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A B S T R A C T 

E L E C T R O N I N J E C T I O N I N T O T H I N I N S U L A T I N G A N D 

L U M I N E S C E N T F I L M S O N S I L I C O N 

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

g r o w n S i 0 2 a n d a l s o Z n 2 S i O ^ : M n . E l e c t r o n s a r e a c c e l e r a t e d to h i g h 

e n e r g i e s i n t h e d e p l e t i o n f i e l d o f a r e v e r s e b i a s e d , s h a l l o w ( 1 0 0 0 A d e e p ) , 

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

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

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

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

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

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

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

r i s e i n t h e i n j e c t e d c u r r e n t w i t h i n c r e a s i n g j u n c t i o n c u r r e n t . P r e v i o u s 

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

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

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

a p p r o x i m a t i o n s w h e n a p p l i e d t o t h e m i c r o p l a s m a i n j e c t i o n m o d e l a r e s h o w n to 

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

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

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

s t r u c t u r e w h i c h s h o u l d g i v e a m o r e u n i f o r m e l e c t r o n i n j e c t i o n i s a l s o d e s c r i b e d . 
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D u r h a m U n i v e r s i t y . I am a l s o i n d e b t e d t o D r . M . J . M o r a n t f o r h i s 

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

p r e p a r a t i o n o f t h i s t h e s i s . 

My t h a n k s a l s o g o t o M r . F . S p e n c e a n d a l l t h e d e p a r t m e n t ' s t e c h ­
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C H A P T E R O N E 

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

1 . 1 I n t e g r a t e d D i s p l a y s 

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

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

T h e m a j o r i t y o f t h e s e d i s p l a y s h a v e b e e n b a s e d o n G a A s : P o r G a P l i g h t 

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

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

r e q u i r i n g a n e x t e r n a l l i g h t e m i t t i n g s o u r c e a n d ^ a l i m i t e d w o r k i n g l i f e . T h e 

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

c h a r a c t e r r e p r e s e n t a t i o n o r f o r o p t i c a l c o u p l i n g b e t w e e n I . C . ' s w o u l d 

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

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

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

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

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

I t w a s r e a l i s e d i n t h e D e p a r t m e n t t h a t i f a t h i n f i l m , w i t h a l i g h t e m i t t i n g 

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

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

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

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

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

t h e e l e c t r o d e s ^ \ 

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

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

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

p a t i b l e w i t h s i l i c o n . O n e s u c h m a t e r i a l i s z i n c - o r t h o s i I i c a t e , d o p e d w i t h 

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

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

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

g e n e r a l p r o p e r t i e s o f w i l l e m i t e . 

1 . 2 B a s e s o f P r e s e n t W o r k a n d P r o p e r t i e s o f W i l l e m i t e 

In a s t u d y o f t h e p o s s i b l e m e t h o d s o f f o r m i n g l u m i n e s c e n t f i l m s o n a 
(2 ) 

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

f o r m a t i o n o f w i l l e m i t e by t h e c h e m i c a l c o n v e r s i o n o f t h e r m a l l y g r o w n S i O „ 

f i l m s . 



- 2 -

W i l l e m i t e h a s t h e c h e m i c a l c o m p o s i t i o n Z n 2 S i O ^ : M n ; i t i s k n o w n to b e 

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

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

o p t i c a l b a n d g a p o f b e t w e e n 5 . 4 - 5 . 5 e V . T h e c h a r a c t e r i s t i c l u m i n e s c e n c e i s 

p e a k e d i n t h e g r e e n a t a b o u t 5 , 2 3 0 A a n d r e s u l t s f r o m t h e d e - e x c i t a t i o n o f 

a M n + i o n w h i c h s u b s t i t u t e s f o r t h e Z n * i o n i n t h e l a t t i c e . M o s t o f t h e e a r l y 

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

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

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

T h e l i t e r a t u r e s h o w s t h a t , a l t h o u g h a d e f i n i t e c o m p o u n d Z n 2 S i O ^ : M n 

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

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

up t o 5 0 % s i l i c a ; s i m i l a r l y t h e p r o p o r t i o n o f M n i n c o r p o r a t e d c a n r a n g e 

b e t w e e n 1 % a n d 5 % . It h a s b e e n r e p o r t e d t h a t c o n c e n t r a t i o n s o f M n a s h i g h 

a s 2 0 % a n d d o w n t o 0 . 1 % s t i l l r e s u l t f i n a l u m i n e s c e n t m a t e r i a l . T h i s d e g r e e 

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

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

g r o w n S i C ^ f o l l o w e d b y a s u i t a b l e h e a t t r e a t m e n t . A t t e m p e r a t u r e s a b o v e 

900 ° C a s i m p l e s o l i d s t a t e r e a c t i o n w a s t h o u g h t t o t a k e p l a c e b e t w e e n t h e 

d e p o s i t e d f i l m a n d t h e t h e r m a l l y g r o w n o x i d e : - 2 Z F „ : M n + 2 S i O „ -» 
n 2 2 

Z n 2 S i O ^ : M n + S i F ^ . It w a s f o u n d t h a t t h e b e s t q u a l i t y f i l m s w e r e o b t a i n e d 

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

D e t a i l e d a n a l y s i s o f t h e r e s u l t i n g f i l m s h a s s h o w n t h e s t r u c t u r e t o b e t h a t o f 
( 3 ) 

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

o d l u m i n e s c e n t e m i s s i o n , m a d e a t N e w c a s t l e P o l y t e c h n i c , s h o w t h e s p e c t r u m 

to be b r o a d a n d s t r u c t u r e l e s s , p e a k e d a t 5 , 2 3 0 A w i t h a l o n g w a v e l e n g t h t a i l . 

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

w i l l e m i t e p h o s p h o r p o w d e r . 

1 .3 E l e c t r o t u m i n e s c e n c e f r o m W i l l e m i t e 

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

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

It i s c o n c l u d e d t h a t w i l l e m i t e m a y h a v e p r o p e r t i e s w h i c h w o u l d m a k e it m o r e 

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

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

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

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

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

t h e o r e t i c a l a n d p r a c t i c a l w o r k b y K l i c k ^ 5 > 7 ^ a n d G a r l i c k ^ \ T h e r a d i a t i v e 

t r a n s i t i o n s a r e f r o m t h e ^ G e x c i t e d s t a t e o f t h e 3 d e l e c t r o n s , i n w h i c h f o u r o f 

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

e n e r g y l e v e l s o f t h e 3 d e l e c t r o n s i s s h o w n i n F i g . 1 . 1 . T h e i r e x a c t p o s i t i o n 

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

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

e n e r g y v i a t h e G s t a t e h e n c e w i t h a r a d i a t i v e t r a n s i t i o n t o t h e -S s t a t e . It 

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

w i t h i n t h e M n i o n . 

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

be v i a e l e c t r o n h o l e r e c o m b i n a t i o n o r b i p o l a r i n j e c t i o n F i g . 1. 2 a . E l e c t r o n s 

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

a c h i e v e d w i t h i n 1 0 0 A o f a M n i o n t h e n t h e r e i s a h i g h p r o b a b i l i t y o f e x c i t a t i o n 

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

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

s i l i c o n . I t i s k n o w n t h a t h o l e i n j e c t i o n i n t o t h e r m a l l y g r o w n S i 0 2 i s p o s s i 

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

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

w o u l d b e e x p e c t e d f o r h o l e i n j e c t i o n i n t o Z n 2 S i O ^ . A f u r t h e r c o m p l i c a t i o n i s 

t h a t h o l e s w o u l d b e e x p e c t e d t o h a v e a v e r y l o w m o b i l i t y i n Z n 2 S i O ^ a s i s 

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

l i m i t i n g t h e n u m b e r o f M n + i o n s t h a t c o u l d be e x c i t e d t o t h o s e w i t h i n a f e w 

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

i s a l s o k n o w n t o b e q u i t e l o n g J ^ 10 m s , a n d t h i s w o u l d l i m i t s t i l l f u r t h e r t h e 

a v a i l a b i l i t y o f i o n s f o r e x c i t a t i o n . It i s r e a s o n a b l e t o c o n c l u d e , t h e r e f o r e , 

t h a t b i p o l a r i n j e c t i o n i s u n l i k e l y t o be s u c c e s s f u l a s a m e a n s o f e x c i t i n g 

e l e c t r o l u m i n e s c e n c e . 

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

i n w i l l e m i t e i s t h a t i t i s l o c a t e d e n t i r e l y w i t h i n t h e Mn*^ i o n . T h i s m e a n s t h a t 

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

u n i p o l a r e x c i t a t i o n . In t h i s m e c h a n i s m l u m i n e s c e n c e w o u l d b e e x c i t e d b y t h e 

i m p a c t c o l l i s i o n o f a h i g h e n e r g y e l e c t r o n w i t h a M n i o n , F i g . 1 . 2 b . T h e 

l o w e s t e n e r g y r e q u i r e d f o r e x c i t a t i o n w o u l d b e 2 . 6 5 e V , c o r r e s p o n d i n g t o a 

t r a n s i t i o n i n t o t h e 4 G e x c i t e d s t a t e . T h i s l e v e l h a s b e e n f o u n d t o be d i f f i c u l t 

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

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

t h e h i g h e r e n e r g y l e v e l s , p a r t i c u l a r l y t h o s e a b o v e 4 . 83 e V a r e t h e e a s i e s t 

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

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

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

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

C a t h o d l u r n i n e s c e n c e h a s b e e n o b s e r v e d i n w i i i e m i t e p o w d e r s u s i n g e l e c t r o n 
( 9 ) 

b e a m e n e r g i e s a s l o w a s 12 e V . I t w o u l d b e e x p e c t e d t h a t t h e s i l i c o n / 

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

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

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

Z n O p h o s p h o r p o w d e r s a r e p r o d u c e d i n a m a n n e r s u c h a s t o r e d u c e t h e 

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

4 e V e l e c t r o n s . T h e r e i s t h u s s o m e h o p e t h a t t h e u n i p o l a r i n j e c t i o n o f e l e c t r o n s 

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

T h i s t h e s i s e x p l o r e s t h i s p o s s i b i l i t y w i t h r e f e r e n c e t o w i i i e m i t e f i l m s o n 

s i l i c o n . 

1 . 4 O u t l i n e o f P r e s e n t R e s e a r c h 

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

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

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

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

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

b y E d w a r d s ^ \ D a v i e s ^ ^ H u s a i n ^ ^ ^ n d t h e a u t h o r i n a n a t t e m p t to o b t a i n 

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

b e e n o b s e r v e d b u t t h e c o n d i t i o n s r e q u i r e d w e r e f o u n d to b e n o n - r e p r o d u c i b l e . 

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

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

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

C h a p t e r 7 , f r o m w h i c h i t i s s h o w n t o b e h i g h l y p r o b a b l e t h a t t h e t h i c k n e s s o f 

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

e n e r g i e s o f t h e e l e c t r o n s w h i c h e n t e r t h e w i i i e m i t e f r o m t h e s i l i c o n . It i s 

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

n o t e l e c t r o l u m i n e s c e n c e w a s o b t a i n e d i n e a r l i e r e x p e r i m e n t s . C o n t r o l o v e r 

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

m e a s u r i n g t h e t h i c k n e s s o f f i l m s o f l e s s t h a n 100 A . T h i s h a s s i n c e b e e n d o n e 

a s a n o t h e r p a r t o f t h e o v e r a l l i n v e s t i g a t i o n . 

A f u r t h e r d i f f i c u l t y i n e x c i t i n g e l e c t r o l u m i n e s c e n c e by i n j e c t i o n i n t o a 

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

at e n e r g i e s b e l o w 1 - 2 e V . T h e s e e n e r g y l o s s e s m a k e i t d i f f i c u l t t o a c c e l e r a t e 

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

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

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

i n j e c t e d i n t o a d i e l e c t r i c w i t h a n i n i t i a l e n e r g y o f a r o u n d 2 e V t h e p r o b a b i l i t y o f 
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a c c e l e r a t i n g t h e m to h i g h e r e n e r g i e s , up t o i o n i s a t i o n , w o u l d b e g r e a t l y 

i n c r e a s e d . 

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

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

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

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

a c t i o n o f a n a p p l i e d f i e l d . F i g . 1 . 3 s h o w s a b a n d d i a g r a m f o r s u c h a p r o c e s s . 

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

a v a l a n c h i n g p - n j u n c t i o n is c o n s i d e r e d i n C h a p t e r 2 . T h i s i s f o l l o w e d b y a 

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

b o t h v a c u u m a n d s i l i c o n d i o x i d e . 

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

to r e a c h t h e s i l i c o n / i n s u l a t o r - i n t e r f a c e i s d i s c u s s e d i n C h a p t e r 3. T h e 

d e t a i l s o f t h e f a b r i c a t i o n o f t h e j u n c t i o n a r e g i v e n i n C h a p t e r 4 . 

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

i n j e c t i o n p r o c e s s a n i n i t i a l s e r i e s o f e x p e r i m e n t s w a s p e r f o r m e d , i n j e c t i n g 

e l e c t r o n s i n t o t h e r m a l l y g r o w n S i 0 2 - T h e r e s u l t s o f t h e s e e x p e r i m e n t s a r e 

d e s c r i b e d i n C h a p t e r 5 a n d d i s c u s s e d i n C h a p t e r 6 . 

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

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

E d w a r d s . M e a s u r e m e n t s o b t a i n e d o n i n j e c t i n g e l e c t r o n s i n t o t h e s e f i l m s a r e 

p r e s e n t e d i n C h a p t e r 7. 

C h a p t e r 8 p r e s e n t s t h e c o n c l u s i o n s o f t h i s i n v e s t i g a t i o n a n d g i v e s 

s o m e s u g g e s t i o n s f o r f u r t h e r w o r k . 



t, •II 

S St 

JL'L 

4*5 

5 MeV 

3-* 

* 1 3 

* »S 

Y 

FIG 1.1 ENERGY LEVELS OP }& ELECTRONS OP K n " I N ZnSiO: I fa 

R c f 4 



it-

+ 

a B i p o l a r E x c i t a t i o n 

Mh 

b U n i p o l a r ^ I m p a c t E x c i t a t i o n 

PIC- 1 .2 ALTERNATIVE I/ECHANISJ.B FOR ELECTRONIC 
EXCITATION OF THE MrT ION IN .'/ILLEMITE 



<- d e p l e t i o n r e g i o n - S i 0, A l 

1 . 3 ELECTRON INJECTION STRUCT URE US K G A REVERSE BIASED 

pn JUNCTION 



- 6 -

C H A P T E R T W O 

J U N C T I O N B R E A K D O W N A N D H O T E L E C T R O N I N J E C T I O N 

2 . 1 I n t r o d u c t i o n 

It w a s p r o p o s e d i n C h a p t e r I t h a t a p o s s i b l e m e t h o d o f i n j e c t i n g 

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

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

f i e l d o f a r e v e r s e b i a s e d p - n j u n c t i o n . B y u s e o f a s u i t a b l e j u n c t i o n 

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

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

to h a v e e n e r g i e s o f t h e s a m e o r d e r a s t h e b a r r i e r h e i g h t b e t w e e n t h e t w o 

m a t e r i a l s . 

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

e m i s s i o n i n t o v a c u u m a n d i n j e c t i o n i n t o S . Q 9 u s i n g t h e p r i n c i p l e o f 
I £i 

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

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

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

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

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

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

e l e c t r o n i n j e c t i o n . T h e f o l l o w i n g s e c t i o n ^ . 2^wi11 r e v i e w t h e v a r i o u s 

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

j u n c t i o n . T h i s w i l l be e x t e n d e d i n s e c t i o n 2 . 3 t o i n c l u d e t h e a d d i t i o n a l 

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

p - n j u n c t i o n . 

P r e v i o u s w o r k o n e l e c t r o n e m i s s i o n i n t o a v a c u u m f r o m a n 

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

l o c a l i s e d a r e a s o f b r e a k d o w n k n o w n a s m i c r o p l a s m a s . It w i l l b e s h o w n 

i n c h a p t e r s 2 a n d 5 t h a t a s i m i l a r c o n c l u s i o n i s r e a c h e d f o r i n j e c t i o n 

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

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

w h i c h a r e r e v i e w e d i n s e c t i o n 2 . 4 . 

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

w o r k b y o t h e r a u t h o r s o n e l e c t r o n i n j e c t i o n f r o m a r e v e r s e b i a s e d p - n 

j u n c t i o n i n t o b o t h v a c u u m a n d s i l i c o n d i o x i d e . 
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2 . 2 A v a l a n c h e B r e a k d o w n and E l e c t r o n E n e r g y L o s s Mechan isms 

A t h e r m a l l y o r o p t i c a l l y e x c i t e d c h a r g e c a r r i e r w h i c h is 

c r e a t e d i n , o r d i f f u s e s to the d e p l e t i o n r e g i o n of a r e v e r s e b i a s e d 

p - n j u n c t i o n w i l l be a c c e l e r a t e d to a h i g h e r e n e r g y by the d e p l e t i o n 

layer f i e l d . Once hav ing a t t a i n e d a c e r t a i n e n e r g y i t w i l l have a p r o b ­

a b i l i t y of c r e a t i n g an e l e c t r o n - h o l e p a i r by impact c o l l i s i o n w i t h the 

v a l e n c e e l e c t r o n s . T h e c h a r g e c a r r i e r s thus c r e a t e d can t hemse l ves 

be a c c e l e r a t e d and repea t the p r o c e s s l ead ing to a c h a r g e c a r r i e r 

m u l t i p l i c a t i o n p r o c e s s . If the f i e l d is s u f f i c i e n t l y h igh^a s i t u a t i o n 

ana logous to that in a gas d i s c h a r g e can e x i s t and the j u n c t i o n is s a i d 

to be in a s ta te o f a v a l a n c h e b r e a k d o w n . M c K a y ^ ^ has a n a l y s e d t h i s 

c o n d i t i o n in t e r m s of a m u l t i p l i c a t i o n c o e f f i c i e n t oc . T h i s is de f i ned 

as the number of e l e c t r o n - h o l e p a i r s p e r un i t vo l ume p r o d u c e d by a 

p r i m a r y ho le o r e l e c t r o n p e r un i t d i s t a n c e t r a v e l l e d in the d i r e c t i o n 

of c h a r g e t r a n s p o r t . M c K a y d e r i v e d the e x p r e s s i o n : 

T h e v a l u e of oc is a p r o p e r t y of the m a t e r i a l in w h i c h the j u n c t i o n 

is f o r m e d . It i s found that c< v a r i e s w i t h f i e l d s t r e n g t h and t h i s d e p e n ­

dence is due to the e n e r g y l oss mechan isms to w h i c h a c a r r i e r is s u b j e c t e d . 

T h e p r i n c i p l e e n e r g y l oss mechan isms can be s t a t e d as f o l l o w s : -

( i ) s c a t t e r i n g by a c o u s t i c phonons , 

( i i ) s c a t t e r i n g by i m p u r i t i e s , 

( i i i ) s c a t t e r i n g by o p t i c a l phonon e m i s s i o n , 

( i v ) 1 e n e r g y l osses in co l I i s i o n s , 

( v ) e n e r g y l osses in o p t i c a l phonon r e c o m b i n a t i o n s 

T h e s e e n e r g y l oss mechan isms d e t e r m i n e the a v e r a g e e n e r g y of the 

c h a r g e c a r r i e r p o p u l a t i o n c r e a t e d in an a v a l a n c h i n g j u n c t i o n . In a d d i t i o n 

they c o n t r o l the l oss of e n e r g y as the c h a r g e c a r r i e r s d i f f u s e away f r o m 

the d e p l e t i o n r e g i o n . Hence , they d e t e r m i n e the max imum j u n c t i o n dep th 

t h r o u g h w h i c h e l e c t r o n e m i s s i o n o r i n j e c t i o n w i l l s t i l l o c c u r . A s tudy of 

oc t h e r e f o r e leads to an u n d e r s t a n d i n g of the r e l a t i v e i m p o r t a n c e of 

the v a r i o u s e n e r g y l o s s mechan i sms and has been the s u b j e c t of much 

t h e o r e t i c a l and e x p e r i m e n t a l w o r k . 

M 

( (2 . 1)) 

f o r a d e p l e t i o n r e g i o n of w i d t h W. 

M is k n o w n as the m u l t i p l i c a t i o n f a c t o r of c h a r g e c a r r i e r s . 

A t ava lanche b r e a k d o w n M —» « o 

le. 
o 
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(1 ° ) 
In 1954 W o l f f p r e s e n t e d a t heo ry to d e s c r i b e the e x p e r i ­

men ta l l y o b s e r v e d dependence of << on the f i e l d a c r o s s a p - n j u n c t i o n 
in s i l i c o n . It w a s c o n s i d e r e d that the p redom inan t l o s s e s w e r e to 
o p t i c a l phonon e m i s s i o n and to i o n i s i n g c o l l i s i o n s . W o l f f p r o p o s e d 
that the c h a r g e c a r r i e r p o p u l a t i o n in an a v a l a n c h i n g j u n c t i o n w a s one 
in w h i c h the ene rgy l oss in a phonon c o l l i s i o n was sma l l c o m p a r e d to 
the e n e r g y ga in f r o m the f i e l d . Once a c h a r g e c a r r i e r had a t t a i n e d a 
t h r e s h o l d e n e r g y , i o n i s a t i o n w o u l d o c c u r w i t h i n a v e r y s h o r t p e r i o d . 
T h e s e assump t i ons r e s u l t e d in an i s o t r o p i c d e s c r i p t i o n of the c h a r g e 
c a r r i e r d i s t r i b u t i o n w h i c h a l l o w e d W o l f f to s o l v e B o l t z a m a n n ' s t r a n s p o r t 
equa t i on by expand ing in t e r m s of s p h e r i c a l h a r m o n i c s and r e t a i n i n g on ly 
the f i r s t two t e r m s . T h e v e l o c i t y d i s t r i b u t i o n - junc t ion of the c a r r i e r s 
c o u l d then be w r i t t e n in the f o r m , 

n(c,0 ) = n Q (c) + n, (c) cos 6 ( ( 2 . 1 ) ) 

w h e r e c r e p r e s e n t s the magn i tude of the c h a r g e c a r r i e r v e l o c i t y and 

0 is the ang le i t s d i r e c t i o n makes w i t h the f i e l d . W o l f f o b t a i n e d 
i 

s o l u t i o n s to bo th n Q and n , i r i low and h igh ene rgy c o n d i t i o n s . T h e low 

e n e r g y s o l u t i o n r e p r e s e n t e d the s i t u a t i o n be low an i o n i s a t i o n t h r e s h o l d 

and i n v o l v e d the assumpt ions that the m. f. p. f o r an o p t i c a l phonon 
(13) 

c o l l i s i o n was c o n s t a n t , as p r o p o s e d by S e i t z . T h e h i gh e n e r g y 

s o l u t i o n c o u l d on ly be o b t a i n e d f o r a c o n d i t i o n in w h i c h the c h a r g e c a r r i e r s 

w e r e a few^eV above a t h r e s h o l d e n e r g y , such that the m. f . p. f o r i o n i s a ­

t i o n was much less than f o r an o p t i c a l phonon c o l l i s i o n . T h e two s o l u t i o n s 

w e r e matched in the t h r e s h o l d r e g i o n such that n and n, w e r e c o n t i n u o u s . 
o ' 

F i n a l l y , W o l f f r e l a t e d the v e l o c i t y d i s t r i b u t i o n to <ac and matched i t at a 
(14) 

s i n g l e e x p e r i m e n t a l po in t ob ta i ned by McKay . T h i s r e q u i r e d a n a s s ­

umpt ion f o r the v a l u e of the t h r e s h o l d e n e r g y w h i c h was taken to be 2 . OeV. 

A v a l u e g r e a t e r than the 3/52. E g p r e d i c t e d by s i m p l e band t h e o r y was 

chosen to a l l o w f o r the band s t r u c t u r e o f s i l i con . F i g . 2 .3 . A ma tch was 

made to M c K a y ' s data f o r an e n e r g y of 2. 3 eV and a bes t f i t was ob ta ined 
o 

w i t h a v a l u e of the m. f. p. of an o p t i c a l phonon e m i s s i o n ( I r ) o f 2 0 0 A . T h e 

dependence o f ©e on the f i e l d (F ) was d e r i v e d a s , 

°C = a exp ( - g / F 2 ) ( ( 2 . 2 ) ) 

w h e r e a and o a r e c o n s t a n t s . T h e f i t was r e a s o n a b l e at h igh v a l u e s but 

not so good at low f i e l d s . T h e e n e r g y d i s t r i b u t i o n of the c h a r g e c a r r i e r s 

is shown in F i g . 2 . 1. It is M a x w e l l i a n be low i o n i s a t i o n w i t h an e f f e c t i v e 

t e m p e r a t u r e / T p ( g i v e n by , 

\ = ( q t F ) 2 / 3E,_ ( (2 . 3)) 

w h e r e E r is the o p t i c a l phonon e n e r g y . 
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(1 5) 

In 1960 C h y n o w e t h p u b l i s h e d r e s u l t s w h i c h showed that 

oC v a r i e d w i t h f i e l d a p p r o x i m a t e l y a s , 

<=C = K exp ( - d / F ) ( (2 . 4)) 

w h e r e K and d a r e c o n s t a n t s . In 1961 S h o c k l e y p r o p o s e d a t heo ry 

w h i c h f i t t e d th i s da ta o v e r s e v e r a l decades . A s in W o l f f ' s t h e o r y 

S h o c k l e y c o n s i d e r e d that o p t i c a l phonon e m i s s i o n and i o n i s a t i o n w e r e 

the p r i n c i p l e s o u r c e s of e n e r g y l o s s . A c c o r d i n g to S h o c k l e y ' s model 

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

s a t i o n (E i ) is on a v e r a g e , ab le to make r phonon c o l l i s i o n s b e f o r e i o n i s a ­

t i o n , w h e r e r and w h e r e Hi is the m. f. p. be tween i o n i s a t i o n f o r a. 

c h a r g e c a r r i e r w i t h e n e r g y g r e a t e r than E i . The p r o b a b i l i t y of a c h a r g e 

c a r r i e r w i t h e n e r g y E, g r e a t e r than E i , mak ing an i o n i s i n g c o l l i s i o n was 

d e r i v e d as , 

P 1 = 1 - e x p ( - ( E - Ei.) / r E r ) ( ( 2 . 5 ) ) 

It can be seen that as the e n e r g y of a c h a r g e c a r r i e r i n c r e a s e s above 

t h r e s h o l d , taken by S h o c k l e y to be 1. 1eV, t h e r e is an i n c r e a s i n g p r o b ­

a b i l i t y of an i o n i s i n g c o l l i s i o n . T h i s is in c o n t r a s t to W o l f f ' s model in 

w h i c h a c h a r g e c a r r i e r w i t h e n e r g y a few ten ths of an eV above t h r e s h o l d , 

taken to be 2. OeV, has a nea r c e r t a i n p r o b a b i l i t y o f mak ing an i o n i s i n g 

co l I i s i o n . 

In h i s d e r i v a t i o n of a r e l a t i o n s h i p f o r the dependence o f oC on 

the j u n c t i o n f i e l d , S h o c k l e y c o n s i d e r s a low f i e l d s i t u a t i o n in w h i c h the 

random e n e r g y of the c a r r i e r s is of the o r ^ d e r of the o p t i c a l phonon e n e r g y . 

On l y those c a r r i e r s w h i c h can t r a v e l a d i s t a n c e of E i / q F w i t h o u t a r a n d o m ­

i s i n g o p t i c a l phonon c o l l i s i o n a r e c o n s i d e r e d to be capab le of i o n i s a t i o n . 

T h e model n e g l e c t s a l l t hose c a r r i e r s w h i c h r e a c h e n e r g i e s in e x c e s s of 

E r , but l ess than E i , w h i c h a r e s c a t t e r e d but subsequen t l y r e a c h E i . The 

p r o b a b i l i t y of a c a r r i e r , s t a r t i n g f r o m n e a r z e r o e n e r g y , mak ing an i o n ­

i s i n g c o l l i s i o n was shown to be , 

P 2 = exp ( - E i / q # r F ) ( ( 2 . 6 ) ) 

F r o m w h i c h the e n e r g y l oss p e r i o n i s a t i o n i s f ound to b e , 

E= r E r exp ( - E i / q ^ - F ) ( (2 . 7)) 

E q u a t i o n ((2. 7)) was then equated t o , 

e ' = qF/oC 

w h e r e F / c i s the v o l t a g e d r o p p e r i o n i s a t i o n a long the c a r r i e r p a t h . 

° C = ( q F / r ^ . ) exp ( - E i / q ^ F ) ( ( 2 . 8 ) ) 
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The r e l a t i o n s h i p g i v e n in { (2 . 8)J was f i t t e d to C h y n o w e t h ' s data us ing 

the c o n d i t i o n s that E i = 1. 1eV and r E r = 1. 1 eV w h i c h r e s u l t s in a 

va lue f o r the m. f. p. f o r an o p t i c a l phonon e m i s s i o n of 50 A . In summary 

it can be s ta ted that S h o c k l e y ' s model leads to a v e l o c i t y d i s t r i b u t i o n f o r 

the c a r r i e r s w h i c h is peaked in the f i e l d d i r e c t i o n . T h i s peak c o n t a i n s 

a l l those e l e c t r o n s w h i c h escape r a n d o m i s i n g co l I i s i o n s . 
(17) 

In 1962 B a r a f f conc l uded that the f i e l d s encoun ted in s i l i c o n 

p - n j u n c t i o n s at a v a l a n c h e b r e a k d o w n w e r e not h igh enough to s u p p o r t 

W o l f f ' s i s o t r o p i c d i s t r i b u t i o n no r low enough f o r S h o c k l e y ' s s p i k e to 

p r e d o m i n a t e . F r o m a n u m e r i c a l s o l u t i o n of Bo l t zamann ' s t r a n s p o r t 

equa t i on B a r a f f showed that the t r u e s i t u a t i o n l i e s s o m e w h e r e be tween 

the two e x t r e m e s . He c o n c l u d e s that the c h a r g e c a r r i e r d i s t r i b u t i o n is 

p r o b a b l y peaked in the f i e l d d i r e c t i o n but that the c a r r i e r s a t t a i n h igh 
phofloo 

e n e r g i e s e s s e n t i a l l y by d i f f u s i o n aga ins t the o p t i c a l ^ d r a g r a t h e r than 

bal I i s t i c a l ly as in S h o c k l e y ' s t h e o r y . 

T h e models d i s c u s s e d so f a r have assumed that o p t i c a l phonon 

e m i s s i o n s and impact i o n i s a t i o n c o n s t i t u t e the g r e a t e s t e n e r g y loss m e c h ­

a n i s m s . A c o u s t i c phonons a r e k n o w n to p r e d o m i n a t e on l y at e n e r g i e s b e l o w 

1. 0 eV and can j u s t i f i a b l y be le f t out of the d i s c u s s i o n . S i m i l a r l y i m p u r i t y 

s c a t t e r i n g w i l l on ly be i m p o r t a n t i n r e l a t i v e l y i m p u r e s e m i c o n d u c t o r s . A 

s t a t i s t i c a l s tudy of a v a l a n c h e b r e a k d o w n in s i l i c o n has been made w h i c h 

a lso c o n s i d e r s ene rgy l o s s e s d u r i n g the r e c o m b i n a t i o n of e l e c t r o n - h o l e 

p a i r s . In t h i s s tudy by S e w a r d s and Grannemann i t i s c o n c l u d e d that 

e n e r g y l osses due to r e c o m b i n a t i o n dominate be low 6j e V . A b o v e » ~ 6 eV 

e n e r g y l o s s e s t h r o u g h i o n i s a t i o n domina te . T h e t h e o r e t i c a l e n e r g y d i s t r i b ­

u t i o n ob ta i ned by these a u t h o r s is shown in F i g . 2. 2. It p r e d i c t s that on ly 

a sma l l p r o p o r t i o n of the to ta l number of c a r r i e r s can be expec ted to ga in 

e n e r g i e s in excess of 3 e V . T h e d i s t r i b u t i o n is g i v e n by 

fo (E) = A exp - ( E / E o ) 3 ( (2. 9)) 

3 

w h e r e A is a cons tan t and Eo is a c h a r a c t e r i s t i c e n e r g y f o r s i l i c o n . When 

matched to the b r e a k d o w n c h a r a c t e r i s t i c s of c o m m e r c i a l j u n c t i o n s Eo was 

found to be 1.9 e V . T h e d i s t r i b u t i o n thus p r e d i c t s a s h a r p e r f a l l o f f of 

c a r r i e r s w i t h i n c r e a s i n g e n e r g y than g i v e n by a s i m p l e M a x w e l l i a n . 

In C h a p t e r 5 a d i s c u s s i o n is g i v e n of the e x p e r i m e n t a l r e s u l t s 

ob ta i ned in t h i s w o r k f o r e l e c t r o n i n j e c t i o n in to S i O ^ - In common w i t h 

o t h e r w o r k e r s , ( S e c t i o n 2 . 5 and ,2 . 6) the c h a r g e c a r r i e r d i s t r i b u t i o n is 

assumed to be M a x w e l l i a n a l t hough it is shown that t h e r e a r e p r o b a b l y 

f e w e r h igh e n e r g y e l e c t r o n s than p r e d i c t e d . 
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T h e t r u e d i s t r i b u t i o n is thought to be c l o s e r to that p r e d i c t e d by Wo l f f . 

A s a f u r t h e r c o m p l i c a t i o n to the s u b j e c t of ava lanche b r e a k d o w n 

in s i l i c o n it must be no ted that norae of the t h e o r i e s d i s c u s s e d has taken 

in to account the n a t u r e of the band s t r u c t u r e o f s i l i c o n . F i g . 2. 3. T h i s , 
(19) 

as H o d g k i n s o n p o i n t s pu t , means that it i s not s t r i c t l y c o r r e c t to 

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

In a g r a p h i c a l a n a l y s i s of the a l l o w e d t h r e s h o l d e n e r g i e s in s i l i c o n 

H o d g k i n s o n e s t i m a t e s that a s i n g l e po in t in the B r i l l o u i n zone e x i s t s w h e r e 

i o n i s a t i o n can take p l a c e , at a t h r e s h o l d ene rgy of 1. 1 eV , but that t h e r e 

is a ma in t heesho ld c o v e r i n g most of the zone r e q u i r i n g an e n e r g y of 2. 3 eV. 

2 . 3 S c a t t e r i n g in S h a l l o w J u n c t i o n s 

In the above d i s c u s s i o n on l y the c h a r g e c a r r i e r d i s t r i b u t i o n 

w i t h i n the d e p l e t i o n r e g i o n has been c o n s i d e r e d . In the d e v i c e s t r u c t u r e 

p r o p o s e d an e l e c t r o n has to move away f r o m the d e p l e t i o n r e g i o n t o w a r d s 

the s i l i c o n i n t e r f a c e and s t i l l r e t a i n s u f f i c i e n t e n e r g y f o r e m i s s i o n . W i t h 
+ + a s h a l l o w n - p p l a n a r j u n c t i o n , as used in t h i s w o r k , the s u r f a c e n l a y e r 

can be c o n s i d e r e d to be f i e l d f r e e . In such a s i t u a t i o n i t is r e a s o n a b l e to 

expect that an e l e c t r o n w i l l d i f f u s e t o w a r d s the i n t e r f a c e and be s u b j e c t e d 

to a l l the e n e r g y l o s s mechan isms d i s c u s s e d e a r l i e r . W i t h MO. S . d e v i c e s 

o r w i t h deep n + - p s t r u c t u r e s , s u c h as d i s c u s s e d in S e c t i o n 2 . 6 , an i nduced 

s u r f a c e f i e l d e x i s t s w i t h i n the p » type s i l i c o n w h i c h can f u r t h e r a c c e l e r a t e 

e l e c t r o n s . 

In 1963 B a r t e l i n k et al ^ 2 * ^ m e a s u r e d the ac tua l e n e r g y d i s t r i b u ­

t i o n of e l e c t r o n s em i t t ed f r o m a s h a l l o w p l a n a r p - n + j u n c t i o n in s i l i c o n . 

Unde r ava lanche c o n d i t i o n s the e m i s s i o n was f ound to o r i g i n a t e f r o m a r e a s 

of l o c a l i s e d b r e a k d o w n o r m i c r o p l a s m a . T h e m e a s u r e d d i s t r i b u t i o n was 

found to d e c r e a s e e x p o n e n t i a l l y w i t h e n e r g y and was assumed to be the 

ta i l of a M a x w e l l i a n d i s t r i b u t i o n of e f f e c t i v e t e m p e r a t u r e 0. 5 e V . T h i s 
n />ia.cXe 

assumpt ion was on l y j u s t i f i e d i f an i n i t i a l assumpt ion^ tha t the ene rgy d i s t ­

r i b u t i o n of the c h a r g e c a r r i e r s in a m i c r o p l a s m a ts M a x w e l l i a n . If i n 

fac t the d i s t r i b u t i o n was that c o n s i d e r e d by W o l f f then an o v e r e s t i m a t i o n 

of the a v e r a g e e n e r g y of the c h a r g e c a r r i e r s in a m i c r o p l a s m a w o u l d r e s u l t . 

In a t h e o r e t i c a l a n a l y s i s B a r t e l ink c a l c u l a t e d the f l u x t r a n s p o r t 

of c h a r g e c a r r i e r s t h r o u g h the f i e l d - f r e e n + r e g i o n . He t r e a t e d the s i t u a t i o n 

as be ing one of p u r e d i f f u s i o n , w i t h e l e c t r o n s l o s i n g ene rgy to o p t i c a l 

phonons . l o n i s a t i o n was c o n s i d e r e d to be an a b s o r p t i v e p r o c e s s in t ha t , 

once an i o n i s i n g c o l l i s i o n had o c c u r e d an e l e c t r o n w o u l d not have s u f f i c i e n t 

e n e r g y to be e m i t t e d . It was shown that i f the c h a r g e c a r r i e r d i s t r i b u t i o n 

at the j u n c t i o n was M a x w e l l i a n then the d i s t r i b u t i o n at the i n t e r f a c e w o u l d 

a l s o be M a x w e l l i a n but r e d u c e d in M a g n i t u d e by the t e r m , 
exp ( - L / L o ) ( (2 . 10)) 
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w h e r e lu is the j u n c t i o n dep th and L o is g i v e n by , 

L o = X X / { 1 + r E r / K T e ) 

w h e r e X = ) 

and _ 1 _ = J _ 1 _ 

dji is the m. f. p. f o r an i o n i s i n g c o l l i s i o n 

d r i s the m. f. p. f o r an o p t i c a l phonon e m i s s i o n . 

The c h a r a c t e r i s t i c l eng th L o was c a l c u l a t e d f r o m the e x p e r i m e n t a l l y 

o b s e r v e d i n c r e a s e in the em i t t ed e l e c t r o n c u r r e n t w i t h d e c r e a s i n g 

j u n c t i o n dep th . A v a l u e f o r L o of 50 A was o b t a i n e d . 

In a second p a r t of the e x p e r i m e n t B a r t e l i n k f i t t e d a t h e o r e t i c a l 

d i s t r i b u t i o n , in w h i c h the peak was a f u n c t i o n of r = t i / l [ r , to the e x p e r i ­

mental da ta . T h e assump t i ons of the t h e o r y r e q u i r e d e x p e r i m e n t a l c o n d ­

i t i ons in w h i c h the c h a r g e c a r r i e r s w e r e r e l e a s e d in to the d e p l e t i o n f i e l d 

w i t h i n an e n e r g y r a n g e w h i c h was sma l l c o m p a r e d w i t h E r and at a k n o w n 

d i s t a n c e f r o m the s i l i c o n s u r f a c e . T h i s was a c h i e v e d by r e v e r s e b i a s i n g 

the j u n c t i o n be low b r e a k d o w n and p h o t o - e x c i t i n g c a r r i e r s i n to the d e p l e t i o n 

f i e l d . The dependence of the d i s t r i b u t i o n peak on r r e s u l t e d f r o m the 

assumpt ion that the number of e l e c t r o n s w h i c h c o u l d escape w i t h few phonon 

c o l l i s i o n s was s m a l l . The p r o b a b i l i t y of escape a f t e r many phonon c o l l i s i o n s 

w o u l d a l s o be smal l because of the i n c r e a s e in random w a l k l eng th and 

hence the i n c r e a s e d p r o b a b i l i t y of an a b s o r p t i v e i o n i s i n g c o l l i s i o n . A f i t 

to the e x p e r i m e n t a l da ta y i e l d e d a v a l u e f o r r = 3. 2 and hence v a l u e s of 

& = 60& and & = 190 A . 

It is appa ren t f r o m B a r t e l i n k s w o r k that the p r o b a b i l i t y o f e l e c t r o n 

e m i s s i o n in to a vacuum is v e r y l ow . T h e magn i tude of the h i g h e n e r g y 

e l e c t r o n p o p u l a t i o n a r r i v i n g at the i n t e r f a c e is r e d u c e d by e n e r g y l osses by 

a f a c t o r a p p r o x i m a t e l y g i v e n by : -

exp ( - L / L o ) 2 f 10 

f o r a 1000 R deep j u n c t i o n . T h e e m i s s i o n p r o b i l i t y is f u r t h e r r e d u c e d by 

about an o r d e r of magn i tude by s u r f a c e r e f l e c t i o n e f f e c t s . B a r t e l i n k 
-it 0 

ob ta ined an e m i s s i o n p r o b a b i l i t y o f about 4 x 10 f o r a 1000 A deep 

j u n c t i o n o p e r a t i n g w i t h an ava lanche c u r r e n t of 25 mA. No i n f o r m a t i o n is 

g i ven how the e m i s s i o n c u r r e n t behaved w i t h chang ing j u n c t i o n c u r r e n t s . 
i 

T h i s w i l l be one of the m a j o r ' p r o b l e m s d i s c u s s e d in C h a p t e r 6 . 

E l e c t r o n e m i s s i o n p r o b a b i l i t i e s i n to S i O £ a r e not l i k e l y to d i f f e r 

v e r y much f r o m those o b s e r v e d f o r e m i s s i o n in to vacuum. T h e b a r r i e r 
the 

height is s m a l l e r and w i l l be f u r t h e r r e d u c e d by f i e l d a c r o s s the o x i d e , 

h o w e v e r , t h i s w i l l not be s i g n i f i c a n t c o m p a r e d w i t h the j u n c t i o n dep th f a c t o r . 
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On ly i f the b a r r i e r he igh t is r e d u c e d to be low the i o n i s a t i o n t h r e s h o l d , 

w i t h f o r examp le C s , can h igh e m i s s i o n e f f i c i e n c i e s be o b t a i n e d . I n j e c t i o n 

in to S i O ^ might be expec ted to be f u r t h e r r e d u c e d by t r a p p e d p o s i t i v e 

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

2. 4 P r o p e r t i e s of M i c r o p l a s m a s 

The v o l t a g e at w h i c h a r e v e r s e b i a s e d j u n c t i o n r e a c h e s 

ava lanche b r e a k d o w n is a f u n c t i o n of the r e l a t i v e dop ing of the p and n 

r e g i o n s of the j u n c t i o n . It is f ound in most p r a c t i c a l j u n c t i o n s that the 

b r e a k d o w n does not o c c u r u n i f o r m l y o v e r the e n t i r e j u n c t i o n a r e a but in 

l o c a l i s e d r e g i o n s and at a few tenths of a v o l t be low the v o l t a g e expec ted 

f o r u n i f o r m j u n c t i o n b r e a k d o w n . T h e s e a r e a s of enhanced c a r r i e r 

m u l t i p l i c a t i o n a r e known as m i c r o p l a s m a s . T h e exac t o r i g i n of m i c r o -

p lasmas is not w e l l e s t a b l i s h e d a l t hough thefr . e l e c t r i c a l p r o p e r t i e s a r e 

(2 1) 

we l l documented . F o r a m i c r o p l a s m a to o c c u r in a j u n c t i o n i t i s 

n e c e s s a r y to haveenreg ion of l o c a l i s e d f i e l d i n t e n s i f i c a t i o n w i t h i n the 

d e p l e t i o n r e g i o n . S h o c k l e y has p r o p o s e d that s p h e r i c a l p r e c i p i t a t e s 

of S i O £ c o u l d enhance the f i e l d l o c a l l y because of the d i f f e r e n c e in 
d i e l e c t r i c c o n s t a n t s . 

(22) 
L a w r e n c e has a l so p r o p o s e d meta l p r e c i p i t a t e s as be ing a c a u s e of 
m i c r o p l a s m a s . D i s l o c a t i o n s have been c o n s i d e r e d by C h y n o w e t h and 

(23) 
P e a r s o n as be ing ab le to d i s t o r t the f i e l d l o c a l l y such as to c a u s e 
m i c r o p l a s m a s . T h e s u b j e c t of the e f f e c t of d i s l o c a t i o n s on p - n j u n c t i o n s 

/ (24) 
has been r e v i e w e d m o r e r e c e n t l y by M a t a r e . It is thought that a r o u n d 

a d i s l o c a t i o n is a r e g i o n o f d a a g l i n g bonds w h e r e a space c h a r g e p i pe is bu i l t 

up. T h i s p i pe ts h i g h l y c o n d u c t i n g a long the a x i s because of w a v e - f u n c t i o n 

o v e r l a p s of the bonds . P e r p e n d i c u l a r to the a x i s , the p ipe p o s s e s s e s ; 

b l o c k i n g p r o p e r t i e s because of the c a p t u r e d space c h a r g e r e g i o n . 

In s h a l l o w j u n c t i o n s , m i c r o p l asmas can u s u a l l y be l oca ted as a r e a s 
(25) 

e m i t t i n g w h i t e l i g h t , Newman T h i s e m i s s i o n has been i n t e r p r e t e d in 

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

d u r i n g m u l t i p l i c a t i o n in the m i c r o p l a s m a . M o r e r e c e n t l y , because of a 

need to accoun t f o r an o b s e r v e d a n g u l a r dependence and p o l a r i s a t i o n , the 
(27) 

e m i s s i o n has been thought to be caused by B re imss t rah lung . Tha t i s , 

the d e - a c c e l e r a t i o n of c h a r g e c a r r i e r s in the l a t t i c e c o l o m b i c f i e l d . T h e 

e m i s s i o n s p e c t r u m was f i r s t m e a s u r e d by C h y n o w e t h and M c K a y ' and an 

e s t i m a t e of T e = 0. 18 eV was made f o r the e f f e c t i v e t e m p e r a t u r e o f the 

c h a r g e c a r r i e r p o p u l a t i o n , assuming a M a x w e l l i a n d i s t r i b u t i o n . 
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It was no ted that the i n t e n s i t y of the e m i s s i o n i n c r e a s e d w i t h c u r r e n t but 

that t h e r e was no change in the e m i s s i o n s p e c t r u m . 

T h e most e x t e n s i v e s t u d i e s of m i c r o p l a s m a s have c o n c e r n e d t h e i r 

e l e c t r i c a l c h a r a c t e r i s t i c s . It i s o b s e r v e d that if a b ias is a p p l i e d to a 

j u n c t i o n w h i c h is j u s t s u f f i c i e n t to cause a m i c r o p l a s m a to s w i t c h on then 

the c u r r e n t is c a r r i e d in a s e r i e s of r e c t a n g u l a r p u l s e s . T h e s e p u l s e s 
—8 

have a v e r y fas t r i s e t ime ( 10~ sees) and a r e of cons tan t amp l i t ude but 
(11 23 29) 

of random i n t e r v a l and d u r a t i o n , X> , f o r a g i v e n b i a s . ' ' A s the 

v o l t a g e is i n c r e a s e d the p u l s e amp l i t ude i n c r e a s e s but so does the f r a c t i o n 

of t ime d u r i n g w h i c h the m i c r o p l a s m a is o n , i . e . c a r r y i n g a c u r r e n t . 

F i n a l l y , the v o l t a g e can be i n c r e a s e d to the po in t w h e r e the m i c r o p l a s m a i s 

on c o n t i n u o u s l y and the c u r r e n t / v o l t a g e c h a r a c t e r i s t i c s then becomes 

I i n e a r . 

Mathemat i ca l mode ls to account f o r these p r o p e r t i e s have been 
p r o p o s e d by M c l n t y r e ^ 3 ^ and l a t e r by H a i t z 3 w \ t h f u r t h e r i m p r o v e m e n t s by 

(32) 
A l a d i n s k i i . In g e n e r a l f o u r p a r a m e t e r s a r e r e q u i r e d to c h a r a c t e r i s e 

a m i c r o p l a s m a . T h e s e a r e : -

( i ) The s e r i e s r e s i s t a n c e R_ w h i c h is assumed to be cons tan t f o r a g i v e n 

m i c r o p l a s m a . R g w i l l in g e n e r a l be made up of a space c h a r g e component 

F ? s c and a s p r e a d i n g r e s i s t a n c e component R s r -

The space c h a r g e component r e s u l t s f r o m an e x c e s s of ho les o r 

e l e c t r o n s on o p p o s i t e s i d e s of the j u n c t i o n bounda ry a f t e r mov ing away (30) ' 

f r o m the r e g i o n of m u l t i p l i c a t i o n , i . e. i the r e g i o n of h i ghes t f i e l d . M c l n t y r e 

has c o n s i d e r e d the case f o r an a b r u p t p - n j u n c t i o n and d e r i v e s the e x p r e s s i o n , 

R r ^ f^C| ( (2. 11)) 

w h e r e , D is the d i a m e t e r of a m i c r o p l a s m a whose a x i s ex tends o v e r the m 
e n t i r e w i d t h , W, of the d e p l e t i o n l a y e r , V£b i s the s a t u r a t i o n d r i f t v e l o c i t y 

of the c a r r i e r s in the f i e l d . 

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

c u r r e n t s p r e a d i n g out i n to the s e m i c o n d u c t o r b u l k . A t the l o w - d o p e d end 

of the m i c r o p l a s m a the c u r r e n t c a n be c o n s i d e r e d to be s p r e a d i n g out in to 

a s e m i - i n f i n i t e r e g i o n of r e s i s t i v i t y ^ p . F o r a m i c r o p l a s m a c u r r e n t f r o m a 

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

Rsrp - A ^ D ^ ) ( ( 2 .12 ) ) 

A t the h i g h - d o p e d end of the m i c r o p l a s m a the s p r e a d i n g r e s i s t a n c e c o m p o n ­

ent is u s u a l l y u n i m p o r t a n t . H o w e v e r , t h i s may not be so f o r a v e r y s h a l l o w 

j u n c t i o n as used in t h i s w o r k . A second component to the s p r e a d i n g r e s i s t ­

ance may have to be added, f r o m P h i l l i p s ^ 3 3 ) 
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Rsro = R» U Os f Ri ( (2. 13)) 

w h e r e Rs is the sheet r e s i s t a n c e of the s h a l l o w n+ l a y e r and D s is the 

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

i i ) T u r n on p r o b a b i l i t y P 0 ( In o r d e r f o r a m i c r o p l a s m a to s w i t c h on it 

is n e c e s s a r y f o r a m i n o r i t y c a r r i e r to f i n d i t s way i n to the d e p l e t i o n 

f i e l d in the r e g i o n of f i e l d i n t e n s i f i c a t i o n . T h e s e can be o p t i c a l l y o r 

t h e r m a l l y g e n e r a t e d c a r r i e r s w h i c h d i f f u s e in to the d e p l e t i o n r e g i o n o r 

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

uced by i n t e r n a l f i e l d e m i s s i o n . It i s c l e a r that f%, i s v e r y dependent on 

i l l u m i n a t i o n and in some c i r c u m s t a n c e s can a l so be a f u n c t i o n of b i a s 

v o l t a g e a l t hough th i s is u s u a l l y a much s m a l l e r e f f e c t . S e e f i g . 2 . 4 
(34) 

a f t e r Maeda et al 

i i i ) T h e t u r n o f f p r o b a b i l i t y P, 0 Once a m i c r o p l a s m a has t u r n e d on i t can 

be c o n s i d e r e d to be s e l f s u s t a i n i n g u n t i l a sma l l f l u c t u a t i o n in the m u l t i ­

p l i c a t i o n p r o c e s s r e s u l t s in mo re c a r r i e r s l e a v i n g the d e p l e t i o n r e g i o n 

than a r e created w i t h i n i t . If t h i s s i t u a t i o n o c c u r s t h e r e is a p r o b a b i l i t y 

that the a v a l a n c h e w i l l quench . R 0 w i l l t h e r e f o r e be dependent on the 

d e n s i t y of c a r r i e r s w i t h i n a m i c r o p l a s m a and t h e i r a v e r a g e t r a n s i t t ime 

a c r o s s the d e p l e t i o n l a y e r . F i g . 2 . 5 shows some e x p e r i m e n t a l r e s u l t s f o r 

R o aga ins t |m and f o r " t i aga ins t V j , w h e r e Im is the i ns tan taneous 

m i c r o p l a s m a c u r r e n t , V j i s the j u n c t i o n b i a s v o l t a g e and ^ i s the a v e r a g e t ime 

f o r w h i c h a p u l s e is on . If t i i s sma l l c o m p a r e d w i t h the o f f t ime of a 

p u l s e then , 
Ro = 1 _ ( ( 2 . 1 5 ) ) 

(35) 
H a i t z et al has shown that o v e r t h r e e o r d e r s of magni tude, : 

•C. - t ' e x p ( V j / V o ) ( (2. 16)) 

w h e r e V o = 0. 0204 v o l t s and is cons tan t f o r a g i v e n j u n c t i o n , X is g i v e n 

a p p r o x i m a t e l y by the t r a n s i t t ime f o r a c h a r g e c a r r i e r to c r o s s the d e p l e t i o n 

w i d t h w i t h the s a t u r a t i o n d r i f t v e l o c i t y . 
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i v ) T h e e x t r a p o l a t e d b r e a k d o w n v o l t a g e , V,-, — — | . g . fc> 
S h o c k l e y d e r i v e d an e x p r e s s i o n f o r the dependence of the m u l t i ­

p l i c a t i o n f a c t o r i n a u n i f o r m j u n c t i o n on the a p p l i e d v o l t a g e nea r b r e a k d o w n , 

1 = ( V B - V j ) ( K / V B ) ( ( 2 . 1 7 ) ) 
M 

w h e r e K is a cons tan t f o r a g i v e n j u n c t i o n b a c k g r o u n d d o p i n g . 

A t b r e a k d o w n V j -» V _ and 

—-— -* o i e . M - * Oo 

G o e t z b e r g e r et al showed t h e r e w a s no d i f f e r e n c e in the b r e a k d o w n 

b e h a v i o u r of a m i c r o p l a s m a f r o m that o f a u n i f o r m j u n c t i o n , excep t that a 

m i c r o p l a s m a s w i t c h e d on a few ten ths o f a vo l t be low the u n i f o r m p a r t of 
(37) 

the j u n c t i o n . H a i t z found that f o r a s i n g l e , s t r o n g l y i l l u m i n a t e d , 

m i c r o p l a s m a , that the v a l u e of V,-. o b t a i n e d f r o m the e x t r a p o l a t i o n of a 

p lo t o f 1/M aga ins t V j to a z e r o v a l u e of l / M , was equal to the v a l u e of 

V Q ob ta i ned by e x t r a p o l a t i n g a p lo t of J n aga ins t V j ( i e . of s l o p e Rs) to 

lm = O as shown in F i g . 2 . 6 . T h i s d e t e r m i n e s the m i c r o p l a s m a b r e a k d o w n 

v o l t a g e a few tenths of a v o l t be low that of the r e s t of the j u n c t i o n . 

In summary i t can be s ta ted that the a v e r a g e c u r r e n t c a r r i e d by 

a m i c r o p l a s m a on f i r s t s w i t c h i n g on is d e t e r m i n e d by the a v a i l a b i l i t y of 

c a r r i e r s to i n i t i a t e and s u s t a i n an a v a l a n c h e . T h i s w i l l be enhanced by 

i n c r e a s i n g the to ta l j u n c t i o n c u r r e n t and by i n j e c t i n g c a r r i e r s in to the 

d e p l e t i o n r e g i o n f o r examp le , by i n f r a - r e d i l l u m i n a t i o n . In C h a p t e r 6 it 

w i l l be c o n s i d e r e d that the c u r r e n t i n j e c t e d in to the o x i d e o r i g i n a t e s f r o m 

m i c r o p l a s m a s . T h e p a r a m e t e r s d i s c u s s e d above w i l l be used to e x p l a i n 

the e x p e r i m e n t a l o b s e r v a t i o n s of the dependence o f i n j e c t e d o x i d e c u r r e n t 

on j u n c t i o n c u r r e n t and i n f r a - r e d i l l u m i n a t i o n . 

2. 5 E l e c t r o n E m i s s i o n f r o m p - n J u n c t i o n s i n to V a c u u m 

The f i r s t o b s e r v a t i o n o f e l e c t r o n e m i s s i o n f r o m a r e v e r s e b i a s e d 

p - n j u n c t i o n was by B u r t o n in 1957. In t h i s e x p e r i m e n t a g r o w n s i l i c o n 

p - n j u n c t i o n was coa ted w i t h caes ium v a p o u r in a vacuum so as to l o w e r the 

s u r f a c e w o r k f u n c t i o n . A n e m i s s i o n c u r r e n t was f i r s t o b s e r v e d w i t h a 

r e v e r s e b i a s of 5 v o l t s and a j u n c t i o n c u r r e n t of 1. 0 mA. Max imum e m i s s i o n 

was not ob ta i ned un t i l the j u n c t i o n was ava lanched at 40 v o l t s and p a s s i n g 

a c u r r e n t o f 10 .0 mA. F i g . 2 . 7 shows the e m i s s i o n c u r r e n t s o b t a i n e d 

us ing a p u l s e d r e v e r s e j u n c t i o n b i a s . 
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It can be seen that the e m i s s i o n c u r r e n t i n c r e a s e d by f o u r o r d e r s of m a g ­

n i t u d e f o r on ly a s i n g l e o r d e r of magn i tude i n c r e a s e in j u n c t i o n c u r r e n t . 

No e x p l a n a t i o n was o f f e r e d f o r t h i s e f f e c t . B u r t o n no ted that the e m i s s i o n 

c u r r e n t s a p p e a r e d to be coming f r o m a r e a s of m i c r o p l a s m a b r e a k d o w n and 
2 

the e m i s s i o n c u r r e n t d e n s i t y was e s t i m a t e d to be g r e a t e r than 0. 05 m A / c m . 
T h i s w o r k w a s r e p e a t e d in 1960 unde r r a t h e r b e t t e r c o n d i t i o n s by S i m o n and 

(39) 
S p i c e r . E m i s s i o n c u r r e n t s in e x c e s s of 1mA w e r e ob ta i ned under 

a v a l a n c h i n g j u n c t i o n c o n d i t i o n s . It was found that w i t h the j u n c t i o n b i a s e d 

be low ava lanche the e m i s s i o n c u r r e n t w o u l d be i n c r e a s e d by p h o t o - e x c i t i n g 

c a r r i e r s in the r e g i o n of the d e p l e t i o n f i e l d . T h e to ta l e m i s s i o n c u r r e n t 

was the sum of the f i e l d i nduced e m i s s i o n and the p h o t o - e m i s s i o n . W i t h the 

j u n c t i o n unde r a v a l a n c h i n g c o n d i t i o n s it was found that the e m i s s i o n c u r r e n t 

c o u l d be f o c u s s e d on to a f l u o r e s c e n t s c r e e n and the o b s e r v e d p a t t e r n 

c o r r e l a t e d w i t h the m i c r o p l a s m a topog raphy of the j u n c t i o n . 

E l i n s o n and L u t s k i have used a r e t a r d i n g p o t e n t i a l method to 

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

j u n c t i o n . T h e e l e c t r o n e m i t t i n g d e v i c e was a bu lk p - n j u n c t i o n w i t h a 

s u r f a c e n+ l a y e r i nduced in the p - s i l i c o n by a s u r f a c e caes ium l a y e r . The 

d i s t r i b u t i o n w a s found to be a p p r o x i m a t e l y Maxwe l l i a n . T h e e f f e c t i v e t e m p ­

e r a t u r e of the d i s t r i b u t i o n was found to i n c r e a s e w i t h j u n c t i o n b ias and then 

to s a t u r a t e . O v e r the same b i a s i n g r a n g e the e m i s s i o n c u r r e n t i n c r e a s e d 

e x p o n e n t i a l l y and then a l so s a t u r a t e d . T h e i n c r e a s e in the e m i s s i o n c u r r e n t 

was t h e r e f o r e i n t e r p r e t e d in t e r m s of an i n c r e a s e in the a v e r a g e e n e r g y of 

the e l e c t r o n d i s t r i b u t i o n w i t h i n the s i l i c o n . T h e i n c r e a s e in e n e r g y was 

thought to r e s u l t f r o m an i n c r e a s e in the f i e l d a c r o s s the s u r f a c e n+ l a y e r . 

T h e e x p l a n a t i o n was h o w e v e r on l y q u a l a t a t i v e and d i d not i n d i c a t e what p a r t 

of the j u n c t i o n b ias was b e i n g d r o p p e d a c r o s s the s u r f a c e j u n c t i o n . S i n c e 

the j u n c t i o n s a p p e a r e d to have a v e r y leaky r e v e r s e c h a r a c t e r i s t i c it i s 

p r o b a b l e that a s i g n i f i c a n t p r o p o r t i o n of the j u n c t i o n b i a s w a s a c r o s s a 

r e s i s t i v e l eakage pa th . The e m i s s i o n was o b s e r v e d to come f r o m m i c r o ­

plasma* p r o b a b l y w h e r e the n -p j u n c t i o n i n t e r s e c t s the s u r f a c e a l t hough t h i s is 

not i n d i c a t e d . 

A s i m i l a r model i n v o l v i n g an i n c r e a s e in the a v e r a g e e n e r g y of the 

e lec t ros) d i s t r i b u t i o n was used by Go f faux to e x p l a i n an n 1 ^ p o w e r law 
i n c r e a s e in e m i s s i o n c u r r e n t w i t h j u n c t i o n c u r r e n t f r o m a S i C j u n c t i o n 

(42) 
r e p o r t e d by P a t r i c k and C h o y k e 

The n a t u r a l s u r f a c e w o r k f u n c t i o n of s i l i c o n is about 4 . 15 eV 
(43) 

as s h o w n in F i g . 2. 9. In 1958 TamC de tec ted an e m i s s i o n c u r r e n t f r o m 

a S i j u n c t i o n w h i c h had r e c e i v e d no s u r f a c e t r e a t m e n t to l o w e r the s u r f a c e 
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p o t e n t i a l . U s i n g a f r e s h l y e t ched j u n c t i o n e m i s s i o n s c o u l d be d e t e c t e d 

in a i r w i t h a G e i g e r c o u n t e r . T h i s o b s e r v a t i o n was s u b s t a n t i a t e d in 1959 
(44) "M 

by S e n i t z k y who ob ta ined a c o n t i n u o u s e m i s s i o n c u r r e n t of 10 

in to vacuum f r o m an u n t r e a t e d j u n c t i o n p a s s i n g a j u n c t i o n c u r r e n t of 100mA. 

The e m i t t i n g s t r u c t u r e was a JLf* deep , d i f f u s e d p - n j u n c t i o n b e v e l l e d at 

5 ° on one f ace to expose the j u n c t i o n b o u n d a r y . E m i s s i o n was found to 

o r i g i n a t e at the b o u n d a r y , f r o m a r e a s of m i c r o p l a s m a b r e a k d o w n . T h e 

em is s i on c u r r e n t s w e r e found to i n c r e a s e w i t h j u n c t i o n c u r r e n t in an 

exponen t i a l manner a s s h o w n in F i g . 2 . 8 . T h i s was i n t e r p r e t e d in t e r m s 

of an i n c r e a s e in the escape p r o b a b i l i t y of an e l e c t r o n w i t h j u n c t i o n f i e l d . 

P r e s e n t k n o w l e d g e o f m i c r o p l a s m a s make^i t seem u n l i k e l y that t h e r e w o u l d be 

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

i n c r e a s e in the e l e c t r o n escape p r o b a b i l i t y . S e n i t z k y a l s o o b s e r v e d 

s m a l l e r e m i s s i o n c u r r e n t s w i t h the j u n c t i o n b i a s e d be low the a v a l a n c h i n g -

vol tage. 

T h e f i r s t o b s e r v a t i o n of an e m i s s i o n c u r r e n t t h r o u g h a s h a l l o w 

p l a n a r j u n c t i o n w i t h an u n t r e a t e d s u r f a c e was by B a r t e l i n k in 1963. T h i s 

e x p e r i m e n t has a l r e a d y been d e s c r i b e d in S e c t i o n 2. 3. E m i s s i o n a p p e a r e d 

to o r i g i n a t e f r o m m i c r o p l a s m a s when the j u n c t i o n was a v a l a n c h e d . E m i s s i o n 

c u r r e n t s of be tween 1 0 - 1 ^ A and 1 0 - 1 0 A w e r e ob ta i ned w i t h a j u n c t i o n 

c u r r e n t o f 25 raA f o r j u n c t i o n dep ths r a n g i n g be tween 1200 A and 7 0 0 A . 

B a r t e l i n k d i d not d e s c r i b e the v a r i a t i o n of e m i s s i o n c u r r e n t w i t h j u n c t i o n 
(45) 

c u r r e n t but the w o r k was r e p e a t e d by Bok and K l i e n ' who found the 

e m i s s i o n c u r r e n t to i n c r e a s e e x p o n e n t i a l l y w i t h j u n c t i o n c u r r e n t a f t e r an 

i n i t i a l s h a r p r i s e at . ' b r e a k d o w n , as shown in F i g . 2. 10. No e x p l a n a t i o n 

was o f f e r e d f o r t h i s o b s e r v a t i o n . 
(46) 9 In 1968 H o d g k i n s o n o b t a i n e d e m i s s i o n c u r r e n t s as l a r g e as 10 A 

f r o m a d i f f u s e d p l a n a r j u n c t i o n . He a l s o found that the e m i s s i o n c u r r e n t 

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

o f i n c r e a s e d e n e r g y l osses by the e l e c t r o n p o p u l a t i o n to phonon c o l l i s i o n s . 

In much of the w o r k d e s c r i b e d above the a u t h o r s emphas i sed that 

the e m i s s i o n c u r r e n t was v e r y s e n s i t i v e to s u r f a c e c o n t a m i n a t i o n . W a l d e r ^ 4 7 ^ 

i n v e s t i g a t e d the e f f ec t of a l l o w i n g a l a y e r of o x i d e to g r o w o v e r the j u n c t i o n 

s u r f a c e . A s h a l l o w p l a n a r j u n c t i o n was f a b r i c a t e d and the o x i d e a l l o w e d to 

f o r m in the a t m o s p h e r e o v e r a p e r i o d of t ime . A s expec ted the e m i s s i o n 

c u r r e n t d e c r e a s e d w i t h o x i d e t h i c k n e s s but at a g r e a t e r r a t e than a n t i c i p a t e d 

f r o m s c a t t e r i n g c o n s i d e r a t i o n s . T h e c u r r e n t was found to d e c r e a s e w i t h 

t ime s u c h that log Ie c( - l o g t . W a l d e r c o n c l u d e d that the d e c r e a s e was due 

to c h a r g e t r a p p i n g at the i n t e r f a c e and r e s u l t i n g in a r e t a r d i n g f i e l d . A 
12 2 

s u r f a c e c h a r g e dens i t y of 8 x 10 c h a r g e s / cm was e s t i m a t e d . When 

c o n s i d e r i n g i n j e c t i o n in to S i O e t h i s w o r k emphas i ses the need to f o r m good 
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q u a l i t y o x i d e s unde r c l e a n c o n d i t i o n s in o r d e r to m i n i m i s e any r e d u c t i o n 
in i n j e c t i o n e f f i c i e n c y . The f o l l o w i n g s e c t i o n d i s c u s s e s the e f f e c t s of 
t r a p s on e l e c t r o n i n j e c t i o n and c o n d u c t i o n in s i l i c o n d i o x i d e . 
2. 6 E l e c t r o n ic I n j e c t i o n f r o m S i l i c o n in to S i l i con D i o x i d e . Most of the 
e a r l y o b s e r v a t i o n s of e l e c t r i c a l c o n d u c t i o n in S i O ^ f i l m s may be i n t e r p r e t e d 
as Lbnic c o n d u c t i o n s i n c e t h i s was by f a r the l a r g e s t component at the t ime . 
^ 4 ^ . M o r e r e c e n t l y it has been p o s s i b l e to g r o w t h e r m a l S iO.2 w h i c h is 
r e l a t i v e l y f r e e f r o m ion ic c o n t a m i n a t i o n and hence it has been p o s s i b l e to 
s tudy the e l e c t r o n i c component of the c o n d u c t i o n . T h e s e e x p e r i m e n t s 
sugges t that S i C ^ t h e r m a l l y g r o w n on s i l i c o n can be c o n s i d e r e d to have 
a band s t r u c t u r e s i m i l a r to that of a c r y s t a l l i n e s e m i c o n d u c t o r o r i n s u l a t o r . 
To© f o r b i d d e n band -gap has been e s t i m a t e d to be 8. 5 eV and the b a r r i e r 
he ight be tween S i and S i O ^ to 3. 25 eV as shown in F i g . 2 . 9. N a t u r a l 
e l e c t r o n i c c o n d u c t i o n i s n e g l i g i b l e w i t h such a w i d e band gap so that the 
o b s e r v e d c o n d u c t i o n must r e s u l t f r o m e l e c t r o n o r h o l e i n j e c t i o n at the 
e l e c t r o d e s . 

P h o t o - e x c i t a t i o n was one of the f i r s t t echn iques used to i n j ec t 

e l e c t r o n s in to the c o n d u c t i o n band of S i O . Once in the c o n d u c t i o n band 
(49) 

the e l e c t r o n s w e r e found to have a r e l a t i v e l y h igh m o b i l i t y . Goodman 

used a S i / S i O ^ / A u s t r u c t u r e to p h o t o - i n j e c t e l e c t r o n s i n to the S i Q , 

and then to m e a s u r e the e l e c t r o n m o b i l i t y u s i n g a H a l l t e chn ique . T h e 
d e v i c e s t r u c t u r e made the ma themat i ca l a n a l y s i s d i f f i c u l t but an a v e r a g e 

2 
v a l u e of 29 cm / V s e c f o r the e l e c t r o n m o b i l i t y in S i O , 5 was e s t i m a t e d , 

C u r r e n t - V o l t a g e c u r v e s have a l s o been o b t a i n e d f o r the p h o t o -

i n j e c t i o n of e l e c t r o n s in to S iO* . . A l t h o u g h these have been i n t e r p r e t e d 

us ing the image f o r c e l o w e r i n g m o d e l , t h e r e has been c o n s i d e r a b l e 

d e v i a t i o n f r o m th i s s i m p l e model at low and v e r y h igh f i e l d s . In 1966 

Goodman i n t e r p r e t e d the C u r r e n t - V o l t a g e c h a r a c t e r i s t i c s at l ow 
f i e l d s in t e r m s of t r a p s be low the c o n d u c t i o n band in S i O . P r e v i o u s l y 

(51) 

W i l l i a m s had shown that such t r a p s e x i s t e d about 2 . OeV be low the S i O 

c o n d u c t i o n band . A c c o r d i n g to Goodman 's model the r a n g e an e l e c t r o n 

cou ld t r a v e l b e f o r e becoming i m m o b i l i s e d in a t r a p w o u l d i n c r e a s e w i t h 

the s t r e n g t h of the a p p l i e d f i e l d . The p h o t o - i n j e c t e d c u r r e n t w o u l d then 

be expec ted to i n c r e a s e m o r e s h a r p l y at low f i e l d s , as o b s e r v e d e x p e r i ­

m e n t a l l y , than p r e d i c t e d by the image f o r c e model a l one . 
(52) 

In 1971 B e r g l u n d and P o w e l sugges ted that t h i s model was 

p r o b a b l y not c o r r e c t and p r o p o s e d a t h e o r y in w h i c h the f i e l d dependence 

of the e m i s s i o n c u r r e n t at low f i e l d s was e x p l a i n e d in t e r m s of o p t i c a l 

phonon s c a t t e r i n g in the p o t e n t i a l w e l l be tween the s i l i c o n i n t e r f a c e and 

the c l a s s i c a l t u r n k j j p o i n t of the image f o r c e b a r r i e r . T h e d i s t a n c e o f the 
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t u r n i n g po in t f r o m the i n t e r f a c e i n c r e a s e s w i t h d e c r e a s i n g a p p l i e d f i e l d , 

so that the p r o b a b i l i t y of an e l e c t r o n mak ing an o p t i c a l phonon c o l l i s i o n 

b e f o r e r e a c h i n g the t u r n i n g po in t is i n c r e a s e d at low f i e l d s . T h u s ^ t h e r e 

is a h i g h e r p r o b a b i l i t y of an e l e c t r o n be ing t u r n e d b a c k , r a t h e r than be ing 

i n j e c t e d in to the c o n d u c t i o n band of the o x i d e . ' A v a l u e of 

35 A f o r the mean f r e e pa th f o r an o p t i c a l phonon c o l l i s i o n was e s t i m a t e d 

f r o m the e x p e r i m e n t a l da ta . 
(53 - 55) 

M o r e r e c e n t e x p e r i m e n t s on the p h o t o - i n j e c t i o n of 

e l e c t r o n s in to t h e r m a l l y g r o w n S i O have c o n f i r m e d the e x i s t a n c e of a 

band of t r a p s s p r e a d about 0. 5 eV w i d e a p p r o x i m a t e l y 2. 0 eV be low the 

c o n d u c t i o n band . The dens i t y of t r a p s has been es t ima ted to be of the 

o r d e r of 1 0 ^ / c m " ^ . Thomas et al has shown tha t ,once f i l l e d , t h e s e 

t r a p s can be emp t ied by the s i m u l t a n e o u s a p p l i c a t i o n of U . V . r a d i a t i o n 

and a h igh f i e l d . T h e r e is no e v i d e n c e that e l e c t r o n i c c o n d u c t i o n can 

take p l a c e v i a the t r a p s under the a c t i o n of a h igh f i e l d a )one . 

E l e c t r o n i n j e c t i o n f r o m s i l i c o n in to the c o n d u c t i o n band of 

s i l i c o n d i o x i d e has a l s o been a c h i e v e d by the a p p l i c a t i o n of h i g h f i e l d s 

( > 10 V / c m ) , a c r o s s the o x i d e in an M. O. S . s t r u c t u r e (.56 &• 57 ). The 

c u r r e n t s ob ta i ned have been shown to be dependent on ly on the a p p l i e d 

f i e l d and the i n j e c t i n g e l e c t r o d e . T h a t i s , independent of o x i d e t h i c k ­

ness and the c o u n t e r e l e c t r o d e m a t e r i a l . T h i s sugges ts an e l e c t r o d e 

l i m i t e d i n j e c t i o n mechan i sm , as expec ted f o r a m a t e r i a l w i t h such a h igh 

band gap and low d e n s i t y of t r a p s . B e c a u s e of the b a r r i e r he igh t of the 

S i / S i O . i n t e r f a c e (3 . 25eV) Schot tbw e m i s s i o n is not i m p o r t a n t at r o o m 

t e m p e r a t u r e and the C u r r e n t - V o t t a g e c h a r a c t e r i s t i c s have been i n t e r ­

p r e t e d in t e r m s of F o w l e r - N o r d h e i m t u n n e l l i n g . 

L e n z l i n g e r and Snow p r o p o s e d that in the c a s e of e l e c t r o n 

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

d e g e n e r a t e r e g a r d l e s s of the bu lk d o p i n g . T h i s a l l o w e d use to be made 

of the F o w l e r - N o r d h e i m equa t i on f o r the f r e e e l e c t r o n model and the 

W. K. B. a p p r o x i m a t i o n to the tunnel I ing p r o b a b i l i t y . T h e equa t i on was 

mod i f i ed to take i n to account image f o r c e l o w e r i n g and the r e l a t i v e 

d i e l e c t r i c ^ o f s i l i c o n d i o x i d e . The f i n a l e x p r e s s i o n a l s o c o n t a i n e d the 

e f f e c t i v e mass o f an e l e c t r o n in the f o r b i d d e n gap of the o x i d e . E x p e r i ­

ments w e r e p e r f o r m e d u s i n g o x i d e s r a n g i n g in t h i c k n e s s f r o m 640 A to 

5 , 0 0 0 A g r o w n at 1200 C in d r y o x y g e n on n - t y p e s i l i c o n of r e s i s t i v i t y 

1 _ 10 y u cm. C u r r e n t - V o l tage m e a s u r e m e n t s w e r e taken of the o x i d e 

c u r r e n t and F o w l e r - N o r d h e i m p l o t s o b t a i n e d . F r o m the s l o p e s , the v a l u e 

f o r the e f f e c t i v e mass of an e l e c t r o n w a s d g r i v e d as 0. 42m < > i > 
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T h e t e m p e r a t u r e dependence of the l - V c u r v e s was a l s o m e a s u r e d and a 

t h e o r e t i c a l f i t made. Howeve r , t h i s was found to r e q u i r e a v a l u e f o r the 

e f f e c t i v e mass of 0. 96 frto . A n e x p l a n a t i o n of t h i s d i s c r e p a n c y c o u l d not 
be found un less the b a r r i e r he igh t v a r i e d w i t h t e m p e r a t u r e . S i m i l a r 

(57) 
o b s e r v a t i o n s w e r e made in 1972 by O s b u r n and W e i t z m a n 

In the s tudy by O s b u r n and We i t zman it was found that the l - V 

c u r v e s w e r e not r e p r o d u c i b l e un t i l the a p p l i e d f i e l d had been c y c l e d 

s e v e r a l t i m e s . A s in L e n z l i n g e r and S n o w ' s w o r k i t w a s found that the 

i n j e c t e d c u r r e n t decayed w i t h t ime . L e n z l i n g e r and Snow thought that 

the c u r r e n t decay was a r e s u l t of t r a p s in the o x i d e ; these w e r e a l s o 

c o n s i d e r e d to be r e s p o n s i b l e f o r the l o w e r than expec ted c u r r e n t l e v e l s 

ob ta i ned in t h e i r e x p e r i m e n t s . O s b u r n and We i t zman d i d not o b s e r v e 

such low c u r r e n t l e v e l s and p r o p o s e d that the i n i t i a l c u r r e n t c o n s i s t e d 

of i n j e c t e d c u r r e n t p l u s c u r r e n t r e l e a s e d f r o m t r a p s by the a p p l i e d f i e l d . 

They a l s o found that the r a t e of c u r r e n t decay i n c r e a s e d w i t h a p p l i e d 

f i e l d w h i c h they i n t e r p r e t e d in t e r m s of the depth of the t r a p s f r o m w h i c h 

the e l e c t r o n s w e r e r e l e a s e d . T h e f l a t band v o l t a g e was m e a s u r e d b e f o r e 

and a f t e r i n j e c t i o n and no a p p r e c i a b l e s h i f t was o b s e r v e d . T h i s was taken 

to i n d i c a t e that the t r a p s w o u l d need to be l oca ted w i t h i n 0. 2 A of the metal 

i n t e r f a c e . O s b u r n and W e i t z m a n found that i f the d e v i c e s w e r e annea led 

a f t e r meta l i s a t i o n the c u r r e n t was r e d u c e d . In a d d i t i o n i f a samp le w a s 

not annea led the s l ope of the F o w l e r - N o r d h i e m p l o t s gave v a l u e s f o r the 

b a r r i e r he i gh t s that w e r e 1. 5 eV l o w e r than expec ted . T w o mode ls w e r e 

p r o p o s e d to accoun t f o r t h i s o b s e r v a t i o n . In the f i r s t i t w a s c o n s i d e r e d 

that t h e r e w e r e t r a p s l e v e l s 1.5 e V be low ^ the S i O ^ c o n d u c t i o n band 

w h i c h c o u l d be annea led ou t . In the annea led samp les e l e c t r o n s c o u l d be 

i n j e c t e d in to these t r a p s and may have s u f f i c i e n t m o b i l i t y to t r a v e l t h r o u g h 

the o x i d e v i a the t r a p s . In the l i g h t of r e c e n t p h o t o - i n j e c t i o n e x p e r i m e n t s 

on t r a p s , d e s c r i b e d e a r l i e r , i t i s u n l i k e l y that these t r a p s c o u l d be the same 

as those found in n o r m a l l y g r o w n s i l i c o n d i o x i d e s i n c e t h e r e i s no ev idence 

of e l e c t r o n c o n d u c t i o n v i a such t r a p s . In O s b u r n and W e i t z m a n h ' s e x p e r i ­

men ts , h o w e v e r , i t was o b s e r v e d that the appa ren t b a r r i e r l o w e r i n g e f f e c f 

was most n o t i c a b l e in those d e v i c e s on w h i c h the a l u m i n i u m had been 

d e p o s i t e d u s i n g e l e c t r o n beam e v a p o r a t i o n . T h e r e is some e v i d e n c e that 
t h i s t ype of e v a p o r a t i o n t echn ique can p r o d u c e r a d i a t i o n damage in s i l i c o n 

(58) 
d e v i c e s and it is p o s s i b l e .that t r a p s i nduced in t h i s way have p r o p e r t i e s 
d i f f e r i n g f r o m those found in ' as g r o w n ' o x i d e s . R a d i a t i o n damage has a l s o 

(59) 
r e c e n t l y been shown to e f f ec t the S i / t > i 0 2 b a r r i e r he i gh t s . In the 
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e x p e r i m e n t s d i s c u s s e d in t h i s t h e s i s the a luminum ^ , was 

d e p o s i t e d u s i n g e l e c t r o n beam e v a p o r a t i o n . (See Chapter 4) . 

In the second model of O s b u r n and W e i t z m a n n i t w a s thought 

that c h a r g e i n t r o d u c e d in to the o x i d e d u r i n g metal i s a t i o n w o u l d be ab le 

to v a r y the p o t e n t i a l d i s t r i b u t i o n w i t h i n the o x i d e such as to p r o d u c e 

a n o n - l i n e a r p o t e n t i a l aga ins t dep th p r o f i l e . It was c o n s i d e r e d p o s s i b l e 

that t h i s w o u l d a l t e r the shape of the t u n n e l l i n g b a r r i e r r e s u l t i n g in an 

appa ren t b a r r i e r l o w e r i n g . M o r e r e c e n t l y s c a n n i n g photo e m i s s i o n 

e x p e r i m e n t s on S i / S i O i n t e r f a c e s show that l o c a l i s e d b a r r i e r l o w e r i n g 

can r e s u l t f r o m c o n t a m i n a t i o n c h a r g e in the o x i d e . E v e r y e f f o r t was made 

in the e x p e r i m e n t a l w o r k c o n t a i n e d in th i s t h e s i s to use c l e a n , o i l - f r e e 

e v a p o r a t i o n methods and h i gh p u r i t y a l u m i n i u m . (See C h a p t e r 4) . 

If v e r y t h i n o x i d e f i l m s a r e emp loyed ( < 100 A) i t i s p o s s i b l e 

to app l y f i e l d s to i nduce e l e c t r o n s to tunnel r i g h t t h r o u g h the f o r b i d d e n 

gap of the o x i d e . T h i s p r o p e r t y is used in M. N . O. S . ^ ^ ^ ) memory 

d e v i c e s . In these s t r u c t u r e s a h igh f i e l d is a p p l i e d a c r o s s a s a n d w i c h of 

s i l i c o n d i o x i d e and s i l i c o n n i t r i d e . E l e c t r o n s tunnel f r o m the s i l i c o n , 

t h r o u g h the o x i d e and in to t r a p s at the o x i d e - n i t r i d e i n t e r f a c e . T h i s t r a p p e d 

c h a r g e causes a s h i f t i n the t h r e s h o l d v o l t a g e and hence p r o d u c e s a 

memory e f f e c t . 

2. 7 E l e c t r o n I n j e c t i o n f r o m p - n J u n c t i o n s in to S i l i c o n D i o x i d e 

It was shown e a r l i e r that e l e c t r o n s c o u l d be e m i t t e d in to a vacuum f r o m 

a r e v e r s e b i a s e d p - n j u n c t i o n . T h i s p r i n c i p l e has a l s o been used to i n j e c t 
(63) 

e l e c t r o n s in to s i l i c o n d i o x i d e . I n 1969 N i c o l l i a n et al f ound that i f an 

M. O. S . s t r u c t u r e w a s p u l s e d at a h igh f r e q u e n c y and v o l t a g e it was p o s s i b l e 

to i n v e r t and ava lanche the s u r f a c e of a p- type s i l i c o n s u b s t r a t e as shown 

in F i g . 2. 11. T h e e l e c t r o n c u r r e n t i n j e c t e d in to the o x i d e was d i f f e r e n t i a t e d 

f r o m the t r a n s i e n t c a p a c i t a n c e c u r r e n t by the measuremen t s y s t e m . T h e 

i n j e c t e d o x i d e c u r r e n t d e n s i t y was found to be l i n e a r l y p r o p o r t i o n a l to the 

p u l s e f r e q u e n c y ; v a l u e s as h i g h as 2 x 10 A / c m w e r e m e a s u r e d . A 

s i m i l a r e x p e r i m e n t was p e r f o r m e d by N i c o l l i a n and B e r g l u n d and the 

dependence of the i n j e c t e d o x i d e c u r r e n t on peak f i e l d w a s e x p l a i n e d in 

t e r m s of an image f o r c e l o w e r i n g mode l . By assum ing a M a x w e l l i a n 

d i s t r i b u t i o n o f c h a r g e c a r r i e r s in the ava lanche p u l s e , a v a l u e of 0. 43eV 

f o r the e f f e c t i v e t e m p e r a t u r e o f the d i s t r i b u t i o n was d e r i v e d . 

N i c o l l i a n found that in the above d e v i c e s t r u c t u r e s that t h e r e 

was an i n c r e a s e in the e l e c t r o n t r a p p i n g i f w a t e r was i n c o r p o r a t e d i n to 

the o x i d e . A f t e r an a v a l a n c h i n g sequence a n e g a t i v e c h a r g i n g e f f ec t was 

o b s e r v e d in o x i d e s p r e v i o u s l y g r o w n in d r y oxygen and then exposed to w a t e r . 
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The c h a r g e c o u l d be r e m o v e d by hea t i ng to 200 ° C f o r 20 m inu tes in the 

p r e s e n c e of w a t e r a l t hough no change was o b s e r v e d by hea t ing f o r 30 

m inu tes at 2 0 0 ° C in vacuum o r h y d r o g e n , o r by expos ing to U. V . l i g h t . 

A model was p r o p o s e d in w h i c h e l e c t r o n s w e r e c a p t u r e d at h y d r o g e n ion 

o r w a t e r r e l a t e d d e f e c t s . S team g r o w n o x i d e s showed i n c r e a s e d e l e c t r o n 

t r a p p i n g c o m p a r e d w i t h d r y oxygen g r o w n o x i d e s . T h e r e w a s a l s o found 

to be an i n c r e a s e in the s u r f a c e s ta te d e n s i t y a f t e r a v a l a n c h i n g . S t e a d y , 

d. c. e l e c t r o n i n j e c t i o n in to s i l i c o n d i o x i d e has a l s o been o b s e r v e d us ing 

M. O. S . T . d e v i c e s . E r b , D i l l and T o o m b s used an n-channel M. O. S . T . 

w i t h an a d d i t i o n a l o f f se t gate as shown in F i g . 2. 12. A smal l pact of the 

d r a i n c u r r e n t c o u l d be a c c e l e r a t e d t o w a r d s the s i l i c o n - o x i d e i n t e r f a c e by 

c o n t r o l l i n g the o f f se t ga te f i e l d . No a v a l a n c h i n g takes p l a c e and the o x i d e 

c u r r e n t is a f u n c t i o n of the d r a i n c u r r e n t and the f i e l d induced i n . s i l i c o n 

by the ga te . C u r r e n t d e n s i t i e s of the o r d e r of 2 x 10 A / c m w e r e 
( 67 ) 

ob ta ined t h r o u g h the o x i d e . V e r w e y has used an n channe l M. O . S . T . 

s t r u c t u r e w i t h a f o r w a r d b i a s e d p - n + j u n c t i o n beneath the channe l such that 

e l e c t r o n s c o u l d be i n j e c t e d in to the r e g i o n of the channe l f i e l d and hence be 

a c c e l e r a t e d i n to the o x i d e as shown in F i g . 2 . 13. 

In jec t ion of el e c t r o n s in to the ga te o x i d e o f an M. O. S . T . d e v i c e 
( 68 ) 

has a l s o been no ted d u r i n g the a v a l a n c h i n g of the d r a i n d i f f u s i o n . H a r a et ai 

f o r examp le , found that the s i l i c o n s u r f a c e nea r the d r a i n became m o r e n -

type in n-channel d e v i c e s and i n v e r s e l y f o r p-channel d e v i c e s , i. e. a v a ­

l anch ing the d r a i n e f f e c t i v e l y s h o r t e n e d the a c t i v e channel l e n g t h . This-Awas 

shown to be caused by the c h a r g i n g of the ga te o x i d e by i n j e c t e d e l e c t r o n s o r 
(69) 

ho les w h i c h w e r e subsequen t l y t r a p p e d . T h i s has been used in F . A . M. O. S . 
2 

memory d e v i c e s in w h i c h c u r r e n t d e n s i t i e s o f 0. 1 A / c m have been 

ob ta ined t h r o u g h 1000 *A of o x i d e . 

V e r w e y I t Z l ^ has used bo th npn and pnp t r a n s i s t o r s t r u c t u r e s to 

measu re the i n j e c t e d o x i d e c u r r e n t d u r i n g e m i t t e r - b a s e b r e a k d o w n . A f i e l d 

p l a te was p l a c e d above the e m i t t e r - b a s e j u n c t i o n and b i ased p o s i t i v e l y as 

shown in F i g . 2 . 14. In a pnp s t r u c t u r e the f i e l d p l a t e v o l t a g e dep le tes the 

e m i t t e r s u r f a c e and g i v e s c h a r g e a c c u m u l a t i o n in the base s u r f a c e , c a u s i n g 

the j u n c t i o n to b r e a k d o w n at the s i l i c o n - s i l i c o n d i o x i d e i n t e r f a c e . In an 

npn t r a n s i s t o r it is c o n s i d e r e d that b r e a k d o w n o c c u r s a few ten ths of a m i c r o n 

be low the i n t e r f a c e because of out d i f f u s i o n of b o r o n f r o m the base . T h e o x i d e 

c u r r e n t in an npn t r a n s i s t o r was found to i n c r e a s e e x p o n e n t i a l l y w i t h a p p l i e d 

f i e l d w h e r e a s in a pnp t r a n s i s t o r it i n c r e a s e d l i n e a r l y . It w a s p r o p o s e d that 

the dep th of the a v a l a n c h i n g r e g i o n in the npn d e v i c e was an i n v e r s e f u n c t i o n 

of the f i e l d and hence the c u r r e n t w o u l d be d e t e r m i n e d by B a r t e l i n k s 

r e l a t i o n s h i p , Ic£ exp ( - L / L o ) see S e c t i o n 2. 3. In the pnp d e v i c e b r e a k d o w n 



- 24 -

takes p l a c e at the i n t e r f a c e and the c u r r e n t is t h e r e f o r e a l i n e a r f u n c t i o n 

of the a p p l i e d f i e l d . T h i s e x p l a n a t i o n f o r the pnp d e v i c e does not h o w e v e r , 

take in to account that the o x i d e f i e l d w o u l d r e s u l t in a l o w e r i n g of the 

i n t e r f a c e b a r r i e r be tween the s i l i c o n and the o x i d e . T h i s w o u l d r e s u l t in 

a n o n - l i n e a r dependence of the o x i d e c u r r e n t f i e l d . V e r w e y a l s o found 

that e l e c t r o n t r a p p i n g o c c u r e d in the o x i d e r e s u l t i n g in a r e d u c t i o n of the 

i n j e c t e d c u r r e n t by an o r d e r of magn i tude in t h r e e m i n u t e s . T h e t r a p p i n g 

e f f i c i e r 

p o r t e d . 

3 
e f f i c i e n c y was es t ima ted to be about 1 e l e c t r o n t r a p p e d f o r 3 x 1 0 t r a n s -

(71) + 
In a s i m i l a r e x p e r i m e n t P e p p e r used a p —n j u n c t i o n and made 

a s e r i e s of measu remen ts of the o x i d e c u r r e n t aga ins t a p p l i e d o x i d e f i e l d 

and j u n c t i o n c u r r e n t . A s in V e r w e y ' s w o r k some t r a p p i n g e f f e c t s w e r e 

o b s e r v e d but in a d d i t i o n it was r e p o r t e d that it was n e c e s s a r y to s t a b i l i z e 

the i n j e c t i o n c u r r e n t by a v a l a n c h i n g the d e v i c e o v e r a p e r i o d of t ime . It 
7 2 

was e s t i m a t e d that the c h a r g e dens i t y of 3. 2 x 10 C / c m was at the S i / S i C ^ 

i n t e r f a c e , r e s u l t i n g f r o m t r a p p e d c h a r g e d i s t r i b u t e d t h roughou t the o x i d e . 

P e p p e r ' s r e s u l t s show that he ob ta i ned a h u n d r e d - f o l d i n c r e a s e in the 

i n j e c t e d c u r r e n t f o r on ly a t h r e e - f o l d i n c r e a s e in j u n c t i o n c u r r e n t . S e e 

F i g . 2. 15. P e p p e r o f f e r e d no e x p l a n a t i o n f o r t h i s o b s e r v a t i o n but c o n s i d e r e d 

on ly the f i e l d dependence of the i n j e c t e d c u r r e n t . 

It was conc luded by P e p p e r that the o b s e r v e d r a t e of i n c r e a s e of 

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

l o w e r i n g t h e o r y and that the f i e l d was not h igh enough f o r F o w l e r - N o r d h e i m 

t u n n e l l i n g . T h e v i e w was taken that an e l e c t r o n w o u l d be i n j e c t e d i n t o the 

o x i d e i f it c o u l d g a i n s u f f i c i e n t e n e r g y f r o m the f i e l d induced in the s i l i c o n 

s u r f a c e by the f i e l d v o l t a g e and the v o l t a g e a c r o s s the j u n c t i o n d e p l e t i o n 

r e g i o n . The to ta l f i e l d was taken to be that d e r i v e d by De Gr\af f ^ 7 2 ^ f o r a 

g a t e - c o n t r o l l e d d i ode , 
F = ( V R - V g ) / ' ( & / £ 0 « . ) X'B 2. 18 

w h e r e Xo is the ox ide t h i c k n e s s , 

V g is the v o l t a g e on the f i e l d p l a t e , 

V r i s the v o l t a g e on the d i ode j u n c t i o n , 

and V g = V g - < f ) m i + Q i $ x 0 / C o x , 

w h e r e Qj is the. - c h a r g e d e n s i t y at the i n t e r f a c e 

T h e p r o b a b i l i t y of an e l e c t r o n g a i n i n g s u f f i c i e n t e n e r g y to be i n j e c t e d w a s 

d e r i v e d in a manner s i m i l a r to that used by S h o c k l e y in h i s c a l c u l a t i o n of the 

c h a r g e c a r r i e r d i s t r i b u t i o n in an a v a l a n c h i n g j u n c t i o n . ( S e c t i o n 2. 2 ) . 
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By i n t e g r a t i n g the p r o b a b i l i t y an e x p r e s s i o n f o r the i n j e c t e d c u r r e n t was 

o b t a i n e d , 

_W _Ei_ + ^1 _Ei_N 
M t f 4 / 

((2. 19)) 

w h e r e ^ is the op t i ca l phonon m. f. p. , taken to be 1 1 0 ^ 

^ is the comb ined m. f. p. f o r phonon s c a t t e r i n g and 

i o n i s a t i o n , taken to be 400 %. 

E i i s the p a i r p r o d u c t i o n t h r e s h o l d e n e r g y , taken 

to be 1. 65 eV . , , .• 

Good ag reement was o b t a i n e d be tween t h i s e x p r e s s i o n and the e x p e r i m e n t a l 

s l ope of the g r a p h of o x i d e c u r r e n t aga ins t r e c i p r o c a l f i e l d . T h i s t h e o r y 

i s , h o w e v e r , a g r e a t s i m p l i f i c a t i o n and is r e a l l y on l y j u s t i f i e d in the 

s i t u a t i o n w h e r e the j u n c t i o n is b i a s e d be low a v a l a n c h e v o l t a g e and e l e c t r o n s 

a r e g e n e r a t e d in the f i e l d r e g i o n by o p t i c a l o r s i m i l a r means. When the 

j u n c t i o n is ava lanched the c h a r g e c a r r i e r s a r e t he rma l i sed in s c a t t e r i n g 

c o l l i s i o n s ( S e c t i o n 2. 2) and the e m i s s i o n p r o b a b i l i t y is no l onge r v a l i d . 
(73 74) 

B u l u c e a ' has more r e c e n t l y p r o p o s e d a b e t t e r model of ava lanche 

i n j e c t i o n of e l e c t r o n s in to the o x i d e of a ga te c o n t r o l l e d d e v i c e s i m i l a r to 

P e p p e r s . In t h i s model Bar te l ink^s t h e o r y is ex tended to take in to account the 

induced i n t e r f a c e f i e l d and b a r r i e r l o w e r i n g e f f e c t s . 

2. 8 C o n c l u s i o n s 

It is g e n e r a l l y assumed that the hot e l e c t r o n - h o l e p o p u l a t i o n in 

an a v a l a n c h i n g j u n c t i o n o r m i c r o p l a s m a is Maxwe l l i an . T h e d i s c u s s i o n 

of S e c t i o n 2. 2 i n d i c a t e s that t h i s is on l y an a p p r o x i m a t i o n and that the t r u e 

d i s t r i b u t i o n f a l l s o f f m o r e s h a r p l y at h i g h e r e n e r g i e s ( 2 e V ) . 

In the m a j o r i t y of the p u b l i s h e d w o r k e l e c t r o n i n j e c t i o n in to a 

vacuum has been found to o r i g i n a t e f r o m m i c r o p l a s m a s . E x p e r i m e n t s 

i n v o l v i n g e l e c t r o n i n j e c t i o n i n to s i l i c o n d i o x i d e have ma in l y used deep p - n 

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

b r e a k d o w n . T h e e l e c t r i c a l p r o p e r t i e s of these s u r f a c e b r e a k d o w n s is 

p r o b a b l y the same as d e s c r i b e d f o r m i c r o p l a s m a s . It is expec ted that the 

s w i t c h i n g p r o b a b i l i t i e s w i l l g r e a t l y i n f l uence the a v e r a g e e m i s s i o n c u r r e n t . 

T h i s must be taken in to account when c o n s i d e r i n g the dependence of the 

e m i s s i o n c u r r e n t on the to ta l j u n c t i o n ava lanche c u r r e n t . T h i s dependence 

has been l a r g e l y i g n o r e d by most w o r k e r s and w i l l be d i s c u s s e d in C h a p t e r 6 

withy/reference to the d e v i c e used in t h i s w o r k . 

E l e c t r o n i n j e c t i o n i n to s i l i c o n d i o x i d e is g e n e r a l l y c o n s i d e r e d to be 

e l e c t r o d e l i m i t e d and the f i e l d dependence is u s u a l l y i n t e r p r e t e d in t e r m s o f 

f i e l d b a r r i e r l o w e r i n g o r F o w l e r - N o r d h i e m t u n n e l l i n g . The p r e s e n c e of 
t r a p s , d is t r ibuted t h roughou t the bu l k o x i d e , has been o b s e r v e d to r e d u c e the 
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i n j e c t e d c u r r e n t by an o r d e r of magn i tude f r o m i ts i n i t i a l l e v e l . T h i s e f f ec t 

is l ess than might be expec ted f o r an a m o r p h o u s i n s u l a t o r . T r a p p i n g may 

be more impo r t an t in o t h e r f r o m s of t h i n f i l m s such as .w i l lemi te . T h i s may 

lead to space c h a r g e Limit i;ng e f f e c t s . 

A t the t ime of w r i t i n g t h e r e have been no r e p o r t s o f e l e c t r o n 

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

W i th u n i f o r m b r e a k d o w n th i s c o u l d be e x p e c t e d to g i v e h i g h e r i n j e c t i o n 

c u r r e n t s and p o s s i b l y a h i g h e r i n j e c t i o n e f f i c i e n c y . T h i s is because of the 

more f a v o u r a b l e g e o m e t r y g i v i n g a d e p l e t i o n f i e l d d i r e c t e d t o w a r d s the i n t e r -
+ 

face r e d u c i n g s u r f a c e r e f l e c t i o n s . A s h a l l o w n+p j u n c t i o n w i l l not have the 

s u r f a c e i nduced f i e l d as in P e p p e r ' s s t r u c t u r e thus mak ing an a n a l y s i s of 

the r e s u l t s much s i m p l e r . 

It is one of the o b j e c t i v e s of t h i s r e s e a r c h to use the i n f o r m a t i o n 

p r e s e n t e d in the above r e v i e w to d e s i g n a p l a n a r j u n c t i o n w h i c h w i l l a l l o w 

e l e c t r o n i n j e c t i o n in to s i l i c o n d i o x i d e . It is hoped that t h i s w i l l l ead to a 

b e t t e r u n d e r s t a n d i n g of some of the i n j e c t i o n mechan isms p a r t i c u l a r l y the 

dependence of the i n j e c t e d c u r r e n t on j u n c t i o n c u r r e n t . 

F i n a l l y the same des ign of j u n c t i o n is used to i n j ec t h igh e n e r g y 

e l e c t r o n s in to a t h i n f i l m of w i l l e m i t e as p r o p o s e d in C h a p t e r 1. 
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C H A P T E R T H R E E 

D E S I G N O F H O T E L E C T R O N I N J E C T I O N S T R U C T U R E 

3. 1 I n t r o d u c t i o n 

It has been shown in C h a p t e r 2 that h i gh e n e r g y e l e c t r o n s , 

c r e a t e d in the d e p l e t i o n f i e l d of a s i l i c o n r e v e r s e b i a s e d p - n j u n c t i o n , 

r a p i d l y l ose ene rgy d u r i n g t r a n s p o r t away f r o m the j u n c t i o n . In o r d e r 

to ach ieve e l e c t r o n i n j e c t i o n i n to an o v e r l a y i n g f i l m t h e r e must be a 

f i n i t e p r o b a b i l i t y of an e l e c t r o n , a r r i v i n g at the s i l i c o n and f i l m i n t e r ­

face w i t h an e n e r g y g r e a t e r than the p o t e n t i a l s tep he igh t be tween the 

two m a t e r i a l s. B a r t el ink ^ ^ ( S e c . 2. 3) has shown that f o r a j u n c t i o n 

b i ased in the a v a l a n c h i n g mode, the number of h i gh e n e r g y e l e c t r o n s 

a r r i v i ng at the i n t e r f a c e is p r o p o r t i o n a l to exp ( - L / L o ) . L is the j u « c t ' 0 0 

depth and L o is a p a r a m e t e r p r i m a r i l y dependent on the i o n i s i n g and 

phonon s c a t t e r i n g mean f r e e pa ths . O r d e r of magn i tude c a l c u l a t i o n s , 

v e r i f i e d by e x p e r i m e n t , show that the h igh e n e r g y e l e c t r o n s must o r i g i n a t e 

f r o m dep ths l ess than 1000 X w i t h i n the s i l i c o n i f they a r e to be i n j e c t e d 

in to a vacuum. A s i m i l a r l i m i t a t i o n on dep th must app ly when c o n s i d e r i n g 

e l e c t r o n i n j e c t i o n in to a t h i n f i l m , a l t hough in t h i s case the r e d u c e d b a r r i e r 

he ight shou ld g i v e a m o r e use fu l c u r r e n t d e n s i t y . 

In a d i s p l a y d e v i c e ; e l e c t r o n s t h e r m a l l y g e n e r a t e d in the p - t y p e 

s t r u c t u r e , w o u l d d i f f u s e t o w a r d s the d e p l e t i o n l a y e r f o r m e d at the j u n c t i o n 

w i t h an n + d i f f u s i o n . T h e e l e c t r o n s w o u l d ga in e n e r g y in the r e v e r s e 

b i a s e d j u n c t i o n and w i t h s u f f i c i e n t v o l t a g e w o u l d be i n c r e a s e d in an 

e l e c t r o n ava lanche . In t h i s w o r k i t was c o n s i d e r e d that s h a l l o w p l a n a r 

j u n c t i o n w o u l d be best s u i t e d to the f a b r i c a t i o n of a d i s p l a y d e v i c e . If 

the n + l a y e r was s u f f i c i e n t l y t h i n some e l e c t r o n s w o u l d r e a c h the s u r f a c e 

w i t h enough e n e r g y f o r i n j e c t i o n o v e r the i n t e r f a c i a l b a r r i e r i n to a 

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

j u n c t i o n i s c r i t i c a l l y dependent on j u n c t i o n q u a l i t y . It shou ld be p o s s i b l e 

to o b t a i n a m o r e c o n t r o l l e d p r o c e s s by b i a s i n g the j u n c t i o n be low a v a l a n c h e 

and u s i n g a b u r i e d , f o r w a r d b i a s e d j u n c t i o n , to i n j e c t ; i n t o the r e v e r s e 

b i ased s h a l l o w j u n c t i o n . In th i s w o r k p h o t o - e l e c t r i c e x c i t a t i o n was used 

to s i m u l a t e t h i s e f f e c t . A n a l t e r n a t i v e s t r u c t u r e to the s h a l l o w p l a n a r 

j u n c t i o n w o u l d have used a deep d i f f u s e d j u n c t i o n and the s u r f a c e edge 

e m i s s i o n of e l e c t r o n s . S u c h s t r u c t u r e s might be u n s a t i s f a c t o r y f r o m a 

d i s p l a y po in t of v i e w as they w o u l d have.a sma l l and p o o r l y de f i ned e m i t t i n g 

a r e a . It was hoped that the p l a n a r s t r u c t u r e w o u l d have the advan tages of 
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F r o m ( ( 3 . 3 )̂  i t c a n b e s e e n t h a t by m a k i n g a n a p p r o p r i a t e c h o i c e o f 

y~Dt, a n d b y c o n t r o l o f t h e s h e e t r e s i s t a n c e R s , t h r o u g h t h e d e p o s i t i o n 

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

g r a d i e n t . F i g . ( 3 . 1) s h o w s t h e r e s u l t s o f c o m p u t e r c a l c u l a t i o n s m a d e b y 
( 7 / ) 

K e n n e d y . T h e s e c a l c u l a t i o n s s h o w t h a t t h e b r e a k d o w n v o l t a g e o f a 

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

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

o f t h e i m p u r i t y p r o f i l e g r a d i e n t at t h e j u n c t i o n b o u n d a r y . B y c o n t r o l o f t h i s 

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

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

i m a t e s t o a n a b r u p t j u n c t i o n , t h e n F i g . ( 3 . 1) s h o w s t h a t t o o b t a i n a b r e a k d o w n 

v o l t a g e f o r t h e g u a r d r i n g t h a t i s s i g n i f i c a n t l y h i g h e r i t i s n e c e s s a r y f o r t h e 
19 - 4 

i m p u r i t y p r o f i l e o f t h e g u a r d r i n g to b e g r e a t e r t h a n 10 cm f o r a b a c k -
15 3 r— 

g r o u n d d o p i n g o f 5 x 10 / c m . T h i s r e q u i r e s t h a t v D t m u s t 'oe g r e a t e r 
_ 4 

t h a n 10 c m ; a c o n d i t i o n w h i c h i s s a t i s f i e d w h e n u s i n g p h o s p h o r u s a s t h e 
d o p a n t i n a f o u r h o u r d r i v e - i n c y c l e a t 1 2 0 0 ° C . T h e i n i t i a l s u r f a c e c o n c e n -

19 3 

t r a t i o n o f p h o s p h o r u s a f t e r d e p o s i t i o n b e i n g 10 / c m . T h i s p r o c e d u r e w i l l 

r e s u l t i n a j u n c t i o n d e p t h o f a b o u t 9 yum a n d a g u a r d r i n g b r e a k d o w n v o l t a g e 

o f a b o u t 1 2 0 V . T h e v o l t a g e b r e a k d o w n o f a n a b r u p t j u n c t i o n i n t h e s a m e 

m a t e r i a l i s a b o u t 1 0 0 V . 

3 . 3 T h e S h a l l o w D i f f u s i o n 

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

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

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

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

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

l a t i o n s b a s e d o n t h e d a t a o f K e n n e d y a n d M u r l e y F i g . ( 3 . 2) s h o w t h a t i s Q 

i s p o s s i b l e t o u s e p h o s p h o r u s t o o b t a i n a j u n c t i o n d e p t h o f t h e o r d e r o f 1 0 0 0 A 

i n a t w o s t a g e d i f f u s i o n c y c l e i f t h e t e m p e r a t u r e d o e s n o t e x c e e d 8 5 0 ° C a n d 

t he d u r a t i o n o f e a c h s t a g e i s n o t l o n g e r t h a n 5 m i n u t e s . I n A p p e n d i x A 1 . 5 

i t i s s h o w n t h a t u s i n g t h e d a t a , o f K e n n e d y a n d M i A r l e y t h a t , 

x j = ( 8 * / ~ D t ) ( ( 3 . 4 ) ) 

a s s u m i n g t h a t D t = D , t . ^ r\ ± w h e r e D , t . a n d D „ t _ a r e t h e 
1 i u x A. 1 1 2 2 

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

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

e r a t u r e o f 8 5 0 ° C . T h e s u r f a c e c o n c e n t r a t i o n a f t e r d e p o s i t i o n w a s a s s u m e d 

19 3 
t o b e 10 / c m . D u r i n g t h e w o r k i t w a s f o u n d to b e a d v a n t a g e o u s to i n c r e a s e 

20 3 

t h e s u r f a c e c o n c e n t r a t i o n t o 10 / c m • h o w e v e r , t h i s h a d a n i n s i g n i f i c a n t 

e f f e c t o n t h e f i n a l j u n c t i o n d e p t h . 
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T h e l i m i t a t i o n s i m p o s e d b y t h e j u n c t i o n d e p t h h a v e r e p e r c u s s i o n s w h e n 
c o n s i d e r i n g t h e f o r m a t i o n o f o x i d e a n d l u m i n e s c e n t f i l m s o v e r t h e j u n c t i o n . 
T h e s e w i l l b e d i s c u s s e d i n C h a p t e r s £ a n d 7 r e s p e c t i v e l y . 
3 . 4 D e v i c e G e o m e t r y 

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

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

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

m a s k i n g s t a g e s . F o r t h i s w o r k a m a s k a l i g n m e n t m a c h i n e h a d to b e d e s i g n e d 

a n d b u i l t i n t h e D e p a r t m e n t . S e e F i g . A 2 . 2 . 

T h i s a l l o w e d a l i g n m e n t s t o b e m a d e to a n a c c u r a c y o f 0. 1 mm a n d 

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

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

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

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

T h e d e v i c e t o be f a b r i c a t e d i s s h o w n i n F i g ( 3 . 3 ) . T h e s h a l l o w 

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

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

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

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

t h r o u g h a n a l u m i n i m u m c o n t a c t p a t t e r n . C a r e w a s t a k e n n o t to a l l o w t h e 

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

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

i n j e c t e d i n t o t h e o v e r l a y i n g f i l m o f o x i d e o f w i l l e m i t e w e r e d e t e c t e d b y a 

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

w i n d o w t h r o u g h a f o r w a r d b i a s e d n + - p j u n c t i o n . 

T h e c o m p l e t e m a s k s e t f o r s u c h a d e v i c e i s s h o w n i n F i g . ( 3 . 4 ) . 

I t c o n s i s t s o f s e v e n m a s k s n o t a l l o f w h i c h a r e u s e d i n a g i v e n d e v i c e . T h e 

m a s k s w e r e d e s i g n e d t o b e u s e d w i t h S h i p l e y p o s i t i v e w o r k i n g p h o t o - r e s i s t . 

E a c h m a s k w a s o r i g i n a l l y p r o d u c e d 25 t i m e s f u l l s i z e i n S t a b i l e n e ' C u t a n d 

S t r i p ' s u p p l i e d by K e u f f e l a n d E s s e r . F r o m t h e s e m a s t e r s a f i n a l m a s k w a s 

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

s t a n d a r d p h o t o g r a p h i c m e t h o d s . 
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C H A P T E R F O U R 

F A B R I C A T I O N O F J U N C T I O N S T R U C T U R E S I N S I L I C O N 

4 . 1 I n t r o d u c t i o n 

T h e i n i t i a l o b j e c t i v e o f t h e d e v i c e f a b r i c a t i o n w o r k w a s to 

e s t a b l i s h a p r o c e d u r e f o r m a k i n g s h a l l o w p - n + j u n c t i o n s w h i c h w o u l d 

e x h i b i t u n i f o r m b r e a k d o w n c h a r a c t e r i s t i c s u n d e r r e v e r s e b i a s c o n d i t i o n s . 

I n a s i m i l a r s t u d y b y G o e t z b e r g e r e t . a I. -it w a s e s t a b l i s h e d t h a t t h e r e 

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

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

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

in t h e p r e s e n t w o r k . A l l p r o c e s s i n g w a s p e r f o r m e d i n a C l a s s 1 0 , 0 0 0 c l e a n 

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

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

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

i n l a m i n a r f l o w w o r k b e n c h e s , h a v i n g t h e i r o w n a i r f i l t e r i n g s y s t e m s . A 

c o n s t a n t c h e c k w a s k e p t o n t h e d u s t p a r t i c l e c o n c e n t r a t i o n w i t h i n t h e c l e a n 

r o o m . I n a l l t h e w o r k , h i g h p u r i t y ' U L T R A R ' c h e m i c a l s , s u p p l i e d b y H o p k i n 

& W i l l i a m s , w e r e u s e d . W a t e r w a s o b t a i n e d f r o m a n E l g a s t a t r e c i r c u l a t i n g 

d e i o n i s e r f i t t e d w i t h a 0 . 2 5 m i c r o n f i l t e r . T h e r e s i s t i v i t y o f t h e w a t e r w a s 

m o n i t o r e d at 18 M j\. cm a t 1 6 ° C . P l a s t i c o r P y r e x b e a k e r s w e r e u s e d f o r 

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

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

c o n v e n t i o n a l t h r e e z o n e f u r n a c e s i n w h i c h t e m p e r a t u r e s b e t w e e n 5 0 0 ° C a n d 

1 , 3 0 0 ° C c o u l d b e m a i n t a i n e d to +_ 0 . 5 ° C o v e r a l e n g t h o f 3 0 c m . G a s 

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

a n d f i l t e r e d ( 0 . 5 mm P o r e s i z e ) b e f o r e e n t e r i n g t h e f u r n a c e . 

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

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

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

c o v e r e d d e v i c e s i t i s n e c e s s a r y t o r e f e r t o C h a p t e r s 5 a n d 7 r e s p e c t i v e l y . 

4 . 2 P r o c e s s i n g T e c h n i q u e s 

D u r i n g t h i s w o r k a s t r i c t p r o c e s s i n g s c h e d u l e w a s a d h e r e d t o , a n d 

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

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

r e p r o d u c i b i l i t y a n d t h e h i g h e s t i n c i d e n c e o f u s e f u l d e v i c e s . 
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T h e s t a r t i n g m a t e r i a l w a s 4 - 5 o h m - c m b o r o n d o p e d < 1 1 1 ^ 

s i l i c o n s u p p l i e d b y H o l b o k e n , B e l g i u m . It w a s n o m i n a l l y d i s l o c a t i o n f r e e 

h a v i n g l e s s t h a n 100 d i s l o c a t i o n s / c m . T h e s i l i c o n w a f e r s w e r e s c r i b e d 

i n t o c h i p s o f 1 c m x 0 . 5 c m o n w h i c h a n a r r a y o f 6 x 4 d e v i c e s c o u l d b e 

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

p r o c e d u r e s u s e d f o r d e f i n i n g t h e d e v i c e g e o m e t r y a r e d e s c r i b e d i n A p p e n d i x 

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

h a v e b e e n p r e f e r a b l e t o p r o c e s s w h o l e w a f e r s ( I 1 1 D i a m e t e r ) . S c r i b i n g 

t he w a f e r s p r o b a b l y i n t r o d u c e d a n u m b e r o f d i s l o c a t i o n s . U n f o r t u n a t e l y 

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

4 . 3 S i I i c o n C I e a n i n g 

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

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

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

i m m e r s i o n i n a 5 0 : 5 0 s o l u t i o n o f H C j 2 : H 2 0 2 ( H C £ - 3 6 % s o l u t i o n , ^ 2 ° 2 ~ 

100 v o l s - 2 9 % w . w . ) T h i s c l e a n w a s f o l l o w e d by a f i v e m i n u t e w a s h i n 

d e i o n i s e d w a t e r a n d t h e n a t h i r t y m i n u t e b o i l i n a 5 0 : 5 0 s o l u t i o n o f h ^ S O ^ : 

H 2 O 2 ( t ^ S O ^ ~ 9 8 % s o l u t i o n ) . S i n c e t h e s e t r e a t m e n t s l e a v e t h e s i l i c o n 

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

c o m p l e t e d b y i m m e r s i n g t h e s i l i c o n f o r t e n s e c o n d s i n a 1:10 s o l u t i o n o f 

4 8 % H F i n d e i o n i s e d w a t e r . T h i s w a s f o l l o w e d by a t w e n t y m i n u t e w a s h 

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

w a s f o l l o w e d b y a h i g h t e m p e r a t u r e w e t o x i d a t i o n t o g r o w a b o u t 1 m i c r o n 

o f o x i d e . T h i s w a s s u b s e q u e n t l y r e m o v e d i n H F b e f o r e t h e m a s k i n g o x i d e 

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

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

p o l i s h i n g . H o w e v e r , i t w a s f o u n d to r e s u l t i n d e p l e t i o n o f b o r o n f r o m t h e 

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

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

4 . 4 T h e M a s k i n g O x i d e 

A f t e r c l e a n i n g ( a t h i c k o x i d e l a y e r w a s g r o w n o n t h e s i l i c o n c h i p . 

A n o x i d e l a y e r o f a b o u t 0 . 8 5 m i c r o n s w a s n e c e s s a r y t o m a s k a g a i n s t 

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

t h e s i l i c o n t o 1 1 0 0 ° C i n a d r y o x y g e n a t m o s p h e r e f o r f i f t e e n m i n u t e s . , 

f o l l o w e d by 120 m i n u t e s i n w e t o x y g e n a n d a f i n a l p e r i o d o f f i f t e e n m i n u t e s 

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

t h r o u g h d e i o n i s e d w a t e r c o n t a i n e d i n a P y r e x f l a s k . T h e f l a s k w a s i m m e r s e d 

i n a w a t e r b a t h m a i n t a i n e d a t 9 5 ° C . T h e i n i t i a l o x i d a t i o n i n d r y o x y g e n w a s 

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

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

a p p l i c a t i o n . S e e A p p e n d i x 2 . 

4 . 5 T h e P h o s p h o r u s D i f f u s i o n s 

T h e f i r s t p h o t o - l i t h o g r a p h i c s t a g e u s e d m a s k No .1 , a s s h o w n i n 

F i g . 3 . 4 , t o d e f i n e t h e a r e a s of t h e g u a r d r i n g d i f f u s i o n . T h i s p a t t e r n w a s 

e t c h e d i n t h e o x i d e u s i n g a 4 : 1 s o l u t i o n o f 4 0 % N H ^ F : 4 8 % H F . A f t e r 

e t c h i n g , t h e r e s i s t w a s r e m o v e d b y b o i l i n g f o r t h i r t y m i n u t e s i n a 5 0 : 5 0 

s o l u t i o n o f H 2 S 0 4 : H 2 0 2 . 

T h e p h o s p h o r u s d o p i n g s o u r c e u s e d i n t h i s w o r k w a s P O C j l ^ • T h i s 

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

i e 2 3 ° C a n d 3 5 ° C . P O C f ^ h a s a n a d v a n t a g e o v e r t h e s o l i d s o u r c e F ^ ^ S ' 

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

t a i n e d o v e r t h e s u r f a c e d o p i n g c o n c e n t r a t i o n . P O r n o r m a l l y g i v e s r e p r o d -
2 5 

u c i b l e r e s u l t s o n l y i f a s a t u r a t e d s u r f a c e c o n c e n t r a t i o n i s o b t a i n e d . It w a s 

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

a r e a s , a n d h e n c e n o n - u n i f o r m b r e a k d o w n . " . 

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

i n F i g . 4 . 1 . T h e P O C t f ^ w a s h e l d i n a P y r e x f l a s k w h i c h w a s i m m e r s e d i n a 

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

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

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

p r e s s u r e o f P O C ^ i s s t r o n g l y d e p e n d e n t o n t e m p e r a t u r e , i t i s g i v e n b y , 

l o g 1 Q P = 7 . 72 - 1 . 83 x 1 0 3 / T -fcor-r- ( ( 4 . 1 ) ) 

w h e r e P i s t h e v a p o u r p r e s s u r e a n d T i s i n K . 

F o r t h e g u a r d r i n g d i f f u s i o n t h e P O C C j s o u r c e t e m p e r a t u r e w a s m a i n t a i n e d 

a t ( 2 3 ° _ + 1 ) ° C a n d at ( 3 5 + 1 ) ° C f o r t h e s h a l l o w d i f f u s i o n . T h e r e a s o n f o r 

t h i s w i l l b e e x p l a i n e d l a t e r . 

A s m a l l f l o w o f a r g o n w a s b u b b l e d t h r o u g h t h e P O C ^ a r > d t h e n 

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

a d d e d t o t h e c a r r i e r + P O C £ j g a s a s i t e n t e r e d t h e f u r n a c e t u b e . T h e s i l i c o n 

c h i p s w e r e e x p o s e d t o t h e p h o s p h o r u s b y p u s h i n g t h e m i n a q u a r t z b o a t t o 

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

r e a c t i o n t h a t i s t h o u g h t t o t a k e p l a c e w i t h t h e s i l i c o n i s , 

4 P O C i j + 3 G 2 = P 4 O | 0 + 6 d 2 ( ( 4 . 2 ) ) 

P 4 0 1 Q + 5 S i = 4 P + 5 S i 0 2 

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

w h i c h t h e p h o s p h o r u s d i f f u s e d i n t o t h e p - t y p e b u l k t o f o r m thep^n j j u n c t i o n . 

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

c a u s i n g t h e j u n c t i o n e l e c t r i c a l c h a r a c t e r i s t i c s t o b e l e a k y . T h i s c a n b e m i n i ­

m i s e d b y c o n t r o l l i n g the p e r c e n t a g e o f o x y g e n i n t h e c a r r i e r g a s s u c h t h a t 
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t h e p r o t e c t i v e p h o s p h o r u s g l e s s i s f o r m e d r a p i d l y . H o w e v e r , i f t h e 

o x y g e n c o n c e n t r a t i o n i s t o o h i g h t he p e r c e n t a g e p h o s p h o r u s c o n t e n t i s 

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

l a y e r . T h e e f f e c t o f t h e o x y g e n c o n c e n t r a t i o n h a s b e e n s t u d i e d b y H e y n e s 
( 7 9 ) 

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

t e m p e r a t u r e s l e s s t h a n 1000 C . I n t h i s w o r k p h o s p h o r u s d e p o s i t i o n w a s 

c a r r i e d o u t a t 85>0°C a n d a c c o r d i n g l y t h e r e s u l t s o f H y n e s a n d W i l k e r s o n 

w e r e f o l l o w e d i n u s i n g a 0 . 3 5 % P O C ^ c o n c e n t r a t i o n a n d a 3 % o x y g e n 

c o n c e n t r a t i o n i n t h e m a i n a r g o n c a r r i e r g a s . T h e p e r c e n t a g e o f P O C ^ 

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

7 6 % o f t h e s a t u r a t e d v a p o u r p r e s s u r e ( S . V . P . ) I n t h e d e p o s i t i o n s t a g e 

f o r t h e g u a r d r i n g t h e P O C ^ w a s m a i n t a i n e d a t 23 C g i v i n g a S . V . P . 

o f POC(?. j o f a b o u t 3 5 t o r r . T h e m a i n a r g o n c a r r i e r g a s f l o w w a s c h o s e n 

to b e 5 0 0 c c / m i n s o t h a t t h e a r g o n f l o w r a t e r e q u i r e d t h r o u g h t h e P O C / ^ 

w a s c a l c u l a t e d t o b e 4 5 c c / m i n a n d t h e o x y g e n f l o w r a t e 1 5 c c / m i n . 

It w a s f o u n d to b e n e c e s s a r y t o p r e - d o p e t h e f u r n a c e " ; t u b e a n d 

q u a r t z b o a t b y t u r n i n g o n t h e P O C ^ f l o w f o r t w e n t y m i n u t e s b e f o r e 

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

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

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

a r g o n a t m o s p h e r e a t a b o u t 1 5 0 ° C f o r t h i r t y m i n u t e s b e f o r e b e g i n n i n g t h e 

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

e t c h e d a n d d a m a g e d . S e e S e c t i o n 4 . 7. A s i l i c a b o a t o f l o w t h e r m a l c a p ­

a c i t y w a s u s e d t o t r a n s p o r t t h e s i l i c o n to t h e c e n t r e ho t z o n e o f t h e f u r n a c e 

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

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

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

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

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

w a s r e a d i l y c o n v e r t e d t o a p h o s p h o r u s g l a s s o n c e t h e P O C ^ f l o w w a s 

s t a r t e d . T h e d e p o s i t i o n s t a g e w i t h t h e POCQ.^ f l o w l a s t e d t h r e e m i n u t e s 

a f t e r w h i c h t h e P O C ^ w a s t u r n e d o f f a n d a f u r t h e r o n e m i n u t e a l l o w e d 

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

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

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

c o n v e c t i o n a l g a s f l o w s w i t h i n t h e t u b e ^ 8 0 ^ i t w a s t h e r e f o r e p r e f e r a b l e t o 

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

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

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

p h o s p h o r u s d o p e d g l a s s . B e t t e r d o p i n g u n i f o r m i t y w a s a c h i e v e d i f t h e gla>ss 

w a s r e m o v e d b e f o r e t h e j u n c t i o n d r i v e - i n d i f f u s i o n . T h e p h o s p h o r u s g l § s s 

w a s r e m o v e d b y e t c h i n g f o r t e n s e c o n d s i n a s o l u t i o n o f 6 0 c c , 5 c c H F , 

3 c c H N O - j . T h i s w a s f o l l o w e d b y a t w e n t y m i n u t e w a s h i n r u n n a n g d e i o n i s e d 

w a t e r a n d t h e n b l o w n d r y . 

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

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

e d i n a d r i v e - i n c y c l e a t a t e m p e r a t u r e o f 1 2 0 0 ° C f o r 2 2 5 m i n u t e s i n a d r y 

o x y g e n a t m o s p h e r e , f o l l o w e d b y f i f t e e n m i n u t e s i n d r y n i t r o g e n . A s w e l l a s 

g i v i n g t h e r e q u i r e d g u a r d r i n g j u n c t i o n d e p t h t h i s p r o c e d u r e a l s o g r o w s 0 . 3 

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

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

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

i n s t r u m e n t . A t y p i c a l v a l u e w a s a b o u t 1 0 0 / t / a v a r y i i n g b y l e s s t h a n 1 % 
2 

a c r o s s a 1 . 0 c m t e s t s a m p l e . H o w e v e r , v a r i a t i o n s a s g r e a t a s 2 0 % w e r e 

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

m e a s u r e d b y g r o o v i n g t h r o u g h t h e n - t y p e s u r f a c e o f t h e t e s t s a m p l e a n d 
( 8 1 ) 

s t a i n i n g t h e e x p o s e d p - t y p e r e g i o n a s s h o w n i n F i g . 4 . 2 a . T h e d e p t h 

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

I i g h t . A v a l u e o f 8 . 6 m i c r o n s w a s m e a s u r e d f o r t h e g u a r d r i n g d e p t h a n d , 
/go \ 

u s i n g I r v i n ' s d a t a , a n i n i t i a l s u r f a c e c o n c e n t r a t i o n o f p h o s p h o r u s a f t e r 
19 3 

d e p o s i t i o n w a s c a l c u l a t e d to b e 10 / c m . 

T h e s e c o n d p h o t o - l i t h o g r a p h i c s t a g e u s e s m a s k N o . 2 a s s h o w n i n 

F i g . 3 . 4 , t o d e f i n e t h e a r e a s o f t h e s h a l l o w j u n c t i o n . In e a r l y e x p e r i m e n t s 

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

t he g u a r d r i n g . H o w e v e r , i t w a s o b s e r v e d t h a t w h e n o x i d e i s g r o w n o n 

h e a v i l y p h o s p h o r u s d o p e d s i l i c o n 1 0 ^ / c m ^ ) , a t t e m p e r a t u r e s b e l o w 9 0 0 ° C , 

t h e r e s u l t i n g o x i d e t h i c k n e s s i s g r e a t e r t h a n t h a t o b t a i n e d o n l e s s h e a v i l y 

d o p e d s i l i c o n u n d e r t h e s a m e c o n d i t i o n s . S i m i l a r r e s u l t s h a v e b e e n r e p o r t e d 
( 8 3 ) 

b y D e a l a n d S k l a r w h o c o n c l u d e t h a t t h e p h o s p h o r u s i n c r e a s e s t h e 

s i l i c o n s u r f a c e a f f i n i t y f o r o x y g e n . It w a s f o u n d i n t h i s w o r k t h a t , b y u s i n g 

a s u r f a c e c o n c e n t r a t i o n o f p h o s p h o r u s o f 1 0 ^ / c m ^ , a n o x i d e f i l m o f 5 4 0 A* 

t h i c k n e s s c o u l d b e g r o w n a t 8 5 0 ^ C i n f i v e m i n u t e s w i t h a w e t o x y g e n a t m o s ­

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

e l e c t r o n i n j e c t i o n i n t o S | 0 0 , t h a t t h e o x i d e t h i c k n e s s s h o u l d b e g r e a t e r t h a n 

5 0 0 ' A w i t h o u t d r i v i n g i n t h e j u n c t i o n b e y o n d 1000 A . S e e C h a p t e r s 5 . 
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19 3 
W i t h a s u r f a c e j ; o n c e n t r a t i o n o f 10 / c m i t w a s o n l y p o s s i b l e to g r o w 
o x i d e s o f 3 0 0 " A u n d e r t he a b o v e c o n d i t i o n s . T h e p h o s p h o r u s s u r f a c e 

20 3 

c o n c e n t r a t i o n w a s i n c r e a s e d to 10 / c m b y r a i s i n g t h e t e m p e r a t u r e o f 

t he P O C s o u r c e t o 3 5 ° C t h e r e b y i n c r e a s i n g t h e p a r t i a l p r e s s u r e o f 

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

w a s r e m o v e d a s f o r t h e g u a r d r i n g d i f f u s i o n . T h e t h i n o x i d e o r p h o s p h o r 

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

5 a n d 7 r e s p e c t i v e l y . 

4 . 6 M e t a l I i s a t i o n 

T h e t h i r d p h o t o - l i t h o g r a p h i c s t a g e u s e d m a s k N o . 4 o r 3 a s s h o w n 

i n F i g . 3 . 4 t o d e f i n e t h e a r e a s w h e r e e l e c t r i c a l c o n t a c t i s m a d e t o t h e 

s i l i c o n . M a s k N o . 3 w a s u s e d i f w i l l e m i t e h a d b e e n f o r m e d o v e r t h e j u n c t i o n s . 

T h e e t c h u s e d w a s a 4 : 1 s o l u t i o n o f N H / ( F : H F i f t h e c o n t a c t w a s t h r o u g h 

s i l i c o n d i o x i d e a n d a 1 0 % s o l u t i o n o f g l e c i a l a c e t i c a c i d i n d e i o n i s e d w a t e r 

i f t h e c o n t a c t w a s t o b e m a d e t h r o u g h a w i l l e m i t e f i l m . S e e A p p e n d i x 2 . A f t e r 

d e f i n i n g t h e c o n t a c t w i n d o w s b u t b e f o r e e v a p o r a t i o n o f t h e a l u m i n i u m t h e 
followttH. 0-y a- <°SC<-

j u n c t i o n s w e r e b a k e d at 6 0 0 C i n d r y o x y g e n f o r t w e n t y m i n u t e s , si T h i s w a s 

f o u n d to b e n e c e s s a r y t o r e d u c e t h e r e v e r s e s a t u r a t i o n l e a k a g e c u r r e n t . I f 

t h e o x y g e n b a k e w a s o m i t t e d t h e r e v e r s e l - V c h a r a c t e r i s t i c s o f t h e j u n c t i o n 

w e r e a s s h o w n i n F i g . 4 . 3 a . T h e r e v e r s e b r e a k d o w n w a s s h a r p b u t t h e 

l e a k a g e c u r r e n t w a s o f t h e o r d e r o f 0 . 1 m A . T h i s h i g h s a t u r a t i o n l e a k a g e 

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

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

at t h e i n t e r f a c e w i t h t h e s i l i c o n s u r f a c e t h u s r e d u c i n g i n v e r s i o n . T h e 

o x y g e n b a k e r e d u c e d t h e r e v e r s e c u r r e n t l e a k a g e t o l e s s t h a n I J I A A m e a s u r e d 

a t 2 0 V a s s h o w n i n F i g . 4 . 3 b . A s i m i l a r b a k e i n d r y n i t r o g e n r e s u l t e d i n 

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

to b e d u e to w a t e r a b s o r p t i o n b y t h e o x i d e . 

E l e c t r i c a l c o n t a c t t o t h e j u n c t i o n s a n d t h i n o x i d e o r w i l l e m i t e 

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

s t a g e s , f i r s t b y e v a p o r a t i n g a b o u t 1 m i c r o n o f h i g h p u r i t y a l u m i n i u m o v e r t h e 

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

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

b e a m h e a t e d c r u c i b l e . T h e v a c u u m s y s t e m w a s a s t a i n l e s s s t e e l p o t c o v e r e d 
_ 7 

by a 1 2 " g l a s s b e l l j a r p u m p e d d o w n to a p r e s s u r e o f 2 x 10 t o r r a t e v a p ­

o r a t i o n . T h e p u m p i n g w a s o i l f r e e u s i n g t w o m o l e c u l a r s i e v e s o r p t i o n p u m p s 
- 2 

o p e r a t e d s e q u e n t i a l l y t o a p r e s s u r e o f a p p r o x i m a t e l y 10 t o r r . H i g h v a c u u m 

w a s r e a c h e d b y t h e u s e o f a t i t a n i u m i o n p u m p a i d e d by a t i t a n i u m ^atfrbl i m a t i o n 

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

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

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

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

b y t h e f o u r t h p h o t o - l i t h o g r a p h i c s t a g e u s i n g m a s k N o . 5 F i g . 3 . 4 . T h e 

a l u m i n i u m p a t t e r n o n t h i n o x i d e d e v i c e s w a s e t c h e d u s i n g a s o l u t i o n o f 8 0 c c 

H ^ P O ^ a n d 5 c c H N O ^ . H o w e v e r , s i n c e w i l l e m i t e i s a t t a c k e d b y a l l a c i d s 

a n e t c h i n g p r o c e d u r e e m p l o y i n g N a O H h a d to b e u s e d w h e n w i l l e m i t e w a s 

p r e s e n t . T h i s i s d e s c r i b e d i n A p p e n d i x 2 a n d C h a p t e r 7. T h e f i n a l s t a g e 

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

at 4 0 0 ° C f o r f i v e m i n u t e s t o a l l o w t h e m e t a l t o m a k e g o o d e l e c t r i c a l c o n t a c t 

w i t h t h e j u n c t i o n s a n d f o r g o o d a d h e s i o n t o t h e o x i d e . 

4 . 7 D e f e c t s i n t h e J u n c t i o n s 

S e v e r a l t y p e s o f j u n c t i o n d e f e c t s c a n b e a t t r i b u t e d t o t h e f a b r i c a t i o n 

p r o c e s s e s . T h e s e a r e d e s c r i b e d b r i e f l y b e l o w . 

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

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

t h a t t h e w a t e r c o m b i n e s w i t h t h e f r e e c h l o r i n e f r o m t h e P O C ^ a n d e t c h e s 

t h e s i l i c o n s u r f a c e g i v i n g t r i a n g u l a r e t c h p i t s a s s h o w n i n F i g . 4 . 4 a . S u c h 

p i t s have^been o b s e r v e d t o b e t h e c e n t r e o f a r e a s o f m i c r o p l a s m a s a n d a r e 

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

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

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

d e f e c t s a r e s h o w n i n F i g . 4 . 4 b , t h e y h a v e a l s o b e e n r e p o r t e d b y S t i c k l e r a n d 
(85 ) 

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

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

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

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

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

g u a r d r i n g a n d s h a l l o w j u n c t i o n d i f f u s i o n s . 

O x i d e i s l a n d s c a n s o m e t i m e s b e s e e n i n t h e e t c h e d w i n d o w s . T h e s e 

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

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

s i I i c o n d u r i n g t h e s h a l l o w j u n c t i o n d e p o s i t i o n s t a g e s . F i g . 4 . 4 c s h o w s a n 

o x i d e i s l a n d o b s e r v e d w i t h i n t h e s h a l l o w j u n c t i o n a r e a . S u c h d e f e c t s a r e 

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

s h a l l o w j u n c t i o n b e c a u s e o f j u n c t i o n c u r v a t u r e e f f e c t s . W h e n t h e j u n c t i o n 

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

b r i g h t w h i t e i n d i c a t i n g l o c a l i s e d b r e a k d o w n . 

S o m e o f t h e s e d e f e c t s h a v e o c c u r r e d i n e v e r y b a t c h p r o d u c e d j t h u s t h e 

i d e a l o f a s h a l l o w j u n c t i o n w i t h u n i f o r m b r e a k d o w n w a s n o t a c h i e v e d . H o w e v e r 

t h e p r o c e s s r e s u l t e d i n a y i e l d o f a b o u t 2 0 % u s e f u l d e v i c e s i n w h i c h e l e c t r o n 
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i n j e c t i o n c o u l d b e d e t e c t e d . It i s t h o u g h t t h a t t h e q u a l i t y o f t h e j u n c t i o n s 

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

a l l o w e d by t h e m a s k i n g e q u i p m e n t . I m p r o v e m e n t s c o u l d a l s o b e m a d e b y 

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

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

m a s k i n g e q u i p m e n t d i d n o t u n f o r t u n a t e l y a l l o w t h i s . 
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C H A P T E R F I V E 

M E A S U R E M E N T S O F C U R R E N T i N J E C T i O N I N T O 

S I L I C O N D I O X I D E 

5 . 1 T h e I n j e c t i o n S t r u c t u r e 

T h e r e s u l t s p r e s e n t e d i n t h i s c h a p t e r a r e c h a r g e i n j e c t i o n i n t o 

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

p - n j u n c t i o n d e s c r i b e d i n p r e v i o u s c h a p t e r s . It i s , t o t h e a u t h o r ' s 

k n o w l e d g e , t h e f i r s t r e p o r t e d e x a m p l e o f c h a r g e i n j e c t i o n f r o m a s h a l l o w 

p l a n a r j u n c t i o n . A l l o t h e r r e p o r t s h a v e u s e d d e e p p - n j u n c t i o n s a n d 

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

j u n c t i o n i s e x p o s e d at t h e s u r f a c e , o r e m p l o y e d M . O . S . s t r u c t u r e s a s 

d e s c r i b e d i n C h a p t e r 2 . T h e d i s c u s s i o n in S e c t i o n 2 . 2 s h o w e d t h a t t h e r e 

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

j u n c t i o n . I f t h e d e p t h i s g r e a t e r t h a n a b o u t 1000 A t h e p r o b a b i l i t y o f a n 

e l e c t r o n r e a c h i n g t h e S i / S i 0 2 i n t e r f a c e , w i t h s u f f i c i e n t e n e r g y f o r i n j e c ­

t i o n , b e c o m e s v a n i s h i n g l y s m a l l . In p r a c t i c e , t h i s l i m i t s t h e h e a t t r e a t ­

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

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

o f g r e a t e r t h a n 1000 X. F o r i n j e c t i o n i n t o a t h e r m a l l y g r o w n o x i d e o v e r ­

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

b e l i m i t e d t o a m a x i m u m t e m p e r a t u r e o f 8 5 0 ° C f o r f i v e m i n u t e s . F o r t h e 

s t r u c t u r e d e s c r i b e d i n C h a p t e r 4 i t w a s t h e r e f o r e o n l y p o s s i b l e t o g r o w 

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

r e a d i n g s g a v e t h i c k n e s s e s o f 100 A f o r o x i d e g r o w n i n t h e a b o v e c o n d i t i o n s 

i n a n a m b i e n t o f d r y o x y g e n , a n d 3 0 0 °A i n w e t o x y g e n . M e a s u r e m e n t s 

m a d e o f c u r r e n t s i n j e c t e d i n t o s u c h t h i n o x i d e f i l m s w e r e l i m i t e d b y a 

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

o v e r t h e o x i d e a n d t h e j u n c t i o n b e l o w . T h i s w a s p r o b a b l y d u e to p i n 

h o l e s o r w e a k n e s s e s i n t h e o x i d e c a u s e d b y p r o c e s s c o n t a m i n a t i o n . W h e r e 

m e a s u r e m e n t s w e r e p o s s i b l e , t h e i n j e c t e d o x i d e c u r r e n t s w e r e u n s t a b l e , 

d i s p l a y i n g l a r g e p o s i t i v e s w i n g s w h i c h e v e n t u a l l y r e s u l t e d i n u n p r e d i c t a b l e 
( 5 7 ) 

b r e a k d o w n e v e n t s . O s b u r n a n d W e i t z m a n n h a v e o b s e r v e d s i m i l a r 

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

s i l i c o n d i o x i d e f i l m s o f l e s s t h a n 4 0 0 A t h i c k n e s s . It w a s s u g g e s t e d t h a t 

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

t h e o x i d e , t h e i r r e s u l t s b e i n g i n q u a l a t a t i v e a g r e e m e n t w i t h a t h e o r e t i c a l 
( 0 7 ) 

m o d e l p r o p o s e d b y O ' D y w e r . 

O s b u r n a n d W e i t z m a n n f o u n d t h a t h i g h f i e l d c o n d u c t i o n t h r o u g h 

o x i d e f i l m s t h i c k e r t h a n 4 0 0 A 3 w a s r e l a t i v e l y s t a b l e . In o r d e r t o o b t a i n 



- 4 0 -

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

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

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

t h e r m a l S i 0 9 i s i n c r e a s e d w i t h a h i g h c o n c e n t r a t i o n o f p h o s p h o r u s i n t h e 
( 8 3 ) 

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

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

be i n c r e a s e d b y c o n t r o l o f t h e P O C I _ s o u r c e t e m p e r a t u r e a s s h o w n i n 

S e c t i o n 4 . 3 . T o i n c r e a s e t h e o x i d e g r o w t h r a t e , t h e s u r f a c e p h o s p h o r u s 
20 3 

c o n c e n t r a t i o n f o r t h e s h a l l o w j u n c t i o n d i f f u s i o n w a s i n c r e a s e d to 10 / c m . 

T h i s r e s u l t e d i n b e i n g a b l e t o g r o w 5 4 0 A* o f o x i d e i n f i v e m i n u t e s at 8 5 0 ° C 

i n a n a m b i e n t o f w e t o x y g e n . T h e p h o s p h o r u s g l Q s s p r e s e n t a f t e r t h e d e p o ­

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

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

r e f r a c t i v e i n d e x o f t h e o x i d e o f 1 . 4 6 . C a p a c i t a n c e m e a s u r e m e n t s m a d e at 

2 0 0 K H Z g a v e a v a l u e f o r t he d i e l e c t r i c c o n s t a n t o f 3 . 9 + 0 . 2 . T h e s e 

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

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

s h a l l o w d i f f u s e d l a y e r a f t e r t h e o x i d e g r o w t h r a n g e d b e t w e e n 2 0 0 a n d 400- f l . /a 

T h e j u n c t i o n d e p t h w a s m e a s u r e d b y g r o o v i n g a n d s t a i n i n g a c h e c k s a m p l e 

a n d w a s f o u n d to b e o f t h e o r d e r o f 1 , 0 0 0 R. A f i n a l f a b r i c a t e d 

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

i s s h o w n i n F i g . 5 . 1 . 

5 .3. P r o p e r t i e s Cff T h e J u n c t i o n U n d e r R e v e r s e B i a s 

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

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

t a b l e w i t h i n a s c r e e n e d c h a m b e r a s s h o w n i n F i g . 5 . 2 . T h e c h a m b e r w a s 

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

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

T h e r m a l l y g r o w n S i C ^ r a p i d l y a b s o r b s w a t e r f r o m t h e a t m o s p h e r e a n d t h i s 

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

i n c r e a s e i n t h e r e v e r s e l e a k a g e c u r r e n t s . T h e m e a s u r e m e n t : c h a m b e r 

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

T h e m e a s u r e m e n t c i r c u i t i s s h o w n i n F i g . 5 . 3 . A c o n s t a n t 

c u r r e n t g e n e r a t o r , c o n n e c t e d b e t w e e n t h e s u b s t r a t e a n d t h e g u a r d r i n g , 

w a s u s e d t o m a i n t a i n a k n o w n r e v e r s e j u n c t i o n c u r r e n t . T h i s s u p p l y c o u l d 

p r o v i d e a c u r r e n t b e t w e e n 0 a n d 1. 0 m A i n s t e p s o f 0 . 1 m A o r b e t w e e n 

1. 0 m A a n d 10 . 0 m A i n s t e p s o f 1 . 0 m A . F o r s o m e m e a s u r e m e n t s t h e c u r r e n t 

s o u r c e w a s r e p l a c e d b y a c o n s t a n t v o l t a g e s u p p l y . T h e r e v e r s e c u r r e n t 

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

d e v i c e . T h e G a A s l a m p c o u l d b e s i t u a t e d b e n e a t h a n y c h o s e n d e v i c e 

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

F a r n e l l s t a b i l i z e d p o w e r s u p p l y w a s u s e d to a p p l y f r o m 0 - 30 V a c r o s s t h e 
° + 

t h i n ( 5 4 0 A ) o x i d e f i l m . i . e . b e t w e e n the n d i f f u s i o n a n d t h e a l u m i n i u m 
2 

t h i n o x i d e p a d . T h e a r e a o f t h e c o n t a c t p a d w a s 0 . 0 8 mm . C u r r e n t s o f 
- 1 4 

d o w n to 10 A , t h r o u g h t h e t h i n o x i d e f i l m w e r e m e a s u r e d b y a V i b r o n 

e l e c t r o m e t e r c o n n e c t e d b e t w e e n t h e t h i n o x i d e c o n t a c t p a d a n d g r o u n d . 
T h e v o l t a g e a t w h i c h a v a l a n c h e b r e a k d o w n o c c u r e d w a s a b o u t 

+ 
90-.-5 V f o r a t y p i c a l d e v i c e . T h i s c o m p a r e s u»ut)i a b r e a k d o w n v o l t a g e o f 

a b o u t 1 2 0 V f o r t h e g u a r d r i n g s t r u c t u r e a l o n e , a s s h o w n i n F i g . 5 . 4 . 

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

w i t h i n t h e s h a l l o w j u n c t i o n r e g i o n . T h i s w a s s u b s t a n t i a t e d b y t h e 

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

r e g i o n at a v a l a n c h e . S o m e ^ f t h e p r o p e r t i e s o f t h e s e m i c r o p l a s m a s h a v e 

b e e n d e s c r i b e d i n S e c t i o n 2 . 4 w h i c h w i l l b e r e f e r r e d t o a g a i n i n C h a p t e r 

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

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

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

s i l i c o n c r y s t a l . I n t h i s w o r k m i c r o p l a s m a j o b s e r v e d i n t h e s h a l l o w j u n c t i o n 

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

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

p o s s i b l e c a u s e s o f t h e s e j u n c t i o n d e f e c t s a r e d i s c u s s e d i n S e c t i o n 4 . 7 . 

A s i n g l e d e v i c e m a y e x h i b i t o n e o r m o r e m i c r o p l a s m a s , e a c h b e i n g i n a 

w e l l d e f i n e d r e g i o n a n d o n l y b e c o m i n g v i s i b l e a t a c e r t a i n j u n c t i o n b i a s 

v o l t a g e . O c c a s i o n a l l y i t w a s o b s e r v e d t h a t a d e v i c e e m i t t e d w h i t e l i g h t 

i n t h e f o r m o f s t r i a t i o n s o v e r a l a r g e a r e a o f t h e s h a l l o w j u n c t i o n . L i g h t 
/ • j g j 

e m i s s i o n o f t h i s f o r m h a s a l s o b e e n o b s e r v e d b y G o e t z b e r g e r i n a 

s t u d y o f s t r u c t u a l l y p e r f e c t j u n c t i o n s . It w a s f o u n d b y G o e t z b e r g e r t h a t 

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

It i s t h o u g h t t h a t t h e s t r i a t i o n s r e p r e s e n t a r e a s o f u n i f o r m j u n c t i o n b r e a k ­

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

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

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

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

i n t r o d u c e d b y t h e m a s k i n g o x i d e at t h e e d g e o f t h e d i f f u s i o n w i n d o w . T h e s e 

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

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

In w a s s h o w n i n C h a p t e r 2 . 5 t h a t e l e c t r o n e m i s s i o n i n t o a 

v a c u u m i s t h o u g h t t o o r i g i n a t e f r o m m i c r o p l a s m a s . I n C h a p t e r 6 i t w i l l 

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

w i l l a l s o b e a s s o c i a t e d w i t h m i c r o p l a s m a s . I t s h o u l d b e e m p h a s i z e d t h a t 

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

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

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

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

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

j u n c t i o n s t o s u c h h i g h c u r r e n t s t h a t d e s t r u c t i v e b r e a k d o w n o c c u r r e d . A 

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

a b o u t 3 0 m A w i t h o u t b e i n g d e s t r o y e d . I n t h o s e d e v i c e s w h i c h g a v e c h a r g e 

i n j e c t i o n i n t o t h e o x i d e f i l m , t h e h i g h c u r r e n t b r e a k d o w n w a s a c c o m p a n i e d 

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

i n F i g . 5 . 5 b . I f t h e d e v i c e g a v e n o c u r r e n t i n j e c t i o n d e s t r u c t i v e b r e a k ­

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

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

F i g . 5 . 5 a . 

5 . 3 M e a s u r e m e n t s o f I n j e c t i o n C u r r e n t s i n t o S i l i c o n D i o x i d e 

W i t h z e r o j u n c t i o n c u r r e n t o n l y v e r y s m a l l c u r r e n t s w e r e m e a s u r e d 

i n t h e o x i d e f i l m e v e n u n d e r h i g h - f i e l d c o n d i t i o n s . F i g . 5 . 6 s h o w s t h a t t h e 

o x i d e c u r r e n t w a s o f t h e o r d e r o f 10 A f o r a f i e l d up t o 3 x 10 V / c m 

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

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

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

w e l l b e l o w 1 . 0 x 10 v / c m . It w a s f o u n d t h a t t h e i n j e c t e d o x i d e c u r r e n t 

i n c r e a s e d w i t h b o t h t h e f i e l d a n d t h e j u n c t i o n a v a l a n c h e c u r r e n t . N o 

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

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

i n j e c t i o n f r o m t h e s i l i c o n . 

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

c h a r a c t e r i s t i c s a n d e x h i b i t e d h i g h l e a k a g e c u r r e n t s . I n t h e s e d e v i c e s i t w a s 

n e c e s s a r y t o p a s s j u n c t i o n c u r r e n t s g r e a t e r t h a n 5 m A b e f o r e a n a p p r e c i a b l e 

o x i d e c u r r e n t w a s o b t a i n e d , as s h o w n i n F i g . 5 . 7. I m p r o v e m e n t s i n p r o c -

e s s i n g j s u c h a s d i s c u s s e d i n C h a p t e r 4 , g a v e d e v i c e s w i t h s h a r p b r e a k d o w n 

c h a r a c t e r i s t i c s . W i t h t h e s e d e v i c e s i t w a s p o s s i b l e t o o b t a i n o x i d e c u r r e n t s 
— 10 6 

o f u p t o 10 A w i t h a n a p p l i e d f i e l d o f 2 x 10 V / c m a n d a j u n c t i o n a v a l a n c h e 

c u r r e n t o f 1 . 0 m A . I f t h e j u n c t i o n c u r r e n t w a s i n c r e a s e d m u c h b e y o n d 5 . 0 m A 
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the o x i d e c u r r e n t b e c a m e u n s t a b l e a n d t h i s u s u a l l y r e s u l t e d i n a b r e a k d o w n 

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

f o r h i g h e r v a l u e s o f t h e o x i d e f i e l d . 

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

d e v i c e i n t h e d a r k . In t h i s s i t u a t i o n w i t h a f i e l d o f l e s s t h a n 3 x 1 0 V / c m 

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

u n t i l t h e u n d e r l y i n g j u n c t i o n w a s b i a s e d i n t o a v a l a n c h e . T h e c o n d i t i o n c a n 

b e s e e n f r o m F i g . 5 . 8 w h i c h s h o w s t h e i n j e c t e d o x i d e c u r r e n t f o r t h r e e 

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

d i f f e r e n t j u n c t i o n s a t u r a t i o n l e a k a g e c u r r e n t a n d i n e a c h c a s e t h e o x i d e 

c u r r e n t c o u l d o n l y b e d e t e c t e d w h e n j u n c t i o n c u r r e n t m u l t i p l i c a t i o n o c c u r r e d 

a n d n o t at t h e s a m e j u n c t i o n c u r r e n t l e v e l . 
- 1 3 

W i t h z e r o j u n c t i o n c u r r e n t a n o x i d e c u r r e n t o f t h e o r d e r o f 1 0 A 

w a s d e t e c t e d at f i e l d s t r e n g t h s a b o v e a b o u t 3 . 0 x 10 V / c m . T h i s w a s f o u n d 

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

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

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

b i a s a p p l i e d to t h e j u n c t i o n u n t i l t h e a v a l a n c h e b i a s w a s a t t a i n e d . A t t h i s 

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

u n s t a b l e , d i s p l a y i n g l a r g e p o s i t i v e a n d n e g a t i v e s w i n g s . A f t e r a p e r i o d o f 

a b o u t t h i r t y m i n u t e s t h e o x i d e c u r r e n t s t a b i l i z e d a n d i f t h e j u n c t i o n c u r r e n t 

w a s t h e n r e t u r n e d t o z e r o , t h e o x i d e c u r r e n t w a s f o u n d t o b e a b o u t a n o r d e r 

o f m a g n i t u d e b e l o w t h a t r e c o r d e d b e f o r e a v a l a n c h i n g t h e j u n c t i o n . F o r 
e x a m p l e , w i t h a d e v i c e f r o m b a t c h R; t h e o x i d e c u r r e n t w a s i n i t i a l l y 

- 1 3 
2 x 1 0 A w i t h 2 0 V a p p l i e d a c r o s s t h e o x i d e f i l m . T h i s d e c r e a s e d t o 
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5 x 1 0 A a f t e r a v a l a n c h i n g t h e j u n c t i o n f o r t h i r t y m i n u t e s a t 1. 0 m A . 

H o w e v e r , b y u s i n g a l o w e r o x i d e f i e l d , l e s s t h a n 10 V / c m , a n d a j u n c t i o n 

a v a l a n c h e c u r r e n t o f 0 . 1 m A it w a s p o s s i b l e t o o b t a i n o x i d e c u r r e n t s t h a t 

w e r e s t a b l e at t h e i n i t i a l a v a l a n c h i n g o f a v i r g i n j u n c t i o n . F i g . 5. 9 s h o w s 

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

f i r s t t i m e . T h e o x i d e b i a s v o l t a g e w a s 5. 0 V a n d t h e j u n c t i o n a v a l a n c h e 

c u r r e n t w a s 0 . 1 m A . F o r g e n e r a l m e a s u r e m e n t s i t w a s f o u n d t o b e n e c e s s a r y 

to s t a b i l i z e a d e v i c e b y b i a s i n g t h e o x i d e a t 5. 0 V a n d p a s s i n g a n a v a l a n c h e 

c u r r e n t o f 1 . 0 m A f o r t h i r t y m i n u t e s . A f t e r t h i s t r e a t m e n t t h e o x i d e c u r r e n t s 

w e r e s t a b l e a n d r e p r o d u c i b l e f o r b o t h i n c r e a s i n g a n d d e c r e a s i n g o x i d e f i e l d 
a n d j u n c t i o n a v a l a n c h e c u r r e n t . S i m i l a r p r e c a u t i o n s w e r e f o u n d t o b e n e c -

( 7 1 ) 

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

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

F i g . 5. 10 s h o w s a f a m i l y o f c u r v e s f o r o x i d e c u r r e n t ( Iox) p l o t t e d 

a g a i n s t j u n c t i o n c u r r e n t ( I j ) , f o r a r a n g e o f v a l u e s o f t h e v o l t a g e app l i ed 
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a c r o s s t h e o x i d e f i l m . T h e f o r m o f t h e e x p o t e n t i a l r i s e i n l o x w i t h T j w a s 
t y p i c a l o f a l l t h e d e v i c e s s t u d i e d f o r v a l u e s o f j u n c t i o n c u r r e n t u p t o 1 . O m A . 
F i g . 5 . 11 s h o w s t h e o x i d e c u r r e n t f o r a d e v i c e i n w h i c h t h e j u n c t i o n w a s 
i n c r e a s e d t o 10. 0 m A . F o r j u n c t i o n c u r r e n t s u p to 5. OmA t h e d e v i c e s h o w s 
t he s a m e g e n e r a l f o r m o f o x i d e c u r r e n t i n c r e a s e . B e y o n d 5 . 0 m A t h e r e i s 
a t e n d e n c y f o r t h e o x i d e c u r r e n t t o i n c r e a s e m u c h l e s s r a p i d l y w i t h j u n c t i o n 
c u r r e n t . T h i s f e a t u r e w a s a l s o f o u n d i n o t h e r d e v i c e s b u t t h e p o i n t o f f a l l 
o f f i n t h e r a t e o f o x i d e c u r r e n t i n c r e a s e d i d n o t n e c e s s a r i l y o c c u r a t t h e 
s a m e j u n c t i o n c u r r e n t n o r a t t h e s a m e o x i d e c u r r e n t l e v e l . T h e g r e a t e s t 
o x i d e b i a s v o l t a g e t h a t c o u l d b e a p p l i e d t o t h e d e v i c e o f F i g . 5 . 11 w a s 
6 . 0 V . B i a s i n g at 7. 0 V c a u s e d i n s t a b i l i t i e s t o o c c u r i n t h e o x i d e c u r r e n t 
a n d e v e n t u a l l y r e s u l t e d i n b r e a k d o w n o f t h e o x i d e f i l m . T h e s e o x i d e 
c u r r e n t i n s t a b i l i t i e s a n d f i l m r u p t u r e s w e r e a g e n e r a l p r o b l e m w h e n 
t r y i n g t o a p p l y h i g h f i e l d s a n d p a s s i n g o x i d e c u r r e n t s o f g r e a t e r t h a n 
1 0 - 1 0 A . 

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

i n t h e r a t e o f i n c r e a s e i n t h e o x i d e c u r r e n t w i t h j u n c t i o n c u r r e n t . T h i s c a n 

b e s e e n i n F i g . 5 . 12 w h e r e t h e r e i s t h e s a m e f o r m o f e x p o n e n t i a l r i s e i n 

o x i d e c u r r e n t b u t w i t h a d i s c o n t i n u i t y a t Xj = 0 . 3 m A . A s i m i l a r f e a t u r e i s 

s h o w n i n F i g . 5 . 13 a n d F i g . 5 . 14 f o r d e v i c e s A . a n d A 7 f r o m b a t c h 143. 

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

r e s i s t a n c e r e g i o n i n t h e r e v e r s e b r e a k d o w n c h a r a c t e r i s t i c o f t h e d e v i c e . 

F i g . 5 . 15 s h o w s t h e r e v e r s e b r e a k d o w n ^ c h a r a c t e r i s t i c f o r t h e d e v i c e A ^ -

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

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

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

c u r r e n t . H o w e v e r o n c e a v a l a n c h e b r e a k d o w n h a s b e e n i n i t i a t e d t h e v a l u e 

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

r a t e o f i n c r e a s e o f o x i d e c u r r e n t w i t h a p p l i e d o x i d e f i e l d . F i g . 5 . 16 

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

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

t he f i e l d d e p e n d e n c e a t t h e t w o j u n c t i o n c u r r e n t s . T h i s c a n b e t a k e n a s a n 

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

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

a v a l a n c h e j u n c t i o n c u r r e n t . T h i s w i l l b e d i s c u s s e d f u r t h e r i n C h a p t e r 6 . 

5 . 4 M e a s u r e m e n t o f I n j e c t i o n C u r r e n t s w i t h I n f r a - R e d I l l u m i n a t i o n o f t h e 

J u n c t i o n 

In t h e m e a s u r e m e n t s d e s c r i b e d s o f a r ; c u r r e n t w a s i n j e c t e d i n t o -

the o x i d e a t f i e l d s o f l e s s t h a n 3 x 1 0 ^ V / c m w h e n t h e u n d e r l y i n g p - n 

j u n c t i o n w a s a v a l a n c h e d . I t w a s f o u n d t h a t o x i d e c u r r e n t s c o u l d a l s o b e 
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o b t a i n e d w i t h t h e j u n c t i o n r e v e r s e b i a s e d b e l o w a v a l a n c h e p o t e n t i a l , i f t h e 
j u n c t i o n c u r r e n t w a s e n h a n c e d b y u s i n g a n i n f r a - r e d e m i t t e r p l a c e d b e l o w 
t h e j u n c t i o n . F i g . 5 . 17 s h o w s a t y p i c a l p l o t o f t h e i n j e c t e d o x i d e c u r r e n t 
a g a i n s t t he r e v e r s e p h o t o - i n d u c e d j u n c t i o n c u r r e n t * : T h e j u n c t i o n w a s 
r e v e r s e d b i a s e d a t 80 V at w h i c h b i a s t h e r e v e r s e l e a k a g e c u r r e n t , 
m e a s u r e d i n t h e d a r k , w a s l e s s t h a n 1. 0 /wA. A b i a s o f 10. 0 V w a s a p p l i e d 
a c r o s s t he t h i n o x i d e a n d t h e j u n c t i o n c u r r e n t w a s c o n t r o l l e d b y v a r y i n g 
t h e i n t e n s i t y o f t h e i n f r a - r e d i l l u m i n a t i o n . T h e o x i d e c u r r e n t s m e a s u r e d 
i n t h i s w a y w e r e v e r y s t a b l e a n d i t w a s n o t n e c e s s a r y t o a p p l y t h e i n i t i a l 
s t a b i l i z i n g a v a l a n c h e r e q u i r e d p r e v i o u s l y . T h e o x i d e c u r r e n t s w e r e 
o b s e r v e d to d e c a y o v e r a p e r i o d o f h o u r s i n a m a n n e r s i m i l a r t o t h e h i g h 
f i e l d i n j e c t i o n . I t i s n o t t h o u g h t t h a t i n f r a - r e d e m i s s i o n c o u l d i t s e l f i n d u c e 
a n o x i d e c u r r e n t s i n c e i t w a s n o t e d i n C h a p t e r 2 t h a t t h e e l e c t r o n t r a p s i n 
t h e r m a l o x i d e c o u l d o n l y b e e m p t i e d b y t h e s i m u l t a n e o u s a p p l i c a t i o n o f U . V . 
r a d i a t i o n a n d a h i g h f i e l d . 

T h e i n f r a - r e d i r r a d i a t i o n o f t h e j u n c t i o n w a s a l s o f o u n d to h a v e 

a n e f f e c t o n t h e m a g n i t u d e o f t h e o x i d e c u r r e n t o b t a i n e d a t a c e r t a i n 

j u n c t i o n c u r r e n t . A s e x p e c t e d , w h e n t h e j u n c t i o n w a s i r r a d i a t e d , a l o w e r 

j u n c t i o n b i a s w a s r e q u i r e d t o m a i n t a i n a c o n s t a n t j u n c t i o n c u r r e n t . H o w e v e r , 

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

c u r r e n t f o r t h e s a m e j u n c t i o n c u r r e n t a s s h o w n i n F i g . 5. 18. T h i s r e s u l t 

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

d i o x i d e a n d i t w i l l b e d i s c u s s e d m o r e f u l l y i n C h a p t e r 6 . 

5. 5 C o n c l u s i o n s 

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

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

c u r r e n t i n a r e v e r s e b i a s e d p - n j u n c t i o n b e n e a t h t h e o i x i d e f i l m. T h i s o x i d e 

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

a c r o s s t h e o x i d e a n d t h e j u n c t i o n i l l u m i n a t i o n . It o n l y o c c u r s w i t h a p o s i ­

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

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

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

j u n c t i o n c u r r e n t a n d w i t h a c o n s t a n t b i a s a c r o s s t h e o x i d e f i l m , p r o b a b l y 

i n d i c a t e j t h e p r e s e n c e o f e l e c t r o n t r a p s i n t h e o x i d e . T h e s e t r a p s h a v e b e e n 

o b s e r v e d b y o t h e r w o r k e r s a s d i s c u s s e d i n C h a p t e r 2 . 6 . T h e o x i d e c u r r e n t 

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

e l s e w h e r e e g . b y P e p p e r ^ 7 ^ . T h e y a r e p r o b a b l y t h e r e s u l t o f c r e a t i n g 

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

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

C h a p t e r 6 . 
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V i s u a l o b s e r v a t i o n o f t h e d e v i c e s u n d e r a v a l a n c h e c o n d i t i o n s 

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

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

o x i d e . It i s i n s u c h d e v i c e s t h a t o x i d e c u r r e n t s h a v e b e e n d e t e c t e d . 

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

s h a l l o w j u n c t i o n . T h e s e e d g e m i c r o p l a s m a s w e r e o b s e r v e d t o t u r n o n 

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

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

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

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

t he c u r r e n t s c a r r i e d b y s e v e r a l m i c r o p l a s m a s , p l u s a n y l e a k a g e c u r r e n t s . 

In C h a p t e r 6 a n a t t e m p t w i l l b e m a d e to i n t e r p r e t t h e d e p e n d e n c e 

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

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

o f t he i n j e c t e d o x i d e c u r r e n t w i l l b e d i s c u s s e d i n t e r m s o f e l e c t r o n 

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

t h e s i l i c o n a n d t h e o x i d e . 
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F I G 5 .4 JUNCTION BREAKDOWN CHARACTERISTICS OF A COMPLETE DEVICE 

AND THAT OF THE GUARD RING ALONE. 



(a) MICROPLASMA. AT INTERSECTION OP 
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( b ) MICROPLASMA IN THE SHALLOW JUNCTION BENEATH THE CENTRAL ALUMINIUM CONTACT 

P I G 5.5 DAMAGE CAUSED I N THE REGION OP A MICROPLASMA WHEN THE JUNCTION I S 

OVERBIASED 



PIG- 5.6 HIGH FIELD INJECTION INTO OA IDS WITH ZERO J UN CTION CURRENT 

( P o s i t i v e p o l a r i t y . Ox ide t h i c k n e s s 5W) A) 
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IG 5 .7 INJECTED OX ID: iRRENT PROM JUNCTION STRUCTURE ITH 
HIGH REVERSE LEPAGE CURRENT 
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F I G 5 . 8 INJECTION CHAJ^VERISTICS OP T'-ffiEE DEVICES V,'I7H H I P I 
LEAKAGE CURRENTS S>:O .T.NG THAT L'!JECTIO/J ONLY OCCURS' 
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PIG 5.9 DECAY UP OXIDE CJSRENT FOR A DEVICE AVALANCflED FOR T*IE FIRS 
TILE 

(Bias aero*a oxid« = 3V„ J u n c t i o n c u r r e n t - 0.1 mA.) 
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1-10 5.10 INJhCTED OXIDK CURIE?.'T \ FUNCTION OF JUNCTION CURiENT 
AI.'D OXIDh' i3IA3 
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1IG 5.11 INJECTED OXJ.LJ'. Ci.UVJ-i'i'j1 FOR HIGH JUNCTION CURRENT! 
10 
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FIG 5.12 INJECTED OXIDE CUlffiENT AS A FUNCTION 0? JUNCTION CURRENT 
AND OXIDE BIAS SM07.TNG- DISCONTINUITY IN SLOPE 

(Batch .Cif Device DJl,) 
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FIG 5.13 INJECTED OXIDE CURRENT AS A PJNGTION OF JUNCTION CURRENT 
AND OXIDE BIAS SHOWING DISCONTINUITY IN. SLOPE. 10 
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FIG 5.14 INJECTED OXIDE CURRENT AS A FUNCTION OF JUNCTION CURRENT 
AND OXIDE BIA3 SHOV/LNG DISCONTINUITY IN SLOPE. 

(Batch 14-3 Device k}.) 
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PIG 5.15 REVERSE BREAKDOT/N CHARACTERISTIC OP JUNCTION 
OP DEVICE A3 PROM BATCH 14=3. 
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PIG 5.16 INJECTED OXIDE CURRENT AS A FUNCTION OF OXIDE BIAS VOLTAGE. 

(Batch C4 Device Dj5.) 
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PIG 5.17 INJECTED OXIDE CURRENT AS A FUNCTION OF IHOTO EXCITED 
JUNCTION CURRENT. 
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PIG 5.18 EFFECT OF INFRA-RED IRRADIATION OF JUNCTION ON 
INJECTED CURRENT. 

(Batch E4 Device D3.) 
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C H A P T E R S I X 

D I S C U S S I O N O F T H E R E S U L T S O N E L E C T R O N I N J E C T I O N I N T O 

S I L I C O N D I O X I D E 

6 . 1 I n t r o d u c t i o n 

T h e e x p e r i m e n t s d e s c r i b e d i n C h a p t e r 5 s h o w e d t h a t a n a p p r e c i a b l e 

d i r e c t c u r r e n t c o u l d b e m a i n t a i n e d t h r o u g h a t h i n f i l m o f S i 0 2 f o r m e d a b o v e 

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

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

l y i n g p - n j u n c t i o n . T h i s c h a p t e r w i l l e x a m i n e t h e s e d e p e n d e n c e s , a n d 

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

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

I t w a s o b s e r v e d t h a t a c u r r e n t c o u l d o n l y b e d e t e c t e d t h r o u g h t h e 

o x i d e w h e n i t w a s p o s i t i v e l y b i a s e d w i t h r e s p e c t t o t h e s i l i c o n j u n c t i o n . N o 
- 1 4 

c u r r e n t ( < 1 0 A ) w a s d e t e c t e d w h e n t h e b i a s w a s r e v e r s e d . T h e o x i d e 

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

i t m u s t h a v e o r i g i n a t e d f r o m t h e j u n c t i o n / o x i d e i n t e r f a c e . T h i s c o u l d b e 

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

r e l e a s e o f n e g a t i v e i o n s a t t h e i n t e r f a c e . I n M . O . S . s t r u c t u r e s , m o b i l e 
( 8 8 ) 

n e g a t i v e i o n s a r e u s u a l l y a s s o c i a t e d w i t h h y d r o x y t i o n s . H o w e v e r , 

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

h i g h f i e l d s ( s o t h a t w i t h t h e f i e l d s ( > 10 V / c m u s e d i n t h i s w o r k s u c h i o n i ' c 

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

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

g r e a t e r t h a n t h o s e o b s e r v e d f o r a n y i o n c o n d u c t i v i t y i n S i O g « I t i s 

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

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

S e c t i o n 6 . 2 w i l l s h o w t h a t t h e i n c r e a s e o f t h e i n j e c t e d c u r r e n t 

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

d i s t r i b u t i o n o f t h e e l e c t r o n s i n t h e a v a l a n c h i n g j u n c t i o n . I n S e c t i o n s 6 . 3 -

6 . 5 t h e a p p a r e n t l y e x p o n e n t i a l i n c r e a s e o f i n j e c t e d c u r r e n t w i t h j u n c t i o n 

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

w h i c h a r e p r o b a b l y t h e o r i g i n o f t h e i n j e c t e d e l e c t r o n s . S o m e o t h e r o b s e r v a ­

t i o n s w i l l b e d i s c u s s e d i n S e c t i o n 6 . 6 . 

6 . 2 T h e D e p e n d e n c e o f t h e I n j e c t e d C u r r e n t o n t h e O x i d e F i e l d S t r e n g t h 

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

S i 0 2 h a v e b e e n g i v e n S e c t i o n 2 . 6 . T h e f i e l d d e p e n d e n c e o f t h e o x i d e c u r r e n t 

w a s i n t e r p r e t e d t h e r e i n t e r m s o f F o w l e r - N o r d h e i m t u n n e l l i n g o f t h e r m a l 

e l e c t r o n s f r o m t h e s i l i c o n i n t o t h e c o n d u c t i o n b a n d o f t h e S i O n . A t r o o m 
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t e m p e r a t u r e t h e e l e c t r o n e n e r g y w a s c o n s i d e r e d t o b e t o o l o w t o a l l o w 

S c h o t t k y e m i s s i o n o v e r t h e 3 . 2 5 e V b a r r i e r i n t o t h e o x i d e . I n t h e p r e s e n t 

w o r k a n a v a l a n c h i n g p - n j u n c t i o n i s u s e d t o c r e a t e a n e l e c t r o n p o p u l a t i o n 

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

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

t h e e x p e r i m e n t s i n t h i s w o r k t h e j u n c t i o n p o w e r d i s s i p a t i o n i s o n l y b e t w e e n 

1 0 a n d 1 0 0 m W . A l t h o u g h a s i g n i f i c a n t p r o p o r t i o n o f t h e p o w e r i s l o c a l i s e d 

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

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

t e m p e r a t u r e . 

I t w a s c o n c l u d e d i n C h a p t e r 2 t h a t t h e e l e c t r o n e n e r g y d i s t r i b u t i o n 

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

M a x w e l l i a n . I t i s p r o b a b l e t h a t a b e t t e r d i s t r i b u t i o n f u n c t i o n w o u l d b e o n e 

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

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

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

i o n i s i n g c o l l i s i o n s . I t i s l i k e l y t h a t i t i s t h e s e h i g h e n e r g y e l e c t r o n s i n t h e 

t a i l o f t h e d i s t r i b u t i o n w h i c h h a v e b e e n m e a s u r e d b y B a r t e l i n k ^ * ^ a n d 
( 4 5 ) 

B o k w h o f o u n d t h e m t o d e c r e a s e e x p o n e n t i a l l y w i t h e n e r g y . T o d a t e 

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

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

t o a s s u m e i t t o b e M a x w e l l i a n - s e e C h a p t e r 2 . I n t h i s c h a p t e r a c o m p a r i s o n 

w i l l b e m a d e b e t w e e n t h e e x p e r i m e n t a l r e s u l t s f r o m C h a p t e r 5 a n d t h o s e 

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

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

a b e t t e r f i t c o u l d b e o b t a i n e d b y a s s u m i n g a t r u n c a t e d M a x w e l l i a n d i s t r i b u t i o n 

o f t h e t y p e d e s c r i b e d a b o v e . 

C o n s i d e r t h e e n e r g y b a n d m o d e l o f F i g . 6 . 1 , d e s c r i b i n g t h e i n j e c t i o n 

s t r u c t u r e . A v o l t a g e V ( x ) i s a p p l i e d b e t w e e n t h e s i l i c o n a n d t h e s u r f a c e o f 

t h e o x i d e f i l m c r e a t i n g a f i e l d F ( x ) = V ( x ) / s a c r o s s t h e o x i d e . T h e s i l i c o n 

s u r f a c e i s h e a v i l y d o p e d n - t y p e ( N d f l s 1 0 2 0 / c m 3 ) a n d t o a f i r s t a p p r o x i m a t i o n 

i t c a n b e t r e a t e d a s ' b e i n g d e g e n e r a t e s o t h a t f i e l d p e n e t r a t i o n i n t o s i l i c o n 

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

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

s u r f a c e i n t h e m a n n e r d e s c r i b e d b y B a r t e l i n k ^ ^ . T h i s m e a n s t h a t t h e 

e l e c t r o n d i s t r i b u t i o n i m p i n g i n g o n t h e S i / S i 0 2 i n t e r f a c e i s a l s o M a x w e l l i a n 

b u t r e d u c e d i n m a g n i t u d e b y a f a c t o r p r o p o r t i o n a l t o e x p ( - L / L o ) a s g i v e n 

i n S e c t i o n 2 . 2 . I f t h e e f f e c t i v e e l e c t r o n t e m p e r a t u r e i s g r e a t e n o u g h t h e n a 

p r o p o r t i o n o f t h e i n c i d e n t e l e c t r o n s w i l l h a v e s u f f i c i e n t e n e r g y t o o v e r c o m e 
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t h e i n t e r f a c i a l b a r r i e r a n d w i l l b e i n j e c t e d i n t o t h e o x i d e , c o n d u c t i o n b a n d . 
A s t h e f i e l d i s i n c r e a s e d , t h e b a r r i e r h e i g h t w i i l b e r e d u c e d a c c o r d i n g t o 
t h e c l a s s i c a l i m a g e f o r c e l o w e r i n g law/. T h i s ' S a n a l o g o u s t o t h e S c h o t t k y 
e f f e c t a n d w i l l r e s u l t i n a n i n c r e a s e i n t h e i n j e c t e d o x i d e c u r r e n t a c c o r d i n g 

t o t h e r e l a t i o n s h i p , ' 1 

^ o c j ^ J ( x ) oC / F ( X ) ( ( 6 . 1 ) ) 

I t w o u l d b e e x p e c t e d t h a t , u n d e r t h e s e c o n d i t i o n s , a m e a s u r a b l e o x i d e 

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

b y F o w l e r - N o r d h e i m t u n n e l l i n g . A s t h e f i e l d i s f u r t h e r i n c r e a s e d , t h e 

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

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

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

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

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

E x p r e s s i o n s f o r t h e t w o c o n t r i b u t i o n s w i l l n o w b e d e r i v e d . 

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

d p 2 = d p 2

x + d p 2

y + d p 2

z ( ( 6 . 2)) 

A c c o r d i n g t o M a x w e l I - B o l t z m a n n s t a t i s t i c s t h e f r a c t i o n o f t h e 

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

d N _ e x p ( - p 2 / 2 m k T , ) d p ) ( d p d p ^ . ( ( 6 . 3 ) ) 

N Jjf/*"exp ( - p 2 / 2 m k T t ) d p x d p y d p z 

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

L e t d N ( x ) b e t h e f r a c t i o n o f t h e e l e c t r o n s m o v i n g i n t h e d i r e c t i o n 

N 

o f t h e a p p l i e d f i e l d . 

T h e n d N ( x ) _(2TT m k T f i ) _ I e x p ( - p ( X * / 2 m k T ^ ) d p ( x ) ( ( 6 . 4 ) ) 

N 

N o w fr(x)2 _ E ( x ) 

2 m 

t h e r e f o r e d p ( x ) ^ rr\ d E ( x ) _ d E ( x ) ^ 

f > ( x ) V O O 

s u b s t i t u t i n g ( [ 6 . 4)) i n ( ( 6 . 3)) g i v e s , 

d N ( x ) . V Q Q ~ I I ] * e x p ( - E ( x ) / k T c ) d E ( x ) ( ( 6 - 6 ) ) 

N \2 T T m k T ^ / 

L e t N ( x ) v i x ) = n ( x ) E ( x ) ( ( 6 . 7 ) ) 

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

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

E ( x ) , E ( x ) + d E ( x ) . 

V(v) i ti.ectro» tfdldcctc^ c \ % direction 
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T h e n u m b e r o f e l e c t r o n s w i t h i n a g i v e n e n e r g y r a n g e i n j e c t e d i n t o t h e 

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

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

f a c e p o t e n t i a l b a r r i e r . 

T h u s t h e i n j e c t e d c u r r e n t d e n s i t y i s g i v e n b y , 

J ( x ) = q f°° n ( x ) E ( x ) D ( E ( x » d E ( x ) ( ( 6 . 8 } ) 

w h e r e D ( E ( x ) ) i s t h e t r a n s m i s s i o n p r o b a b i l i t y c o e f f i c i e n t . 

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

e n e r g i e s g r e a t e r t h a n t h e b a r r i e r h e i g h t f f c a n b e i n j e c t e d i n t o t h e o x i d e . 

T h i s i s t h e c l a s s i c a l s i t u a t i o n i n w h i c h , 

D ( E ( x ) ) = O f o r E ( x ) < 4 

D ( E ( x ) ) = 1 f o r E ( x ) 0 

H e n c e J ( x ) = q j ^ n ( x ) ( E ( x ) ) d E ( x ) ( ( 6 . 9 ) ) 

A c c o r d i n g t o t h e i m a g e f o r c e l o w e r i n g t h e o r y t h e b a r r i e r h e i g h t ft , w i l l 

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

r e l a t i o n s h i p , 

Z \ / ( F ( x ) ) = ( q 3 F ( x ) / 4 T T * o £ o x ) 2 ( ( 6 . 1 0 ) ) 

w h e r e A f i ( F ( x ) i s t h e b a r r i e r l o w e r i n g f o r a n a p p l i e d f i e l d F ( x ) 

f o x i s t h e r e l a t i v e d i e l e c t r i c c o n s t a n t o f S i C ^ . 

T h e r e f o r e s u b s t i t u t i n g ( ( 6 . 6 ) ) i n t o ( ( 6 . 9 ) ) , i n t e g r a t i n g a n d t a k i n g i n t o 

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

J ( x ) = q N / k T f c j2" e x p ( - ( ^ - ( q 3 F C x ) / 4 T T £ o tox.)*)/k\} 

V 2 T W ' ( ( 6 . 1 1 ) ) 

I t s h o u l d b e n o t e d t h a t t h e c o n d i t i o n , 

D ( E ( x ) ) = 1 f o r E ( x ) >, ft 

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

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

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

b e f o r e t h e c l a s s i c a l t u r n i n g p o i n t i s r e a c h e d t h e r e i s a p r o b a b i l i t y t h a t 
( 5 2 ) 

e l e c t r o n s w i l l b e r e f l e c t e d a n d D ( E ( x ) ) ^ 1 . B e r g u l u n d a n d P o w e l l 

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

f o r f i e l d s g r e a t e r t h a n 1 0 V / c m . T h e p r e s e n t w o r k i s c o n c e r n e d w i t h 

f i e l d s g r e a t e r t h a n 2 x 1 0 V / c m . 

E q u a t i o n ( ( 6 . 1 1 ) ) p r e d i c t s t h a t i f ^ ^ j ( x ) i s p l o t t e d a g a i n s t J F ( x ) 

a s t r a i g h t l i n e p l o t o f s l o p e , S i » 

5. = ( q 3 / 4 T 7 to £ o x ) 2 / k T e ( ( 6 . 1 2 ) ) 

w i l l b e o b t a i n e d . S u c h a p l o t i s s h o w n i n F i g . 6 . 2 f o r a t y p i c a l j u n c t i o n 

a v a l a n c h e c u r r e n t o f 4 0 0 y u A . I t i s a p p a r e n t t h a t o n l y t h e f i r s t f e w 



y - E ( x ) 1 >y \ 
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_2_ / 6 m * T T 2 \ ^ 
3 I ^ / 

t h e n D ( E (x ) ) 4 E ( x ) ? (/zT _ E ( x ) F e x p / - 4 K « > ( / - E ( x ) f t ] ( ( & . 1 S ) ) 

P l 3 F ( x ) / 

w h e r e D ( E ( x ) ) i s t h e t r a n s m i s s i o n c o e f f i c i e n t f o r a n e l e c t r o n w i t h e n e r g y 

E ( x ) t h r o u g h a t r i a n g u l a r p o t e n t i a l b a r r i e r , 

and K 0 / 8 m * T T 2 ^ 

\ h 2 

s u b s t i t u t i n g / ^ . I 5 ^ i n t c { ( 6 . e f t a n d a s s u m i n g a M a x w e l l i a n d i s t r i b u t i o n o f 

e l e c t r o n s . M 

Jttf =. SftbL , / E ( x ) * ( ^ - E ( x ) ) * e x p / - 4 K o - E ( x ) ) ^ E ( x ) | d E ( x ) . 

( 2 T T m * k T ^ ) y o 0 ^ 3 F ( x ) k r j 

T h e r e i s n o g e n e r a l s o l u t i o n t o E q u a t i o n ( ( 6 . 1 6 ) ) b u t S t r a t t o n ^ 9 0 ^ h a s 

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

2 K p / J ^ l _ 
F ( x ) k T p 

W h e n
 T (x>= ^ q N k T e e x p / - 4 K 0 f6 x ] ( ( 6 . 1 7 ) ) 

(TTm i * y ) 2 V 3 F ( x ) 

B e f o r e a p p l y i n g E q u a t i o n ( ( 6 . 1 7 ) ) i t i s n e c e s s a r y t o e x a m i n e t h e i n e q u a l i t y 

u s e d b y S t r a t t o n . T h i s m a y b e r e - w r i t t e n a s , 

F ( x ) » 2 ^ 8 m * T T 2 j ^ ft 1 k T „ ( ( 6 . 1 8 ) ) 

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

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

a b i l i t y , 0 ( E ( x ) ) i n c r e a s e s , i . e . T u n n e l l i n g t r a n s m i s s i o n i s d o m i n a n t . 

I f i t i s a s s u m e d t h a t , 

= 3. 2 5 e V R e f . ( 5 2 ) 

m = 0 . 4 2 m o , a s t h e e f f e c t i v e m a s s o f a n e l e c t r o n i n t h e 

f o r b i d d e n g a p o f S i C ^ i R e f . ( 5 6 ) . 

k T 4 = 0 . 12 e V 

T h e n t h e i n e q u a l i t y ( ( 6 . 1 8 ) ) r e q u i r e s t h a t 

F ( x ) > ^ 1 . 4 x 1 0 7 V / c m 

T h e h i g h e s t f i e l d a p p l i e d i n t h i s w o r k w a s a b o u t 4 x 1 0 6 V / c m s o t h a t t h e 

s o l u t i o n ( ( 6 . 1 7 ) ) c a n n o t b e u s e d . T h i s m e a n s t h a t i n t h e r e g i o n o f i n t e r e s t 

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

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

h a s n o t y e t b e e n o b t a i n e d a n d a n u m e r i c a l a p p r o a c h h a s t o b e t a k e n . 
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F i g . 6 . 3 s h o w s t h e r e s u l t o f p i o t t i n y t h e e x p e r i m e n t a l l y o b t a i n e d v a l u e s 

o f fej^Iox a g a i n s t l / F ( x ) . I f E q u a t i o n ( ( 6 . 1 7 ) ) h a d b e e n v a l i d f o r t h e s e 

r e s u l t s t h e y w o u l d h a v e f a l l e n o n a s t r a i g h t I i n e o f s l o p e , & x , 

3 4 8 m * r r 

T h e t h e o r e t i c a l l i n e g i v e n i n F i g . 6 . 3 a s s u m e s v a l u e s f o r p o f 3 . 2 5 e V 

a n d m * e q u a l t o . 4 2 m . A s e x p e c t e d , t h e e x p e r i m e n t a l l i n e d e v i a t e s 

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

T h e r e s u l t o f a n u m e r i c a l s o l u t i o n o f E q u a t i o n ( ( 6 . 1 4 ) ) i s s h o w n 

i n F i g . 6 . 4 w h i c h w a s c a l c u l a t e d u s i n g a s i m p l e t r a p i z o d i a l r u l e s u m m a t i o n . 

T h e s e c a l c u l a t i o n s a s s u m e a v a l u e f o r t h e b a r r i e r h e i g h t o f 3 . 0 e V w h i c h 

a l l o w s f o r a m a x i m u m b a r r i e r l o w e r i n g o f 0 . 3 e V f o r t h e f i e l d s e m p l o y e d . 

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

T„ = 0 . 1 2 e V w a s - u s e d a n d a n e f f e c t i v e m a s s o f 0 . 4 2 m . T h e t h e o r e t i c a l 
• o 6 

p l o t i s f i t t e d t o - t h e e x p e r i m e n t a l d a t a f o r a n o x i d e f i e l d o f 2 . 2 x 1 0 V / c m 

a s s h o w n i n F i g . 6 . 4 . H o w e v e r , i t i s s e e n t h a t t h e f i t f o r h i g h e r f i e l d 

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

b e f o u n d f r o m a n a n a l y s i s o f t h e s u m m a t i o n d a t a . T h i s s ' h o w s t h a t i f a 

M a x w e l l i a n d i s t r i b u t i o n o f e l e c t r o n s i s a s s u m e d t h e n t h e i n j e c t e d c u r r e n t 

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

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

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

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

l e s s s h a r p l y w i t h f i e l d t h a n a t l o w e r e n e r g i e s . H o w e v e r , i t w a s s h o w n i n 

C h a p t e r 2 t h a t t h e n u m b e r o f e l e c t r o n s a t h i g h e r e n e r g i e s i s p r o b a b l y 

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

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

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

d e p e n d e n c e o n t h e o x i d e f i e l d . 

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

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

m e n t a l r e s u l t s . C o n s i d e r t h e e l e c t r o n d i s t r i b u t i o n t o b e M a x w e l l i a n o n l y 

b e l o w t h e i o n i s a t i o n t h r e s h o l d , E i < < <fi . E l e c t r o n s w i t h e n e r g i e s g r e a t e r 

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

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

m a j o r c o n t r i b u t o r s t o t h e i n j e c t e d c u r r e n t a t l o w f i e l d s w h e n do^Iox w o u l d b e 

e x p e c t e d t o f o l l o w a l i n e a r d e p e n d e n c e w i t h J F ( x ) a s s h o w n a b o v e . 
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T h e c o n t r i b u t i o n t o t h e i n j e c t e d c u r r e n t c o m i n g f r o m t h e e l e c t r o n s w i t h 

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

o n E q u a t i o n ( ( 6 . 1 6 ) ) u p t o t h e i o n i s a t i o n t h r e s h o l d . T h i s c a n b e f i t t e d t o 

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

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

I n F i g . 6 . 15 a f i t o f t h e e x p e r i m e n t a l d a t a h a s b e e n m a d e t o e a c h o f t h r e e 

s u m m a t i o n s . T h e c a l c u l a t e d p l o t s r e p r e s e n t s u m m a t i o n s u p t o 1 . 9 e V , 

2 . 1 e V a n d 2 . 3 e V r e s p e c t i v e l y . T h e b e s t f i t i s o b t a i n e d b y s u m m i n g t o 

2 . 1 e V w h i c h a c c o r d i n g t o t h e m o d e l s h o u l d r e p r e s e n t t h e i o n i s a t i o n 

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

o t h e r w o r k e r s f o r t h e i o n i s a t i o n t h r e s h o l d i n s i l i c o n a s d e s c r i b e d i n 

S e c t i o n 2 . 2 . I t i s t h e r e f o r e c o n c l u d e d t h a t t h e f i e l d d e p e n d e n c e o f t h e 

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

s t r e n g t h s . 

6 . 3 T h e D e p e n d e n c e o f t h e I n j e c t e d C u r r e n t o n t h e J u n c t i o n C u r r e n t 

T h e r e s u l t s p r e s e n t e d i n C h a p t e r 5 s h o w e d t h a t t h e i n j e c t e d 

o x i d e c u r r e n t a p p a r e n t l y i n c r e a s e d e x p o n e n t i a l l y w i t h j u n c t i o n a v a l a n c h e 

c u r r e n t . S i m i l a r o b s e r v a t i o n s o f a n e x p o n e n t i a l o r p o w e r l a w d e p e n d e n c e 

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

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

C h a p t e r 2 ; h o w e v e r i t i s a p p a r e n t t h a t n o s a t i s f a c t o r y e x p l a n a t i o n h a s 

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

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

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

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

s o m e o f t h e o b s e r v a t i o n s o f C h a p t e r 5 , h o w e v e r , t h e r e a r e s e v e r a l 

o b j e c t i o n s w h i c h a r e d i s c u s s e d b e l o w . I n S e c t i o n 6 . 4 a n e w m o d e l i s 

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

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

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

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

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

t h e S i - S i 0 2 i n t e r f a c e . A n e x p o n e n t i a l i n c r e a s e i n t h e i n j e c t e d o x i d e 

c u r r e n t w i t h j u n c t i o n c u r r e n t w o u l d b e e x p e c t e d i f T c w e r e p r o p o r t i o n a l 

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

o f t h e e l e c t r o n p o p u l a t i o n , V j i s t h e j u n c t i o n b i a s v o l t a g e a n d X j i s t h e 
( 4 1 ) 

j u n c t i o n c u r r e n t . A c c o r d i n g t o a m o d e l b y G o f f a u x , t h e e f f e c t i v e 

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

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

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

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

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

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

w o u l d n o t b e e x p e c t e d w i t h t h e s h a l l o w p - n + j u n c t i o n s u s e d i n t h e 

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

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

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

a v a c u u m . I n E l i n s o n ' s w o r k t h e s u r f a c e p - n j u n c t i o n w a s f o r m e d b y t h e 

d e p o s i t i o n o f C s i o n s g i v i n g a s u r f a c e d o p i n g e s t i m a t e d t o b e o n l y 
1 7 3 

5 x 1 0 / c m . T h i s c o m p a r e s w i t h t h e h i g h p h o s p h o r u s d o p i n g o f 
2 0 3 

10 / c m u s e d i n t h e p r e s e n t w o r k w h i c h w o u l d b e e x p e c t e d t o r e s u l t 

i n a m u c h l o w e r s u r f a c e f i e l d f r o m E l i n s o n ' s . T h e i n f l u e n c e o f t h e 

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

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

T h e e x p e r i m e n t a l r e s u l t s r e p o r t e d i n C h a p t e r 5 i n d i c a t e t h a t 

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

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

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

p o p u l a t i o n i f a M a x w e l l i a n e n e r g y d i s t r i b u t i o n i s a s s u m e d . I t w o u l d b e 

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

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

i n t h e r a d i a t i o n e m i s s i o n s p e c t r u m t o h i g h e r f r e q u e n c i e s . H o w e v e r , t h i s 
( 2 9 ) 

i s n o t o b s e r v e d ; f o r e x a m p l e C h y n o w e t h a n d M c K a y r e p o r t o n l y a n 

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

c u r r e n t . 

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

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

r e s u l t s p r e s e n t e d i n F i g . 5 . 9 . A c c o r d i n g t o t h e i n t e r f a c e f i e l d t r a n s ­

m i s s i o n m o d e l p r o p o s e d i n S e c t i o n 6 . 2 a n i n c r e a s e i n t h e e f f e c t i v e 

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

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

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

i n c r e a s i n g j u n c t i o n c u r r e n t . T h e e x p e r i m e n t a l r e s u l t s g i v e n o s t r o n g 

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

c a r r i e r e n e r g y d i s t r i b u t i o n o v e r t h e j u n c t i o n a v a l a n c h e c u r r e n t r a n g e 

c o n s i d e r e d . 
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A f i n a i o b j e c t i o n t o t h e m o d e i o f a n i n c r e a s i n g e f f e c t i v e 

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

C h a p t e r 5 o f a n i n c r e a s e i n t h e i n j e c t e d o x i d e c u r r e n t , f o r a c o n s t a n t 

a v a l a n c h e c u r r e n t , d u r i n g i n f r a * r e d i l l u m i n a t i o n o f t h e j u n c t i o n . A n 

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

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

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

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

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

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

i n r e v e r s e j u n c t i o n b i a s r e q u i r e d t o m a i n t a i n t h e s a m e j u n c t i o n c u r r e n t 

a s b e f o r e I l l u m i n a t i o n w a s l e s s t h a n 0 . 0 1 V a n d t h e e f f e c t o n e l e c t r o n 

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

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

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

m i c r o p l a s m a r e g i o n . F i g . 5 . 16 s h o w s t h a t c a r r i e r s g e n e r a t e d b y 

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

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

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

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

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

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

o f i l l u m i n a t i o n o n t h e J o x - I j c h a r a c t e r i s t i c s w o u l d b e t o a d d a c o n s t a n t 

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

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

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

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

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

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

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

o n t h e j u n c t i o n a v a l a n c h e c u r r e n t , a n d t h e d e p e n d e n c e o n i l l u m i n a t i o n , 

s u c h a s o b s e r v e d f o r t h e d e v i c e s t r u c t u r e s s t u d i e d i n t h i s w o r k . I n t h e 

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

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

6 . 4 M i c r o p l a s m a M o d e l f o r I n j e c t e d O x i d e C u r r e n t s 

I n t h i s m o d e l i t i s a s s u m e d t h a t e l e c t r o n i n j e c t i o n o r i g i n a t e s 

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

p r o b a b i l i t i e s c o n t r o l t b e o x i d e i n j e c t i o n c u r r e n t . I t w a s n o t e d i n S e c t i o n 

2 . 4 t h a t i f a j u n c t i o n i s b i a s e d a t a v o l t a g e j u s t a b o v e t h a t r e q u i r e d t o 
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i n i t i a t e a m i c r o p l a s m a , t h e c u r r e n t i s c a r r i e d i n a r a n d o m s e r i e s o.f. 
p u l s e s . A s t h e b i a s v o l t a g e i s i n c r e a s e d f u r t h e r t h e c u r r e n t p u l s e s 
i n c r e a s e b o t h i n a m p l i t u d e a n d d u r a t i o n , w h i l e t h e a v e r a g 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 p u l s e s r e d u c e s . E v e n t u a l l y t h e j u n c t i o n b i a s c a n 
b e i n c r e a s e d t o t h e p o i n t w h e r e t h e m i c r o p l a s m a i s c o n d u c t i n g c o n t ­
i n u o u s l y a n d i s b e h a v i n g a s a n l i n e a r r e s i s t a n c e d e s c r i b e d b y R s . T h e 
i n j e c t i o n m o d e l a s s u m e s t h a t t h e r a t e o f i n c r e a s e i n t h e a v e r a g e c u r r e n t 
c a r r i e d b y a m i c r o p l a s m a c a n b e d e s c r i b e d b y a f u n c t i o n p r i m a r i l y 
c o n t r o l l e d b y t h e t u r n - o f f p r o b a b i l i t y o f t h e m i c r o p l a s m a , i e . a n 
e x p o n e n t i a l d e p e n d e n c e o n t h e j u n c t i o n b i a s . T h e m e a s u r e d c u r r e n t 
i n j e c t e d i n t o t h e o x i d e i s a s s u m e d t o b e d e t e r m i n e d b y a m i c r o p l a s m a 
i n t h e r e g i o n o f t h e t h i n o x i d e c o n t a c t . T h e m i c r o p l a s m a c u r r e n t i s 
a s s u m e d t o b e o n l y a s m a l l c o m p o n e n t o f t h e t o t a l j u n c t i o n c u r r e n t , 
w h i c h i s e s s e n t i a l l y l i n e a r w i t h j u n c t i o n b i a s o v e r t h e s m a l l r a n g e 
c o n s i d e r e d . H e n c e t h e i n j e c t i o n c u r r e n t c a n i n c r e a s e e x t r e m e l y 
r a p i d l y w i t h j u n c t i o n c u r r e n t . 

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

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

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

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

t i o n s w i l l b e m a d e : -

( i ) T h e m a n n e r o f b r e a k d o w n i n t h e m i c r o p l a s m a i s s i m i l a r 

t o t h a t o f t h e u n i f o r m a r e a o f t h e j u n c t i o n e x c e p t t h a t 

t h e b r e a k d o w n o c c u r s a t a l o w e r v o l t a g e . 

i . e . T h e s l o p e o f a p l o t o f l / M a g a i n s t V j i s t h e s a m e 

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

( i i ) T h e j u n c t i o n b i a s i s s u c h t h a t m i c r o p l a s m a b r e a k d o w n 

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

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

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

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

( i i i ) T h e e f f e c t i v e t e m p e r a t u r e o f t h e c h a r g e c a r r i e r s i n a 

m i c r o p l a s m a i s c o n s t a n t . O v e r t h e j u n c t i o n c u r r e n t 

r a n g e c o n s i d e r e d t h e v a r i a t i o n i n j u n c t i o n b i a s i s 

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

t h e e l e c t r o n - h o l e p o p u l a t i o n . 



( iv ) A mic ro -p lasma b r e a k d o w n is s e l f s u s t a i n i n g un t i l 

a s t a t i s t i c a l f l u c t u a t i o n in the m u l t i p l i c a t i o n p r o c e s s 

p r o d u c e s f e w e r c h a r g e c a r r i e r s than a r e los t f r o m 

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

w i l l quench and the m i c r o p l a s m a is s a i d to have t u r n e d 

o f f . T h i s i m p l i e s that the t u r n o f f p r o b a b i l i t y is 

independent of i l l u m i n a t i o n w h i c h is on l y t r u e to a 

f i r s t a p p r o x i m a t i o n ^ ^ . In the e x p e r i m e n t a l w o r k 

r e p o r t e d in C h a p t e r 5 the d e v i c e s w e r e kep t in 

the d a r k a l t h o u g h f o r some e x p e r i m e n t s weak i n f r a - r e d 

i l l u m i n a t i o n was used . 

(v) T h e t u r n - o n p r o b a b i l i t y is d e t e r m i n e d by the 

g e n e r a t i o n of m i n o r i t y c a r r i e r s ab le to i n i t i a t e a 

m i c r o p l a s m a . These c a r r i e r s a r e c o n s i d e r e d to be 

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

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

in to it f r o m the bu lk s i l i c o n . The g e n e r a t i o n of 

c a r r i e r s rrorn t r a p s v ia a t u n n e l l i n g mechan ism is 

not c o n s i d e r e d to be impor tan t in a j u n c t i o n w i t h a h igh 

v o l t a g e b r e a k d o w n . The t u r n - o n p r o b a b i l i t y at a 

cons tan t t e m p e r a t u r e is t h e r e f o r e assumed to be 

dependent on i l l u m i n a t i o n but independent of j u n c t i o n 

b i a s o v e r the smal l r a n g e of j u n c t i o n a v a l a n c h e 

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

(v i ) T h e s e r i e s r e s i s t a n c e of the m i c r o p l a s m a is c o n s i d e r e d 

to be independent of c u r r e n t and to be d e t e r m i n e d by the 

model p r o p o s e d by M c l n t y r e as d i s c u s s e d in S e c t i o n 2. 4. 

The i n s t a n e o u s c u r r e n t Imm p a s s e d by a m i c r o p l a s m a at 

a g i v e n j u n c t i o n b i a s V j , w i l l t h e r e f o r e be e n t i r e l y d e t e r ­

m ined by R s , Tha t i s , 

Imm = ( V j - V B ) / R s ( ( 6 . 1 7 ) ) 

w h e r e is the e x t r a p o l a t e d b r e a k d o w n v o l t a g e of 

the m i c r o p l a s m a . 

H a v i n g made the above a s s u m p t i o n s it is now p o s s i b l e to c o n s i d e r 

in m o r e d e t a i l the p r o b l e m c f f a s i n g l e m i c r o p l a s m a in a j u n c t i o n w i t h an 

o t h e r w i s e u n i f o r m b r e a k d o w n c h a r a c t e r i s t i c . T h e to ta l j u n c t i o n c u r r e n t 

can be c o n s i d e r e d to c o n s i s t of t h r e e componen ts g i v e n by : 

I j =Trn + M i s +1. ( ( 6 . 1 8 ) ) 
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w h e r e L m i s t h e a v e r a g e c u r r e n t c a r r i e d b y a m i c r o p l a s m a 

I s i s t h e s a t u r a t i o n c u r r e n t o f t h e p - n j u n c t i o n 

M i s t h e m u l t i p l i c a t i o n f a c t o r f o r t h e u n i f r o m j u n c t i o n a r e a 

X . i s t h e j u n c t i o n l e a k a g e c u r r e n t c o m p o n e n t 

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

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

r e g i o n . 

i e . I s = ( I d i f f + I g e n ) ( ( 6 . 1 9 ) ) 

T h e m u l t i p l i c a t i o n f a c t o r f o r t h e u n i f o r m j u n c t i o n a r e a M , w i l l 

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

v o l t a g e V _ . , a n d t h e b r e a k d o w n v o l t a g e o f t h e u n i f o r m j u n c t i o n V a s 
B B 

s h o w n i n F i g . 2 . 6 . 

T h e l e a k a g e c u r r e n t Jj_. c a n b e d u e t o m a n y e f f e c t s , f o r e x a m p l e , 

d e f e c t s i n t h e j u n c t i o n , s u r f a c e l e a k a g e d u e t o i n v e r s i o n a n d s u r f a c e 

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

d e p e n d e n c e o f X k ' s i n d e t e r m i n a n t a n d m a y w e l l v a r y f r o m j u n c t i o n t o 

j u n c t i o n . I n t h e p r e s e n t w o r k t h e j u n c t i o n b r e a k d o w n w a s s h a r p a n d t h e 

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

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

o f E q u a t i o n ( ( 6 . 1 9 ) ) a s s h o w n i n S e c t i o n 6 . 5 a n d w a s t y p i c a l o f a 

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

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

a n d e q u a l t o 

I i . = ( l s a t - I s ) ( ( 6 . 2 0 ) ) 

w h e r e Isat i s a n e x p e r i m e n t a l m e a s u r e m e n t o f t h e j u n c t i o n l e a k a g e c u r r e n t . 

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

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

t o t h e p u l s e c y c l e . T h e c u r r e n t - v o l t a g e c h a r a c t e r i s t i c s o f a s i n g l e m i c r o -
( 3 5 ) 

p l a s m a h a v e b e e n m e a s u r e d b y H a i t z a s s h o w n i n F i g . 2 . 6 . T h e s l o p e 

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

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

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

d e f i n e d , a s d e s c r i b e d i n S e c t i o n 2 . 4 . H a i t z f o u n d t h a t t h i s v a l u e w a s 

e q u a l t o t h e b r e a k d o w n v o l t a g e o b t a i n e d f r o m a n e x t r a p o l a t i o n o f a p l o t 

o f l / M a g a i n s t V j t o l / M = O ( i e . M = « at b r e a k d o w n ) . A p l o t o f l / M 

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

a c c o r d i n g t o a s s u m p t i o n ( i i ) t h i s w i l l b e p a r a l l e l t o the p l o t f o r t h e 
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m i c r o p l a s m a b u t i n t e r s e c t i n g t h e v o l t a g e a x i s a t v ' w h e r e V ' > V _ , . 

T h e e x p e r i m e n t a l r e s u l t s o b t a i n e d Jay H a i t z s h o w a d e v i a t i o n 

f r o m t h e t h e o r e t i c a l s l o p e R^ n e a r b r e a k d o w n . T h i s d e v i a t i o n i s 

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

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

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

p r o b a b i l i t y . F o r a j u n c t i o n i n t h e d a r k t h e d e v i a t i o n f r o m t h e o h m i c 

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

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

p u l s e i s d e t e r m i n e d o n l y b y R 5 . 

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

I m = I m m x ( ( 6 . 2 1 ) ) 

T i + t o 

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

T i i s t h e a v e r a g e c u r r e n t p u l s e l e n g t h 

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

T , = 1 

P,o ( ( 6 - 2 2 ) ) 

w h e r e 

w h e r e 

P ( 0 i s t h e t u r n - o f f p r o b a b i l i t y o f t h e m i c r o p l a s m a a n d , 

a c c o r d i n g t o a s s u m p t i o n ( i v ) , i s a f u n c t i o n o f ( V j - V _ , ) 

b u t i n d e p e n d e n t o f i l l u m i n a t i o n , 

t o = I 

p 0 , 
( ( 6 . 2 3 ) ) 

T h e r e f o r e w e c a n ^ w r i t e , 
1 

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

a c c o r d i n g t o a s s u m p t i o n ( w ) , i s i n d e p e n d e n t o f ( V j - V . - . ) 

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

T. + l c 

Z&L. 

01 + p, to 

( ( 6 . 2 4 ) ) 

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

-In 
m m 

.Po, + P < 0 

( ( 6 . 2 5 ) ) 
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i - r c m e x p e r i m e n t a l m e a s u r e m e n t s o n l o c a l i s e d m i c r o p l a s m a s w i t h 
( 3 5 ) 

b r e a k d o w n s o f a b o u t 18 V H a i t z h a s d e d u c e d t h a t , 

X, = x ' e x p ( V j - V B ) / V o ( ( 6 . 2 6 ) ) 

w h e r e t ' i s o f t h e o r d e r o f t h e t r a n s i s t t i m e f o r a c a r r i e r 

t h r o u g h t h e d e p l e t i o n r e g i o n . 

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

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

ioyX>i a g a i n s t ( V j - V Q ) . 

T h e r e f o r e b y s u b s t i t u t i n g ( ( 6 . 2 6 ) ) i n t o ( ( 6 . 2 5 ) ) a n d b y p u t t i n g , 

P = 1 

w e o b t a i n 

Z ' 

Xn = 1mm / 1 

1^E-\exP ~ ( V j - V B ) / V o 

( ( 6 . 2 7 ) ) 

T h a t p a r t o f E q u a t i o n ( ( 6 . 2 7 ) ) c o n t a i n e d i n b r a c k e t s i s o f t h e s a m e 

f o r m a s t h e F e r m i - D i r a c d i s t r i b u t i o n f u n c t i o n , a n d i t w i l l t e n d t o u n i t y 

a s t h e j u n c t i o n b i a s i s i n c r e a s e d b e y o n d t h a t n e c e s s a r y t o i n i t i a t e t h e 

m i c r o p l a s m a . T h a t i s , w h e n 

1 
1 ^ L | e x P - ( V j - v B ) / v o ^ 

1 

IJ 

t h e n 1m —> Tmm 

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

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

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

p l a s m a c u r r e n t . 

T h e r e f o r e w e c a n w r i t e , 

I o x = y Tm 

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

b e d e p e n d e n t o n t h e i n j e c t i o n s t r u c t u r e g e o m e t r y . 

E q u a t i o n ( ( 6 . 1 8 ) ) g a v e t h e t o t a l j u n c t i o n c u r r e n t a s 

l j = 1m + mIS + I I 
t h e r e f o r e , 

e r e . 

Vo 
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I n t h e e x p e r i m e n t a l w o r k d e s c r i b e d i n C h a p t e r 5 i t w a s 

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

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

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

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

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

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

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

d e v i c e c o n t a i n i n g e d g e m i c r o p l a s m a s a n d a s i n g l e i n j e c t i n g m i c r o p l a s m a 

w i t h i n t h e c o l l e c t i n g r e g i o n o f t h e e l e c t r o d e t o t h e t h i n o x i d e , 

i - y l m 

J - " - ( ( 6 . 2 9 ) ) 
I j Im + M i s + I t + Ime 

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

6 . 5 N u m e r i c a l V a l u e s f o r t h e M i c r o p l a s m a s M o d e l 

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

v a l u e s f o r t h e p a r a m e t e r s u s e d i n S e c t i o n 6 . 4 . W h e r e p o s s i b l e t h e s e 

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

t h e d e v i c e s f a b r i c a t e d i n t h e p r e s e n t w o r k . W h e r e d i r e c t m e a s u r e m e n t s 

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

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

s u m m a r i s e d i n T a b l e 6 . 1 . 

E q u a t i o n { 6 . 2 7 ) ] g i v e s , . 

m m J 1 / (1+j P j e x p - ( V j - V g ) / V o j 

P o t w i l l b e d e t e r m i n e d b y t h e p r o b a b i l i t y o f t h e a r r i v a l o f a m i n o r i t y 

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

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

T h e p r o b a b i l i t y o f a m i n o r i t y c a r r i e r a r r i v i n g i n t h e r e g i o n o f 

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

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

H e n c e , 

p o i = I s A / v , P ; 

q A s ( ( 6 . 3 0 ) ) 

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

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

A 5 i s t h e a r e a o f t h e s h a l l o w j u n c t i o n 

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

j u n c t i o n . 

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

i n t h e r e g i o n o f f i e l d e n h a n c e m e n t b e i n g a b l e t o i n i t i a t e 

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

( i ) l ^ i f f w n ' c n r e s u ' t s f r o m t h e d i f f u s i o n o f t h e r m a l l y g e n e r a t e d 

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

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

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

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

T h u s , I s = l , . , , + I ( ( 6 . 3 1 ) ) 
' d i f f g e n " 

F r o m R e f ( 9 ! ) 

q A * D n 
^ * n p 

J o n X n ( ( 6 . 3 2 ) ) 

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

i n p - t y p e s i I i c o n 

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

s i l i c o n 

D ' f t i s t h e d i f f u s i o n c o n s t a n t f o r e l e c t r o n s i n 

s i l i c o n 

N o w DL k T E*n 

q ( ( 6 . 3 3 ) ) 

w h e r e r * n i s t h e m o b i l i t y o f e l e c t r o n s i n s i l i c o n , 

t h e r e f o r e a s s u m i n g t h a t , 
2 

A r = 0 . 1 8 m m 

TA =: IQ ~ 6 s e c 

t*A s. 1 , 3 5 0 c m 2 / V s e c 
4 —3 r c 

Op = 4 . 5 x 1 0 c m f o r p - t y p e S i o f J»"5 - A c m 

r e s i s t i v i t y ^ 

t h e n J _ = 7 . 7 x 1 0 A ( ( 6 . 3 4 ) ) 
d i f f 

I f w e n e g l e c t t h e e f f e c t o f t r a p s a s g i v e n i n a s s u m p t i o n ( v ) o f S e c t i o n 6 . 4 

t h e n f r o m R e f . ( 9 1 ) 

I g c n q A s n l f a / . . ( ( 6 . 3 5 ) ) 

2 to 

w h e r e V / i s t h e d e p l e t i o n w i d t h a t b r e a k d o w n v o l t a g e 

n ^ i s t h e i n t r i n s i c c a r r i e r c o n c e n t r a t i o n i n s i l i c o n 

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

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

t o - 1 0 ~ s e c 

n ' L s 1 . 5 x 1 0 1 ° c m ~ 3 @ 3 0 0 ° K 

W r 4 . 0 y u m @ 9 0 V 
2 

t h e n 

T h u s 

A * 

I 

= 0 . 1 8 m m 

g e n 
8 . 7 x 1 0 ~ 1 ° A 

I s ^ 1 0 
- 9 

( ( 6 . 3 6 ) ) 

( ( 6 . 3 7 ) ) 

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

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

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

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

Pi = e x p ( - E / q £ r F ) ( ( 6 . 3 8 ) ) 

w h e r e E i i s t h e i o n i s a t i o n t h r e s h o l d e n e r g y 

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

F i s t h e f i e l d s t r e n g t h a t a v a l a n c h e 

I f a v a l u e f o r F o f 3 x 1 0 v / c m i s a s s u m e d a n d a l s o W o l f f ' s v a l u e s f o r 

( ( 6 . 3 9 ) ) 

: i = 2 . 3 e V a n d 0- = 2 0 0 A a r e t a k e n t h e n , 
2 

F* 2: 2 x 1 0 

B y u s i n g E q u a t i o n ( ( 6 . 3 0 ) ) a n d t a k i n g t h e v a l u e s c a l c u l a t e d f o r 
- 9 - 2 

I s i — 10 A a n d f o r P ; - 2 x 1 0 , w e c a n n o w c a l c u l a t e t h e turn o n 

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

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

g r a p h s t o r a n g e f r o m b e t w e e n 5 y u m a n d 2 5 . 

I n t a b l e 6 . 3 b e l o w F^t h a s b e e n c a l c u l a t e d f o r m i c r o p l a s m a s o f 5/AIV\ , 
1 0 y * / « a n d 25ftm d i a m e t e r 

T A B L E 6 . 3 C A L C U L A T I O N S O F T U R N - O N P R O B A B I L I T Y E S 

D i a m e t e r o f m i c r o p l a s m a , / *m 5 1 0 2 5 

A r e a o f m i c r o p l a s m a , c m ^ 1 . 9 6 x 1 0 - 7 7 . 8 6 x 1 0 ~ 7 4 . 9 1 x 1 0 " 6 

^ - 1 3 4 5 
Pa , s e c 4 . 1 x 1 0 1 . 7 x 1 0 1 . 1 x 1 0 

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

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

( ( 6 . 4 0 ) ) 
t 

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

t a k e n t o b e ^ 1 0 c m / s e c . 
' - 1 1 

t h e r e f o r e X s. 4 x 1 0 s e e s 

P' =• 2 , 5 x 1 0 1 ° s e c " 1 ( ( 6 . 4 1 ) ) 

F o r m i c r o p l a s m a s o f d i a m e t e r 5 , 1 0 a n d 25^UM t h e r e s p e c t i v e v a l u e s o f 

/Pa a r e 6 . 1 x 1 0 , 1 . 5 x 1 0 a n d 2 . 3 x 10 . 

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

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

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

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

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

p l a s m a ' s s p a c e c h a r g e r e g i o n . I t c a n b e d e d u c e d t h e r e f o r e t h a t V o i s 

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

a v a l a n c h e b r e a k d o w n v a l u e s a s g i v e n i n E q u a t i o n ( ( 2 . 1 7 ) ) . V o s h o u l d b e 

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

n o t p o s s i b l e w i t h t h e e q u i p m e n t a v a i l a b l e a n d a v a l u e o f 0 . 0 2 V m e a s u r e d 

b y H a i t z f o r 1 8 V b r e a k d o w n m i c r o p l a s m a s i s a s s u m e d i n t h i s w o r k . T h i s 

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

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

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

H a i t z ^ r e s u l t s t h a t t h e r e i s a n i n c r e a s e i n V o w i t h i n c r e a s i n g m i c r o ­

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

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

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

c a l c u l a t e d f r o m E q u a t i o n ( ( 6 . 1 7 ) ) w h i c h I g i v e s , 

lm = ( V j - V B ) R y 

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

R = R + R . + R 

R ^ c i s g i v e n b y E q u a t i o n ( ( 2 . 1 1 ) ) 

R ^ ' i s g i v e n b y E q u a t i o n ( ( 2 . 1 2 ) ) 

R i s / g i v e n b y E q u a t i o n ( ( 2 . 1 3 ) ) 

T h e r e f o r e u s i n g t h e a b o v e e q u a t i o n s t h e s e r i e s r e s i s t a n c e f o r m i c r o p l a s m a s 
4 4 

o f d i a m e t e r s 5 , 1 0 a n d 2 5 ^ m c a n b e c a l c u l a t e d t o b e 4 x 1 0 , 1 . 1 x 1 0 
3 

a n d 2 . 4 x 10 o^m r e s p e c t i v e l y . 

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

p r o b a b i l i t y a r e s u m m a r i s e d i n T a b l e 6 . 2 . 
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T h e p a r a m e t e r s c a l c u l a t e d i n t h i s s e c t i o n c a n n o w b e u s e d t o 

c a l c u l a t e t h e a v e r a g e c u r r e n t c a r r i e d b y m i c r o p l a s m a s o f 5 , 10 a n d 2 5 

j/um d i a m e t e r . T h i s h a s b e e n d o n e i n F i g . 6 . 6 w h i c h s h o w s t h e a v e r a g e 

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

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

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

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

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

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

l i g h t r e s u l t s i n a n i n c r e a s e i n t h e b u l k g e n e r a t i o n o f c a r r i e r s ; T h i s 

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

e f f e c t o f t h i s i s i l l u s t r a t e d i n F i g . 6 . 7 w h e r e t h e t u r n - o n p r o b a b i l i t y o f a 

2 5 y u m d i a m e t e r m i c r o p l a s m a h a s b e e n a s s u m e d t o h a v e b e e n i n c r e a s e d b y a 

f a c t o r o f t e n b y i l l u m i n a t i o n . 

T h e p l o t s h o w n i n F i g . 6 . 7 s h o w s s o m e s i m i l a r i t y w i t h t h e r e s u l t s 

c o n t a i n e d i n C h a p t e r 5 i f i t i s a s s u m e d t h a t t h e t o t a l j u n c t i o n c u r r e n t i s a 

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

F r o m F i g . 4 . 3 b i t c a n b e s e e n t h a t t h i s i s a r e a s o n a b l e a s s u m p t i o n s i n c e 

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

f o r c u r r e n t s g r e a t e r t h a n 1 0 0 ^ * A . I n t h e n e x t p a r a g r a p h a n a r b i t a r y b u t 

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

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

j u n c t i o n c u r r e n t c o m p o n e n t s c o n s i d e r e d i n S e c t i o n 6 . 4 . 

C o n s i d e r a j u n c t i o n w i t h a u n i f o r m b r e a k d o w n a t 9 0 V . L e t i t 

c o n t a i n , w i t h i n t h e c o l l e c t i n g r e g i o n o f t h e c o n t a c t t o t h e t h i n o x i d e , a 

s i n g l e m i c r o p l a s m a o f 2 5 / « « » d i a m e t e r w h i c h f i r s t t u r n s o n a t 8 9 . 7 V . A s s u m e 

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

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

t o g e t h e r a c u r r e n t o f 1 0 0 p A w h e n t h e j u n c t i o n i s b i a s e d a t 8 9 . 8 V . L e t 

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

p l a s m a s b e l i n e a r f o r c u r r e n t s g r e a t e r t h a n 1 0 0 p . A w i t h a r e s i s t i v e s l o p e o f 

1 0 0 - A . . 

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

c a n b e c a l c u l a t e d f r o m E q u a t i o n ( ( 2 . 1 7 ) ) , i e . 

_ l _ = - V j ) ( K / V g ) 

M 
K i s d e p e n d e n t o n t h e b a c k g r o u n d d o p i n g a n d f o r t h e d e v i c e s u n d e r s t u d y i s 

( 9 2 ) 
a p p r o x i m a t e l y 2 a s g i v e n b y B u l u c e a . T h i s c o n t r i b u t i o n t o t h e j u n c t i o n 
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c u r r e n t o n l y b e c o m e s a p p r e c i a b l e c o m p a r e d w i t h t h e e d g e m i c r o p l a s m a 

c u r r e n t f o r a j u n c t i o n b i a s w i t h i n 0 . 2 v o f t h e b r e a k d o w n o f t h e u n i f o r m 

j u n c t i o n a r e a , i C w h e n M > 2 0 0 a n d M l s > 0 . 1 A . 

T h e s u r f a c e l e a k a g e c u r r e n t w a s a p p r o x i m a t e l y 1 yu A a n d c o n s t a n t 

o v e r t h e j u n c t i o n b i a s r a n g e e v e n c l o s e t o b r e a k d o w n . T h e r e f o r e i n t h i s 

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

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

T h e r e s u l t o f p l o t t i n g t h e c u r r e n t c a r r i e d b y a 2 5 d i a m e t e r 

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

e x a m p l e i s s h o w n i n F i g . 6 . 8 . A l s o p l o t t e d i s t h e r e s u l t o b t a i n e d b y 

i n c r e a s i n g t h e t u r n - o n p r o b a b i l i t y b y a f a c t o r o f 10 w i t h i l l u m i n a t i o n . 

S i m i l a r r e s u l t s a r e o b t a i n e d b y c o n s i d e r i n g 1 0 a n d 5 y u « d i a m e t e r m i c r o -

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

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

A n o t h e r n o t a b l e e f f e c t i s t h a t t h e c h a r a c t e r i s t i c i s m o r e n e a r l y e x p o n e n t i a l 

o v e r a w i d e r j u n c t i o n c u r r e n t r a n g e . 

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

p l o t c o m p a r e s f a v o u r a b l y w i t h t h a t o b t a i n e d e x p e r i m e n t a l l y i n F i g . 5 . 9 . 

T h e r e i s s o m e d e v i a t i o n i n F i g . 6 . 8 a w a y f r o m a t r u e e x p o n e n t i a l d e p e n d e n c e 

a t h i g h e r j u n c t i o n c u r r e n t v a l u e s . T h i s r e f l e c t s t h e c h o i c e o f t h e t u r n o n 

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

n o t e d t h a t P e p p e r ' s r e s u l t s h a v e a d e p e n d e n c e o f t h i s f o r m a s s h o w n i n F i g . 

2 . 1 5 . A c c o r d i n g t o t h e m c d e l p r o p o s e d i n S e c t i o n 6 . 4 t h e i n j e c t e d o x i d e 

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

f a c t o r 7f . T h e r e s u l t s p r e s e n t e d i n F i g . 6 . 8 w o u l d i n d i c a t e t h a t # 

i s o f t h e o r d e r o f 1 0 - ^ . T h i s v a l u e c o m p a r e s w i t h a r a n g e o f I 0 ~ ^ t o 1 0 - ^ 

c a l c u l a t e d f r o m B a r t e l i n k ' s r e s u l t s a n d a s s u m i n g a j u n c t i o n d e p t h o f 

( 0 . 1 + 0 . 0 3 ) yMm. T h e a g r e e m e n t i s t h e r e f o r e q u i t e g o o d e v e n a s s u m i n g o n e 

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

6 . 6 D i s c u s s i o n o f O t h e r O b s e r v a t i o n s 

I n F i g . 5 . 10 i t i s s h o w n t h a t f o r a n i n j e c t e d o x i d e c u r r e n t o f 

g r e a t e r t h a n 1 0 - ^ A t h e r e i s a f a l l o f f i n i t s r a t e o f I n c r e a s e w i t h j u n c t i o n 

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

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

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

I t i s n o t c o n s i d e r e d t h a t t h e c u r r e n t i s b e i n g s p a c e c h a r g e l i m i t e d s i n c e 
—5 2 

t h e c u r r e n t d e n s i t y i s o n l y o f t h e o r d e r o f 2 x 1 0 A / c m , a s s u m i n g a 
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space 
m i c r o p l a s m a d i a m e t e r o f 2 5 y u ^ d i a m e t e r . A p u r e l o w e r c h a r g e 

(93) 
l i m i t e d c u r r e n t i n a t r a p f r e e i n s u l a t o r w o u l d b e g i v e n b y , 

J = _ 9 _ ^ £ o C o x V ^ 2 ( ( 6 . 4 2 ) ) 

8 s 3 

w h e r e f*o>i}s t h e e l e c t r o n m o b i l i t y i n t h e o x i d e 

s i s t h e o x i d e t h i c k n e s s 

i s t h e v o l t a g e a p p l i e d a c r o s s t h e o x i d e 
2 

A s s u m i n g / ^ o j c = 3 0 c m / V s e c 

s = 5 4 0 ° A 

= 5 V 

t h e n J £ i 2 x 1 0 A / c m 

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

r e q u i r e d f o r s p a c e c h a r g e l i m i t a t i o n . H o w e v e r , t h e d e n s i t y o f t r a p s 
(57, ) 

i n t h e r m a l s i l i c o n d i o x i d e h a s b e e n e s t i m a t e d t o b e o n l y o f t h e 
13 - 3 ( 9 4 ) 

o r d e r o f 5 x 10 c m . V e r w e y a n d D e M a a g t h a v e o b t a i n e d 
2 4-

c u r r e n t d e n s i t i e s di 1 0 A / c m f r o m s u r f a c e a v a l a n c h e d p - n d i o d e s 

f o r w h i c h t h e c u r r e n t i n j e c t i o n c h a r a c t e r i s t i c s a r e c o n s i s t e n t w i t h a n 

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

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

c u r r e n t s h o w n i n C h a p t e r 5 h a v e a d i s c o n t i n u i t y i n t h e c h a r a c t e r i s t i c s . 

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

w i t h a n e g a t i v e r e s i s t a n c e r e g i o n i n t h e d i o d e b r e a k d o w n c h a r a c t e r i s t i c , 

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

I n F i g . 5 . 16 i t i s s h o w n t h a t t h e i n j e c t e d o x i d e c u r r e n t 

i n c r e a s e s l i n e a r l y w i t h p h o t o - e x c i t e d j u n c t i o n c u r r e n t . I t w o u l d b e 

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

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

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

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

e x c i t e d i n t h e b u l k s i l i c o n w h i c h d i f f u s e t o t h e d e p l e t i o n f i e l d w h e r e 

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

p l i c a t i o n . S i n c e j u n c t i o n a v a l a n c h i n g i s n o t r e q u i r e d t o a c h i e v e a 
e««ra t ) 

p o p u l a t i o n o f h i g h ^ e l e c t r o n s i n j e c t i o n c a n t a k e p l a c e o v e r t h e w h o l e 

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

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

C h a p t e r 8 . 
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6 . 7 C o n c l u s i o n 

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

w i t h t h e e x p e r i m e n t a l o b s e r v a t i o n s o f C h a p t e r 5 . T h e p r o c e s s o f 

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

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

i n j e c t e d c u r r e n t i n S i C ^ w i t h a v a l a n c h i n g j u n c t i o n c u r r e n t . F u r t h e r 

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

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

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

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

m o d e l t o t h e e x p e r i m e n t a l d a t a t o b e o b t a i n e d . 
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P - S i - DEPELE ICN REGION n-Si SiO, Al 

FIG 6.1 3/J/j) STRICTURE PGR ELECTRO?I ir.'JECTION INTO SiO. 



PIG 6.2 DEPENDENCE OF THE INJECTED OXIDE CURRENT ON 
THE SQUARE ROOT OP THE APPLIED FIELD. 
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PIG 6 . 3 DErciTOEN'CE OF T!S INJECTED OXIDE CURRENT CN 
THE HEGimoCAL 0? THE APPLIED FIELD. 
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PIG 6.4 RATE OF INCREASE OF INJECTED OXIDE CURRENT WITH APPLIED FIELD. 
COMPARISON OF EXPERIMENT AND CALCULATED SUMMATION FOR 

E (x)= 0 TO E « ) s 3.0 eV. 
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PIG 6.5 RATE 0? INCREASE OP INJECTED OXIDE CURRENT WITH APPLIED FIELD. 
COi^ARISON OP EXPERIMENT AND CALCULATED SUNtKATION FOR i 
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FIG 6.6 VARIATION OP KICROPLASMA CURRENT V/ITH INCREASING J3IAJ3 
A30VE TURN-ON. 
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PIG 6.7 EFFECT OF INCREASING TURN-ON PH03ABILITY ON THE 
10 2CROFLASJ.IA CURRENT. 
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PIG 6.8 THEORETICAL PLOT 0? INJECTED OXIDE CURRENT AGAINST JUNCTION 
CURRENT, DERIVED PROM THE KICROI-LASKA MODEL OP ELECTRON 1NJT2C 

(l."icropla.sma diameter = 25 m, T = 1 o"* ) 
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C H A P T E R S E V E N 

C U R R E N T I N J E C T I O N I N T O T H I N W I L L E M I T E F I L M S 

7. 1 I n t r o d u c t i o n 

T h e f i na l o b j e c t i v e of the p r e s e n t w o r k was to i n v e s t i g a t e 

e l e c t r o n i n j e c t i o n in to a t h i n f i l m o f w i l l e m i t e by u s i n g a p - n + i n j e c t i o n 

s t r u c t u r e , s i m i l a r to that d e s c r i b e d in C h a p t e r 5. B e f o r e e m b a r k i n g on 

t h i s c o u r s e some i n i t i a l e x p e r i m e n t s w e r e comp le ted on s i m p l e s t r u c t u r e s 

of t h in 1000 A t h i c k ) f i l m s of w i l l e m i t e on u n i f o r m l y doped , p - t y p e 

s i I i con s u b s t r a t e s , of a p p r o x i m a t e l y 1 A . - c m r e s i s t i v i t y . T h i s w o r k 
(2.) 

was n e c e s s a r y to t i e in w i t h e a r l i e r r e s u l t s , ob ta ined by E d w a r d s • and 
(95) 

D a v i e s , and to o p t i m i s e the w i l l e m i t e f o r m a t i o n r e a c t i o n w h i c h c o u l d 

then be used in c o n j u c t i o n w i t h the i n j e c t i n g p - n + j u n c t i o n s t r u c t u r e . 

The f o l l o w i n g two s e c t i o n s of t h i s c h a p t e r a r e c o n c e r n e d w i t h the 

w o r k on t h i n w i l l e m i t e f i l m s t hemse l ves . S e c t i o n 7. 4 d e s c r i b e s the f a b ­

r i c a t i o n of a p - n + d e v i c e used f o r the i n j e c t i o n of e l e c t r o n s i n to a l u m i n ­

escent f i l m and S e c t i o n 7. 5 d e s c r i b e s the r e s u l t s ob ta ined f o r t h i s i n j e c t i o n . 

7. 2 H i g h F i e l d I n j e c t i o n 

E d w a r d ' s o r i g i n a l w o r k e s t a b l i s h e d that t h i n f i l m s of w i l l e m i t e 

S i O ^ : M n ) c o u l d be f o r m e d on a s i l i c o n s u b s t r a t e by the c o n v e r s i o n of 

a t h e r m a l l y g r o w n s i l i c o n d i o x i d e f i l m as d e s c r i b e d in C h a p t e r 1. T h e s e 

f i l m s w e r e shown to have a h igh l i gh t e m i t t i n g c a p a b i l i t y when bomba rded 

w i t h h igh e n e r g y ions o r e l e c t r o n s . It was f u r t h e r shown that the f i l m s 

c o u l d e x h i b i t weak e l e c t r o l u m i n e s c e n c e ( E L ) i f a h igh f i e l d was a p p l i e d 

a c r o s s the w i l l e m i t e , be tween the s i l i c o n s u b s t r a t e and an a l u m i n i u m 

con tac t . E d w a r d s ; on ly o b s e r v e d E L w i t h the metal b i a s e d p o s i t i v e w i t h 

r e s p e c t to the s i l i c o n s u b s t r a t e . H i s C - V measu remen ts showed that 

mob i le p o s i t i v e ions w e r e p r e s e n t in the f i l m s and it was p r o p o s e d that 

these c o u l d accumu la te at the w i l I e m i t e - s i I i con i n t e r f a c e , unde r the a c t i o n 

of a p o s i t i v e b ias to the m e t a l . It w a s c o n s i d e r e d that the p o s i t i v e ions w e r e 

p o s s i b l y be ing p r e v e n t e d f r o m d i s c h a r g i n g at the i n t e r f a c e by the p r e s e n c e -

of a l a y e r of u n c o v e r t e d s i l i c o n d i o x i d e . E d w a r d ' s p r o p o s e d that a l o c a l l y 

enhanced f i e l d w o u l d r e s u l t at the i n t e r f a c e , w h i c h a l l o w e d e l e c t r o n s to 
tunnel i n to the w i l l e m i t e and hence to e x c i t e l u m i n e s c e n c e on impact w i t h 

2+ 
a Mn i o n , as shown in the band d i a g r a m of F i g . 7. 1. 

M o r e r e c e n t w o r k by D a v i e s u s i n g much i m p r o v e d p r o c e s s i n g 

c o n t r o l has i n d i c a t e d that E d w a r d ' s r e s u l t s may have been m i s l e a d i n g because 
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of c o n t a m i n a t i o n i n t r o d u c e d d u r i n g the w i l l e m i t e f i l m f o r m a t i o n . D a v i e s 
r e s u l t s i nd i ca te that e l e c t r o n i n j e c t i o n in to the w i l l e r r i i t e is c o n t r o l l e d by 

t h i n i n s u l a t i n g f i l m s at the s i l i c o n - w i l l em i te i n t e r f a c e , ( p o s s i b l y S i C ^ ) 

a n d / o r at the w i l l e m i t e - a l u m i n i u m i n t e r f a c e , ( p o s s i b l y A I O ^ , Z n O o r 

u n r e a c t e d Z n F 2 ) . D a v i e s has ob ta ined many L - v and C - V p l o t s w h i c h a r e 

c o n s i s t e n t w i t h e l e c t r o n t u n n e l l i n g in to the w i l l e m i t e t h r o u g h such i n s u l a t i n g 

f i l m s , in a d d i t i o n E L has a l so been o b s e r v e d w i t h bo th b i a s i n g p o l a r i t i e s . 

A t y p i c a l c u r r e n t - v o l t a g e c h a r a c t e r i s t i c o b t a i n e d by D a v i e s is shown in 

F i g . 7. 2. T h e p o l a r i t y s h o w n is that of the a l um in i um w i t h r e s p e c t to the 

s i l i c o n s u b s t r a t e . A s i m i l a r f o r m o f l - V c h a r a c t e r i s t i c has s i nce been 

ob ta ined by the a u t h o r . T h e p l o t s shown in F i g . 7 .3 and 7 . 4 w e r e ob ta i ned 
a. 

by us ing an a l um in i um con tac t o f 0. 5 mm d i a m e t e r o n < w i l l e m i t e f i l m : about 
o - j -

1000 A t h i c k . W i t h a n e g a t i v e b ias a p p l i e d to the a l u m i n i u m the l - V c u r v e s 

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

The c u r v e s had a c h a r a c t e r i s t i c shape , s h o w i n g a s t eep l y r i s i n g c u r r e n t 

in the m i d d l e v o l t a g e r a n g e w h i c h beg ins to f l a t t e n o f f at the h ighes t 

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

g e n e r a l , n o n - r e p r o d u c i b l e f o r r e p e a t e d b ias c y c l e s . T h e r e w e r e f r e q u e n t 

i r r e v e r s i b l e s w i t c h i n g even ts l ead ing to h i g h e r c u r r e n t l e v e l s f o r a 

cons tan t a p p l i e d v o l t a g e . D a v i e s o b s e r v e d that t h i n f i l m s t r u c t u r e s w i t h a 

r e a s o n a b l y s tab le l - V c h a r a c t e r i s t i c s , had a p o s i t i v e c u r r e n t c u r v e w h i c h 

tended t o w a r d s that o b t a i n e d w i t h nega t i ve p o l a r i t y at the h ighes t f i e l d 

v a l u e s . T h e i n s t a b i l i t i e s ob ta i ned in the p r e s e n t w o r k f o r a p o s i t i v e 

p o l a r i t i e s made i t d i f f i c u l t to c o n f i r m th i s o b s e r v a t i o n . I t c a n be seen f r o m 

the c u r v e s tha t , f o r a g i v e n t h i n f i l m s t u r c t u r e , a h i g h e r t h r e s h o l d v o l t a g e 

is r e q u i r e d f o r an a p p r e c i a b l e c u r r e n t f l o w unde r p o s i t i v e b i a s than f o r a 

n e g a t i v e b i a s . T h i s t h r e s h o l d v o l t a g e was not cons tan t and i t v a r i e d g r e a t l y 

f r o m sample to samp le . T h e c u r r e n t magn i tudes f o r a g i v e n p o s i t i v e o r 

n e g a t i v e b i a s w e r e f a i r l y c o n s i s t e n t f o r samp les made on the same s u b s t r a t e 

but c o u l d v a r y by s e v e r a l o r d e r s of magn i tude f r o m ba t ch to ba tch . In the 

m a j o r i t y of f i l m s a c u r r e n t of a few m i c r o a m p s was o b t a i n e d by a p p l y i n g a 

b ias of g r e a t e r than +_ 20V. E l e c t r o l u m i n e s c e n c e o c c u r r e d in some of these 

samp les unde r p o s i t i v e a p p l i e d b ias but t h e r e was no s t r o n g c o r r e l a t i o n 

be tween i t s i n c i d e n c e and the c u r r e n t l e v e l . D u r i n g the p r e s e n t w o r k E L 

was n e v e r o b s e r v e d w i t h a n e g a t i v e b i a s . F i g . 7. 5 shows l - V c u r v e s w i t h 

p o s i t i v e b ias a p p l i e d to each o f t h r e e a l um in i um dots on the same w i l l e m i t e 

f i f r i . A l l showed e l e c t r o l u m i n e s c e n c e w h i c h was o b s e r v e d as a r e g i o n of 

g r e e n l i gh t em i t t ed f r o m a r o u n d the edge of the con tac t when p a s s i n g a 
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c u r r e n t of about 1 ^» A , 

D a v i e s has o b s e r v e d E L f o r bo th n e g a t i v e and p o s i t i v e p o l a r i t i e s 

and he c o n s i d e r e d that f o r n e g a t i v e b ias e l e c t r o n s w e r e t u n n e l l i n g in to the 

w i l l e m i t e t h r o u g h a t h i n i n s u l a t i n g f i l m beneath the a l u m i n i u m con tac t . In the 

p r e s e n t w o r k the f i l m s w e r e washed in an ammonia s o l u t i o n b e f o r e metal i s a -

t i on in o r d e r to r emove any Z n O o r excess ZnF2« T h i s p r o c e d u r e was not 

f o l l o w e d by Davies*, h o w e v e r , t h e r e is no d i r e c t e v i d e n c e that f i l m s washed 

in ammonia cannot g i v e e l e c t r o l u m i n e s c e n c e w i t h n e g a t i v e b ias but unwashed 

f i l m s can g i v e e l e c t r o l u m i n e s c e n c e . 

In some f i l m s v e r y h igh c u r r e n t s of s e v e r a l h u n d r e d m i c r o a m p s c o u l d 

be o b t a i n e d , a l t hough e l e c t r o l u m i n e s c e n c e was n e v e r o b s e r v e d f r o m these 

samp les . T h e l - V c h a r a c t e r i s t i c s of these h igh c u r r e n t samp les w e r e 

e s s e n t i a l ly ^ h m i c w i t h a r e s i s t a n c e of the o r d e r of 1 m e g - o h m . It is the 

a u t h o r s hypo thes i s that the w i l l e m i t e f i l m s p r o d u c e d w e r e r e l a t i v e l y c o n d u c t ­

ing c o m p a r e d w i t h an i n s u l a t i n g f i l m of s i l i c o n o x i d e at the s i l i c o n i n t e r f a c e . 

A l though c r y s t a l l i n e w i l l emi te is an insu l a t o r of band gap 5. 5 e V , it is 

p o s s i b l e that c o n d u c t i o n o c c u r s a r o u n d the s u r f a c e of c r y s t a l i t e s of w i l l e m i t e 

embedded in a m a t r i x of s i l i c o n d i o x i d e . E l e c t r o n m i c r o s c o p e p i c t u r e s taken by 
(3) 

E d w a r d s and Rusby show the f i l m s to be of t h i s n a t u r e . The h igh c u r r e n t 

samp les c o u l d t h e r e f o r e be c o n s i d e r e d to have e i t h e r a r u p t u r e d i n t e r f a c e 

o x i d e f i l m o r : the o x i d e f i l m is absent . The low c u r r e n t s n o r m a l l y 
o b t a i n e d a r e thought to be l i m i t e d p r i m a r i l y by the th in i n t e r f a c e ox ide f i l m 

So 
that c u r r e n t i n j e c t i o n in to the w i 11 emi te, unde r p o s i t i v e b i a s , o c c u r s 

by e l e c t r o n t u n n e l l i n g f r o m the s i l i c o n . A v o l t a g e a p p l i e d be tween the s i l i c o n 

s u b s t r a t e and the a l um in i um con tac t w i l l be d r o p p e d p r i m a r i l y a c r o s s the 

o x i d e f i l m r e s u l t i n g in a h igh f i e l d at the i n t e r f a c e . T h e r e f o r e a c c o r d i n g (o 

the p r o p o s e d model r e p r o d u c i b l e e l e c t r o l u m i n e s c e n c e can on ly be ach ieved 

in a h igh f i e l d d e v i c e t h r o u g h a c c u r a t e c o n t r o l of the i n s u l a t i n g f i l m t h i c k ­

ness . In a d e v i c e w h i c h uses a r e v e r s e b i a s e d p - n j u n c t i o n as a s o u r c e of 

h igh e n e r g y e l e c t r o n s , the i n t e r f a c e f i l m t h i c k n e s s s h o u l d be m i n i m i s e d o r 

i d e a l l y e l i m i n a t e d . S e c t i o n 7 . 3 d e s c r i b e s some s i m p l e e x p e r i m e n t s w h i c h 

w e r e p e r f o r m e d to o b t a i n some u n d e r s t a n d i n g of the p a r a m e t e r s w h i c h c o n t r o l 

the t h i c k n e s s of the o x i d e f i l m at the s i l i c o n - w i l l e m i t e i n t e r f a c e . 

7 .3 W i l l e m i t e F o r m a t i o n R e a c t i o n E x p e r i m e n t s 

T h e methods used f o r f o r m i n g t h i n f i l m s of w i l l e m i t e on a s i l i c o n 

s u b s t r a t e w e r e based on those deve loped by M o r a n t & Edward^ f ^a ' / t hough 

many improvement 's w e r e made in the p r o c e s s i n g t e c h n i q u e s in o r d e r to 

r e d u c e c o n t a m i n a t i o n . S i l i c o n s u b s t r a t e s of 1 .A- - c m , p - t y p e w e r e o x i d i s e d 
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in a conven t i ona l f u r n a c e at 1,000 C. When an o x i d e f i l m of the r e q u i r e d 

t h i c k n e s s had been g r o w n , u s u a l l y be tween 500 and 1,000 A , the s u b s t r a t e s 

w e r e t r a n s f e r ed immed ia te l y to a h igh vacuum d e p o s i t i o n s y s t e m . T h e 

vacuum was c o n t a i n e d by a 12" g l a s s be l l j a r and was pumped to a p r e s s u r e 

o f l ess than 1 0 " t o r r by an o i l d i f f u s i o n pump i n c o r p o r a t i n g a l i q u i d a i r 

c o l d t r a p . A c o m p o s i t e f i l m of Z n F 2 and M n F 2 was c o e v a p o r a t e d on to the 

o x i d i s e d s i l i c o n s u r f a c e f r o m a p l a t i n i u m c r u c i b l e at a t e m p e r a t u r e of 8 5 5 ° C . 

A t t h i s t e m p e r a t u r e the r e l a t i v e v a p o u r p r e s s u r e s of ZnF \^ a n d MnF^ a r e 

about 100 :1 . A n e v a p o r a t i o n p e r i o d of 10 mins r e s u l t e d in a f i l m of 

ZnFg' .MnF,^ about 6 0 0 _ A t h i c k . F i n a l l y the w i l l e m i t e f i l m was f o r m e d by 

r e a c t i n g t oge the r the S i C ^ and the Z n F 2 : M n F 2 at a t e m p e r a t u r e be tween 
o o 

900 C and 1 100 C in e i t h e r an o x y g e n o r a r g o n a t m o s p h e r e . It w a s found 

that the l o w e r the r e a c t i o n t e m p e r a t u r e the l onge r the t ime r e q u i r e d to 

p r o d u c e the maximum l u m i n e s c e n c e , as e x c i t e d w i t h a T e s l a c o i l in a s i m p l e 

d i s c h a r g e sys tem and j udged by eye . A t 9 0 0 ° C the t ime taken to r e a c h 

maximum l um inescence was about 20 m inu tes c o m p a r e d to two m inu tes t aken 

at 1 100°C. A l t h o u g h in E d w a r d s p r o c e s s the r e a c t i o n was comp le ted in an 

oxygen a t m o s p h e r e it was found by the a u t h o r that t h e r e was no d e t e c t a b l e 

d i f f e r e n c e in the l u m i n e s c e n c e i n t e n s i t y be tween f i l m s f o r m e d in o x y g e n and 

those f o r m e d in a r g o n . H o w e v e r , it was a l s o found that l um inescen t f i l m s 

c o u l d be f o r m e d on a n o n - o x i d i s e d s i l i c o n s u r f a c e by b a k i n g the Z n F 2 : M n F 2 

f i l m s in oxygen but not in a r g o n . The l u m i n e s c e n c e o b t a i n e d f r o m f i l m s 

f o r m e d on n o n - o x i d i s e d s i l i c o n w e r e n e v e r as i n tense as those ob ta i ned by 

the conven t i ona l p r o c e s s . 

T h e s e i n i t i a l o b s e r v a t i o n s , d e s c r i b e d a b o v e , i n d i c a t e that the w i l l e m i t e 

f o r m a t i o n p r o c e s s is a f u n c t i o n of t ime , t e m p e r a t u r e and gas ambien t d u r i n g 

the r e a c t i o n . E x p e r i m e n t s w e r e d e v i s e d to d i s c o v e r a p p r o x i m a t e l y how the 

w i l l e m i t e r e a c t i o n p r o g r e s s e s w i t h t ime . S i x samp les w e r e / p r o d u c e d w i t h a 
<-, o - o 

t h i c k i n i t i a l o x i d e t h i c k n e s s of 7, 000 A . A 600 A t h i c k f i l m of Z n F 2 : M n F 2 

was e v a p o r a t e d on to the o x i d i s e d s u r f a c e in a s t a n d a r d e v a p o r a t i o n c y c l e . 

T h e samp les w e r e then baked f o r p e r i o d s of 10, 30 o r 60 m inu tes at t e m p ­

e r a t u r e s of e i t h e r 9 0 0 ° C o r 1 100°C in an a r g o n ambient to p r e v e n t a d d i t i o n a l 

o x i d e g r o w t h . Any Z n O o r u n r e a c t e d Z n F 2 on the s u r f a c e a f t e r b a k i n g was 

r e m o v e d by w a s h i n g the samp les in ammonia . A s o l u t i o n of 1 % g l a c i a l a c e t i c 

a c i d in d e i o n i s e d w a t e r , w h i c h was found to e t ch w i l l e m i t e in a we l l c o n t r o l l e d 

manne r , was used to r e m o v e p a r t of the w i l l e m i t e f i l m t h i c k n e s s . E a c h samp le 

was e tched f o r f i v e seconds , quenched in d e i o n i s e d w a t e r , d r i e d and examined 
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by c a t h o d o l u m i n e s c e n c e . T h i s p r o c e d u r e was r e p e a t e d un t i l no l um inescence 

was o b s e r v e d , thus the number of e t c h i n g c y c l e s gave an i n d i c a t i o n o f the 

f i l m t h i c k n e s s . T h e r e s u l ts. showed that f o r the samp les baked at 9 0 0 ° C , the 

w i l l e m i t e f i l m t h i c k n e s s i n c r e a s e d at a r a t e that was v e r y 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 to It , w h e r e t is the t ime of the r e a c t i o n bake . T h i s sugges ts 

that a d i f f u s i o n p r o c e s s c o n t r o l s the w i l l e m i t e r e a c t i o n g r o w t h . T h e t h i c k ­

ness of the w i l l e m i t e f o r m e d at 1100°C a p p e a r e d to be cons tan t on each sample 
t h a t 

i n d i c a t i n g ^ t h e r e may be a maximum f i l m t h i c k n e s s that can be a c h i e v e d by t h i s 

method. 

A f u r t h e r e x p e r i m e n t was made in w h i c h the t h i c k n e s s of the o x i d e 

r e m a i n i n g a f t e r the r e m o v a l of the w i l l e m i t e was m e a s u r e d f r o m i ts c a p a c i t -
o 

ance . E igh t samp les w e r e p r o d u c e d w i t h an i n i t i a l o x i d e t h i c k n e s s of 1000 A . 

A t h i c k n e s s of 600 A of Z n F 2 : M n F £ was d e p o s i t e d in a s t a n d a r d e v a p o r a t i o n 

c y c l e and the samp les w e r e baked f o r p e r i o d s of 2 , 5, 10 and 20 m inu tes in 

a r g o n at t e m p e r a t u r e s of e i t h e r 900°C o r 1 1 0 0 ° C , T h e w i l l e m i t e f i l m was 

e tched away and an a r r a y of a l um in i um dots was e v a p o r a t e d o v e r the r e s i ­

dual o x i d e f i l m . The a v e r a g e va lue of the ox ide t h i c k n e s s was es t ima ted f r o m 

the a v e r a g e c a p a c i t a n c e of ten do ts as shown in T a b l e 7. 1. A n a c c u r a c y of 

on ly + 15% was expec ted because of the v a r i a t i o n in dot a r e a . 

R e a c t i o n T ime (Minu tes) 

R e a c t i o n 

T e m p e r a t u r e 2 5 10 20 

9 0 0 ° C 950 A 900 A 800 A 700' A 

1 100°C 640 A 560 'A 560' 'A 560 X 

T A B L E 7. 1 R E S I D U A L O X I D E T H I C K N E S S A F T E R W I L L E M I T E R E A C T I O N S 
, o 

F O R M E D O N I N I T I A L O X I D E T H I C K N E S S O F HD00 A . 

T h e s e r e s u l t s s u b s t a n t i a t e the e a r l i e r f i n d i n g s that t h e r e is a maximum t h i c k ­

ness of w i l l e m i t e that c a n be f o r m e d at 1 100°C . If t h i s r e s u l t a l s o o c c u r s w h e n 

the w i l l e m i t e is f o r m e d on t h i n n e r o x i d e s , such as ba tch D1 shown in F i g . 7. 5 

w h e r e the i n i t i a l o x i d e was 600' A and the w i l l e m i t e r e a c t i o n was at 1 100°C f o r 

twen ty m i n u t e s , then the r e s i d u a l o x i d e t h i c k n e s s w o u l d be a p p r o x i m a t e l y 

(160 + 70) JA. H o w e v e r i t was not p o s s i b l e to v e r i f y t h i s because the v e r y t h i n 
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ox i des r u p t u r e d when m e a s u r i n g the c a p i t a n c e . 

A f u r t h e r p a r a m e t e r w h i c h was thought to be ab le to i n f l u e n c e the 

r e s i d u a l ox ide t h i c k n e s s was the amount of Z n F 2 : M n F 2 d e p o s i t e d . T w o 

samp les w e r e p r e p a r e d w i t h an i n i t i a l o x i d e t h i c k n e s s of 2700 A . F i v e 

e v a p o r a t i o n s w e r e comp le ted on each samp le , d e p o s i t i n g a 300' A f i l m of 

Z n F £ : M n F 2 in each r u n . In the f i r s t e v a p o r a t i o n on ly l / 5 t h of the to ta l 

samp le a r e a was exposed to the e v a p o r a n t . T h e a r e a o f e x p o s u r e was 

i n c r e a s e d w i t h each s u c c e s s i v e r u n to g i v e a s i n g l e samp le w i t h a 

Z n F 2 : M n F 2 f i l m t h i c k n e s s r a n g i n g f r o m 300 A to 1500 'A in s teps of 300 A . 

One of the samp les was baked f o r 1 j h o u r s at 900°C in a r g o n and the o t h e r 

in o x y g e n . W i t h bo th samp les i t was found that the f i n a l f i l m s p r o d u c e d by 

us ing i n i t i a l t h i c k n e s s of Z n F 2 : M n F 2 g r e a t e r than 900 A w e r e c r a c k e d , 

f l a k y and n o n - l u m i n e s c e n t . Once these f i l m s w e r e w a s h e d i n an ammonia 

s o l u t i o n the no rma l a p p e a r a n c e of the w i l l e m i t e f i l m w a s r e v e a l e d , as f o r m e d 

in the s t a n d a r d r e a c t i o n . A f t e r d r y i n g these f i l m s w e r e a l s o found to be 

c a t h o d o l u m i n e s c e n t . T h e a r e a s on w h i c h on ly 300 A o f Z n F g : M n F 2 w e r e 

d e p o s i t e d gave a n o t i c a b l y l ess b r i g h t c a t h o d o l u m i n e s c e n c e than the r e m a i n d e r 

of the samp le . It w a s a l s o o b s e r v e d that a f t e r e t ch i ng away the w i l l e m i t e f i l m s 

t h e r e was a s tep in the u n d e r l y i n g o x i d e t h i c k n e s s be tween the a r e a s of 

the 300' A and 600' A Z n F 2 : M n F 2 f i l m d e p o s i t i o n s . No s teps w e r e o b s e r v e d 

be tween the r e m a i n i n g a r e a s s h o w i n g that the opt imum t h i c k n e s s of Z n F „ : M n F 9 

in t h i s r e a c t i o n is about 600 A . T h e t h i c k n e s s of the r e s i d u a l o x i d e f i l m le f t 

unde r the a r e a of t h i c k e s t Z n F 2 : M n F 2 d e p o s i t i o n was j u d g e d f r o m i t s i n t e r ­

f e r e n c e c o l o u r and f r o m sod ium l i gh t i n t e r o m e t e r m e a s u r e m e n t s to be about 

2 , 0 0 0 A f o r the a r g o n baked samp le and about 200 to 300 A g r e a t e r f o r the 

o x y g e n baked samp le . T h i s w o u l d i n d i c a t e that e i t h e r a d d i t i o n a l ox ide g r o w t h 

had o c c u r e d benea th the w i l l e m i t e in the oxygen baked samp le o r that l ess 

o x i d e had been consumed . H o w e v e r , the method o f e s t i m a t i n g f i l m t h i c k n e s s 

was not s u f f i c i e n t l y s e n s i t i v e to a l l o w a m o r e d e t a i l e d i n v e s t i g a t i o n of the 

e f f ec t of the Z n F 2 : M n F 2 f i l m t h i c k n e s s on the r e s i d u a l o x i d e t h i c k n e s s a f t e r 

w i l l e m i t e f o r m a t i o n . 

The e x p e r i m e n t s d e s c r i b e d above show that the p a r a m e t e r s , 

Z n F 2 : M n F 2 f i l m t h i c k n e s s , r e a c t i o n t e m p e r a t u r e , t ime of r e a c t i o n and ambien t 

gas d u r i n g the r e a c t i o n a l l i n f l u e n c e the g r o w t h of the w i l l e m i t e f i l m s . H o w e v e r , 

the e x p e r i m e n t s g i v e v e r y l i t t l e q u a n t a t i v e i n f o r m a t i o n and they h i g h l i g h t the 

need f o r much m o r e s e n s i t i v e f i l m t h i c k n e s s m e a s u r e m e n t s t echn iques i f t h e r e 

is to be s u f f i c i e n t c o n t r o l o v e r the w i l l e m i t e r e a c t i o n p r o c e s s , to g i v e 

r e p r o d u c i b l e e l e c t r o l u m i n e s c e n c e . S i n c e the w o r k d e s c r i b e d in t h i s t h e s i s was 
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done an e l l i p s o m e t e r has been b u i l t in the D e p a r t m e n t w h i c h has a l l o w e d 
p r e c i s e measu remen ts to be made of the w i l l e m i t e and r e s i d u a l o x i d e 
t h i c k n e s s e s . T h i s l a t e r w o r k w i l l be d e s c r i b e d e l s e w h e r e in a f o r t h ­
coming t h e s i s ^ 9 8 ) . |n the p r e s e n t w o r k it was c o n s i d e r e d that an 
e l e c t r o l u m i n e s c e n t d e v i c e , based on hot e l e c t r o n i n j e c t i o n f r o m a 
r e v e r s e d b i a s e d p - n j u n c t i o n in to t h i n w i l l e m i t e f i l m s , w o u l d be l ess 
c r i t i c a l l y dependent on the r e s i d u a l o x i d e f i l m t h i c k n e s s . T h i s is because 
the p - n j u n c t i o n i n j e c t i o n s t r u c t u r e w o u l d d e t e r m i n e the e l e c t r o n i n j e c t i o n 
ene rgy and c u r r e n t i ndependen t l y of the r e s i d u a l o x i d e t h i c k n e s s . A n ideal 
d e v i c e w o u l d have z e r o r e s i d u a l o x i d e ; h o w e v e r , e x p e r i m e n t s have not 
yet i n d i c a t e d i f t h i s is p o s s i b l e . In the i n j e c t i o n d e v i c e s d e s c r i b e d in the 

f o l l o w i n g s e c t i o n s the r e s i d u a l ox ide t h i c k n e s s has been m e a s u r e d to be l ess 
o 

than 100 A . 

7. 4 D e v i c e f o r Hot E l e c t r o n I n j e c t i o n i n to W i l l e m i t e 

The b a s i c p - n j u n c t i o n s t r u c t u r e used in t h i s w o r k is the same as 
that d e s c r i b e d in C h a p t e r 3 and used f o r e l e c t r o n i n j e c t i o n in to S i 0 2 -
Ins tead of o x i d e a th in f i l m of w i l l e m i t e was f o r m e d o v e r the s h a l l o w j u n c t i o n 

a r e a , and it was hoped to e x c i t e l u m i n e s c e n c e by the d i r e c t impact c o l l i s i o n 
2+ 

of a Mn ion by a h igh e n e r g y e l e c t r o n i n j e c t e d f r o m an a v a l a n c h i n g j u n c t i o n . 
T h e l owes t t h e o r e t i c a l e l e c t r o n e n e r g y n e c e s s a r y f o r the d i r e c t impact 

2+ 
e x c i t a t i o n of a Mn ion in Z n 2 S i O ^ is 2. 64 eV. A f o r m of ' i n t e r n a l c a t h o d o -

l u m i n e s c e n c e 1 may t h e r e f o r e be p o s s i b l e s i n c e e l e c t r o n i n j e c t i o n in to S i O „ 

o v e r a 3. 25 eV b a r r i e r has a l r e a d y been d e m o n s t r a t e d in C h a p t e r 5. It i s 

p r o b a b l y more r e a s o n a b l e to expect that h i g h e r e l e c t r o n e n e r g i e s w o u l d be 

r e q u i r e d w h i c h c o u l d , p e r h a p s , be p r o d u c e d by the a d d i t i o n a l a p p l i c a t i o n 

o f a f i e l d a c r o s s the w i l l e m i t e f i l m . 

T h e m a j o r p r o b l e m in f a b r i c a t i n g d e v i c e s w i t h a t h i n f i l m of 

w i l l e m i t e o v e r the s h a l l o w j u n c t i o n a r e a was that the best c a t h o d o l u m i n e s c e n t 

f i l m s w e r e f o r m e d in p e r i o d s in e x c e s s of ten m inu tes at a m in ium t e m p e r a t u r e 

o f 9 0 0 ° C . S u c h a heat t r e a t m e n t w o u l d be expec ted to d r i v e in the p h o s p h o r u s 

d i f f u s i o n to a dep th g r e a t e r than 0. 25 m and hence no e l e c t r o n i n j e c t i o n 

w o u l d be expec ted . T h i s w o u l d have been much less of a p r o b l e m i f a r s e n i c 

c o u l d have been used in p l a c e of the p h o s p h o r u s f o r the s h a l l o w d i f f u s i o n ; 

h o w e v e r t h i s was not p o s s i b l e at the t ime of t h i s w o r k . T h e p r o b l e m was 

r e s o l v e d in a l ess s a t i s f a c t o r y manner by the d i s c o v e r y by the a u t h o r that 
o 

c a t h o d o l u m i n e s c e n t f i l m s c o u l d be f o r m e d by d e p o s i t i n g 600 A of Z n F 2 " . M n F 2 

on to n o n - o x i d i s e d s i l i c o n and hea t ing to 8 5 0 ° C in a wet oxygen a t m o s p h e r e . 

A f t e r the r e a c t i o n was c o m p l e t e t h e r e was a n o n - l u m i n e s c e n t s u r f a c e on the 

f i l m s w h i c h c o u l d be r e m o v e d by w a s h i n g in an ammonia s o l u t i o n . T h i s 

p r o c e s s le f t : , a f i l m about 500 A t h i c k w h i c h was c a t h o d o l u m i n e s c e n t but 
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l ess b r i g h t than those d e s c r i b e d e a r l i e r and g i v i n g a m o r e yel I ow, I ight 
(99) 

e m i s s i o n . P f e i f f e r et al has a l s o r e p o r t e d a y e l l o w l i gh t e m i t t i n g 

f o r m of w i l l e m i t e p r o d u c e d in a r e a c t i o n of Z n O w i t h S i C ^ at 8 5 0 ° C . 

U n d e r an o p t i c a l m i c r o s c o p e the f i l m s t r u c t u r e was v e r y g r a n u l a r as can 

be seen in F i g . 7. 6b. D e s p i t e the p o o r e r q u a l i t y of the f i l m s f r o m those 

n o r m a l l y p r o d u c e d the luminescencewas u n a f f e c t e d by the p r e s e n c e of p h o s ­

p h o r u s in the s i l i c o n j u n c t i o n and they w e r e c o n s i d e r e d adequate f o r an 

i n i t i a l i n v e s t i g a t i o n . E l l i p s o m e t e r measu remen ts showed t h e r e to be an 

ox ide l a y e r unde r the luminescen t f i l m of 8 0 ' A t h i c k n e s s w h i c h s h o u l d be 

t h i n enough to a l l o w a h igh p r o p o r t i o n of the h igh e n e r g y e l e c t r o n s to 

conduc t t h r o u g h and in to the w i l l e m i t e . 

The l um inescen t f i l m s p r o d u c e d in the above r e a c t i o n w e r e found 

to be compa t i b l e w i t h the s t a n d a r d p h o t o - l i t h o g r a p h y used in m o d e r n 

s i l i c o n t echno logy and d e s c r i b e d in A p p e n d i x 2. T h e l um inescen t f i l m was 

f i r s t f o r m e d o v e r the e n t i r e a r e a of the s i l i c o n samp le . Mask 3 as shown 

in F i g . 3. 4 was then used to de f i ne a r e a s of w i l l e m i t e on ly in the s h a l l o w 

j u n c t i o n a r e a by e x p o s i n g S h i p l e y p h o t o - r e s i s t . The exposed r e s i s t w a s 

baked on the f i l m at 9 0 ° C f o r twen ty m inu tes and then an e tch of 10% 

g l a c i a l a c e t i c a c i d in d e i o n i s e d w a t e r was used to r e m o v e the unwan ted 

w i l l e m i t e f i l m . A f t e r e t c h i n g , the p h o t o - r e s i s t was c l e a r e d f r o m the 

w i l l e m i t e by u s i n g S h i p l e y ion f r e e r e m o v e r . The l um inescence of the 

r e m a i n i n g f i l m was una f f ec ted by the p h o t o - l i t h o g r a p h i c p r o c e d u r e . 

A f t e r d e f i n i t i o n of the w i l l e m i t e p a t t e r n the d e v i c e s w e r e comp le ted 

by d e f i n i n g the a l um in ium metal con tac t p a t t e r n . T h i s p r e s e n t e d a p r o b l e m 

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

to de f i ne the a l um in i um a l so a t t a c k e d the l um inescen t f i l m s . T h i s p r o b l e m 

was r e s o l v e d by us ing a s o l u t i o n o f N a O H to e t ch the a l um in i um as d e s c r i b e d 

in A p p e n d i x 2 . H o w e v e r , t h i s e t c h i n g p r o c e d u r e r e q u i r e d that the p h o t o ­

r e s i s t s h o u l d be baked on the a l um in i um at 120°C f o r t h i r t y m inu tes w h i c h 

made it v e r y d i f f i c u l t to r e m o v e w i t h o u t a l s o d e s t r o y i n g the l um inescen t o r 

a l um in i um f i l m s . S h i p l e y p h o t o - r e s i s t r e m o v e r cou ld be used i f a v e r y t igh t 

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

the t ime of the remova l p e r i o d , as d e s c r i b e d in A p p e n d i x 2. A n o t h e r method 

of d e f i n i n g the metal con tac t p a t t e r n was to f o r m a r e v e r s e p h o t o - r e s i s t 

p a t t e r n on the samp le b e f o r e e v a p o r a t i n g the a l u m i n i u m . The a lum in ium 

a d h e r e s v e r y s t r o n g l y to the a r e a s of o x i d e and l um inescen t f i l m , w h e r e 

the p h o t o - r e s i s t has been deve loped a w a y , and a f t e r e v a p o r a t i o n the 

r e m a i n i n g p h o t o - r e s i s t and the o v e r l a y i n g metal c o u l d be r e m o v e d by 

i m m e r s i o n in ace tone . H o w e v e r , the metal d e f i n i t i o n q u a l i t y was not as 
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good by t h i s method as o b t a i n e d by e t ch ing in N a O H . 

A t y p i c a l f i n i s h e d d e v i c e is shown in F i g . 7. 6<JL. The f o r m a t i o n of 

the l um inescen t f i l m above the s h a l l o w j u n c t i o n p r o d u c e d no change in the 

m e a s u r e d sheet r e s i s t a n c e w h i c h was of the o r d e r of 200-A- / O . The f i na l 
. o 

depth of the s h a l l o w j u n c t i o n was of the o r d e r of 1000 A . T h e r e v e r s e b i a s 

c h a r a c t e r i s t i c s of the j u n c t i o n s w e r e , in g e n e r a l , much s o f t e r than those 

o b t a i n e d f o r the t h i n o x i d e c o v e r e d d e v i c e s a l t hough the po in t of ava lanche 

was u s u a l l y a p p a r e n t , as shown in F i g . 7. 15. T h e d e g r a d a t i o n of the 

j u n c t i o n c h a r a c t e r i s t i c s may have been caused by Z n d i f f u s i n g in to the 

s i l i c o n . It has been shown by G o e t z b e r g e r and S h o c k l e y that metal 

p r e c i p i t a t e s can be r e s p o n s i b l e f o r so f t j u n c t i o n c h a r a c t e r i s t i c s . A n o t h e r 

f e a t u r e of the j u n c t i o n s p r o d u c e d w i t h l um inescen t f i l m s c o m p a r e d w i t h 

those w i t h t h i n o x i d e f i l m s was that v i s i b l e m i c r o p l a s m a ^ w e r e much l ess in 

e v i d e n c e . H o w e v e r , in a l l j u n c t i o n s ava lanche b r e a k d o w n v o l t a g e had to 

be r e a c h e d b e f o r e any i n j e c t i o n c o u l d be d e t e c t e d . 

7 . 5 R e s u l t s f o r E l e c t r o n I n j e c t i o n i n to L u m i n e s c e n t F i l m s 

T h e c i r c u i t used f o r the d e t e c t i o n and measu remen t of the c u r r e n t s 

i n j e c t e d in to t h i n l um inescen t f i l m s was the same as that s h o w n in C h a p t e r 5, 

and used f o r i n j e c t e d c u r r e n t s in to S i C ^ - A f a m i l y of c u r v e s is s h o w n in 

F i g s . 7. 7, 7. 8, and 7. 9 f o r the i n j e c t e d f i l m c u r r e n t If aga ins t the j u n c t i o n 

c u r r e n t X) f o r a r a n g e of p o s i t i v e v o l t a g e s a p p l i e d a c r o s s the f i l m . In 

most d e v i c e s no i n j e c t e d c u r r e n t was de tec ted w i t h j u n c t i o n c u r r e n t s of l ess 

than 1. 0 mA a l t hough one e x c e p t i o n is shown in F i g . 7. 10. T h e p r o b a b l e 

r e a s o n f o r the h i g h e r j u n c t i o n c u r r e n t r e q u i r e m e n t w a s the h igh l eakage 

c h a r a c t e r i s t i c s of the j u n c t i o n s . It was no ted that the d e v i c e , f o r w h i c h 

the i n j e c t i o n c h a r a c t e r i s t i c s a r e shown in F i g . 7. 10, had a much h a r d e r 

j u n c t i o n b r e a k d o w n than was n o r m a l . It was found that on a l l the d e v i c e s 

m e a s u r e d , that an i n j e c t i o n c u r r e n t c o u l d be de tec ted by a p p l y i n g a v o l t a g e 

a c r o s s the lum inescen t f i l m as low as 1.0 V , w h i c h was much l ess than that 

r e q u i r e d f o r the ox ide c o v e r e d d e v i c e s d i s c u s s e d in C h a p t e r 5. A f u r t h e r 

d i f f e r e n c e be tween the i n j e c t i o n c h a r a c t e r i s t i c s o b t a i n e d w i t h the l u m i n e s c ­

ent f i l m d e v i c e s and the t h i n o x i d e d e v i c e s was that the r a t e of i n c r e a s e of 

the i n j e c t i o n c u r r e n t w i t h f i l m b ias w a s n ° t cons tan t but i n c r e a s e d w i t h 

j u n c t i o n c u r r e n t . T h e i n j e c t e d c u r r e n t in the l um inescen t f i lm d e v i c e s 

i n c r e a s e d a lmos t e x p o n e n t i a l l y w i t h j u n c t i o n c u r r e n t , as in the o x i d e 

d e v i c e s H o w e v e r , the d i f f e r e n t r e v e r s e j u n c t i o n c h a r a c t e r i s t i c s do jno t 

a l l o w a mean ing fu l c o m p a r i s o n to be made f o r the r a t e s of i n c r e a s e in 

i n j e c t e d c u r r e n t w i t h j u n c t i o n c u r r e n t . A t the h ighes t j u n c t i o n c u r r e n t 

l e v e l s t h e r e is ev idence of a f a l l o f f i n the r a t e o f i n c r e a s e of the i n j e c t e d 

c u r r e n t l e v e l . T h i s u s u a l l y o c c u r s f o r i n j e c t e d c u r r e n t l e v e l s of the . o r d e r 
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A common f e a t u r e of the i n j e c t i o n c h a r a c t e r i s t i c s ob ta i ned w i t h 

l um inescen t f i l m s w a s an i r r e v e r s i b l e s w i t c h i n g event as shown in F i g . 7. 10. 

A s e r i e s o f these s w i t c h i n g even ts can a l s o be seen in the r e s u l t s of F i g . 

7. 11 . In t h i s d e v i c e the s w i t c h i n g was not o b s e r v e d un t i l the j u n c t i o n 

c u r r e n t was i n c r e a s e d f r o m z e r o in a second c y c l e . A few d e v i c e s a l s o 

showed bo th p o s i t i v e and nega t i ve s w i t c h i n g as shown in F i g . 7. 12. T h e 

i n s t a b i l i t i e s o b s e r v e d in the l um inescen t f i l m s w e r e s i m i l a r to those 

ob ta ined when m e a s u r i n g c u r r e n t s in v e r y t h i n s i l i c o n d i o x i d e f i l m s o f l ess 

than 300 A t h i c k , as d i s c u s s e d in C h a p t e r 5. None of the d e v i c e s t e s t e d 

w e r e ab le to w i t h s t a n d a f i l m b ias v o l t a g e o f g r e a t e r than 8. 0 V w i t h o u t a 

b r e a k d o w n even t . Once b r e a k d o w n had o c c u r r e d the r e s i s t i v i t y a c r o s s the 

f i l m d r o p p e d , such that a c u r r e n t o f 1 yu A c o u l d be p a s s e d us ing a f i l m b ias 

o f 1 v o l t and w i t h z e r o j u n c t i o n c u r r e n t . T h e n a t u r e of t h i s I - V c h a r a c t e r i ­

s t i c was s i m i l a r to that ob ta ined w i t h the e a r l i e r t h i n f i l m s t r u c t u r e s d e s c r i b e d 

in S e c t i o n 7. 2, w h e r e it was c o n s i d e r e d that w a s e i t h e r no o x i d e be tween 

the w i l l e m i t e and the s i l i c o n o r that the o x i d e had r u p t u r e d . 

One samp le f r o m ba tch W2 i n c l u d e d s e v e r a l d e v i c e s w h i c h gave a 

smal l l i gh t output when the j u n c t i o n was a v a l a n c h e d . . The l i gh t e m i s s i o n 

was e x t r e m e l y weak and c o u l d on ly be seen by d a r k a c c u s t o m i n g the eye . The 

l i gh t e m i s s i o n was qu i t e u n l i k e that p r e v i o u s l y a s s o c i a t e d w i t h m i c r o p l a s m a s 

w h i c h was u s u a l l y f r o m a w e l l de f i ned a r e a and a w h i t e e m i s s i o n . In the 

d e v i c e s the l i gh t a p p e a r e d to be com ing f r o m a l a r g e p a r t o f t h e s h a l l o w 

j u n c t i o n , not c o v e r e d by the a l u m i n i u m , and was a d i f f u s e , y e l l o w i s h e m i s s i o n . 

A photomul t i p l i e r tube was p l a c e d o v e r the d e v i c e and the l i gh t ou tpu t w a s 

m e a s u r e d g i v i n g the r e s u l t s shown in F i g . 7. 13. T h e l i g h t output was found 

to i n c r e a s e smoo th l y w i t h j u n c t i o n c u r r e n t but t h e r e was no i n c r e a s e in 

i n t e n s i t y w i t h b ias a p p l i e d a c r o s s the f i l m . T h e absence o f any v a r i a t i o n 

in l i gh t i n t e n s i t y w i t h f i l m b ias may have been because the f i e l d was not be ing 

s u s t a i n e d a c r o s s the l um inescen t f i l m i t s e l f o r because any i n c r e a s e b e l o w 

the a lum in ium con tac t c o u l d not be s e e n . A n a t tempt was t h e r e f o r e made to 

f a b r i c a t e d e v i c e s w i t h h a l f the f i l m con tac t of t h i n enough a l um in i um to be 

s e m i t r a n s p a r e n t , u s i n g masks 6 and 7 as s h o w n in F i g . 3 . 4 . T h e s e e x p e r i ­

ments w e r e u n s u c c e s s f u l s i n c e no l i g h t ou tput f r o m the w i l l e m i t e was 

o b s e r v e d in t h i s c a s e and t ime d i d not a l l o w f u r t h e r d e v i c e s to be made. 

F o r the d e v i c e s h o w i n g l i gh t ou tput it was found that the l i gh t 

i n t e n s i t y f e l l o f f a f t e r the d e v i c e had been o p e r a t i n g f o r about t en m i n u t e s . 

T h e i n t e n s i t y r e c o v e r e d a f t e r the j u n c t i o n c u r r e n t had been t u r n e d o f f f o r a 

few m inu tes i n d i c a t i n g that a hea t ing e f f ec t was the cause of the fa l l o f f . 
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A h u n d r e d v o l t p u l s e was a p p l i e d to the j u n c t i o n caus ing i t to 
a v a l a n c h e , at the same t ime the l i gh t output was m o n i t o r e d by a p h o t o -
m u l t i p l i e r connec ted to an o s c i l l o s c o p e . T h e v o l t a g e p u l s e to the j u n c t i o n 
is shown in F i g . 7. 13a and the photomul t i p l i e r output pu l se is s h o w n in 
F i g . 7. 13b. It can be seen that the photomul t ip l i e r p u l s e was v e r y n o i s y 
w h i c h is c h a r a c t e r i s t i c of m i c r o p l a s m a p u l s e s o b s e r v e d by o the r w o r k e r ' s ' ! 
7. 6 C o n c l u s i o n s 

T h e i n i t i a l w o r k w i t h s i m p l e t h i n f i l m s t r u c t u r e s i n d i c a t e d tha t , 

the w i l l e m i t e r e a c t i o n p r o c e s s d e s c r i b e d r e s u l t e d in th in f i l m s that had a 

much h i g h e r c o n d u c t i v i t y than w o u l d be expec ted f o r s i n g l e c r y s t a l w i l l e m i t e . 

A p o s s i b l e e x p l a n a t i o n was that the f i l m s c o n s i s t e d of w i l l e m i t e c r y s t a l l i t e s 

in a s i l i c o n o x i d e m a t r i x , and that c o n d u c t i o n was o c c u r r i n g a c r o s s the 

s u r f a c e of i n t e r c o n n e c t i n g c r y s t a l l i t e s . It w a s c o n s i d e r e d that in the 

m a j o r i t y of the f i l m s , . e l e c t r o n i n j e c t i o n f r o m the s i l i c o n was be ing 

l i m i t e d by a t h i n o x i d e f i l m be tween the s i l i c o n and the w i l l e m i t e . T h e r e ­

f o r e e l e c t r o l u m i n e s c e n c e cou ld on ly be a c h i e v e d in a h igh f i e l d i n j e c t i o n 

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

f a v o u r a b l e c o n d i t i o n s of bo th a p p l i e d b ias and o x i d e f i l m t h i c k n e s s at the 

i n t e r f a c e e l e c t r o n s c o u l d tunnel f r o m the s i l i c o n in to the w i l l e m i t e and 

e x c i t e l u m i n e s c e n c e . 

A p r o c e d u r e was d e v i s e d f o r the f a b r i c a t i o n of a p - n j u n c t i o n 

s t r u c t u r e f o r the i n j e c t i o n of h igh ene rgy e l e c t r o n s in to a l um inescen t 

f i l m . It was found that the r e v e r s e b i a s c h a r a c t e r i s t i c s of the j u n c t i o n s 

w e r e d e g r a d e d by the l um inescen t f i l m r e a c t i o n . T h i s n e c e s s i t a t e d us ing 

a h i g h e r j u n c t i o n c u r r e n t f b e f o r e i n j e c t i o n in to the l um inescen t f i l m s was 

o b s e r v e d ^ t h a n had been used f o r i n j e c t i o n in to s i l i c o n d i o x i d e . H o w e v e r , 

the f o r m of the i n j e c t i o n had s i m i l a r c h a r a c t e r i s t i c s f o r bo th t ypes of f i l m . 

The r e s u l t s ob ta i ned f o r i n j e c t i o n i n to l um inescen t f i l m s show 

that u n p r e d i c t a b l e b r e a k d o w n even ts c o u l d o c c u r . T h e s e w e r e s i m i l a r to 

those d e s c r i b e d in C h a p t e r 5, w h i c h w e r e o b s e r v e d u s i n g v e r y t h i n s i l i c o n 
, o 

d i o x i d e f i l m s l ess than 300 A t h i c k , and those o b s e r v e d by O s b u r n and 
(57) 

W e i t z m a n n d u r i n g h igh f i e l d i n j e c t i o n . In the p r e s e n t w i l l e m i t e f i l m 

d e v i c e s , I a t e r e l l i p s o m e t e r measu remen ts showed t h e r e to be a r e s i d u a l 

s i l i c o n d i o x i d e t h i c k n e s s of l ess than 100 A . It i s t h e r e f o r e p o s s i b l e 

that the e l e c t r o n i n j e c t i o n in these d e v i c e s was a l s o be ing l i m i t e d and that 

the b r e a k d o w n even ts w e r e o c c u r r i n g at weak p o i n t s in the o x i d e f i l m s . 

Some of these b r e a k d o w n s must have been s e l f h e a l i n g ^ ^ ^ as the 

/ c u r r e n t u s u a l l y s w i t c h e d to a h i g h e r leve l w i t h o u t r e s u l t i n g in a s h o r t 

c i r c u i t. 
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The dependence of i n j e c t i o n on j u n c t i o n c u r r e n t was c o n s i s t e n t 

w i t h the model of e l e c t r o n i n j e c t i o n f r o m a m i c r o p l a s m a as p r o p o s e d in 

C h a p t e r 6. H o w e v e r , the e m i s s i o n o f l i gh t f r o m some of the f i l m s o r 

j u n c t i o n s sugges t s that i n j e c t i o n may be o c c u r r i n g f r o m a l a r g e r a r e a . 

The o b s e r v e d i n c r e a s e in the r a t e of i n j e c t e d c u r r e n t w i t h j u n c t i o n 

c u r r e n t at h i g h e r f i l m b ias v o l t a g e s may be accoun ted f o r by the c o n d u c t ­

ing n a t u r e of the lum inescen t f i l m . T h i s w o u l d mean that the c u r r e n t 

c o l l e c t i n g a r e a of the a l um in ium con tac t is a l s o a f u n c t i o n of the f i l m 

b i a s . 

The e m i s s i o n of l i gh t f r o m some samp les was e n c o u r a g i n g , 

a l though the exac t o r i g i n is not yet c l e a r . T h e h igh no ise leve l o b s e r v e d 

in the p u l s i n g e x p e r i m e n t s i n d i c a t e that the e m i s s i o n was a s s o c i a t e d w i t h 

m i c r o p l a s m a b e h a v i o u r . H o w e v e r , the e m i s s i o n may be a r e s u l t o f 

e l e c t r o n - h o l e r e c o m b i n a t i o n in the a v a l a n c h i n g j u n c t i o n , and not hot 

e l e c t r o n i n j e c t i o n f r o m a m i c r o p l a s m a e x c i t i n g a l um inescen t c e n t r e in 

the w i l l e m i t e f i l m . S i n c e the e m i s s i o n was f r o m a g r e a t e r a r e a than p r e v i o u s l y 

o b s e r v e d f r o m a v a l a n c h i n g j u n c t i o n s , and was a y e l l o w r a t h e r than a w h i t e 

l i g h t , e l e c t r o n - h o l e r e c o m b i n a t i o n in the j u n c t i o n is c o n s i d e r e d to be an 

u n l i k e l y o r i g i n of the e m i s s i o n . T h e y e l l o w c o l o u r of the e m i s s i o n w a s 

s i m i l a r to the c a t h o d o l u m i n e s c e n c e a p p e a r a n c e of the f i l m s , a l t hough an 

exac t judgement was d i f f i c u l t due to the v e r y low i n t e n s i t y . M o r e w o r k is 

t h e r e f o r e n e c e s s a r y to e s t a b l i s h the exac t o r i g i n o f the e m i s s i o n . In 

Chap te r 8 methods w i l l be d i s c u s s e d f o r f a b r i c a t i n g d e v i c e s w i t h m o r e 

e f f i c i e n t l um inescen t f i l m s . 

The w o r k d i s c u s s e d in t h i s C h a p t e r i s ma in l y e x p l o r a t o r y , but it has 

been s u c c e s s f u l in s o l v i n g some of the t e c h n o l o g i c a l p r o b l e m s i n mak ing a hot 

e l e c t r o n i n j e c t i o n lum inescen t d e v i c e . F u r t h e r p r o b l e m s have been h i g h ­

l i g h t e d w h i c h a r e a l so d i s c u s s e d in C h a p t e r 8. T h e w o r k t h e r e f o r e p r o v i d e s 

a use fu l base f o r f u t u r e w o r k i n v o l v i n g m o r e d e t a i l e d measu remen ts w h i c h 

c o u l d be c o m p a r e d w i t h the r e s u l t s o b t a i n e d f r o m e l e c t r o n i n j e c t i o n in to 

s i l i c o n d i o x i d e t h i n f i l m s . 
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C H A P T E R E I G H T 

C O N C L U S I O N S A N D S U G G E S T I O N S F O R F U R T H E R W O R K 

8. 1 P r e s e n t R e s e a r c h 

The g r e a t e r p a r t of t h i s t h e s i s has been c o n c e r n e d w i t h c o n ­

s i d e r a t i o n of the use of a r e v e r s e b i a s e d p - n j u n c t i o n to a c c e l e r a t e 

e l e c t r o n s to h i gh e n e r g y , and to i n j ec t those e l e c t r o n s in to the c o n d u c t i o n 

band of t h in f i l m s of S i O n and l um inescen t Z n n S i O , :Mn, T h i s is b e l i e v e d 
^ A h 

to be the f i r s t t ime that e l e c t r o n i n j e c t i o n in to t h i n f i l m s f r o m a s h a l l o w 

p l a n a r j u n c t i o n has been r e p o r t e d . A l l p r e v i o u s p u b l i s h e d w o r k s , on 

i n j e c t i o n in to S i 0 2 , have e x p l o i t e d a v a l a n c h i n g at the s u r f a c e b o u n d a r y 

r e g i o n of deep p - n j u n c t i o n s o r p u l s e d s u r f a c e a v a l a n c h e d M. O. S , 

s t r u c t u r e s . 

The i n t e r p r e t a t i o n of the e x p e r i m e n t a l r e s u l t s i n d i c a t e that 

e l e c t r o n i n j e c t i o n o c c u r s f r o m m i c r o p i a s m a s , and that the e l e c t r o n - h o l e 

p o p u l a t i o n c c u l d be a p p r o x i m a t e d by a M a x w e l l i a n e n e r g y d i s t r i b u t i o n . A n 

exac t ma themat i ca l d e s c r i p t i o n is not yet a v a i l a b l e , but the r e s u l t s p r e s e n t e d 

in C h a p t e r s 5 and 6, sugges t that the t r u e d i s t r i b u t i o n p r o b a b l y c o n t a i n s 

f e w e r c h a r g e c a r r i e r s w i t h e n e r g i e s g r e a t e r than 2. 0 eV than is p r e d ­

i c ted by a s i m p l e M a x w e l l i a n . . In S e c t i o n 6. 2 a good f i t was made at low 

o x i d e f i e l d s to S c h o t t k y e m i s s i o n t h e o r y and an es t ima te of 0. 12 e V 

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

e l e c t r o n i n j e c t i o n v i a a t u n n e l l i n g mechan ism was m o r e dominan t . A 

r e a s o n a b l e f i t to t u n n e l l i n g t h e o r y was made in S e c t i o n 6. 3 by a s s u m i n g 

a M a x w e l l i an d i s t r i b u t i o n of c a r r i e r s up to an i o n i s i n g t h r e s h o l d e n e r g y 

of 2. 1 e V . A f u t u r e ma themat i ca l d e s c r i p t i o n of the c h a r g e c a r r i e r e n e r g y 

d i s t r i b u t i o n in an a v a l a n c h i n g j u n c t i o n w i l l p r o b a b l y r e q u i r e a s t a t i s t i c a l 

a n a l y s i s a p p r o a c h and take in to accoun t the e n e r g y band s t r u c t u r e of 

s i l i c o n . 

The p r e s e n t w o r k , and p r e v i o u s l y p u b l i s h e d r e s u l t s , ^ 

i nd i ca te that e l e c t r o n i n j e c t i o n in to t h e r m a l l y g r o w n S i 0 2 is e l e c t r o d e 

l i m i t e d end not bu l k l i m i t e d . Once i n j e c t e d in to the c o n d u c t i o n band , a 

smal l p r o p o r t i o n of the e l e c t r o n s a r e c a p t u r e d in t r a p p i n g c e n t r e s , a l t h o u g h 

the m a j o r i t y a r e ab le to t r a n s p o r t t h r o u g h a t h i c k n e s s of s e v e r a l h u n d r e d 

a n g s t r o m s of o x i d e and be c a p t u r e d by a meta l e l e c t r o d e on the o x i d e s u r f a c e , 

tt is shown in C h a p t e r 6 that the dependence found f o r the j u n c t i o n e l e c t r o n 

i n j e c t i o n on the a p p l i e d o x i d e f i e l d is w e i i e x p l a i n e d by t r a n s m i s s i o n at the 

i n t c r f a c i a l b a r r i e r . At low f i e l d s the dependence is a f u n c t i o n of the image 

f o r c e l o w e r i n g of the i n t e r f a c e b a r r i e r he igh t ( S c h o t t k y e f f e c t ) and at 
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the 

h i g h e r f i e l d s becomes i n c r e a s i n g l y dependent o n ^ e l e c t r o n t u n n e l l i n g 

p r o b a b i I i t y . 

The dependence of the i n j e c t e d c u r r e n t on the j u n c t i o n c u r r e n t 

is m o r e d i f f i c u l t to e x p l a i n . When the j u n c t i o n is a v a l a n c h e d the i n j e c t e d 

c u r r e n t i n i t i a l l y r i s e s v e r y r a p i d l y and i s not l i n e a r l y dependent on the 

j u n c t i o n c u r r e n t as might be e x p e c t e d . A s i m i l a r r e s u l t has been f o u n d 

f o r examp le , by Bok^ and P e p p e r / ^ ' " f o r e l e c t r o n i n j e c t i o n in to 

vacuum and s i l i c o n d i o x i d e , but was n e v e r e x p l a i n e d by these a u t h o r s . 
(40 42) 

It has been a r g u e d ' that the r a p i d i n c r e a s e in i n j e c t e d c u r r e n t 

r e s u l t s f r o m an i n c r e a s e in the a v e r a g e e n e r g y of the e l e c t r o n p o p u l a t i o n 

as the j u n c t i o n c u r r e n t is i n c r e a s e d . T h i s has h o w e v e r , n e v e r been put 

on a q u a l i t a t i v e b a s i s and has been d i s c o u n t e d in the p r e s e n t w o r k f o r at 

least the d e v i c e s t r u c t u r e s t u d i e d . A new model is p r o p o s e d in t e r m s of 

e l e c t r o n i n j e c t i o n f r o m a s w i t c h i n g m i c r o p l a s m a w h i c h g i v e s a good q u a n t -

a t i v e f i t to the o b s e r v e d a lmost exponen t i a l r i s e of the i n j e c t e d c u r r e n t 

w i t h j u n c t i o n c u r r e n t . The m i c r o p l a s m a mode! is a l s o s h o w n to be c o n ­

s i s t e n t w i t h the o b s e r v e d fa l l o f f in the r a t e of i n c r e a s e in i n j e c t e d c u r r e n t 

at h i gh j u n c t i o n c u r r e n t l e v e l s , and the o b s e r v e d r i s e in i n j e c t e d c u r r e n t 

leve l when the j u n c t i o n is i l l u m i n a t e d w i t h i n f r a - r e d l i g h t . F u r t h e r w o r k 

is h o w e v e r , n e c e s s a r y to v a l i d a t e the m i c r o p l a s m a model c o m p l e t e l y . 

The w o r k d e s c r i b e d in C h a p t e r 7 on the h igh f i e l d e l e c t r o n 

i n j e c t i o n in to t h i n w i l l e m i t e f i l m s shows that the a p p e a r a n c e of l u m i n e s c e n c e is 

p r o b a b l y d e t e r m i n e d by the t h i c k n e s s of an u n r e a c t e d f i l m of s i l i c o n o x i d e 

be tween the s i l i c o n and the w i l l e m i t e . T h e e x p e r i m e n t a l r e s u l t s i n d i c a t e 

that the w i l l e m i t e f i l m s w e r e s e v e r a l o r d e r s of magn i tude m o r e c o n d u c t i n g 

than the o x i d e f i l m and that the e n e r g y of the i n j e c t e d e l e c t r o n s was c o n ­

t r o l l e d by the f i e l d a c r o s s the i n t e r f a c e o x i d e . F u r t h e r w o r k is n e c e s s a r y 

to d i s c o v e r the op t imum t h i c k n e s s of the o x i d e f i l m in h igh f i e l d l um inescen t 

d e v i c e s . H o w e v e r , in the e x p e r i m e n t s made so f a r it is s h o w n that the o x i d e 

f i l m is a l w a y s p r e s e n t a f t e r the w i l l e m i t e f o r m a t i o n r e a c t i o n . In the p r e s e n t 

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

i n j e c t i o n s t r u c t u r e by a r e a c t i o n of Z n F " *.MnF" on b a r e s i l i c o n in a wet-

o x i d i s i n g a t m o s p h e r e . Even th i s p r o c e d u r e has been s h e w n to r e s u l t in an 

i n t e r f a c i a l o x i d e f i l m t h i c k n e s s of 80 °A. T h i s ox ide f i l m may w e l l l i m i t 

the i n j e c t i o n e f f i c i e n c y of h igh e n e r g y e l e c t r o n s in to the l u m i n e s c e n t 

f i l m and be a fundamenta l l i m i t a t i o n to a l um inescen t d e v i c e . 

E l e c t r o n i n j e c t i o n in to the l u m i n e s c e n t f i l m s f r o m a r e v e r s e 

b i a s e d p - n j u n c t i o n shows e s s e n t i a l l y the same c h a r a c t e r i s t i c s as i n j e c t i o n 

in to S i 0 9 . T h e m a j o r d i f f e r e n c e s w e r e in the h i g h e r i n j e c t e d c u r r e n t l e v e l s 
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and Ihe o b s e r v a t i o n s of f r e q u e n t s w i t c h i n g e v e n t s . T h e s e o b s e r v a t i o n s 

p r o b a b l y r e s u l t f r o m the c o n d u c t i n g n a t u r e of the i um inescen t f i l m w h i c h 

in t u r n r e s u l t in a l a r g e p a r t of the a p p l i e d v o l t a g e be ing d r o p p e d a c r o s s 

the t h i n i n t e r f a c i a l o x i d e f i l m . The w o r k d e s c r i b e d in C h a p t e r 7 shows 

that h igh e n e r g y e l e c t r o n s can be i n j e c t e d in to a t h i n l u m i n e s c e n t f i l m s 

f r o m a r e v e r s e b i a s e d p - n j u n c t i o n . H o w e v e r , i n s u f f i c i e n t w o r k has yet 

been c o m p l e t e d to show c o n c l u s i v e l y w h e t h e r t h i s e l e c t r o n i n j e c t i o n c a n 

r e s u l t i n the e x c i t a t i o n of a l um inescen t c e n t r e w i t h i n the f i l m . 

8. 2 F u r t h e r R e s e a r c h R e q u i r e d 

The model p r o p o s e d in C h a p t e r 6 d e s c r i b i n g e l e c t r o n i n j e c t i o n 

f r o m m i c r o p l a s m a s in to th in i n s u l a t i n g o r l um inescen t f i l m s is at p r e s e n t 

on ly t e n t a t i v e . It has been s h o w n that unde r r e a s o n a b l e assumed c o n d i t i o n s 

the r n i c r o p l a s m a model can e x p l a i n the e x p e r i m e n t a l o b s e r v a t i o n s . In o r d e r , 

to ga in m o r e c o n f i d e n c e in the model it is n e c e s s a r y to m e a s u r e d i r e c t l y 

some of the p a r a m e t e r s w h i c h w e r e e i t h e r e s t i m a t e d o r t aken f r o m o t h e r 

p u b l i s h e d w o r k s . T h e c u r r e n t k n o w l e d g e of m i c r o p l a s m a j is v e r y l i m i t e d . 

T h e ma in o b s e r v a t i o n s have been made w i t h low v o l t a g e ( ^ 25V) b r e a k -
(•>,6) 

down j u n c t i o n s such as d e s c r i b e d by G o e t z b e r g e r . A s a r e s u l t many 

of the d e d u c t i o n s made in the p r e s e n t w o r k a r e based on the b e h a v i o u r of 

m i c r o p l a s m a s f o u n d in th i s type of j u n c t i o n ; v e r y l i t t l e is k n o w n of the 

b e h a v i o u r of m i c r o p l asmas in 100 V b r e a k d o w n j u n c t i o n s . In p a r t i c u l a r 

the dependence of the m i c r o p l a s m a s t u r n - o n and t u r n - o f f p r o b a b i l i t i e s 

w i t h j u n c t i o n b i a s and i l l u m i n a t i o n needs to be m e a s u r e d . It w o u l d a l s o be 

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

j u n c t i o n , in the v o l t a g e b i a s r e g i o n to i n i t i a t e the m i c r o p l a s m a . It s h o u l d 

be p o s s i b l e to b u i l d a measu remen t s y s t e m w h i c h is ab le to d i s t i n g u i s h 

be tween the to ta l p u l s e d c u r r e n t c a r r i e d by the m i c r o p l a s m a s and the 

s teady c u r r e n t c a r r i e d by the r e m a i n d e r of the j u n c t i o n . 

In o r d e r to s i m p l i f y m e a s u r e m e n t s and to make an unamb iguous 

f i t of the data to the model it is n e c e s s a r y to f a b r i c a t e d e v i c e s w i t h a 

l i m i t e d number of m i c r o p l a s m a s : i dea ly they w o u l d have a s i n g l e m i c r o p l a s m a : 

in the c o l l e c t i n g r e g i o n of the metal e l e c t r o d e . It was no ted in C h a p t e r 5 

that the j u n c t i o n s tended to b r e a k d o w n i n i t i a l l y at the i n t e r s e c t i o n of the 

s h a l l o w j u n c t i o n w i t h the g u a r d r i n g , and that t h i s was p r o b a b l y as a r e s u l t 

o f s t r a i n i nduced d e f e c t s . The number of edge m i c r o p l a s m a s might be 

r e d u c e d by i m p r o v e m e n t s in p r o c e s s i n g t e c h n i q u e s , e . g . by r e d u c i n g the 

r a t e at w h i c h the s i l i c o n s u b s t r a t e s a r e pushed in to o r p u l l e d f r o m the hot 

zone of the f u r n a c e . It has a l s o been s h o w n that the number of s t r a i n 
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induced de fec t s c a n be a f f e c t e d by the p e r c e n t a g e of o x y g e n in the c a r r i e r 

gas d u r i n g the i n i t i a l p u s h of the s i l i c o n in to the hot zone o f the f u r n a c e . 

It is thought that s t r a i n i n t r o d u c e d in t h i s p a r t of the p r o c e s s c y c l e is a 

f u n c t i o n of the i n i t i a l g r o w t h r a t e of o x i d e on the s i l i c o n . !t may a l s o be 

p o s s i b l e to r e d u c e the number of d e f e c t s by p r o c e s s i n g w h o l e s i l i c o n s l i c e s 

as s u p p l i e d by the m a n u f a c t u r e r r a t h e r than the s c r i b e d c h i p s used in t h i s 

w o r k . 

The w o r k d e s c r i b e d above is c o n c e r n e d w i t h v a l i d a t i n g the m i c r o -

p lasma i n j e c t i o n m o d e l . In the l o n g e r t e r m the w o r k s h o u l d c o n c e n t r a t e 

on the o r i g i n a l goal of u s i n g h i g h e n e r g y e l e c t r o n i n j e c t i o n to o b t a i n l i gh t 

e m i s s i o n f r o m a t h i n l u m i n e s c e n t f i l m . T h e w o r k d e s c r i b e d in t h i s t h e s i s 

has been s u c c e s s f u l in a c h i e v i n g e l e c t r o n i n j e c t i o n in to both S i C ^ and 

l um inescen t Zn.- .SiO,. : M . T h e e l e c t r o n i n j e c t i o n s t r u c t u r e s h o u l d now be 

i m p r o v e d wi.th a v i e w to o b t a i n i n g a more u n i f o r m i n j e c t i o n and h o p e f u l l y 

e x c i t i n g l i gh t e m i s s i o n in the l um inescen t f i l m . 

One of the m a j o r p r o b l e m s in f a b r i c a t i n g the i n j e c t i o n s t r u c t u r e s 

d i s c u s s e d in the p r e s e n t w o r k was to f o r m the l u m i n e s c e n t f i l m s w h i l e 

m a i n t a i n i n g a j u n c t i o n dep th o f l ess than 1000 A* . T h e w i l l e m i t e r e a c t i o n 

p r o c e s s r e s u l t s in a max imum l u m i n e s c e n c e when f o r m e d at a t e m p e r a t u r e 

g r e a t e r than 900 ° C in a t ime l o n g e r than ten m i n u t e s . If s u c h a r e a c t i o n 

p r o c e s s had been used on the p r e s e n t s t r u c t u r e s it w o u l d have r e s u l t e d in 

a s h a l l o w j u n c t i o n dep th c o n s i d e r a b l y g r e a t e r than 1000 A and hence no 

d e l e c t a b l e e l e c t r o n i n j e c t i o n w o u l d have been o b t a i n e d . T h e p r o b l e m was 

r e s o l v e d as d e s c r i b e d in C h a p t e r 7, by u s i n g a low t e m p e r a t u r e ( 8 5 0 ° C ) , 

wet r e a c t i o n p r o c e s s to f o r m a l um inescen t f i i m . H o w e v e r , the f i l m s 

p r o d u c e d had a l o w e r l u m i n e s c e n t e f f i c i e n c y than those p r o d u c e d by E d w a r d s 

p r o c e s s . The l u m i n e s c e n t f i l m s p r o b a b l y c o n s i s t e d of a f o r m of z i n i c -
i- ( <fQ ) 

Oj thos i I i ca te as r e p o r t e d by P f e i f f e r h o w e v e r , f u r t h e r w o r k on the 

a n a l y s i s of the f i l m s i s r e q u i r e d to c o n f i r m t h i s . B e c a u s e of the l ow e l e c t r o n 

i n j e c t i o n e f f i c i e n c y it w o u l d have been p r e f e r a b l e to use a l um inescen t f i l m 

of the h ighes t l u m i n e s c e n t e f f i c i e n c y . It may be p o s s i b l e to vacuum depos i t 

such a f i l m of w i l l e m i t e but it w o u l d p r o b a b l y r e q u i r e the use of a m u l t i p l e 

s o u r c e e v a p o r a t i o n to o b t a i n a f i l m of the c o r r e c t c o m p o s i t i o n f o r l u m i n e s c e n c e . 

S u c h a sys tem w o u l d have t h e advan tage of n o t d i f f u s i n g in the s h a l l o w 

j u n c t i o n a l t hough a pos t e v a p o r a t i o n anneal might s t i l l be r e q u i r e d to l o c a t e 

t he Mn ions in t he c o r r e c t l a t t i c e s i t e s . A vacuum e v a p o r a t i o n sys tem may 

a l s o have the d i s a d v a n t a g e of p r o d u c i n g a p o o r e r q u a l i t y i n t e r f a c e than is 

f o r m e d in a t he rma l g r o w t h r e a c t i o n . 
A n o t h e r p o s s i b l e s o l u t i o n to t h e p r o b l e m of f o r m i n g w i l l e m i t e o v e r a 
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+ 
s h a l l o w p - n j u n c t i o n w o u l d be to use E d w a r d c- method f o r the f i l m 

r e a c t i o n but to use an n - t y p e i m p u r i t y w i t h a low d i f f u s i o n cons tan t vlo 

f o r m the j u n c t i o n . F o r examp le a r s e n i c has a much l o w e r d i f f u s i o n 

cons tan t than the p h o s p h o r u s i m p u r i t y used in the p r e s e n t w o r k . T h e 

v a l u e of D at 1000 C f o r a r s e n i c i s a p p r o x i m a t e l y 1 0 " J / h 2 c o m ­

p a r e d w i t h a v a l u e of 8 x 10 ~^f*- / h 2 f o r p h o s p h o r u s . ^ ' 0 > w ^ A r s e n i c 

a l so has the advan tage o f h a v i n g an a tom ic r a d i u s w e l l ma tched to the 

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

of an a r s e n i c i m p u r i t y atom i s 1. 18 R and f o r p h o s p h o r u s it i s 1. 1 X, 

these v a l u e s c o m p a r e w i t h a r a d i u s of 1. 17 °A f o r host s i l i c o n a tom. 

(See Ref : Jo^ \ ) U n f o r t u n a t e l y a r s e n i c is not c o m p a t i b l e w i t h the open 

tube d i f f u s i o n methods w h i c h w e r e a v a i l a b l e at the t ime of t h i s w o r k 

and c o u l d not t h e r e f o r e be i n v e s t i g a t e d . Some m o r e r e c e n t w o r k has been 

s t a r t e d in the D e p a r t m e n t u s i n g a s p i n - o n a r s e n i c s o u r c e . 

P r o b a b l y the most a t t r a c t i v e method o f f o r m i n g the s h a l l o w 

j u n c t i o n is to use ion i m p l a n t a t i o n t e c h n i q u e s . T h i s w o u l d have the a d v a n t ­

age of a l l o w i n g the l um inescen t fjWm to be f o r m e d b e f o r e i m p l a n t i n g the 

n - t y p e i m p u r i t y t h r o u g h the f i l m to f o r m the s h a l l o w j u n c t i o n . On l y a 

low t e m p e r a t u r e bake at a p p r o x i m a t e l y 7 0 0 ° C w o u l d be r e q u i r e d to anneal 

out the damage in the s i l i c o n l a t t i c e and to put the i m p u r i t y in to an 

e l e c t r i c a l l y a c t i v e s i t e . It i s not k n o w n what w o u l d be the damage e f f ec t 

of s u b j e c t i n g a l u m i n e s c e n t w i l l e m i t e f i l m to a h igh e n e r g y ion beam of 

a r o u n d 100 K e V . M a y e r et al have o b t a i n e d e l e c t r o n e m i s s i o n in to 

vacuum f r o m s h a l l o w ion i m p l a n t e d j u n c t i o n s . T h e methods emp loyed w e r e 

h o w e v e r c r u d e by p r e s e n t day t e c h n i q u e s and c o n s i d e r a b l e l oss in i n j e c t i o n 

e f f i c i e n c y was found c o m p a r e d w i t h c o n v e n t i o n a l l y p r o d u c e d j u n c t i o n s . T h i s 

l oss of e f f i c i e n c y was p r o b a b l y c a u s e d by j u n c t i o n damage r e s u l t i n g f r o m the 

Cs and Na ion beam a c c e l e r a t e d at 15 -45 K e V . It i s now p o s s i b l e to p r o d ­

uce h i gh q u a l i t y - j u n c t i o n s u s i n g p h o s p h o r u s o r a r s e n i c as the i m p u r i t y . 

The w o r k sugges ted above assumes that w i l l e m i t e is s t i l l c o n s i d e r e d 

by the a u t h o r as the most s u i t a b l e l um inescen t m a t e r i a l f o r the d e v i c e 

s t r u c t u r e s t u d i e d . T h i s r e m a i n s so because a l t h o u g h e p i t a x i a l Z n S g r o w t h 

has been o b t a i n e d on s i l i c o n , the c o n d i t i o n s f o r e l e c t r o l u m i n e s c e n c e a r e 
( (0(> ) 

d i f f i c u l t to a c h i e v e because of the n e c e s s i t y of b i p o l a r r e c o m b i n a t i o n 

and the i n f l u e n c e of i m p u r i t i e s and d e f e c t s in the f i l m s . It was c o n s i d e r e d 

in C h a p t e r 1 that l u m i n e s c e n c e c o u l d be a c h i e v e d in w i l l e m i t e u s i n g 
2+ 

u n i p o l a r d i r e c t impact e x c i t a t i o n of the Mn i o n , thus mak ing it i dea l f o r 

the d e v i c e s t r u c t u r e s t u d i e d . W i l l e r n i t e a l s o has the advan tage of be ing 
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c o m p l e t e l y c o m p a t i b l e w i t h p r e s e n t day s i l i c o n d e v i c e t e c h n o l o g y , as 

has been d e m o n s t r a t e d in th i s t h e s i s . T h e ma in d i s a d v a n t a g e w i t h 

w i l l e m i t e is the p r e s e n c e o f the i n t e r f a c i a l o x i d e f i l m when u s i n g the 

p r e s e n t r e a c t i o n p r o c e s s . 

In a p r a c t i c a l l um inescen t d e v i c e it i s d e s i r a b l e that e l e c t r o n 

i n j e c t i o n s h o u l d be a c h i e v e d f r o m the e n t i r e s h a l l o w j u n c t i o n a r e a . A 

u n i f o r m e m i t t i n g s t r u c t u r e w o u l d a l s o be use fu l in the v e r i f i c a t i o n of 

the e l e c t r o n i n j e c t i o n model s i n c e the a r e a of e m i s s i o n w o u l d be w e l l 

d e f i n e d . T h e d e v i c e p r o c e s s p r o c e d u r e s d e s c r i b e d in t h i s t h e s i s have 

been shown to be u n s u i t a b l e f o r mak ing t a r g e a r e a , de fec t f r e e , j u n c t i o n s . 

It is c o n s i d e r e d that it w o u l d be m o r e p r a c t i c a l to f a b r i c a t e d e v i c e s w i t h 

a s h a l l o w j u n c t i o n d i a m e t e r of a p p r o x i m a t e l y 100 ^ m . M a k i n g smal l a r e a 

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

c o n t r o l l e d m a s k i n g p r o c e d u r e . It w o u l d be r e q u i r e d to be ab le to a l i g n 

s u c c e s s i v e mask s tages w i t h i n a t o l e r a n c e of + 10/K-m. 

Thi is t h e s i s has not c o n s i d e r e d the e f fec t of s u b s t r a t e dop ing on 

the i n j e c t i o n d e v i c e p e r f o r m a n c e . It may be that a l o w e r j u n c t i o n b r e a k ­

down v o l t a g e 10V) w o u l d be m o r e s u i t a b l e in mak ing l a r g e a r e a 

u n i f o r m e m i t t i n g j u n c t i o n s . A l o w e r v a l u e of j u n c t i o n b r e a k d o w n means a 

n a r r o w e r d e p l e t i o n l a y e r w i d t h and hence the p o s s i b i l i t y of a c c e l e r a t i n g 

e l e c t r o n s to e m i s s i o n e n e r g i e s w i t h i n the s c a t t e r i n g mean f r e e p a t h s . In 

o r d e r to a c h i e v e a r e a s o n a b l e i n j e c t i o n c u r r e n t s u c h a d e v i c e w o u l d 

r e q u i r e the a d d i t i o n a l i n j e c t i o n of c a r r i e r s in to the d e p l e t i o n r e g i o n by 
+ 

e i t h e r i n f r a - r e d e x c i t a t i o n o r by a f o r w a r d b i a s e d n - p j u n c t i o n . T h i s 

is a l s o d i s c u s s e d be low . 

T h e p r o b l e m s c a u s e d by d e f e c t s in the j u n c t i o n a r e a on ly become 

a p p a r e n t when ava lanche b r e a k d o w n is used to c r e a t e a p o p u l a t i o n of h igh 

e n e r g y e l e c t r o n s . It was shown in C h a p t e r 5 that i n f r a - r e d i l l u m i n a t i o n 

can be used to c r e a t e e l e c t r o n - h o l e p a i r s in the b u l k s i l i c o n . In a 

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

in to the d e p l e t i o n f i e l d a r e ab le to g a i n s u f f i c i e n t e n e r g y to be i n j e c t e d 

in to the S i O ^ f i l m . In the e x p e r i m e n t d e s c r i b e d in C h a p t e r 5 the d e p l e t i o n 

f i e l d is w e l l be low the c r i t i c a l v a l u e r e q u i r e d f o r a v a l a n c h e b r e a k d o w n 

and hence , l o c a l i s e d enhanced m u l t i p l i c a t i o n does not s i g n i f i c a n t l y i n f l u ­

ence the i n j e c t e d c u r r e n t magn i tude . In such a s i t u a t i o n e l e c t r o n i n j e c t i o n 

is p r o b a b l y o c c u r r i n g f r o m the who le a r e a of the s h a l l o w j u n c t i o n . It w a s 

no ted in the e x p e r i m e n t d e s c r i p t i o n that the i n j e c t e d c u r r e n t magn i tude w a s 

a f u n c t i o n of the i n f r a - r e d i l l u m i n a t i o n i n t e n s i t y . H o w e v e r , the maximum 

i n t e n s i t y a v a i l a b l e f r o m the i n f r a - r e d s o u r c e w a s i n s u f f i c i e n t to a c h i e v e a 

h i g h i n j e c t i o n c u r r e n t l e v e l . 
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To i n c r e a s e the i n j e c t e d c u r r e n t d e n s i t y an i m p r o v e d i n j e c t i o n 

s t r u c t u r e can be d e v i s e d w h i c h uses a f o r w a r d b i a s e d p - n j u n c t i o n 

b u r i e d beneath the a c c e l e r a t i n g j u n c t i o n i . e . a p - n ~ p - n + s t r u c t u r e as 

shown in F i g . 8. 1. T h e b u r i e d , f o r w a r d b i a s e d , j u n c t i o n w o u l d be the 

e l e c t r o n s o u r c e , r e p l a c i n g the i n f r a - r e d e m i t t e r used e a r l i e r . By 

f o r w a r d b i a s i n g the b u r i e d j u n c t i o n m i n o r i t y c a r r i e r e l e c t r o n s w o u l d 

be i n j e c t e d in to the i n t e r m e d i a t e p - t y p e r e g i o n and d i f f u s e to the d e p l e t i o n 

f i e l d of the s u r f a c e r e v e r s e b i a s e d p - n j u n c t i o n . If the b u r i e d j u n c t i o n is 

p l a c e d w i t h i n an e l e c t r o n d i f f u s i o n l eng th of the s u r f a c e j u n c t i o n , w h i c h is 

e a s i l y done in mak ing p l a n a r t r a n s i s t o r s , i t s h o u l d be p o s s i b l e to o b t a i n 

a h igh dens i t y o f e n e r g e t i c e l e c t r o n s d i r e c t e d t o w a r d s the s i l i c o n s u r f a c e . 

A s t r u c t u r e s u c h as d e s c r i b e d above does not r e l y on an a v a l a n c h i n g 

j u n c t i o n to c r e a t e the p o p u l a t i o n of h i gh e n e r g y e l e c t r o n s , i t i s t h e r e f o r e 

less s u s c e p t i b l e to j u n c t i o n d e f e c t s , and hence r e s u l t s in a m o r e u n i f o r m 

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

be e a s i l y c o n t r o l l e d by means of the f o r w a r d b i a s a p p l i e d to the b u r i e d 

i n j e c t o r . I n v e s t i g a t i o n of t h i s t ype of d e v i c e s h o u l d be a l ong t e r m a im 

of t h e " r e s e a r c h , it does^however, r e q u i r e the f a c i l i t i e s f o r e p i t a x i a l 

g r o w t h w h i c h a r e not a v a i l a b l e in the D e p a r t m e n t . 

8. 3 C o n c l u s i o n 

The w o r k p r e s e n t e d in t h i s t h e s i s has d e m o n s t r a t e d the o c c u r r ­

ence of e l e c t r o n i n j e c t i o n in to t h i n i n s u l a t i n g f i l m s of S i O 0 and l u m i n -
+ z 

escent Zn^S iO^ - .Mn f r o m a s i l i c o n p l a n a r p - n j u n c t i o n . A model of the 

i n j e c t i o n p r o c e s s has been p r e s e n t e d w h i c h is c o n s i s t e n t w i t h the e x p e r i ­

menta l r e s u l t s . It is p r o p o s e d that a m o r e u n i f o r m e l e c t r o n i n j e c t i n g 

s t r u c t u r e c o u l d be made by r e d u c i n g the de fec t l e v e l s d u r i n g p r o c e s s i n g 

and by a l s o r e d u c i n g the j u n c t i o n a r e a . F u r t h e r w o r k is a l s o n e c e s s a r y 

to i n v e s t i g a t e the p r o p e r t i e s of l ow v o l t a g e b r e a k d o w n j u n c t i o n s . A m o r e 

s o p h i s t i c a t e d e l e c t r o n i n j e c t i o n d e v i c e is d e s c r i b e d w h i c h s h o u l d a l l o w a 

h igh dens i t y of e l e c t r o n i n j e c t i o n w h i l e o p e r a t i n g the a c c e l e r a t i n g j u n c t i o n 

be low a v a l a n c h e b r e a k d o w n v o l t a g e . T h i s d e v i c e w o u l d be m o r e d i f f i c u l t 

to make but f a r l e s s s e n s i t i v e to p r o c e s s i nduced d e f e c t s . 

It i s c o n c l u d e d that w i l l e m i t e is s t i l l one of the best l um inescen t 

m a t e r i a l s f o r use w i t h a h igh e n e r g y u n i p o l a r i n j e c t i o n s t r u c t u r e . Me thods 

a r e p r o p o s e d f o r the f o r m a t i o n of w i l l e m i t e f i l m s of opt imum l um inescen t 

e f f i c i e n c y w i t h o u t d r i v i n g in the i n j e c t i n g p - n + j u n c t i o n beyond I O O U ' A 

f r o m the s i l i c o n s u r f a c e . T h i s w i l l i n c r e a s e the p r o b a b i l i t y of a h i gh 

e n e r g y e l e c t r o n e n t e r i n g the w i l l e m i t e and mak ing a r a d i a t i v e c o l l i s i o n . 
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A P P E N D I X 1 

I M P U R I T Y D I F F U S I O N P R O F I L E S 

A 1 . 1 G e n e r a l E q u a t i o n 

In th i s s e c t i o n we sha l l c o n s i d e r the one d imens iona l s o l u t i o n 

to F i c k ' s l aws d e s c r i b i n g i s o t r o p i c d i f f u s i o n . 

F i c k ' s f i r s t law s t a t e s : -

J = - D V N, (( A 1 . 1 )) 

w h e r e J is the f l u x dens i t y of d i f f u s i n g atoms 

N is the c o n c e n t r a t i o n o f d i f f u s i n g atoms 

D is the d i f f u s i o n c o e f f i c i e n t . 

F o r the one d imens iona l case 

J = - D _^__N ( ( A 1 2 ) ) 

O x 

I f we c o n s i d e r mass c o n t i n u i t y t h r o u g h a sma l l e lement o f a s o l i d 

and i f m a t e r i a l i s n e i t h e r f o r m e d o r los t in t h i s e lement it can be shown that 

h N = _ ^ J 

h t ^ 

h N 

b t 

x 
(( A1 .3 ) ) 

(( A1 .4 ) ) 

If D is assumed to be cons tan t 

^ N __ D c> N 
v ( (A1 .5 ) ) 

x 
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By c o n s i d e r i n g c e r t a i n l i m i t i n g b o u n d a r y c o n d i t i o n s i t is p o s s i b l e to o b t a i n 

s o l u t i o n s to ( A l . 5) . Some of these s o l u t i o n s w i l l be g i v e n be low w h e r e they 

a r e a p p l i c a b l e to the w o r k c o n t a i n e d in th i s t h e s i s . 

A 1 . 2 T h e D e p o s i t i o n S t a g e 

In th i s s i t u a t i o n a s i l i c o n w a f e r i s in t h e r m a l e q u i l i b r i u m w i t h a 

c a r r i e r gas c o n t a i n i n g a cons tan t p a r t i a l v a p o u r p r e s s u r e of the r e q u i r e d 

dopent . A c c o r d i n g to H e n r y ' s L a w the s u r f a c e c o n c e n t r a t i o n o f the i m p u r i t y 

w i t h i n the s o l i d is p r o p o r t i o n a l to the p a r t i a l p r e s s u r e o f the i m p u r i t y w i t h i n 

the gas , up to the s o l i d s o l u b i l i t y . T o a f i r s t a p p r o x i m a t i o n we can neg lec t 

the t ime taken f o r an e q u i l i b r i u m s i t u a t i o n to a r i s e be tween the gas and the 

s i l i c o n and c o n s i d e r the s u r f a c e c o n c e n t r a t i o n to be cons tan t t h roughou t the 

d e p o s i t i o n s t a t e . 

T h u s M C x > o , 1-o) - O 
Ni%- = O , x?o) - No 

A l . 3 T h e D r i v e - l n S t a g e 

In th i s w o r k the d e p o s i t i o n is f o l l o w e d by a f u r t h e r d i f f u s i o n in an 

o x i d i s i n g ambient such that the to ta l number of i m p u r i t i e s w i t h i n the s i l i c o n 

r e m a i n s cons tan t . 

T h u s : b N = O 
d x 

T h e i n i t i a l s t a te f o r the d r i v e - i n d i f f u s i o n is set by the d e p o s i t i o n d i f f u s i o n . 

x N (x , o) = ( ^ e ^ ^ 

A c l o s e d a n a l y t i c a l s o l u t i o n to ( A l . 5) u n d e r these c o n d i t i o n s has not been 

o b t a i n e d . A p p r o x i m a t i o n s c a n be made h o w e v e r , and n u m e r i c a l s o l u t i o n s 

a r e p o s s i b l e . 

A l . 4 S t e p J u n c t i o n A p p r o x i m a t i o n 

If a s tep j u n c t i o n a p p r o x i m a t i o n is made f o r the e r r o r J u n c t i o n 

d e p o s i t i o n d i s t r i b u t i o n , a s o l u t i o n of ( A l . 5) c a n be o b t a i n e d w h i c h ho lds i f 

= d i f f u s i o n cons tan t f o r D r i v e in w h e r e D ^ = d i f f u s i o n cons tan t f o r 
t^ = t ime of D r i v e - i n 
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T h u s : - a N = o 

N (;o£>,t)= 0 

N ( x , o ) = N 

0 
0^ 3c < k 

w h e r e h < < x j 

The s o l u t i o n to ( A l . 5) is then g i v e n by 

NCx,t) = Q exp(.-*V*»Q, O ( ( A 1 . 7 ) ) 

/ T T B 7 2 

w h e r e Q is the to ta l number of i m p u r i t i e s w i t h i n un i t a r e a of the s i l i c o n 

(Al - 7 ) can be r e w r i t t e n a s , 

N (x , t) = N 0 exp ( - x 2 / 4 D 2 t 2 ) 

O r in t e r m s of the sheet r e s i s t a n c e of the d i f f u s e d l a y e r , 

I 

w h e r e is the sheet r e s i s t a n c e in JL/ Q 

( ( A 1 8 ) ) 

(( A 1.9)) 

is the a v e r a g e e l e c t r o n m o b i l i t y in d i f f u s e d l a y e r tr\ c m / v s « - c 

q is the c h a r g e on an e l e c t r o n in c o u l o m b s 

Thus . N(X) = 

y D 2 T 2 I R 

exp ( - x Z / 4 D 2 t 2 ) ( ( A l . 10)) 

A 1. 5 N u m e r i c a l S o l u t i o n 

In the s h a l l o w d i f f u s i o n J D t £z J D „ t and in t h i s case 
(77) 

equa t i on ( A l . 7) is not a p p l i c a b l e . Kennedy and Mwr ley have o b t a i n e d 

a n u m e r i c a l s o l u t i o n to the two s tep d i f f u s i o n p r o b l e m w h e r e the d i s t r i b u t i o n 

a f t e r the d e p o s i t i o n s tage is g i v e n by , 

N ( x , o) = N 0 e r f c ( x / 2 / D , ^ ) 

A g r a p h i c a l r e p r e s e n t a t i o n of the s o l u t i o n is g i v e n in F i g . (3 . 2) f o r the 

d i f f u s i o n encoun ted in the f a b r i c a t i o n of the s h a l l o w j u n c t i o n ^ 

ES1& vv- 5 x 1 0 ^v. 

w h e r e N,_, is the b a c k g r o u n d s u b s t r a t e dop ing 



- 92 -

Thus f r o m the g r a p h F i g . (3. 2) 

x j = ( H / D ^ ) ( A 1 . 1 1 ) ) 

It must be emphas i sed , h o w e v e r , that t h i s s t i l l on l y an o r d e r o f magn i tude 

s o l u t i o n . No account has been taken f o r the t ime r e q u i r e d f o r the s i l i c o n 

to r e a c h t he rma l e q u i l i b r i u m w i t h the c a r r i e r gas , o r the r e d i s t r i b u t i o n 

o f impuri:tj ' ies d u r i n g d i f f u s i o n , o r the dependence of the d i f f u s i o n c o e f f i c i e n t 

on the i m p u r i t y c o n c e n t r a t i o n and o x i d e g r o w t h r a t e , a l l o f w h i c h may 

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



- 93 -

A P P E N D I X 2 

P H O T O - L I T H O G R A P H I C P R O C E D U R E S 

A 2 . 1 G e n e r a l P r o c e d u r e 

In th i s w o r k S h i p l e y A Z 1350 p o s i t i v e w o r k i n g photo r e s i s t was used 

t h roughou t . T h i s had the advan tage o v e r o t h e r t ypes in that i t c o u l d be 

e a s i l y r emoved in ace tone , o r i f baked , in an a l k a l i r e m o v e r . O t h e r 

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

f i l m s . 

S h i p l e y A Z 1350 r e s i s t is s u p p l i e d r e a d y f o r use w i t h o u t the need f o r 

t h i n n i n g . It was a p p l i e d d i r e c t l y on to the o x i d i s e d s i l i c o n s u r f a c e f r o m a 

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

s i l i c o n was baked above 120°C to r e n d e r the s u r f a c e f r e e f r o m a l l t r a c e s 

of a b s o r b e d w a t e r w h i c h c o u l d r e s u l t i n poo r a d h e s i o n and hence u n d e r ­

c u t t i n g . It was found to be d e s i r a b l e that t h i s b a k i n g shou ld take p l a c e in 

an a tmosphe re o f d r y n i t r o g e n . If t h i s was not done , i ncomp le te devebop -

ment of the r e s i s t c o u l d somet imes r e s u l t , l e a v i n g a t h i n f i l m of r e s i s t in 

the p a t t e r n a r e a s . T h e b a k i n g c o u l d be o m i t t e d i f the r e s i s t was spun on 

w i t h i n f i f t e e n m inu tes of the s i l i c o n l e a v i n g a f u r n a c e . W h e r e p o s s i b l e 

o x i d a t i o n t r e a t m e n t s f i n i s h e d w i t h a f i f t e e n m inu te p e r i o d in d r y n i t r o g e n . 

A r e s i s t f i l m of about 5, 000 X was f o r m e d on the o x i d i s e d s i l i c o n 

s u r f a c e by s p i n n i n g the s i l i con at a cons tan t r o t a t i o n speed of 4 , 000 r. p. m. 

f o r t h i r t y seconds . A s p i n n e r i n c o r p o r a t i n g a vacuum chuck was d e s i g n e d 

f o r th i s p u r p o s e by the au tho r as shown in F i g . A 2 . 1. It was found to be 

p r e f e r a b l e to set the s p i n n e r r o t a t i n g b e f o r e the r e s i s t was a p p l i e d . A n 

a l t e r n a t i v e method was to f l ood the s i l i c o n w i t h r e s i s t and then to s p i n o f f 

the s u r p l u s . T h i s was found to r e s u l t i n a c o n s i d e r a b l e b u i l d - u p of r e s i s t 

at the s i l i c o n edges c a u s i n g the masks to be out of con tac t g i v i n g poo r image 

d e f i n i t i o n in the r e s i s t . F o l l o w i n g a p p l i c a t i o n , the r e s i s t was d r i e d f o r ten 

m inu tes at 6 5 ° C . A smal l s t a i n l e s s s tee l oven w h i c h a l l o w e d e v a p o r a t i o n 

of the r e s i s t s o l v e n t s was d e s i g n e d f o r t h i s p u r p o s e by the a u t h o r . 

T h e p a t t e r n to be e tched in the o x i d e o r w i l l e m i t e f i l m s was d e f i n e d i n 

the p h o t o - r e s i s t by e x p o s u r e to U . V . l i gh t t h r o u g h the in c o n t a c t , e m u l s i o n , 

g l a s s mask. A n a p p a r a t u s enab l i ng the mask to be a l i g n e d w i t h a p a t t e r n 

p r e v i o u s l y e tched in the s i l i c o n s u r f a c e f i l m was a l s o des igned by the a u t h o r 

and is shown s c h e m a t i c l y in F i g . A 2 . 2. T h e r e s i s t image was deve loped by 

i m m e r s i o n in S h i p l e y i o n - f r e e d e v e l o p e r f o r t h r e e m i n u t e s . T h i s was f o l l o w e d 

by a wash in d e i o n i s e d w a t e r and by e x a m i n a t i o n f o r de fec t s under a m i c r o ­

scope . E x c e s s r e s i s t on the back face of the s i l i c o n was r e m o v e d w i t h ace tone . 
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T h i s was i m p o r t a n t in the e t c h i n g s tage . The t h i c k n e s s of o x i d e on the 
back of the s i l i c o n was the same as t h a t - i n the r e g i o n s to be e tched on 
the f r o n t . A c l e a n s i l i c o n s u r f a c e , w i t h o u t o x i d e , i s h y d r o p h o b i c thus 
when the e tchant r u n s o f f the back of the s i l i c o n the e t c h i n g i s c o m p l e t e . 
T h e f i n a l s tage b e f o r e e t ch i ng was to w a s h the s i l i c o n f o r ten m inu tes in 
r u n n i n g d i o n i s e d w a t e r and then to bake the r e s i s t i n o r d e r to i n c r e a s e 
i t s r e s i s t a n c e to the e t chan t . The t ime and t e m p e r a t u r e of the p r e - e t c h 
bake v a r i e d a c c o r d i n g to the type of f i l m to be e tched as d e s c r i b e d in 
S e c t i o n A 2 . 2. S i m i l a r l y the remova l of the r e s i s t depends on the b a k i n g 
t r ea tmen t . 

A 2 . 2 P r e - e t c h B a k i n g and R e s i s t Remova l P r o c e d u r e s 

( i ) The etchant used f o r S i C ^ is a 4:1 s o l u t i o n of N H ^ F : H F . T h i s r e q u i r e s 

that the r e s i s t be baked f o r t h i r t y m inu tes at a t e m p e r a t u r e of 150°C b e f o r e 

e t c h i n g the S i O ^ . 

A f t e r e t c h i n g , the r e s i s t i s best r e m o v e d by b o i l i n g in a 50 :50 s o l u t i o n 

of h ^ S O ^ h ^ C ^ . T h i s a l s o l eaves the s i l i c o n s u r f a c e c l e a n and r e a d y f o r 

the next d i f f u s i o n s tage . 

( i i ) T h e wi 11 emi te f i l m s a r e r e a d i l y a t t a c k e d by a l l a c i d s but a c o n t r o l l e d 

e tch can be o b t a i n e d u s i n g a 10% s o l u t i o n of g l a c i a l a c i d in d e i o n i s e d w a t e r . 

T h i s r e q u i r e s that the r e s i s t be baked f o r twen ty m inu tes at 1 2 0 ° C b e f o r e 

e t ch i ng the w i l l e m i t e . 

It was p o s s i b l e to r emove the r e s i s t i n ace tone a f t e r t h i s bake but the 

use of S h i p l e y i o n - f r e e r e s i s t r e m o v e r at 5 0 ° C was p r e f e r a b l e as t h i s a l s o 

r e m o v e d excess ZnF^ and Z n O . 

( i i i ) A l u m i n i u m ; was bes t ' e tched in a 80:5 s o l u t i o n of H ^ P O ^ H N O ^ . A 

p r e - e t c h bake is not r e q u i r e d . 

R e s i s t r e m o v a l was best a c c o m p l i s h e d us ing ace tone . 

( i v ) W a lum in ium o v e r l a y i n g a w i l l e m i t e f i l m i t was not p o s s i b l e to use 

an a c i d e tch and a s o l u t i o n of 2% N a O H i n d e i o n i s e d w a t e r was used . T h i s 

is a s t r o n g l y a l k o l i ?;r.iuti/~>n a n r i r p - ^ r i i i v a t t a c k s the r e s i s t i f i t is not baked 

on at 150°C f o r t h i r t y m i n u t e s . 

Removal of the r e s i s t was a c c o m p l i s h e d by u s i n g S h i p l e y i o n - f r e e 

r e s i s t r e m o v e r at 5 0 ° C . C a r e was n e c e s s a r y to e s t a b l i s h a min imum remova l 

t ime f o r each ba t ch us ing a p i l o t samp le s i n c e the r e m o v e r can a t t ack the 

a lum in ium w i t h p r o l o n g e d e x p o s u r e . 

Chemica l c o n c e n t r a t i o n s used above : -

H 2 0 2 - 100 v o l s , 29% W. W. 

H 2 S 0 4 - 98% 

H F - 40% s o l u t i o n 

N H 4 F - 40% s o l u t i o n 

HNO - - 69 - 7 1 % W . W . 
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exper imen ta l po in ts l i e on a s t r a i g h t l i ne i nd i ca t ing a d e v i a t i o n f r o m 

the s imp le image f o r c e l o w e r i n g t heo ry at high f i e l d s . F r o m the s lope 

of the s t r a i g h t i i ne p a r t of the piot an es t imate of the e f f e c t i v e t empera tu re 

of the assumed M a x w e l l i a n d i s t r i b u t i o n of e l e c t r o n e n e r g i e s can be obta ined 

and compared w i t h p r e v i o u s w o r k e r ' s r e s u l t s . A va lue of 3. 9 was used f o r 

the d i e l e c t r i c cons tan t f o r s i l i c o n d i o x i d e and a va lue f o r kT e of 0. l 2eV was 
ca l cu l a ted f r o m the s l ope . T h i s is v e r y c lose to the 0. 11eV ca l cu la ted f rom 

(12) 

W o l f f ' s theory of ava lanche b r e a k d o w n is s i l i c o n and to the es t imate of 

0. l 8 e V made by C h y n o w e f h ^ ^ f r o m the r a d i a t i o n em iss ion spec t rum of a 

m ic rop lasma . It i s howeve r l owe r than the est imate of 0. 45eV made by 

B a r t e l i n k ^ ^ and the va lue of 0. 5 eV f r o m Bok and K l i e n ^ " ^ . These values, 

howeve r , come f r o m the d i r e c t measurement of the e n e r g i e s of e l e c t r o n s 

emi t ted into vacuum and t h e r e f o r e r e p r e s e n t the h igh energy ta i l of the 

e l e c t r o n popu la t i on r a t h e r than that of the total ava lanch ing e l e c t r o n p o p u ­

l a t i on . F u r t h e r m o r e , the backg round doping of the bu lk p - t ype s i l i c o n in 
18 3 

B a r t e l i n k ' s and B o k ' s dev i ces was of the o r d e r of 10 / c m . In the p resen t 
15 3 

w o r k the doping was 5 x 1 0 / c m thus g i v i n g a l ower c r i t i ca l f i e l d at b r e a k ­

down. A c c o r d i n g to B a r t e l i n k ' s t heo ry the e f fec t i ve energy of the charge 

c a r r i e r popu la t i on is g i v e n by 
KTe ( ( 6 - 1 3 » 

where _ (opA ( (6 .14) ) 
£ ' ~ - c 

and F . is the f i e l d at ava lanche b r e a k d o w n . 
A 5 

In the p resen t w o r k F . is a p p r o x i m a t e l y 3 x 1 0 V / c m compared w i t h 
6 

B a r t e l i n k ' s 10 V / c m . T a k i n g Bar feel inks va lues of r = 3 . 2 , E r = 0 . 063eV, 
1 = 60 A g i v e s , 

k T e = 0. 1 1 eV 

It is conc luded t h e r e f o r e that the va lue of 0. 12 eV d e r i v e d f r o m the p resen t 

r e s u l t s is c o n s i s t e d t w i t h the best ava lanche t heo r i es . 

We now t u r n to the s i t u a t i o n at h igher ox ide f i e l d s . It is apparen t 

f r o m F i g . 6. 2, that f o r f i e l d s g r e a t e r than 1. 4 x 10 V / c m the in jec ted ox ide 

c u r r e n t no longer f o l l o w s a l i n e a r r e l a t i o n s h i p w i t h / F T X ). T h i s can be 

i n t e r p r e t e d as a d e v i a t i o n away f r o m a dependence on the image f o r c e l o w e r i n g 

of the b a r r i e r to one in w h i c h the ox ide c u r r e n t is i n c r e a s i n g l y dominated by 

e l e c t r o n t unne l l i ng t h rough the b a r r i e r . 

The t r a n s m i s s i o n c o e f f i c i e n t of an e l e c t r o n th rough a t r i a n g u l a r 

b a r r i e r has been c o n s i d e r e d by F o w l e r and Nordhe im who show that i f , 
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a l a rge emi t t i ng a r e a and a d e p l e t i o n f i e l d d i r e c t e d n o r m a l , t owa rds the 

s u r f a c e , lead ing to a h i ghe r i n j ec ted e f f i c i e n c y . 

3 . 2 impur i t y P r o f i l e s and Junc t i on B r e a k d o w n 

The r e v e r s e vo l t age at w h i c h a p lana r p -n j unc t i on b r e a k s down 
(7<r) 

has been shown by A r m s t r o n g to be dependent on the depth of d i f f u s i on . 

T h i s is a r e s u l t of the edge c u r v a t u r e of the j u n c t i o n . The s h a l l o w e r a 

j u n c t i o n i s , the s m a l l e r the r a d i u s of c u r v a t u r e and the h igher the l oca l i sed 

f i e l d caus ing edge b r e a k d o w n . Edge b reakdown can be p r e v e n t e d by d i f f u s ­

ing a deep g u a r d r i n g a round fehe.-shallow r e g i o n ( F i g . 3. 3) . Because of the 

depth of the g u a r d r i n g the j u n c t i o n f i e l d is not i n c r e a s e d by the geometry 

and the b r e a k d o w n vo l t age app roaches that of a p lane j u n c t i o n , dependent 

on ly on the dop ing c o n c e n t r a t i o n p r o f i l e . F o r an abrupt j u n c t i o n the 

b r e a k d o w n vo l tage is c o n t r o l l e d by the backg round i m p u r i t y c o n c e n t r a t i o n . 

H o w e v e r , p l ana r d i f f u s e d j u n c t i o n s a r e not usua l ly abrup t and the b reakdown 

vo l t age is a l so a f u n c t i o n of the i m p u r i t y c o n c e n t r a t i o n g rad ien t at t he ju r c t i on 

b o u n d a r y . ( F i g . 3. 1) W i t h a p p r o p r i a t e des ign it has been p o s s i b l e to 

a r r a n g e the g u a r d r i n g b r e a k d o w n to o c c u r at a h igher vo l tage than the 

s h a l l o w l aye r so that c o n t r o l l e d ava lanch ing is poss ib l e . 

Append ix 1 c o n s i d e r s the mathemat ica l e x p r e s s i o n s f o r these 

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

F r o m Equa t i on A 1 . 8 the c o n c e n t r a t i o n g rad ien t f o r a Guass ion 

d i s t r i b u t i o n is g i ven b y : -

a N _ - x . ( N ( x . t)) 
x , t 2Dt 

w h e r e N is the i m p u r i t y c o n c e n t r a t i o n at depth x a f t e r a d i f f u s i o n t ime t. 

D is the a p p r o p r i a t e d i f f u s i o n c o e f f i c i e n t . 

At the j u n c t i o n bounda ry , 

Patt/ncj IN = a , - X j N o / ^ D t (ft O) 

coUe. re = Subytra.te Jop/o^ 

r o w E c ^ a t i o * (UY\ • 10)) 
((3 • X)) 


