 
curvature, with the flat face on the outside of the curve 
for the A.C. fibre and on the inside of the curve for the 
B.T. fibre. In fact, the curvature could be justified in 
terms of two opposing orientations, one induced by the fibre 
shape and the other by the core composition. In the case of 
the A.C. fibre, the large index difference sets a dominating 
orientation, through the difference in expansion coefficients 
between core and cladding. For the B.T. fibre, the effect of 
the smaller index difference is overpowered by the orient­
ation induced by the shape of the fibre. This self-orientat­
ing property is an advantage for easy fibre handling.

In order to gain access to the guiding region, the 
D-shaped fibers must be lightly etched in a buffer HF 
solution, calibrated originally for etching at 30°C in a 
constant temperature bath (Fig.4. 17), and later for etching 
at 20°C in a clean room environment. Both hand made *  and 
the industrial "silicon dioxide etch" (4.35) solutions have 
been tried. Etching A.C. fibres very close to the core, 
distorts the flat face of the fibre immediately above the 
core (see Fig.4. 18 ), due to faster etching of the fluorine 
doped depressed cladding. This rather undesirable effect is 
avoided when using B.T. fibres.

* 6 [ 2 ( NH4F ) : 3 ( H20) ] : [ HF]



Fig.4. 17
Calibration curve of D-shaped fibres etched in a buffer HF

solution.
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Fig.4.18
Heavily etched A.C. D—shaped fibre. The faster etching rate 

of the depressed cladding distorts the surface flatness above 
the core.
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Fig.4. 19
Integrated Fibre coupler. Cross-sectional view of the
a) fibre b) twin core
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iii) Integrated Fiber Coupler
The integrated fibre coupler, shown in Fig.4. 19 was 

conceived, designed and fabricated (4.36) at Imperial 
College. It is a fibre device based on the plane rectangular 
geometry , compatible with integrated optics, having the top 
face of a rectangular guide exposed to refractive index 
variations in the external cladding. The fibre was 
fabricated by pulling a fused borosilicate preform,assembled 
from numerous optically polished pieces, of the chosen 
refractive indices and dimensions. At the "correct" pulling 
temperature the fibre retains the original preform shape and 
dimensional ratio. To obtain the large fibre size,useful for 
easy handling, the device was fabricated by a double pull, 
first of the guiding region, which after incorporation into 
a bigger supporting cladding was pulled once more,to produce 
the final fibre.

4.4.2 FABRICATION OF GRATING MASKS ON "FREE" FIBRE 
LENGTHS

The rectangular 200 x 100 pm ribbon fibre with a 5 pm 
guiding layer, shown in Fig.4.20.a,b , was used to examine 
the possibility of fabricating grating patterns on "free",
i.e. unsupported, fibre substrates. The ribbon fibre was 
cleaned and dip coated in a 0.6 pm photoresist film, as 
described in section 4.3 . After soft bakingjthe fibre was
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Fig.4.20
Rectangular ribbon fibre
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exposed in air for 45 sec and developed for 30 sec. 
Examination by SEM revealed a series of stray longitudinal 
fringes superimposed on the original grating pattern, spaced 
along the fibre length, as shown in Fig.4.21.a . The 
catastrophic effects of the longitudinal fringes on the 
uniformity of the photoresist mask can be clearly seen in 
Fig.4.21.b, with stripes of overexposed grating patterns 
separated by areas of underexposure, with no visible 
fringes. The unwanted pattern appears to have a variable 
pitch and results from stray reflections of the interfering 
beams at the three "free" fibre / air boundaries and rounded 
edges. The situation can be slightly improved by laying the 
ribbon fiber on a flat plate throughout exposure, being held 
by the surface tension of an index matching fluid, thus 
eliminating reflection from its back surface. Under the same 
exposure and development treatment a better overall result 
was obtained (see Fig.4.21.c), even though the longitudinal 
fringe pattern is clearly visible,with areas of over and 
under exposure damaging the uniformity of the grating mask.

In view of these observations,it would seem reasonable to 
expect) that spurious fringes might be completely eliminated 
by surrounding the fibre with a material of higher index.
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Fig.4.21
Longitudinal spurious fringes on "free" ribbon fibre

superimposed on the grating pattern
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4.4.3 FIBKE POTTING TECHNIQUES

A fibre potted in a suitable compound with its flat 
side exposed, provides a permanently orientated plane 
surface for the holographic fabrication of grating patterns. 
Polished fibre blocks offer such an arrangement, with the 
flat (polished) fibre surface integrated into a larger 
supporting plane. All attempts, however, to fabricate 
polished fibre blocks with long interaction lengths using 
D-shaped fibres failed to give satisfactory results and 
proved both expensive and time consuming. A number of 
alternative potting techniques were also investigated with 
varying degrees of success.

A very simple, fast and inexpensive scheme for potting 
D-shaped fibres, with their flat side floating naturally at 
the surface of a thick epoxy film is outlined in Fig.4.22 . 
The fibre is first orientated on a curved metal frame with 
its flat side facing upwards, the correct orientation 
preserved, by fixing sections of the fibre on two supporting 
plates. A two component epoxy (EPOTEC 301) is then 
thoroughly mixed and spread over a clean coverslide, giving 
a thick film. The curing time of the epoxy is very 
temperature dependant, and after heating for 20 min at 70°C 
on a hot plate, the epoxy surface becomes more viscous, but 
easily deformable. At this point, the coverslide is placed 
horizontally on the curved metal frame underneath the fibre, 
which is slowly lowered over the semicured epoxy and is 
pressed lightly onto it. The rounded surface of the fibre
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Fig.4.22
Schematic configuration outlining the potting technique.
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Fig.4.23
Cross-sections of potted fibres a) D-shaped Fibre ,

b) Ribbon Fibre
c) Thickness Variation across the potted fibre section
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sinks, but surface tension keeps the flat side afloat, 
approximately at the same levej. as the epoxy. The film is 
then left to dry properly overnight, until completely cured. 
Very satisfactory, repeatable results have been obtained 
with both D-shaped and rectangular fibres, as shown in 
Fig.4.23.a,b . The epoxy film is clear and hard with good 
optical and physical properies (see APPENDIX ), and has been 
found to be immune to photoresist and to the cleaning 
solvents at room temperature. The composite fibre / epoxy 
surface is smooth, but not flat. In fact, the fibre surface 
is positioned slightly higher than the rest, though surface 
tension ensures that the epoxy is in good contact with the 
fibre sides, resulting in a gradual decrease in film 
thickness away from the fibre (Fig.4.23.c). The change in 
epoxy thickness is not expected to have any effect on the 
uniformity of the grating on the flat fiber surface, as long 
as the higher epoxy index strips all the light from the 
fibre body eliminating stray reflections. For this purpose 
the epoxy must be allowed to dry slowly, avoiding the 
formation of air bubbles at the fibre / epoxy interface.

4.4.4 GRATING FABRICATION ON POTTED FIBRE LENGTHS

A D-shaped fibre length,1ightly etched, to bring the 
core closer to the surface, was embedded in epoxy using the 
simple potting technique described previously, thoroughly
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cleaned, and spin-coated in a "thinned" 0.15 jim photoresist 
film. It was then soft baked at 80°C for 25 min, exposed in 
air for 30 sec , and developed for 20 sec in a fresh 
developer solution.

Examination by SEM discloses a continous grating pattern 
of excellent quality, shown in Fig.4.24.a,b,c,d , extending 
over 2 mm of fibre length. The grating mask is highly 
uniform (Fig.4.24.b,c,d), with deep fringes and only very few 
defects, probably from dust or dirt on the fibre surface. 
The unwanted longitudinal fringes have almost disappeared, 
and only a ghost image remains, with minimal effects on the 
film uniformity, demonstrating the effectiveness of the 
potting technique. Over the fiber edges, the epoxy appears 
to over-ride the fibre, bringing the fringe pattern to an 
abrupt end (see Fig.4.25.a) . A light polish will in general 
remove the epoxy completely from the flat fibre surface. The 
grating pattern is not limited to the fibre, but appears 
to extend over the epoxy, with fringes of similar quality. 
An interesting observation reveals , that the photoresist 
covering the epoxy appears to receive a lower exposure level 
from that over the fibre, possibly due to their difference 
in refractive index. This can be clearly seen by examining a 
fibre / epoxy interface in Fig.4.25.b , with the significant­
ly deeper grating fringes on the fibre surface indicating 
a difference in exposure level.

As mentioned earlier, etching a D-shaped fibre through 
the depressed cladding close to the core, distorts the 
flatness of the fibre surface with the appearance of a
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Fig.4.24
High quality photoresist grating patterns on potted D-shaped
fibre lengths; a), b) fibre view , c), d) grating pattern on
the fibre at low and high magnification.
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Fig.4.25
a) Grating pattern ends abruptly near the interface .
b) Grating pattern extending over a fibre / epoxy interface; 

Note difference in modulation depth .
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curved section immediately above the core. Such a fibre, 
heavily etched to within 0.5 pm of the core, was potted in 
epoxy, coated in photoresist, exposed and developed under 
exactly the same conditions as above, in order to examine 
the effect of the curvature on the grating uniformity. The 
results are presented in Fig.4.26.a,b,c , showing a 
continuous grating pattern of good quality fringes, with the 
central overetched region easily distinguishable. There are 
defects, some caused by dirt and others by a stray weaker 
fringe pattern resulting from double reflection at the 
collimating lens, with areas of different exposure levels. 
Over the central curved region,the grating pattern appears 
to extend more or less uniformly, with some variation in 
modulation depth. Hence, in general, the presence of the 
curved overetched section degrades the overall quality of 
the grating mask. This situation must be tolerated, when 
using depressed cladding fibres, with the grating close to 
the core. Even so, over the very narrow effective corewidth 
(~ 1 pm), the variation in the grating profile is not 
expected to be significant.

Once a photoresist mask of the appropriate quality has 
been fabricated, the grating can be directly transferred 
into the fibre body by reactive ion etching, as described in 
section 4.3.4 . The typical etched pattern shown in 
Fig. 4.27. a, b, c,d appears to extend uniformly along the fibre 
length, with some additional defects resulting from the 
etching process, including stray "scratch" like lines and 
surface roughening. These defects are identical to those
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Fig.4.26
Photoresist grating pattern on heavily etched A.C.

a) potted fibre overview ,
b) , c) grating patterns over the central overetched
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Fig* 4* 27
Grating pattern etched into the fibre surface: 

a), b) overview of the etched fibre ,
c), d) etched grating patterns on the fibre .
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confronted, with etched silica substrates, and can be usually 
minimised by etching at lower power and pressure combin­
ations, over longer times. Better results were obtained by 
etching using CHF^ instead of CF̂  .

4.5 T h e  G r a t i n g  C o u p l e r  
C o n f  i g u r a t i o n

In the previous section, a technique was developed for 
implementing a grating fibre reflector, by means of fabricat­
ing a holographic grating on a potted D-shaped fibre length. 
The more sophisticated grating coupler, however, requires 
the grating to be imposed on a two waveguide coupler confi- 
gurat ion.

4.5.1 AVAILABLE COUPLER CONFIGURATIONS

There are two basic groups of conventional directional 
couplers; one based on special fibre types like the coaxial 
coupler (4.37) and the integrated fibre coupler (4.36), 
while the other includes couplers fabricated from standard 
communication fibres, like polished (4.28) and fused C4.38) 
couplers. Even though coaxial and integrated fibre couplers 
offer a very well defined coupler configuration, the 
presence of both waveguides in the same fibre body
complicates the process of recovering both the coupled and
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the uncoupled signal. On the other hand, more conventional 
fibre couplers balance the advantage of isolating the 
coupled signal into a different fibre with a somewhat 
empirical description of the coupling process.

Coaxial directional couplers are combinations of dielect­
ric rod and tube waveguides (Fig.4.28.a), efficiently 
coupled under phase matching conditions. The integrated 
fibre coupler (Fig.4.28.b) is a plane version of the coaxial 
coupler, operating under the same principle . A grating 
coupler based on the coaxial fibre can be realised,by 
polishing part of the external cladding of the tube, and 
fabricating a grating on the flat face, as shown in 
Fig.4.29.a . The integrated fibre coupler (Fig.4.29.b) is 
probably the better candidate, since the grating can be 
fabricated directly on the exposed top waveguide, over long 
fibre lengths potted in epoxy, as described in section 4.4 . 
In both cases, a special fibre design is necessary in order 
to avoid co-directional coupling, with the two waveguides 
close enough to allow efficient contradirectional coupling 
for reasonable grating lengths. The polished fibre coupler 
consists of two polished fibre blocks properly aligned by a 
micromunipulator arrangement, until the two cores are 
strongly coupled. By fabricating a grating on one of these 
blocks, and making sure that the two waveguides have 
different characteristics, thus avoiding competition from 
directional coupling, a grating coupler can be most readily 
realised (see Fig.4.29.c). Even though the interpretation of 
the grating coupler by polished fibre blocks is by far the
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Fig.4.28
a) Coaxial directional fibre coupler ,
b) Twin cored integrated fibre coupler .
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b)

C o a x i a l  F i b r e  
G r a t i n g  Coup l e r

I n t e g r a t e d  F i b r e  
G r a t i n g  Coup l e r

c ) d )

Pol i  shed F i bre  

G r a t i n g  C o u p l e r

Fused / P o l i s h e d  F i b r e  

G r a t i n g  C oupler

Fig.4.29
Grating coupler implementation using: 

a) Coaxial fibre coupler , b) Integrated fibre coupler ,
c) Polished fibre coupler , d) Polished fused fibre coupler .
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easiest and simplest approach (1.48 )i it imposes restrictions 
on the effective grating length, thus limiting the coupling 
efficiency for narrow coupled bandwidths.

Fused biconical couplers can be made, by pulling two 
fibres under a hot flame, with a slight twist to ensure that 
the fibres remain in good contact, while they are being 
fused together. To avoid twisting the fibres, chemical 
vapour deposition treatment can be used,to bind the two 
aligned fibre sectors prior to fusion (4.39). For the 
directional coupler configuration, coupling can be monitored 
throughout fabrication, with the tapering stopped when the 
desired splitting ratio has been reached. A similar type of 
fused coupler configuration is based on two D-shaped fibres 
(4.40), which are lightly etched to expose the guiding 
region, and aligned inside a thick vycor tube,with their flat 
sides facing each other over the etched region. The tube is 
then heated and pulled to shrink, holding the fibres in 
position. Vycor is a material high in silica, so at the 
collapsing temperature, the fibres are heated only enough to 
fuse together along their flat surfaces, without any 
deterioration in cross-sectiona1 geometry. The coupling 
process can be tuned, either by slightly tapering the fused 
section (4.41), or by means of a controlled diffusion of the 
Ge-doped core into the F-doped depressed cladding, effect­
ively changing the field overlap and the coupling strength 
(4.42). A grating coupler configuration based on fused, 
untwisted fibres can be realised by potting and polishing 
the fused section in a fiber block configuaration, with the



2 1 2

grating imposed on the fused polished face over the two 
cores, as shown in Fig.4.29.d .

Instead of fusing the two D-shaped fibres, a coupler can 
be realised by joining them with a suitable intermediate 
material like polysiloxane, whose refractive index is just 
below that of silica. The two fibres are coated in poly- 
siloxane and aligned inside a thin capillary tube,with the 
core spacing minimised by the surface tension of the liquid 
coating. After the coating has dried the capillary is 
removed, and the joint can be stabilised by embedding in 
hard plastic (4.43).

4.5.2 GRATING COUPLER FABRICATION

It was originally intended to realise the contadirect- 
ional coupler by growing a second guiding layer over the 
grating pattern, on the flat side of the D-shaped fibre. For 
this purpose, thin film deposition by plasma polymerization 
of organosi1icones in microwave discharges was investigated. 
Relevant published work (4.44, 4.45) describes the fabric­
ation of high quality optical films, with well controlled 
thickness and refractive index profiles in the range 1.45 - 
1.75 , tuning either by varying the substrate temperature
during deposition (4.46), or by extra treatment in oxygen, 
nitrogen, or chlorine atmospheres (4.47) . A microwave 
discharge apparatus was constructed for the deposition of



a ) b )

F i g . 4 . 3 0
Film deposition by plasma polymerization of organosi1icones 
in microwave discharges:
a) Film thickness as a function of deposition time ,
b) Refractive index for different teposition time intervals. ro

uu



2 1 4

plasma polymerised hexamethyldisilazane films on soda glass 
substrates. A deposition rate of approximately 0.51 pm/min 
was estimated for a power level below 50 W and a pressure of 
0.2 Tor , at a microwave frequency of 2.45 GHz (Fig.4.30.a). 
Although the film thickness uniformity appears to be 
satisfactory over a radius of 1 cm, the localised 
non-uniformity in refractive index was due to variation in 
substrate temperature during deposition. As the discharge 
power is absorbed by the cavity, the substrate temperature 
increases throughout deposition. A better index control may 
be achieved by dividing the deposition time into a large 
number of shorter intervals, and allowing sufficient time in 
between for the substrate to cool. The variation in 
refractive index as a function of deposition time intervals 
is shown in Fig.4.30.b . Even though some encouraging 
preliminary results were obtained, the work was finally 
abandoned, with more emphasis placed on fibre devices.

A fibre coupler can be fabricated from two D-shaped 
fibres, using techniques similar to those described in 
section 4.5.1 . Once the grating has been fabricated on a 
single fibre, it is convenient to combine it with an extra 
fibre and form a contradirectional coupler.

We have developed a simple and flexible technique for 
aligning and joining D-shaped fibres in directional coupler 
formations. Each fibre is forced into alignment in-between 
two supporting plates, as showm in Fig.4.31 , with the flat, 
lightly etched sections facing each other. The curvature can 
be altered by changing the distance between the two plates.
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Fig.4.3 1
D-shaped fibres aligned in a directional coupler formation.



2 1 6

A large curvature is initially selected, and the two fibres 
are brought closer, until some contact is established. The 
joint is then given a rich coat by a suitable liquid agent. 
The curvature is then carefully relaxed, and the liquid 
spreads over a longer fibre length, its surface tension 
aligning the two fibres with a thin intermediate layer. 
Originally, a solution of "nail enamel" in acetone was used, 
having a refractive index (1.454) close to that of silica. 
Once the acetone has evaporated, the adhesive power of the 
enamel keeps the fibres joined in a coupler formation. The 
joint was found to be clean and strong, and its strength can 
be futher increased by a thicker external coating. A 
cross-section of the coupler is shown in Fig.4.32.a , with a 
lengthwise view of the section in Fig.4.32.b . A fused 
coupler can also be fabricated by collapsing a pyrex tube 
around two properly aligned D-shaped fibres. Even though the 
temperature is not hot enough to fuse the flat sides of the 
fibres, the external pyrex jacket forces them in good 
contact. Fig.4.33.a,b shows unetched and etched sections of 
a fused-like coupler. Note, that the difference in thermal 
expansion coefficients between pyrex and silica, causes 
thermal stress to build up in the "fused" section.

At higher wavelengths, the rich in aromatics enamel 
becomes increasingly lossy, and silicone oil of index 1.45 
can be used instead. The surface tension of the oil aligns 
the fibres properly, and allows the possibility of tuning 
the coupling process, by adjusting the interaction length in 
relation to the beatlength. The measured wavelength response



a ) 
b )

Fig.4.32
D shaped fibre coupler: a) cross-sectional view,

b) lengthwise view .
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b )
Fig.4.33

"Fused" D-shaped fibre coupler fabricated by collapsing a
pyrex tube around two properly aligned fibres:
a) etched fibre section , b) unetched fibre section .



2 1 9

a )

b )
Fig.4.34

Measured wavelength response of a directional coupler 
a) fabricated from two etched D-shaped fibres aligned by an 
intermediate oily layer, as compared with that of
b) a commercially available polished coupler .
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of the coupler is presented in Fig.4.34, in comparison with 
that of a commercial polished coupler. Even though the 
coupler configuration of Fig.4.31 was expected to be 
unstable, no apparent deterioration in the coupling strength 
was observed over a period of two weeks.

This rather simple and tunable coupler implementation can 
be used to realize both the grating coupler and the 3 dB 
coupler, used for sampling the reflected signal in a grating 
reflector. The latter is straightforward, with the coupler 
being assembled in the fibre length prior to the grating, 
from identical fibres. For the contradirectional coupler the 
two fibres must be dissimilar. It is possible to alter the 
propagation characteristics of one of the fibres by inter­
diffusion of the core and cladding materials after 
sufficient heat treatment, effectively changing the refract­
ive index profile and field distribution over the etched 
region, prior to the coupler formation.

CD E m b 0 s s i n g T e c h n i qU e f o r
G r a t i n S F a b r i c a t i 0 n o n
P 0 1 ym e r F i 1 m s

Embossing gratings onto semi-dried films, provides a 
simple and inexpensive alternative to holographic techniques. 
We have embossed gratings on polymer films, using two 
commercially available master gratings of 160 lines/mm and



221

600 lines/mm. The same technique should be applicable for 
gratings of finer periodicities.

A polymer mixture was prepared by disolving amorphous 
Polymethyl-Methacrylate in butanone. The refractive index of 
the solution can be varied from 1.48 to 1.525 by adding a 
suitable amount of Polyvinyl-Chloride. The solution was 
poured onto a horizontal slide, which was then brought to a 
vertical position for approximately 30 sec , allowing the 
excess solution to drip off. After the polymer film had 
partially dried for 2 min,it was pressed against the master 
grating, applying moderate force. The embossed grating 
pattern was hardened by baking for 1 hour at 120°C .

Fig.4.35.a shows a high quality embossed surface relief 
grating on a soft PMMA film. Embossed gratings were also 
successfully fabricated on optical fibers, coated either 
fixed on a plane substrate, (see Fig.4.35.b) or dip coated 
separately (see Fig.4.35.c) . Although high quality, long 
grating-on-fibre lengths were fabricated, the moderate 
polymer film thickness prevented the grating presence from 
influencing the guiding properties of the fibre. It might be 
possible to emboss gratings of finer periodicities ( 0.4 pm) 
on thinner polymer films ( 0.2 pm). In that case, embossing 
would provide a simpler, faster and inexpensive alternative 
to conventional elaborate holographic methods for grating 
fabrication on optical fibre devices.
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4.7 G r a t i n g  F a b r i c a t i o n  by 
D u p l i c a t i o n

We have developed a technique similar to embossing,for 
fabricating large grating areas on flexible silicon rubber 
films. It requires a master grating of the appropriate 
periodicity, which is thoroughly cleaned, heated at 80°C for 
20 min,and then covered by the silicon rubber solution. The 
solution solidifies after 10 min of subsequent baking, 
forming a clear optically transparent film, which can be 
easily peeled off giving a high quality grating replica.

We have used this simple duplication technique to 
fabricate high quality grating replicas of 600 lines/mm 
(Fig.4.36.a) and 1200 lines/mm (Fig.4.36.b) on silicon 
rubber, with the possibility of extending it to finer 
periodicities and to polymer films.

The periodicity of a silicon rubber grating can be easily 
tuned by stretching or compressing the rubber. Preliminary 
experiments, showed the reflection orders of a rubber 
grating illuminated by a HeNe beam, to move considerably 
when stretching the rubber film, denoting a change in 
periodicity. Such a tunable device may find application as 
an external tuning element for grating reflectors or 
couplers.
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b )

F i g . 4.36

Duplicated grating pattern on a silicon 
a) 600 1ines/mm , b) 1200 lines/mm

rubber film.
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C H A P T E R  5

E X P E R I M E N T A L  W O R K

5.1 D i f f r a c t i o n  E x p e r i m e n t s

Once grating-on-fibre lengths of the appropriate period­
icity have been fabricated, the effectiveness of the grating 
can be qualitatively examined, by conducting simple diffract­
ion experiments using a HeNe laser source. Since the 
source wavelength is shorter than that required for Bragg 
ref lection, as defined by the grating periodicity, the guided 
optical power is gradually diffracted out of the fibre along 
the grating length ( 5.1 , 5.2) , with the output radiation 
emerging as one or more discrete collimated beams, propagat­
ing in free space at well defined angles , given by

cos <p = q-X0/ A , (5.1.1)
where Nppis the effective index of the guiding medium, X0the 
wavelength of operation, i.e 633 nm for HeNe, A the grating 
per iodicity,and q an integer denoting the diffraction order.

Light is also diffracted into the substrate, with the 
various diffraction orders appearing at angles *p , given by: 

cos y  = N€p/no+ q\0/( A-ne ) , (5.1.2)
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where ne is the substrate index. If Npp is of the same order 
as A0 / A  , then vp is real for only one value of q, i.e q=-l, 
and one diffraction order appears in each medium (see Fig. 
5.1.a) .

We have used diffractiom experiments to test gratings of 
periodicity 0.279 jam and 0.358 jam , fabricated on two 
different types of D-shaped fibres,as described in chapter 4. 
The angle of the diffracted beam was accurately measured 
using a travelling screen attached to a micrometer arrange­
ment, from which the diffraction angles were calculated to 
be 145° and 105° respectively. The A.C fibre used was single 
mode at 633 nm , with an effective index of 1.473 . The 
grating presence and the partial removal of the cladding 
alter the propagation characteristic of the fibre, changing 
its effective index. Assuming small variations in the 
effective index, the diffraction angle can be estimated 
directly from eq.5.1.1, to be 143°, for a grating of period­
icity 0.279 p.m . In the same way, for a B.T. fibre with 
an effective index of 1.465 , the diffraction angle 
was estimated to be 108°, for a grating periodicity of 
0.358 jam . Note, that the B.T. fibre used was multimode 
at ' the wavelength of operation, although the diffraction 
spots corresponding to the different modes cannot be angular­
ly resolved.

The above results appear to be in good agreement with the 
measured angles, given the uncertainty in both the effective 
index and grating periodicity values. Although measurements 
were only made for the beam diffracted into free space,
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G ra t in g  coupl ing  in to  r a d i a t i o n .

a) Schematic c o n f ig u r a t io n  of the g r a t in g  c o up le r .

b) Photogragh o f  the coupler  with  the two d i f f r a c t i o n  

spots c l e a r l y  d i s t in g u i s h a b le .
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similar calculations apply to the beam directed into the 
substrate, taking into account the refractive indices and 
thickness of the epoxy and the supporting coverslide, 
underneath the fibre body, A photograph showing the two 
diffracted beams emerging from both sides of the fibre is 
presented in Fig.5.1.b .

5.2 G r a t i n g  R e f l e c t o r  
E x p e r  i m e n t s

A fibre grating reflector can be evaluated using a 
tunable radiation source. For operation in the visible and 
near infra-red, tunable dye lasers appear to be the best 
candidates, delivering high power levels over narrow line- 
widths. At longer wavelengths, tunable F-centre lasers may be 
used to the same effect.

Alternatively, a white light source and a high resolution 
monochromator, with a stepping motor control and a low noise 
detection scheme, allow operation at low power levels. In 
both cases, for effective detection the linewidth of the 
grating reflector should not exceed the resolution of the
monochromator.
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5.2.1 DYE LASER EXPERIMENTS

A fibre grating reflector, with a photoresist grating 
of periodicity 0.279 p.m fabricated on an A.C D-shaped fibre, 
for operation around 800 nm, was tested using a tunable 
Styryl 9 Dye Laser.

i) The Dye Laser: Construction and Calibration
The experimental Dye Laser configuration is shown in 

Fig.5.2.a. It operates on a three mirror cavity ( 5.3 ), 
pumped by a 6 W Argon laser at full power. The pumping beam 
is directed by the input (pumping) mirror, towards a vertical 
jet of a Styryl 9 Dye solution in Ethylene Glycol and 
Propylene Carbonate (see Fig.5.2.b) . The radiation is 
absorbed by the dye, exciting its molecules into a higher 
energy state. Most of the excited molecules then decay to 
the ground state, resulting in the spontaneous emission of 
photons ( 5.4 ). Lasing action occurs only when the mirror 
cavity is properly aligned. The spherical mirrors must be 
accurately positioned to focus and overlap their florescence 
spots on the flat output mirror, which is then adjusted to 
retrace their path back to the central cavity. For a near 
alignement position, the laser goes into operation. At this 
point, the pumping power is reduced, and the cavity 
components are re-adjusted. The process is repeated, until 
the laser threshold, i.e. the minimum pumping power required 
for lasing action, is reached for an optimum mirror 
alignment. For a fresh dye solution, a threshold power of



b)

Fig. 5.2
Photographs of the experimental Styryl 9 Dye Laser, 
a) Overall view.
b) Dye jet, pumping mirror and spherical mirror cavity.
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500 mW was originally measured, which after two weeks 
increased to 3 W . No further deterioration was observed 
over a period of five weeks. The lifetime of the laser was 
increased, by cooling the dye solution throughout operation.

The laser emission spectrum shown in Fig.5.3 , is centred 
at 813 nm , with a spectral width of 3 m  . The nominal 
wavelength and bandwidth of the emission spectrum can be 
considerably shifted, by changing the concentration of the 
dye solution ( 5.5, 5.6 ). For an output mirror of 95 % 
reflectivity, a moderate power output of 15 mW was obtained. 
The full available bandwidth can be only accessed, by 
introducing a tuning element in the laser cavity ( 5.7 ), as 
shown in Fig.5.4.a . A high selectivity double birefringence 
filter was used, driven manually by a micrometer, placed in 
agreement with the polarization of the dye laser, and at 
Brewster’s angle to minimise reflection loss. The output 
power can be sampled, either from the cavity mirror or from 
the birefringence filter, with different lines selected by 
rotating the micrometer of the filter. The emission spectrum 
of the mode locked continuous dye laser is presented in 
Fig.5.4.b , with a spectral width of 0.17 nm . By analysing 
the laser output for different micrometer settings the 
micrometer was calibrated over the available wavelength 
spectrum, with the calibration curve given in Fig.5.5.a . 
The micrometer scale did not vary linearly with wavelength, 
its step size increasing for shorter wavelengths, i.e larger 
micrometer readings. The useful spectrum extended from 
841 nm ( micr. setting -20 ) to below 821 nm ( 120 ),
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W A V E L E N G T H  (nm)

Fig. 5.3
Emission spectrum of the Dye Laser without a wavelength 
selective element in the laser cavity.
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a)
micrometer setting

Fig. 5.4
Mode locked Dye

length tuning. a)
b)

Laser with birefringence filter for uave- 
Schematic configuration of the Dye Laser. 
Emission Spectrum.
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as shown in Fig.5.5.b . Even though lasing continues above 
841 nm , these wavelengths were beyond the tuning range of 
the filter and could not be sampled. Fluctuations in the 
output power level were mainly due to vibration pick up of 
the discrete cavity components, from the near-by motor, driv­
ing the dye jet.

ii) Experimental Procedure and Results
The experimental arrangement is shown in Fig.5.6 . The 

Dye laser output beam was divided by a beam splitter,prior 
to launching into a cleaved D-shaped fibre grating 
reflector, via a x40 microscope objective. The beam splitter 
serves a double purpose; it divides the input beam for in 
situ monitoring of the wavelength of operation, and at the 
same time provides an output path for the reflected signal. 
For monitoring purposes, the reflection from the birefring­
ence filter could also be used. Both the "through", i.e. the 
direct fibre output, and reflected signals were detected by 
silicon photodiode circuitry, with an additional low pass 
filter for reducing fluctuations, caused by vibration of the 
optical components in the laser cavity. The reflected signal 
includes reflections, not only from the fibre-grating, but 
also from the lens and fibre end, though the latter are not 
expected to be very wavelength dependant. The intensity 
variation of the "through" and reflected signals were 
recorded at different wavelengths,and their characteristics 
are presented in Figs.5.7.a,b . The transmission character­
istic shows an absorption band centred at 837.7 nm, with a
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DYE L A S E R

Fig. 5.6
Experimental setup for testing grating reflectors with a tunable Dye 
Laser.
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Transmission (a) and Reflection (b) characteristics of a
fibre grating reflector with air as the outer cladding.
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bandwidth of 2.8 nm , corresponding to a reflection peak of 
similar dimensions in the reflected signal. For wavelengths 
below 832 nm, the transmitted signal level drops consider­
ably, due to coupling into radiation modes, effected by the 
grating periodicity. The reflectivity was estimated from the 
transmission characteristic to be 90 % . Variations in the 
refractive index of the outer material affect both the field 
distribution and coupling strength of the grating reflector. 
The previous results were obtained for a grating surface 
exposed to air, and thus for a very large index perturbation 
By using a distilled water cladding instead, i.e. n =1.33 , 
the coupling strength was reduced, resulting in a narrower 
bandwidth for the same grating length and, therefore, in 
lower reflectivity. Additionally, changes in the outer 
cladding index influence the propagation characteristic of 
the . fibre, shifting the matching wavelength of the grating 
reflector. The transmission and reflection characteristics 
of the grating reflector for a distilled water outer 
cladding, are presented in Figs.5.8.a,b . The central wave­
length has shifted to 839.15 nm, with the bandwidth reduced 
to 0.7 nm and the reflectivity estimated at 70 % . Small 
shifts in wavelength can be justified in terms of drift and 
misalignment in the laser cavity. Even narrower bandwidths 
at lower reflectivities can be achieved by using higher 
index oil claddings, thus weakening even futher the effect 
of the purturbation.
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8402 8307 8368 8347 8320 829.0 825.6

w a v e l e n g t h  nm

Transmission (a) and Reflection (b) characteristics of a
fibre grating reflector with distilled uater outer cladding.



2 4 0

5.2.2 MONOCHROMATOR EXPERIMENTS

A standard Bentham M300 monochromator with stepping motor 
control was used to investigate grating reflectors on both 
A.C. and B.T. D-shaped fibres. The experimental set up is 
schematically outlined in Fig.5.9 . Light from a general
purpose halogen lamp, controlled by a current stabilised 
power supply, was focused on the monochromator input slit 
using a suitable condenser lens. The output radiation was 
collected by a lens arrangement and launched into the fibre, 
with a low noise photodiode circuitry detecting the optical 
signal at the other end. The detection sensitivity was 
enhanced by modulating the source light with a chopper and 
separating the signal with a lock-in amplifier. The mono­
chromator selectivity is directly related to the slit size, 
but even though a resolution of less than 0.6 nm can be 
obtained, for the appropriate slit size, i.e less than 50 pm, 
the optical signal is considerably reduced in intensity. 
The available resolution is, therefore, limited by the noise 
level of the detector circuitry, and is of the order of 
0.6 nm , for a silicon photodiode operating around 800 nm . 
For operation above 900 nm, the significantly higher noise 
level of germanium detectors lowers the monochromator resol­
ution to 1 nm at best.

i) Operation at 800 nm
The operation of the A.C. grating ref lector, previously 

tested with the dye laser, was also verified with a mono-
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Fig. 5.9
Experimental configuration for testing fibre grating reflectors 
with a broad band source and a high resolution monochromator.
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chromator experiment. The fibre was set up, as described 
earlier in the section, with the output detected by a 
silicon photodiode connected through a lock-in amplifier to 
an X-Y plotter. For a 1 mm slit size (i.e. resolution 
10 nm ), the monochromator output was scanned from 600 nm 
to 860 nm at a constant speed, and at the same time the 
variation in the output light intensity was recorded, 
presented in Fig.5.10.a . Even though, due to the poor 
monochromator resolution, an absorption band is not clearly 
distinguishable in the transmission characteristic of the 
fibre reflector, there exists a transition band around 
830 nm , below which the output level drops sharply by 
grating coupling into radiation, while for higher wave­
lengths, the output remains unaffected by the grating 
presence. The monochromator selectivity was enhanced by 
reducing the slit size to 50 pm , with the output variation 
recorded for a slow scan over the transition band, as 
presented in Fig.5.10.b . An absorption band is clearly 
centred around 838 nm, with a bandwidth of 2.4 nm , and 
appears to be in very good agreement with the results 
obtained in the dye laser experiments. A neighbouring 
absorption band is probably caused by reflection of the 
vertical polarization of the elliptical, polarization pre­
serving fibre. The monochromator light is unpolarized and, 
therefore, both polarizations are excited. Theoretical 
calculations show the reflection bands corresponding to the 
two polarizations of the elliptical waveguide for the same 
grating periodicity to be 2 nm apart, which is in close
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Fig. 5.10 b)
Transmission characteristics of a grating reflector for 
operation around 800 nm . a) Lou resolution .

b) High resolution .
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agreement to the picture of Fig.5.10.b . The dye laser light 
was horizontally polarized, so there was no reflection 
associated with the vertical polarization state of the 
f ibre.

Due to the low power level, a beam splitter cannot be 
effectively used to sample the reflected signal. This is 
possible by means of a forward coupler, fabricated in the 
fibre length prior to the grating. An optimum splitting 
ratio of 3 dB is required for a maximum recovery of 25 % of 
the reflected signal. A suitable coupler for this purpose 
was only developed using B.T. fibre, for operation around 
1 pm .

ii) Operation around 1 pm
A fibre grating reflector, realised by fabricating a 

photoresist grating of periodicity 0.338 pm on a B.T. fibre 
for operation around 1 pm, was investigated using the 
monochromator arrangement of Fig.5.9 , with a germanium 
photodiode. Its transmission characteristic is presented in 
Fig.5. 11 , for different external cladding media; air (i) 
and distilled water (ii), compared to the photodiode 
characteristic (iii). Even though it was not possible to 
distinguish a clear absorption band corresponding to the 
reflected signal, a sharp transition from radiation into 
guiding around 1 jim denotes the grating presence. The 
transition band shifts for variations in the outer cladding 
index, that alter the propagation constant of the fibre.



w a v e l e n g t h  nm

Fig. 5.11
Transmission characteristics of a grating reflector for operation 

around 1 jam for air (i) and water (ii) outer claddings.
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The reflected signal was partly recovered by employing a 
directional coupler, effectively acting as a beam splitter, 
in the fibre length prior to the grating. The coupler was 
fabricated, initially by etching the fibre sections down to 
within 1 jim of their core, and then aligning them suitably, 
with their flat sides facing each other along the etched 
region. A small drop of index matching oil ensured good 
contact, by means of surface tension. The process was 
monitored by recording the transmitted and coupled intens­
ities throughout alignment, and by controlling the interact­
ion length for an optimum splitting ratio, as shown in 
Fig.5. 12 . In order to improve the coupling ratio at the 
appropriate wavelength range, and select the required 
detector sensitivity, the output fibre end of the grating 
reflector was temporarily butted with matching oil against a 
mirrored surface, and the reflected signal, passing twice 
through the coupler, was detected from the back end of the 
separate fibre, where the grating reflection was also 
expected. By varying the interaction length of the 
directional coupler, the overall reflected signal was 
increased over the wavelength region 900 to 1100 nm, as 
shown in Fig.5. 13.a . Even though it was not possible to 
achieve the favourable 3 dB splitting ratio over the wave­
length range of interest, when the mirror was removed from 
the fibre end, a feeble, but clear reflection band was 
observed (see Fig.5.13.b) at 901 nm,with a coupled bandwidth 
of less than 12 & , and a reflectivity around 50 %, for an 
oily cladding of 1.45 . The signal level can be improved by
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F i g .  5 .  12
T r a n s m i s s i o n  c h a r a c t e r i s t i c s  o f  a g r a t i n g  r e f l e c t o r  f o r  o p e r a t i o n  

a r o u n d  1 fim w i t h  a f o r w a r d  c o u p l e r  i n  t h e  f i b r e  l e n g t h  p r i o r  t o  t h e  
g r a t i n g .
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W A V E L E N G T H  (nm)
a)

w a v e l e n g t h  nm

Fig-  5 -13

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

a )  For  a  f i b r e  e n d  b u t t e d  a g a i n s t  a  m i r r o r e d  s u r f a c e .
b)  For  a  f i b r e  e n d  i n  i n d e x  m a t c h i n g  o i l  t o  a v o i d  r e f l e c t i o n .
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i n c r e a s i n g  t h e  f o r w a r d  c o u p l i n g  s t r e n g t h ,  e i t h e r  by  e t c h i n g  
t h e  f i b r e s  c l o s e r  t o  t h e  c o r e , o r  by u s i n g  an i n t e r m e d i a t e  
o i l  o f  h i g h e r  i n d e x .

5 . 2 . 3  THEORETICAL VERIFICATION

The o p e r a t i o n  o f  a g r a t i n g  r e f l e c t o r  h a s  b e e n  d e m o n s t r a t e d  
i n  t h e  p r e v i o u s  s e c t i o n  f o r  two  d i f f e r e n t  t y p e s  o f  D - s h a p e d  
f i b r e s .  An a t t e m p t  w i l l  be  now made t o  f i t  t h e  e x p e r i m e n t a l  
r e s u l t s  i n  a t h e o r e t i c a l  m o d e l .

F i g . 5 . 1 4 . a , b  s h o w s  s c h e m a t i c a l l y ,  c r o s s - s e c t i o n s  o f  t h e  
two d i f f e r e n t  w a v e g u i d e s  i n  t h e  c o r r u g a t e d  r e g i o n .

The A.C f i b r e  ( F i g . 5 .  1 4 . a )  i s  an e l l i p t i c a l l y  c o r e d ,  
p o l a r i z a t i o n  m a i n t a i n i n g  f i b r e  ( m a j o r / m i n o r  a x i s = 2 . 1 7 ) ,  w i t h  
a l a r g e  c o r e / c l a d d i n g  i n d e x  d i f f e r e n c e  ( A n = 0 . 0 3 5  ) .  I t  i s  
nonomode a b o v e  6 3 3  nm , s o  a t  t h e  w a v e l e n g t h  o f  o p e r a t i o n  
8 4 0  nm) i t  i s  e x p e c t e d  t o  be g u i d i n g  w e a k l y ,  w i t h  a l a r g e  
p o r t i o n  o f  t h e  t o t a l  f i e l d  i n  t h e  o u t e r  c l a d d i n g , m a k i n g  t h e  
p r e s e n c e  o f  t h e  p e r t u r b a t i o n  more e f f e c t i v e .  The c u r v e d  
p r o f i l e ,  c a u s e d  by t h e  f a s t e r  e t c h i n g  r a t e  o f  t h e  d e p r e s s e d  
c l a d d i n g ,  g i v e s  a  p e c u l i a r  s h a p e  t o  t h e  f i e l d  p a t t e r n ,  w h i c h  
i s  d i f f i c u l t  t o  f o r m u l a t e .

The B . T f i b r e  ( F i g . 5 . 1 4 . b)  on t h e  o t h e r h a n d  i s  a s t a n d a r d  
c o m m u n i c a t i o n  f i b r e , w i t h  a r e l a t i v e l y  s m a l l  i n d e x  d i f f e r e n c e  
( A n = 0 . 0 0 6 3  ) a nd  a  l a r g e  d i a m e t e r  ( 8 . 1  p  ) .  At  t h e  
w a v e l e n g t h  o f  o p e r a t i o n  (1  |im) i t  i s  e x p e c t e d  t o  be  s l i g h t l y



F i g ,  5 .  14
S c h e m a t i c  c o n f i g u r a t i o n  o f  c r o s s - s e c t  i o n s  o f  t h e  d i f f e r e n t  
D - s h a p e d  f i b r e s  i n  t h e  c o r r u g a t e d  r e g i o n ,  
a )  A. C. f i b r e  , b)  B . T .  f i b r e  .
c , d )  E q u i v a l e n t  s t r u c t u r e s  f o r  t h e o r e t i c a l  v e r i f i c a t i o n .
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m u l t i m o d e  and g u i d i n g  s t r o n g l y ,  w i t h  l e s s  f i e l d  i n  t h e  
c l a d d i n g ,  w h i c h  r e d u c e s  t h e  e f f e c t  o f  t h e  p e r t u r b a t i o n .  In 
b o t h  c a s e s  t h e  p h o t o r e s i s t  g r a t i n g ,  f a b r i c a t e d  on a t h i n  
l o s s y  f i l m  o f  i n d e x  1 . 6 5  and t h i c k n e s s  0 . 1 5  pm, may i n c r e a s e  
t h e  e f f e c t  o f  t h e  p u r t u r b a t i o n  by s t i m u l a t i n g  more f i e l d  
i n t o  t h e  c l a d d i n g ,  b u t  c o m p l i c a t e s  t h e  e x a c t  a n a l y s i s  e v e n  
f u r t h e r ,  by i n t r o d u c i n g  an e x t r a  l o s s y  l a y e r  i n  t h e  i n d e x  
d i s t r i b u t i o n  o f  t h e  g u i d i n g  s t r u c t u r e .

I n s t e a d  o f  a n a l y s i n g  t h e  e x a c t  c o m p l e x  c o n f i g u r a t i o n ,  i t  
i s  more c o n v e n i e n t  t o  a s s u m e  an " e q u i v a l e n t "  r e c t a n g u l a r  
w a v e g u i d e  model ,  w i t h  t h e  same p r o p a g a t i o n  c h a r a c t e r i s t i c s  a t  
t h e  w a v e l e n g t h  o f  o p e r a t i o n .  " E q u i v a l e n t "  s r u c t u r e s  o f  t h e  
two w a v e g u i d e s  a r e  p r e s e n t e d  i n  F i g . 5 . 1 4 . c , d  r e s p e c t i v e l y .  
The A.C.  e l l i p t i c a l  w a v e g u i d e  h a s  b e e n  r e p l a c e d  by a 
r e c t a n g u l a r  w a v e g u i d e  o f  t h e  same i n d e x  d i s t r i b u t i o n  and  
d i m e n s i o n a l  r a t i o ,  w i t h  t h e  p r o p a g a t i o n  c o n s t a n t s  a t  b o t h  
p o l a r i z a t i o n s ,  a p p r o x i m a t e l y  m a t c h e d  f o r  a u n i f o r m  c l a d d i n g  
a t  t h e  w a v e l e n g t h  o f  o p e r a t i o n .  The m a t c h i n g  d i m e n s i o n s  f i t  
b e t w e e n  t h o s e  o f  t h e  r e c t a n g l e s ,  i n s c r i b e d  and c i r c u m s c r i b e d  
by t h e  e l l i p t i c a l  c o r e .  The model  c a n  be t h e n  a n a l y s e d  w i t h  
i t s  p e r t u r b e d  t o p  f a c e  e x p o s e d  t o  an e x t e r n a l  c l a d d i n g  
medium.  For  a  r e a l i s t i c  p e r t u r b a t i o n  a m p l i t u d e  o f  0 . 0 9  pm , 
t h e  c o u p l e d  b a n d w i d t h  was  c a l c u l a t e d  t o  be  a p p r o x i m a t e l y  
2 nm w i t h  an a i r  c l a d d i n g  and 0 . 9  nm w i t h  a  d i s t i l l e d  w a t e r  
c l a d d i n g ,  w h i c h  i s  n o t  f a r  f rom t h e  e x p e r i m e n t a l  v a l u e s  
( 2 . 4  and 0 . 7  nm r e s p e c t i v e l y ) .  The s h i f t  i n  t h e  c e n t r a l  
w a v e l e n g t h  o f  r e f l e c t i o n ,  f rom a i r  t o  w a t e r  c l a d d i n g s  was  
e s t i m a t e d  t o  be  1 . 3 6  nm , i n  c l o s e  a g r e e m e n t  t o  t h e  m e a s u r e d
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v a l u e  o f  1 . 4 5  nm . An a c c u r a t e  e s t i m a t e  o f  t h e  r e f l e c t i v i t y ,  
w o u l d  r e q u i r e  k n o w l e d g e  o f  t h e  g r a t i n g  l e n g t h .  Even t h o u g h  
h i g h  q u a l i t y  g r a t i n g  l e n g t h s  o f  up t o  2 mm ( a s  m e a s u r e d  by 
SEM) h a v e  b e e n  f a b r i c a t e d  on f i b r e s ,  t h e  e x a c t  l e n g t h  
o f  t h e  g r a t i n g  i n  t h e  f i b r e  u n d e r  i n v e s t i g a t i o n  was n o t  
known.  I f  a 2  mm g r a t i n g  l e n g t h  i s  a s s u m e d  i n  t h e  
r e c t a n g u l a r  w a v e g u i d e  m o d e l ,  t h e  e s t i m a t e d  r e f l e c t i v i t y  o f  
9 9 . 9 9  % f o r  b o t h  c l a d d i n g s  i s  v e r y  d i f f e r e n t  f rom t h e  
m e a s u r e d  9 0  % and 7 0  % v a l u e s .  The d i s c r e p a n c y  i s  p r o b a b l y
due t h e  e f f e c t  o f  t h e  p h o t o r e s i s t  f i l m  t h i c k n e s s  on t h e  
c o u p l i n g  e f f i c i e n c y  ( 5 . 8 ) ,  w h i c h  h a s  b ee n  c o m p l e t e l y  n e g l e c t ­
ed  i n  t h e  a n a l y s i s .  For  an " e f f e c t i v e "  g r a t i n g  l e n g t h  o f  
180 pm, h o w e v e r ,  t h e  r e c t a n g u l a r  w a v e g u i d e  mode l  g i v e s  
r e f l e c t i v i t i e s  o f  9 4  % and 6 8  % f o r  a i r  a n d  w a t e r  c l a d d i n g s  
r e s p e c t i v e l y ,  c l o s e  t o  t h e  m e a s u r e d  v a l u e s .

The c i r c u l a r  c o r e  o f  t h e  B . T .  f i b r e  was  a p p r o x i m a t e d  t o  a 
s q u a r e  w a v e g u i d e  w i t h  t h e  same p r o p a g a t i o n  c o n s t a n t  a t  t h e  
w a v e l e n g t h  o f  o p e r a t i o n .  As e x p e c t e d ,  t h e  " e q u i v a l e n t "  
w a v e g u i d e  d i m e n s i o n s  ( 7 . 3 7  pm x 7 . 3 7  pm) l a y  b e t w e e n  t h o s e  
o f  t h e  s q u a r e s  i n s c r i b e d  and c i r c u m s c r i b e d  by  t h e  c i r c u l a r  
c o r e .  For  a p e r t u r b a t i o n  d e p t h  o f  0 . 4  pm and an " e f f e c t i v e "  
g r a t i n g  l e n g t h  o f  180 pm , t h e  c o u p l e d  b a n d w i d t h  and  
r e f l e c t i v i t y  w e r e  c a l c u l a t e d  t o  be  1 . 0 1  nm a n d  4 6 . 7  %,w hi c h  
i s  i n  g o o d  a g r e e m e n t  w i t h  t h e  m e a s u r e d  r e s p o n s e .

The s i m p l e  " e q u i v a l e n t "  r e c t a n g u l a r  m o d e l , d e s i g n e d  t o  
p r e s e r v e  t h e  p r o p a g a t i o n  c o n s t a n t  o f  t h e  e l l i p t i c a l  and  
c i r c u l a r  w a v e g u i d e s  a t  t h e  w a v e l e n g t h  o f  o p e r a t i o n , a p p e a r s  
t o  p r e d i c t  a c c u r a t e l y  t h e  e x p e r i m e n t a l l y  m e a s u r e d  p a r a m e t e r s  
f o r  t h e  g r a t i n g  r e f l e c t o r .
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C H A P T E R  6
D I S C U S S I O N  A N D  C O N C L U D I N G  
C O M M E N T S

6 . 1  D i s c u s s i o n

G r a t i n g  c o u p l e r s  and r e f l e c t o r s  a r e  c h a r a c t e r i s e d  by  
v e r y  h i g h  w a v e l e n g t h  s e l e c t i v i t y ,  due  t o  t h e  w i d e r  i n t e r s e c t ­
i o n  a n g l e  o f  t h e i r  d i s p e r s i o n  c h a r a c t e r i s t i c s ,  and a r e  
e x p e c t e d  t o  f i n d  e x t e n s i v e  a p p l i c a t i o n  i n  n a r r o w - b a n d  f i l t e r ­
i n g .  Even s o ,  a l o t  o f  i m p r o v e m e n t  i s  s t i l l  r e q u i r e d  b o t h  in  
d e s i g n  and f a b r i c a t i o n  i n  o r d e r  t o  r e a l i z e  t h e  p o t e n t i a l  
s u b - A  b a n d w i d t h s ,  and o v e r c o m e  more c o n v e n t i o n a l  d e v i c e s  
b a s e d  on d i r e c t i o n a l  c o u p l e r s ,  t h i n  f i l m  f i l t e r s  and d i s p e r s ­
i v e  e l e m e n t s .

As a s e n s o r  f o r  d e t e c t i n g  c h a n g e s  in t h e  o u t e r  c l a d d i n g  
i n d e x ,  t h e  c o n t r a d i r e c t i o n a l  c o u p l e r  i s  n o t  more s e n s i t i v e  
t h a n  d i r e c t i o n a l  c o u p l e r s ,  e v e n  t h o u g h  t h e  s i g n i f i c a n t  
r e d u c t i o n  i n  c o u p l e d  b a n d w i d t h  w o u l d  p r o v i d e  more r e s o l v ­
a b l e  p o i n t s  f o r  b r o a d  band o p e r a t i o n ,  and a l l o w  t h e  u s e  o f  
an L . E . D .  o r  e v e n  a l a s e r  d i o d e  a s  a s o u r c e .

A d d i t i o n a l l y ,  c o m p a r e d  t o  p e r i o d i c  d i r e c t i o n a l  c o u p l i n g ,  
t h e  e x p o n e n t i a l l y  d e c a y i n g  n a t u r e  o f  t h e  c o n t r a d i r e c t i o n a l
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p r o c e s s  d o e s  n o t  r e q u i r e  a " u ni qu e "  a c c u r a t e  d e f i n i t i o n  o f  
t h e  " b e a t  l e n g t h ", p r o v i d e d  t h a t  t h e  g r a t i n g  i s  l o n g  e n o u g h  
t o  r e f l e c t  s i g n i f i c a n t  a mo u nt s  o f  p o w er .

D e s i g n s  o f  g r a t i n g  c o u p l e r s  and r e f l e c t o r s ,  b a s e d  on b o t h  
s l a b  and r e c t a n g u l a r  w a v e g u i d e  m o d e l s , s h o w  p o t e n t i a l  c o u p l e d  
b a n d w i d t h s  o f  0 . 1  K and r e f l e c t i v i t i e s  o f  9 5  % , f o r  g r a t i n g  
l e n g t h s  o f  2 cm.

In p r i n c i p l e ,  t h e r e  i s  no d i f f e r e n c e  i n  t h e  t h e o r e t i c a l  
t r e a t m e n t  o f  g r a t i n g  c o u p l e r s  and r e f l e c t o r s ,  a l t h o u g h  in  
t h e  d e s i g n  o f  g r a t i n g  c o u p l e r s  d i s s i m i l a r  w a v e g u i d e s  mus t  be  
u s e d ,  i n  o r d e r  t o  i s o l a t e  c o n t r a d i r e c t i o n a l  f rom d i r e c t i o n a l  
c o u p l i n g  and r e f l e c t i o n  i n  t h e  i n d i v i d u a l  w a v e g u i d e s .

By a l l o w i n g ,  on t h e  o t h e r  h a n d ,  t h e  d i f f e r e n t  c o u p l i n g  
p r o c e s s e s  t o  i n t e r a c t ,  t h e  power  i s  g e n e r a l l y  d i s t r i b u t e d  
b e t w e e n  t h e  f o u r  d i f f e r e n t  p o r t s  o f  t h e  d e v i c e .  The  
a n a l y s i s  o f  c o m p o s i t e  c o u p l i n g  p r o c e s s e s ,  in  b o t h  two and  
t h r e e  w a v e g u i d e s ,  r e v e a l s  some i n t e r e s t i n g  f i l t e r i n g  and  
s w i t c h i n g  c h a r a c t e r i s t i c s .  As a s w i t c h ,  t h e  t h r e e  w a v e g u i d e  
c o u p l e r  may p r o v e  more p r o m i s i n g ,  w i t h  t h e  i n t e r a c t i n g  
c o u p l i n g  p r o c e s s e s  i n  d i f f e r e n t  w a v e g u i d e s ,  t h e i r  s t r e n g t h  
i n d e p e n d e n t l y  a d j u s t e d , b y  c o n t r o l l i n g  t h e  s e p a r a t i o n  b e t w e e n  
t h e  c e n t r a l  and s i d e  w a v e g u i d e s .  For e q u a l  s t r e n g t h s  t h e  
d e v i c e  b e h a v e s  a s  a t h r e e  p o r t  s w i t c h ,  w i t h  t h e  i n p u t  s i g n a l  
c o m i n g  o u t  f rom any  o f  t h e  t h r e e  o u t p u t  p o r t s .  The s w i t c h i n g  
a c t i o n  may be  e f f e c t e d  by s u i t a b l y  p l a c e d  e l e c t r o d e s  f o r  an  
i n t e g r a t e d  o p t i c s  i m p l e m e n t a t i o n ,  w i t h  c o n t r o l l i n g  v o l t a g e  
l e v e l s  s i m i l a r  t o  t h o s e  o f  d i r e c t i o n a l  c o u p l e r  s w i t c h e s .  The  
a d v a n t a g e  o f  t h i s  d e v i c e  i n  c o m p a r i s o n  t o  t h e  o n e  b a s e d  on
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d i r e c t i o n a l  c o u p l i n g  b e t w e e n  t h r e e  w a v e g u i d e s  i s  i t s  r e l a ­
t i v e  i n s e n s i t i v i t y  t o  v a r i a t i o n s  i n  i n t e r a c t i o n  l e n g t h , f o r  a 
s u f f i c i e n t l y  l o n g  g r a t i n g .  For  s t r o n g e r  g r a t i n g  c o u p l i n g  t h e  
o v e r a l l  p r o c e s s  a s s u m e s  an e x p o n e n t i a l l y  d e c a y i n g  n a t u r e ,  
w i t h  t h e  o p t i c a l  power  d i s t r i b u t e d  among t h e  o u t p u t  p o r t s ,  
t h e  s p l i t t i n g  r a t i o  c l o s e l y  r e l a t e d  t o  t h e  c o u p l i n g  c o e f f i c i ­
e n t s .  In t h i s  r e s p e c t ,  t h e  t h r e e  w a v e g u i d e  c o n f i g u r a t i o n  may 
be u s e d  a s  a t h r e e  p o r t  power  d i v i d e r .

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

N e a r l y  a l l  t h e  r e l e v a n t  work p u b l i s h e d  by o t h e r  r e s e a r c h -
e r s  h a s b ee n b a s e d on h o l o g r , aph i c g r a t i n g  f a b r i c a t i o n  on
p o 1 i s h e d f  i b r e b l o c k s .. A l t h o u g h t h i s o f f e r s  a r a t h e r  s i m p l e
f a b r i c a t i o n  p r o c e d u r e , u s i n g  t h e w e l l e s t a b l i s h e d  t e c h n i q u e s
d e v e l o p e d f o r t h e  p r e p a r a t i o n o f p o l i s h e d  c o u p l e r s ,  i t
i m p o s e s  r e s t r i c t i o n s  on t h e  e f f e c t i v e  g r a t i n g  l e n g t h ,  
l i m i t i n g  t h e  p o t e n t i a l  w a v e l e n g t h  s e l e c t i v i t y ,  f o r  a g i v e n  
r e f l e c t i v i t y .  T y p i c a l  p u b l i s h e d  r e s u l t s  r e f e r  t o  b a n d w i d t h s  
o f  10 A and 8 5  % r e f l e c t i v i t i e s ,  f o r  a g r a t i n g  l e n g t h  o f  

2 mm. Even t h o u g h  n a r r o w e r  b a n d w i d t h s  h a v e  b e e n  r e p o r t e d  
f o r  w e a k e r  c o u p l i n g ,  t h e  r e f l e c t i v i t y  a p p e a r s  t o  s u f f e r  from  
t h e  l i m i t a t i o n  i n  g r a t i n g  l e n g t h .

We s t r o n g l y  b e l i e v e  t h a t  t h i s  r e s t r i c t i o n  c a n  be r e m o v e d  
by u s i n g  s p e c i a l  D - s h a p e d  f i b r e s .  P o l i s h e d  f i b r e  b l o c k s  c an  
be  a v o i d e d  by p o t t i n g  l i g h t l y  e t c h e d  s e c t i o n s  o f  D - s h a p e d  
f i b r e s  i n  a h i g h e r  i n d e x  e p o x y ,  f l o a t i n g  n a t u r a l l y ,  w i t h  
t h e i r  f l a t  f a c e  on t h e  s u r f a c e ,  a nd  f a b r i c a t i n g  t h e  g r a t i n g
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u s i n g  a s t a n d a r d  h o l o g r a p h i c  p r o c e s s .  P r o v i d e d  t h a t  t h e  
f i b r e  s u r f a c e  i s  f l a t ,  t h e  s u r r o u n d i n g  medium a c t s  o n l y  i n  
r e m o v i n g  t h e  l a s e r  l i g h t  o f  t h e  i n t e r f e r i n g  beams f ro m t h e  
f i b r e  b o d y ,  e l i m i n a t i n g  r e f l e c t i o n s  a t  t h e  f i b r e / e p o x y  i n t e r ­
f a c e ,  d u r i n g  t h e  e x p o s u r e  s t a g e .

E a r l i e r  r e s u l t s  s h o w e d  g r a t i n g  l e n g t h s  o f  o n l y  2 mm , 
r e s t r i c t e d  by l i m i t a t i o n s  i m p o s e d  by t h e  o p t i c a l  c o m p o n e n t  
s i z e s  i n  t h e  i n t e r f e r o m e t e r .  More r e c e n t l y ,  g r a t i n g  l e n g t h s  
o f  up t o  7 mm h a v e  b e e n  f a b r i c a t e d , w i t h  p o t e n t i a l  e x t e n s i o n  
t o  2 cm. Even t h o u g h  t h e  g r a t i n g  p r o f i l e  c o u l d  h a v e  b e e n  
t r a n s f e r r e d  d i r e c t l y  i n t o  t h e  f i b r e  b o d y , b y  r e a c t i v e  i o n  
e t c h i n g  t h r o u g h  t h e  p h o t o r e s i s t  mask,  m o s t  o f  t h e  i n i t i a l  
t e s t i n g  e x p e r i m e n t s  wer e  c o n d u c t e d  w i t h  p h o t o r e s i s t  g r a t i n g s ,  
t h e  h i g h e r  r e f r a c t i v e  i n d e x  o f  t h e  t h i n  p h o t o r e s i s t  f i l m  
s t i m u l a t i n g  a h i g h e r  p o r t i o n  o f  t h e  g u i d e d  f i e l d  i n t o  t h e  
c l a d d i n g ,  t h u s  i n c r e a s i n g  t h e  p e r t u r b a t i o n  s t r e n g t h .  In t h i s  
s e n s e ,  i t  a c t s  in  t h e  same way a s  t h e  a d d i t i o n a l  t h i n  
l a y e r ,  d e p o s i t e d  o v e r  t h e  e t c h e d  g r a t i n g  s u r f a c e  by o t h e r  
r e s e a r c h e r s .

We h a v e  s u c c e s s f u l l y  f a b r i c a t e d  and t e s t e d  g r a t i n g  r e f l e c t ­
o r s  o f  d i f f e r e n t  p e r i o d i c i t i e s ,  f o r  o p e r a t i o n  a r o u n d  0 . 8  and  
1 jim, u s i n g  a S t y r y l  9 d y e  l a s e r  and a m o n o c h r o m a t o r  a r r a n g e ­
m e n t ,  d e m o n s t r a t i n g  c o u p l e d  b a n d w i d t h s  o f  7  A and r e f l e c t ­
i v i t i e s  o f  a p p r o x i m a t e l y  7 0  % . T h e s e  i n i t i a l  r e s u l t s  a r e
c o m p a r a b l e  t o  t h e  b e s t  r e p o r t e d  f o r  p o l i s h e d  f i b r e  g r a t i n g  
r e f l e c t o r s ,  and c o u l d  be f u r t h e r  i mp r ov e d  by f a b r i c a t i n g  
" w e a k e r " - l o n g e r  g r a t i n g  l e n g t h s ,  f u r t h e r  away f rom t h e  c o r e .  
In o r d e r  t o  make t h e  g r a t i n g s  more d u r a b l e  and  a v o i d  l o s s
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f rom t h e  p h o t o r e s i s t  f i l m ,  t h e  g r a t i n g  p a t t e r n  w i l l  h a v e  t o  
be e t c h e d  i n t o  t h e  f i b r e  s u r f a c e .  G r a t i n g  l e n g t h s  o f  7 mm 
h a v e  o n l y  r e c e n t l y  b e i n g  s u c c e s s f u l l y  e t c h e d  on D - s h a p e d  
f  i b r e s .

By e t c h i n g  t h e  g r a t i n g  i n t o  t h e  f i b r e ,  t h u s  e l i m i n a t i n g  
t h e  h i g h  i n d e x  p h o t o r e s i s t  f i l m , w i l l  weaken  t h e  p e r t u r b a t i o n  
s t r e n g t h ,  i n c r e a s i n g  t h e  w a v e l e n g t h  s e l e c t i v i t i e s . For  s u b- &  
b a n d w i d t h s , t h e  m o n o c h r o m a t o r  s e l e c t i v i t y  w i l l  n o t  be s u f f i c i ­
e n t ,  i n  w h i c h  c a s e ,  a s p e c t r u m  a n a l y s e r  F a b r y - P e r o t  d e v i c e  
w i l l  h a v e  t o  be u s e d .

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

We h a v e  a g a i n  a v o i d e d  p o l i s h e d  c o u p l e r s  and d e s i g n e d  a 
t w i n  - w a v e g u i d e  i n t e g r a t e d  f i b r e ,  w i t h  t h e  g r a t i n g  t o  be  
f a b r i c a t e d  on i t s  t o p  f l a t  f a c e ,  i n  t h e  same way a s  f o r  t h e  
g r a t i n g  r e f l e c t o r .  The f i b r e  was o n l y  r e c e n t l y  f a b r i c a t e d ,  
s o  we d i d  n o t  h a v e  t i m e  t o  t e s t  s u c h  a d e v i c e .  I t  i s  
a n t i c i p a t e d ,  h o w e v e r ,  t h a t  t h e  r e l a t i v e  f a b r i c a t i o n  s i m p l ­
i c i t y  w i l l  be b a l a n c e d  by t h e  c o m p l e x i t y ,  i n  s e p a r a t i n g  t h e  
o p t i c a l  s i g n a l s  from t h e  t wo  w a v e g u i d e s  i n  t h e  same f i b r e .

On t h e  o t h e r  han d ,  d e v i c e s  r e a l i s e d  f rom d i s c r e t e  f i b r e s  
o f f e r  f o u r  d i f f e r e n t  d e t e c t i o n  p o r t s .  In t h i s  r e s p e c t ,  a 
g r a t i n g  c o u p l e r  c o u l d  be  r e a l i s e d  u s i n g  e t c h e d  s e c t i o n s  o f  
D - s h a p e d  f i b r e s  w i t h  a g r a t i n g  f a b r i c a t e d  on o ne  o f  t h e m ,  
p r o p e r l y  a l i g n e d  by t h e  c a p i l a r y  a c t i o n  o f  a t h i n
i n t e r m e d i a t e  m a t c h i n g  o i l  l a y e r .  A d i r e c t i o n a l  c o u p l e r  b a s e d  
on t h i s  p r i n c i p l e  h a s  b e e n  r e a l i s e d  w i t h  i d e n t i c a l  f i b r e s
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and t e s t e d ,  i n  s a m p l i n g  p a r t  o f  t h e  r e f l e c t e d  s i g n a l  i n  a 
g r a t i n g  r e f l e c t o r  c o n f i g u r a t i o n .  I t  p r o v e d  t o  be  s i m p l e  b ut  
e f f e c t i v e ,  f l e x i b l e  and t u n a b l e ,  by v a r y i n g  t h e  c o u p l i n g  
l e n g t h .  For  a g r a t i n g  c o u p l e r  r e a l i s a t i o n ,  d i s s i m i l a r  f i b r e s  
w i l l  h a v e  t o  be u s e d  ( i . e .  p o s s i b l y  o ne  e 1 1 i p t i c a l l y , t h e  
o t h e r  c i r c u l a r l y  c o r e d ) ,  t o  i s o l a t e  c o n t r a d i r e c t i o n a l  c o u p l ­
i n g  from t h e  o t h e r  c o u p l i n g  p r o c e s s e s .

A n o t h e r  i n t e r e s t i n g  s c h e m e ,  i n v o l v e s  t h e  u s e  o f  a f u s e d  
u n t w i s t e d  f i b r e  c o u p l e r ,  p r o p e r l y  i n t e g r a t e d  i n t o  a p o l i s h e d  
b l o c k  c o n f i g u r a t i o n ,  w i t h  t h e  g r a t i n g  f a b r i c a t e d  on t h e  
p o l i s h e d  i n t e r f a c e ,  p e r t u r b i n g  b o t h  w a v e g u i d e s .  Such a d e s i g n  
c an  e a s i l y  i n c o r p o r a t e  some o f  t h e  t u n i n g  t e c h n i q u e s  t h a t  
a r e  t o  be e x a m i n e d  in  t h e  f o l l o w i n g  s e c t i o n ,  t o  r e a l i s e  a 
t u n a b l e  g r a t i n g  c o u p l e r  w i t h  p o t e n t i a l  a p p l i c a t i o n  in  
w a v e l e n g t h  d i v i s i o n  m u l t i p l e x i n g .

6 . 2  T u n i n g

The o p e r a t i o n  o f  g r a t i n g  c o u p l e r s  and r e f l e c t o r s  c a n  be  
g r e a t l y  a f f e c t e d  by f a b r i c a t i o n  t o l e r a n c e s .  T h e s e  v a r i a t i o n s  
r e s u l t  m a i n l y  f rom u n c e r t a i n t i e s  i n  t h e  g r a t i n g  f a b r i c a t i o n  
( i . e .  g r a t i n g  p e r i o d i c i t y  and  m o d u l a t i o n  d e p t h ) ,  a n d  i t s  
e f f e c t  on t h e  w a v e g u i d e  p a r a m e t e r s ,  b u t  a l s o  f ro m d r i f t s  due  
e x t e r n a l  i n f l u e n c e s .  Some form o f  t u n i n g  i s ,  t h e r e f o r e ,  
e s s e n t i a l  f o r  s t e e r i n g  t h e  d e v i c e  i n t o  o p e r a t i o n  a t  t h e  
a p p r o p r i a t e  w a v e l e n g t h .  A l t h o u g h  some l i m i t e d  amou nt  o f
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t u n i n g  c an  be o b t a i n e d  t h r o u g h  v a r i a t i o n s  i n  t h e  o u t e r  
c l a d d i n g  i n d e x ,  by  means  o f  e x t e r n a l  p a r a m e t e r s  s u c h  a s  h e a t ,  
p r e s s u r e  o r  e l e c t r i c  f i e l d ,  a more s i g n i f i c a n t  e f f e c t  c a n  be  
e x p e c t e d  by  v a r y i n g  t h e  g r a t i n g  p e r i o d i c i t y .  For  g r a t i n g s  
f a b r i c a t e d  on t h e  f i b r e  s u r f a c e ,  o n l y  s m a l l  e f f e c t s  c a n  be  
a c h i e v e d  by s t r a i n i n g  t h e  f i b r e .

I n s t e a d  o f  f a b r i c a t i n g  t h e  g r a t i n g  on t h e  f i b r e ,  i t  i s  
p o s s i b l e  t o  e m p l o y  an e x t e r n a l  g r a t i n g  o f  t h e  a p p r o p r i a t e  
p e r i o d i c i t y ,  p r e s s e d  o n t o  t h e  f l a t  f i b r e  s u r f a c e , c l o s e  t o  t h e  
c o r e ,  w i t h  a s u i t a b l e  i n d e x  m a t c h i n g  o i l y  l a y e r .  S m a l l  
r o t a t i o n  o f  t h e  g r a t i n g  w i t h  r e s p e c t  t o  t h e  f i b r e ,  r e s u l t s  
i n  l i m i t e d  t u n i n g ,  by c h a n g i n g  t h e  e f f e c t i v e  p e r i o d i c i t y  a s  
" s e e n "  by t h e  f i b r e ,  a l t h o u g h  f o r  a n g l e s  a b o v e  2 ° , t h e  s i g n a l  
l e v e l  a p p e a r s  t o  r e d u c e  c o n s i d e r a b l y  ( 1 . 4 5 )  . A n o t h e r  more  
e f f e c t i v e  a p p r o a c h  i n v o l v e s  t h e  u s e  o f  a " f a n " - s h a p e d  
g r a t i n g  s t r u c t u r e ,  i n  w h i c h  t h e  g r o o v e  s p a c i n g  ( i . e .  
p e r i o d i c i t y )  v a r i e s  c o n t i n u o u s l y  w i t h  p o s i t i o n  a l o n g  i t s  
l e n g t h .  For  a g r a t i n g  r e f l e c t o r  c o n f i g u r a t i o n ,  s u c h  a 
g r a t i n g  c an  be s c a n n e d  o v e r  t h e  f l a t  p o l i s h e d  f i b r e  s e c t i o n ,  
c h a n g i n g  t h e  w a v e l e n g t h  o f  o p e r a t i o n .  The same t e c h n i q u e  
c o u l d  be e a s i l y  i m p l e m e n t e d  w i t h  a p o 1 i s h e d , f u s e d  c o u p l e r  
b l o c k  ( s e e  F i g . 4 . 2 9 . d ) ,  t o  r e a l i s e  a c o n t i n u o u s l y  t u n a b l e  
g r a t i n g  c o u p l e r .  The u s e  o f  a " f a n " - s h a p e d  g r a t i n g ,  t h o u g h  
e f f e c t i v e ,  a p p e a r s  t o  be  somehow l i m i t e d .  The g r a t i n g  i s  
u s u a l l y  f a b r i c a t e d  l i t h o g r a p h i c a l l y  ( 1 . 4 9 ) , t h r o u g h  a number  
o f  c o m p l i c a t e d  m a s k i n g  p r o c e s s e s ,  a l t h o u g h  f a b r i c a t i o n  by  
s i m p l e r  i n t e r f e r e n c e  m e t h o d s  h a s  a l s o  b e e n  d e s c r i b e d  ( 1 . 5 0 ) .  
A d d i t i o n a l l y ,  t h e  c o u p l i n g  e f f i c i e n c y  i s  l i m i t e d  t h r o u g h
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r e s t r i c t i o n s  i n  t h e  g r a t i n g  l e n g t h  o f  t h e  p o l i s h e d  c o u p l e r  
and l o s s ,  f rom t h e  m e t a l l i s e d  s u r f a c e  o f  t h e  e x t e r n a l  g r a t i n g .

A s i m p l e r  and p o t e n t i a l l y  i n e x p e n s i v e  a l t e r n a t i v e ,  c o u l d  
i n v o l v e  t h e  u s e  o f  an e x t e r n a l  g r a t i n g  r e p l i c a  on a t h i n  
s i l i c o n e  r u b b e r  membrane,  a t t a c h e d  t o  a p i e z o e l e c t r i c  
c e r a m i c  and  p r e s s e d  a g a i n s t  a f l a t  f i b r e  s u r f a c e ,  i n  c l o s e  
p r o x i m i t y  t o  t h e  c o r e .  The g r a t i n g  p e r i o d i c i t y  c o u l d  be  
v a r i e d  e i t h e r  by p r e s s i n g , o r  by s t r e t c h i n g  t h e  r u b b e r  on t h e  
s u b s t a n t i a l l y  h a r d e r  f i b r e  g l a s s  s u r f a c e .  V a r i a t i o n s  i n  t h e  
r u b b e r  p a r a m e t e r s  f rom t e m p e r a t u r e  o r  p r e s s u r e , m a y  c a u s e  
d r i f t i n g  i n  t h e  g r a t i n g  c h a t a c t e r i s t i c s . Some form o f  b u i l t -  
i n  c o n t r o l  me ch a n i s m  w i l l ,  t h e r e f o r e ,  be  r e q u i r e d .

6 . 3  C o n c l u d i n g  C o m m e n t s

Even t h o u g h  t h e  t h e o r y  o f  g r a t i n g  c o u p l e r s  and r e f l e c t ­
o r s  h a s  b e e n  c o m p l e t e l y  a n a l y s e d ,  t h e i r  f i b r e  d e v i c e  
i m p l e m e n t a t i o n s  h a v e  n o t  y e t  f u l l y  p r o v e d  t h e i r  p o t e n t i a l  in  
n a r r o w - b a n d  f i l t e r i n g .  Some s u c c e s s  h a s  b e e n  o b t a i n e d ,  in  
d e m o n s t r a t i n g  t h e  phe no me no n  o f  c o n t r a d i r e c t i o n a l  c o u p l i n g ,  
b u t  a l o t  o f  d e v e l o p m e n t  i s  s t i l l  r e q u i r e d  f o r  i m p r o v i n g  t h e  
a c c u r a c y  and v e r s a t i l i t y  o f  t h e  g r a t i n g  f a b r i c a t i o n  
p r o c e s s e s  on o p t i c a l  f i b r e s .  Some form o f  t u n i n g  must  be  
i n c o r p o r a t e d ,  t o  c o m p e n s a t e  f o r  f a b r i c a t i o n  t o l e r a n c e s  and  
d r i f t s .  O n l y  t h e n ,  w i l l  i t  be  p o s s i b l e  t o  f a b r i c a t e  l o n g  
g r a t i n g - o n  f i b r e  l e n g t h s ,  w e a k l y  p e r t u r b e d  f o r  s u b- & c o u p l e d
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b a n d w i d t h s  and h i g h  r e f l e c t i v i t i e s .  For  t h i s  p u r p o s e ,  l o n g  
g r a t i n g  l e n g t h s ,  e t c h e d  on t h e  f l a t  f a c e  o f  s p e c i a l  D - s h a p e d  
f i b r e s , l o o k  a more p r o m i s i n g  a l t e r n a t i v e  t o  p o l i s h e d  f i b r e  
b l o c k s ,  a v o i d i n g  r e s t r i c t i o n s  i m p o s e d  by t h e  f a b r i c a t i o n  o f  
s u c h  b l o c k s .

The s u c c e s s f u l  f a b r i c a t i o n  and t e s t i n g  o f  t h e  a b o v e  
f i b r e  d e v i c e s ,  c l e a r l y  i n  t h e  f r o n t i e r s  o f  t o d a y s  t e c h n o l o g y ,  
r e q u i r e  l a r g e  r e s o u r c e s  and " s t a t e  o f  t h e  a r t ", s o p h i s t i c a t e d ,  
and o f t e n  e x p e n s i v e  e q u i p m e n t ,  w i t h o u t  w h i c h  t h e  f u l f i l m e n t  
o f  t h e  t r u e  p o t e n t i a l  o f  f i b r e  d e v i c e  i m p l e m e n t a t i o n s  o f  
g r a t i n g  r e f l e c t o r s  a nd  c o u p l e r s  c an  n e v e r  be r e a l i s e d .
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A P P E N D I X

EPO-TEK 301
SPECIFICATIONS:
Viscosity 100 cps
Curing Schedule: Room Temperature overnight

65 for 1 hour 
Lap Shear Strength: 1700 psi
Refractive index: 1.538 - 1.540

Transmission: greater than 97 % for 320-900 nm
(Adhesive film thickness .0035 )


