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ABSTRACT 

S e v e r a l a s p e c t s o f breakdown and c h a r g e t r a p p i n g i n S i l i c o n 
d i o x i d e ( S Ì O 2 ) have been s t u d i e d . F i r s t l y , the l o c a t i o n s o f c h a r g e 
t r a p p e d i m m e d i a t e l y p r i o r t o breakdown and o f d e f e c t s c r e a t e d under 
t h e h i g h f i e l d s t r e s s were e s t a b i i s h e d u s i n g the p h o t o I -V and 
a v a l a n c h e i n j e c t i o n t e c h n i q u e s . B o t h p o s i t i v e and n e g a t i v e c h a r g e was 
f o u n d and i n a l i cases c h a r g e b u i l d - u p unde r h i g h f i e l d c o n d i t i o n s was 
a t t h e i n t e r f a c e s , no t i n t h e b u l k o f the S i O j . E l e c t r o n t r a p 
c r é a t i o n o c c u r r e d p r e d o m i n a n t l y nea r t o t h e n o n - i n j e c t i n g i n t e r f a c e , 
^bd» the t o t a l charge w h i c h can be i n j e c t e d p r i o r t o b r e a k d o w n , was 
examined under d i f f é r e n t c u r r e n t i n j e c t i o n c o n d i t i o n s . I t was f o u n d 
t o be s t r o n g l y dépendent on t h e d u t y c y c l e , t h e t e m p e r a t u r e and t h e 
g a t e é l e c t r ode and t o v a r y as 1 / E Q X , where E o x i s t h e a ve rage 
f i e l d a c r o s s t h e o x i d e . The W e i b u l l d i s t r i b u t i o n was f o u n d t o 
d e s c r i b e w e l l the s t a t i s t i c s o f breakdown i n b o t h wea rou t and 
d i e l e c t r i c s t r e n g t h measurements . I t was shown t h a t t h e W e i b u l l 
P a r a m e t e r s a and b have t h e same v a l u e s w h i c h e v e r o f t h e s e methods i s 
u s e d t o measure them. The breakdown mechanism i s p r o b a b l y t h e same i n 
b o t h wearout and d i e l e c t r i c s t r e n g t h measuremen ts , t h e r e f o r e . 

Ox i d e dégradat ion was a l s o examined unde r t h e l e s s s e v e r e 
c o n d i t i o n s o f b i a s - t e m p e r a t u r e s t r e s s ( B T S ) . I t was shown, u s i n g 
a v a l a n c h e h o l e i n j e c t i o n b e f o r e and a f t e r n e g a t i v e BTS , t h a t t h e 
p o s i t i v e charge g e n e r a t e d d u r i n g n e g a t i v e BTS i s due t o t r a p p i n g o f 
h o l e s i n i n t r i n s i c h o l e t r a p s . T h i s i s a c compan i ed by i n t e r f a c e s t a t e 
g e n e r a t i o n a c r o s s the who le band g a p . The d e n s i t y o f t h e s e s t a t e s i s 
l i n e a r l y p r o p o r t i o n a l t o t h e number o f h o l e s t r a p p e d . On subséquent 
a p p l i c a t i o n o f a p o s i t i v e BTS , the h o l e s were a l l d e t r a p p e d o r 
n e u t r a l i s e d . A t t h i s t i m e a peak a l s o appea r ed i n t h e i n t e r f a c e s t a t e 
d e n s i t y a t - 0 . 2 eV above m i d g a p . T h i s may be due t o a r e d i s t r i b u t i o n 
o f p r e v i o u s l y g e n e r a t e d s t a t e s r a t h e r t h a n t o t h e c r é a t i o n o f new 
s t a t e s . The cha rge pumping t e c h n i q u e was used t o show t h a t t h e peak 
i s i n f a c t due t o i n t e r f a c e s t a t e s and n o t t o l a t e r a l n o n - u n i f o r m i t i e s 
i n the s u r f a c e p o t e n t l a l . 
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CHAPTER ONE: 

INTRODUCTION 

Amorphous s i l i c o n d i o x i d e ( S i 0 2 ) i s w i d e i y u s e d a s an i n s u l a t o r 

i n i n t e g r a t e d c i r c u i t s because o f i t s h i g h d i e l e c t r i c s t r e n g t h and I t s 

r e í a t i v e ea3e o f f o r m a t i o n w i t h i n p l a n a r s i l icón p r o c e s s i n g 

t e c h n o l o g y . I t a l s o f i n d s a p p l i c a t l o n s as a s u r f a c e pass i va t í on l a y e r 

and a3 a d i f f u s i o n b a r r i e r d u r i n g t h e d o p i n g o f s i l i c o n . T h e r m a l l y 

grown SÍO2 has the b e s t c h a r a c t e r i s t i c s f o r e l e c t r i c a l i s o l a t i o n 

p u r p o s e s and t h i s i s g e n e r a l l y u s e d i n a c t i v e áreas s u c h as f o r t h e 

g a t e d i e l e c t r i c o f an EAROM ( E l e c t r i c a l l y A l t e r a b l e Read O n l y Memory) 

o r o f a MOSFET ( M e t a l O x i d e S e m i c o n d u c t o r F i e l d E f f e c t T r a n s i s t o r ) 

where r e l a t i v e l y h i g h e l e c t r i c f i e l d s a r e l i k e l y t o be e n c o u n t e r e d . 

F i g u r e 1.1 shows a s i m p l i f i e d díagrara o f an n - c h a n n e l 

(enhancement mode) MOSFET i l l u s t r a t i n g the r o l e o f S i 0 2 i n t h e 

opé ra t i on o f the d e v i c e . I n s e t i s t h e s ímpler MOS c a p a c i t o r s t u c t u r e . 

BASE 

F i g u r e 1.1 N - c h a n n e l enhancement mode MOSFET and MOS c a p a c i t o r . 

- 1 -



INTRODUCTION 

The e l e c t r l c f i e l d a t the S l - S i 0 2 i n t e r f a c e i s c o n t r o l i e d by t h e b i a s 

a p p l i e d t o the g a t e and t h e p r o p e r t i e s o f the Channel, a l a y e r i n t h e 

S i l i c o n a d j a c e n t t o t h e i n t e r f a c e , a r e t h e r e b y d e t e r m i n e d . A t z e r o 

g a t e b i a s t h i s r é g i on i s p - t y p e and does no t c o n d u c t . No c u r r e n t w i l l 
f l o w between s o u r c e and d r a i n a l t h o u g h t h e r e i s a v o l t a g e d rop between 

them. However , when t h e v o l t a g e a p p l i e d t o the g a t e e x c e eds a c e r t a i n 

t h r e s h o l d l e v e l , V T , t h e C h a n n e l r ég i on become3 i n v e r t e d t o n - t y p e . 

T h u s , t h e r e i s now a c o n d u c t i n g l a y e r a l l o w i n g c u r r e n t t o f l o w between 

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

The number o f t r a n s i s t o r s i n an MOS i n t e g r a t e d c i r c u i t ( IC ) has 

i n c r e a s e d e x p o n e n t l a l l y s i n c e i 9 6 0 ( F i g . 1 . 2 , c u r v e ( a ) ) . A l t h o u g h t h e 

r a t e o f g rowth has s l o w e d down o v e r r e c e n t y e a r s , e x t r a p o l a t i o n f rom 

p a s t t r e n d s s t i l l s u g g e s t s t h a t a one megab i t memory c h i p ( i . e . one 

m i l l i o n d e v i c e s per I C ) w i l l be i n p r o d u c t i o n b e f o r e 1990 ( 1 ) . T h i s 

i s c e r t a i n l y a r e a l i s t i c e s t i m a t e s i n c e s u c h c i r c u i t s have a l r e a d y 

been made a t r e s e a r c h l e v e l ( 2 , 3 ) . The most i m p o r t a n t f a c t o r i n 

a c h i e Y i n g i n c r e a s e d c o m p l e x i t y i s r éduc t i on of the minimum d e v i c e 

d i m e n s i o n s ( F i g . 1 . 2 , c u r v e (b ) ) ( 4 ) . 

F i g u r e 1.2 (a ) G row th i n number of components per c h i p (1) and 

(b) Minimum d e v i c e d i m e n s i o n s a c h i e v e d s i n c e 1960 ( M ) . 



INTRODUCTION 

S c a l i n g t o s m a l l e r d i m e n s i o n s and the r e s u l t i n g h i g h e r l e v e l o f 

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

speeds and l o w e r s power c o n s u m p t l o n . F o r v e r y l a r g e s c a l e i n t e g r a t i o n 

( V L S I ) , w i t h >105 components per c h i p , h i g h q u a l i t y o x i d e l a y e r s o f 

between 10 and 50 nm a r e r e q u i r e d f o r t h e g a t e i n s u l a t o r . I t i s t h e 

p r o p e r t i e s o f t h e s e t h i n t h e r m a l l y g rown S i 0 2 l a y e r s t h a t w i l l be 

c o n s i d e r e d i n the présent w o r k . 

S e v e r a l conséquences f o r the S i 0 2 l a y e r a r i s e f rom d e v i c e 

s c a l i n g . To b e g i n w i t h , some p r o p e r t i e s o f t h e o x i d e may change as 

i t s t h i c k n e s s i s r e d u c e d . Fo r e x a m p l e , an advantage o f t h i n o x i d e s i s 

t h a t t h e maximum breakdown f i e l d i n c r e a s e s w i t h d e c r e a s i n g t h i c k n e s s 

( 5 , 6 ) . On t h e o t h e r hand d e f e c t d e n s i t i e s ( 7 ,8 ) and i n t e r f a c e t r a p 

d e n s i t i e s (9 ) have been r e p o r t e d t o i n c r e a s e t h u s r e d u c i n g d e v i c e 

r e l i a b i l i t y . The d i e l e c t r i c c o n s t a n t a l s o seems t o be d i f f é r e n t f o r 

v e r y t h i n o x i d e l a y e r s ( 9 , 1 0 ) . F u r t h e r m o r e , t h e v o l t a g e u s e d f o r 

opé ra t i on i s o f t e n no t s c a l e d l i n e a r l y w i t h the o x i d e t h i c k n e s s so 

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

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

e l e c t r i c a l breakdown o c c u r r i n g d u r i n g opé ra t i on d e s p i t e t h e r e d u c e d 

f i e l d s e n s i t i v i t y o f t h i n o x i d e s . T h e r e i s a l s o a g r e a t e r chance o f 

e n e r g e t i c é l e c t r o n s (or h o l e s ) b e i n g i n j e c t e d i n t o t h e o x i d e f r om the 

C h a n n e l and becoming t r a p p e d a t d e f e c t s i t e s or g e n e r a t i n g new d e f e c t s 

i n t h e o x i d e . More r a p i d dégradat ion o f the d e v i c e c h a r a c t e r i s t i c s 

may t h e n r e s u i t . A s p e c t s o f a l l t h e l a t t e r p r o b l e m s , b r e a k d o w n , 

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

o f t h i s w o r k . 

Mos t measurements have been c a r r i e d ou t on MOS c a p a c i t o r s r a t h e r 

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

o f the t r a n s i s t o r ( i n s e t F i g . 1 . 1 ) and r e q u i r e s f ewer p r o c e s s i n g s t e p s 

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

o x i d e l a y e r . 
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INTRODUCTION 

1.1 The HOS capac i top . 

The ene rgy band d i a g r a m o f an MOS e a p a c i t o r w i t h an a l u m i n i u m 

gâ t e é l e c t r ode i s shown i n F i g . 1 . 3 . The p h y s i c s o f t h i s d e v i c e i s 

d i s c u s s e d e x t e n a i v e l y i n r é f é r ence ( 1 1 ) . C o n d u c t i o n i s l i m i t e d by t h e 

h e i g h t o f t h e energy b a r r i e r f o r e x c i t a t i o n o f é l e c t r ons 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 , mak ing the S i 0 2 an e x c e l l e n t i n a u l a t o r . S i n c e 

the b a r r i e r t o h o l e i n j e c t i o n i s a t l e a s t 1 eV h i g h e r t h a n f o r 

é l e c t r ons t h e r e w i l l be n e g l i g i b l e c u r r e n t due t o h o l e c o n d u c t i o n , 

e s p e c i a l l y as the h o l e m o b i l i t y i s a l s o v e r y l ow i n S i 0 2 (2 x 10~^ 

c m 2 / V s ) . 

Em o=3.20eV 

F,Al 

0 h - , E s 0 = 4 . 3 5 e V 

. r " EF.SI 
T 

u E s|.leV 

n-Si 

F i g u r e 1.3 Energy band d i a g r a m o f an MOS e a p a c i t o r w i t h an 

a l u m i n i u m g a t e e l e c t r o d e ( a f t e r ( 1 1 ) . ) 

When the g a t e i s c o n n e c t e d t o the S u b s t r a t e an i n t e r n a l e l e c t r i c 

f i e l d i s m a i n t a i n e d aa a r e s u l t o f the d i f f e r e n c e i n t h e work 

f u n e t i o n s o f a l u m i n i u m and S i l i c o n . T h i s work f u n e t i o n d i f f e r e n c e , 

$ m 3 , i s g i v e n by : 

ms E mo ' E s o + Eg/2 + q * b 
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where E m o and E s o a r e t h e ene r gy b a r r i e r a a t the m e t a l and S i l i c o n 
i n t e r f a c e s r e s p e c t ! v e l y . E g i s the bandgap and <J>b, t h e Fe rm i l e v e l 

i n t h e S i l i c o n b u l k . The sum o f the band b e n d i n g a t t h e s u r f a c e and 

the F e r m i l e v e l , ij)g + $ b , i s the e l e c t r o s t a t i c p o t e n t i a l at the 

s u r f a c e o r the s u r f a c e p o t e n t i a l , <t>3. I f a ga t e v o l t a g e i s a p p l i e d 

t o the d e v i c e s u c h t h a t the band b e n d i n g i s z e r o , t h e s o - c a l l e d 

f l a t b a n d c o n d i t i o n i s a t t a i n e d and t h e a p p l i e d v o l t a g e i s known as the 

f l a t b a n d v o l t a g e ( V f b ) . 

A l t h o u g h the energy b a r r i e r a t o c o n d u c t i o n a r e h i g h , once 

é l e c t r ons e n t e r t h e o x i d e c o n d u c t i o n band t h e y a r e q u i t e m o b i l e 

( - 20cm 2 /Vs a t room t e m p e r a t u r e ) and can f l o w under t h e i n f l u e n c e o f 

an e l e c t r i c f i e l d . A t f i e l d s i n exces3 o f -6MV/cm s i g n i f i c a n t 

e l e c t r o n i n j e c t i o n may o c c u r due t o F o w l e r - N o r d h e i m (F -N ) t u n n e l i n g 

( 1 2 ) . E l e c t r o n s f rom the m e t a l o r s t l i c o n c o n d u c t i o n bands can t u n n e l 

t h r o u g h t h e t r i angu l ä r b a r r i e r a t t h e i n t e r f a c e w h i c h becomes n a r r o w e r 

as the f i e l d i s i n c r e a s e d ( F i g . 1 . 4 ) . 

electron 
energy 

metal 

S i 0 2 

F-N current 

distance 

wììwmmmtìmmt 

p-Si 

F i g u r e 1.4 F-N t u n n e l i n g i n t o t h e S i 0 2 c o n d u c t i o n b a n d . 
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Q u i t e h i g h c u r r e n t s may f l o w (up t o -60A/cm 2 ) b e f o r e t h e o x i d e b r e a k s 

down. As 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 however d e s t r u c t i v e breakdown 

e v e n t u a l l y o c c u r s . T h i s i s c h a r a c t e r i s e d by a sudden i n c r e a s e i n 

c u r r e n t and l o s s o f the i n s u l a t i n g p r o p e r t i e s o f the S i 0 2 s o t h a t 

e v en when the a p p l i e d f i e l d i s l o w e r e d h i g h l e a k a g e c u r r e n t s f l o w . A 

t y p i c a l I -V c u r v e measured on c a p a c i t o r J on wa fe r JN1 and 

i l l u s t r a t i n g F -N t u n n e l i n g and breakdown i s d i s p l a y e d i n F i g . 1 . 5 . 

log J[A/cm'] 

31nm oxide on n -Si 
Area = 8x10"5 cm1 

breakdown 

6 8 10 
Electrical field (MV/cm) 

12 

F i g u r e 1.5 I~V c u r v e f o r an MOS c a p a c i t o r s h o w i n g t h e d i s p l a c e m e n t 

c u r r e n t , F - N t u n n e l i n g c u r r e n t and b reakdown . 

1 .2 Breakdown o f S 1 0 2 l a y e r s . 

Breakdown has l a r g e l y been s t u d i e d by means o f two t y p e s o f 

e x p e r i m e n t . I n a t ime dépendent d i e l e c t r i c breakdown (TDDB) o r 

wearout measurement , a c o n s t a n t v o l t a g e ( 1 3 ) o r c o n s t a n t c u r r e n t ( 8 ) 

s t r e s s i 3 a p p l i e d and t h e t i m e t o breakdown m e a s u r e d . T y p i c a l l y a 

b imoda l d i s t r i b u t i o n i s f o u n d ( F i g . 1 . 6 ) . The e a r l y d e v i c e f a i l u r e s 

a r e due t o e l e c t r i c a l l y a c t i v e d e f e c t s i n t h e o x i d e w h i c h a l l o w a 
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c o n d u c t i n g pathway t o form more r e a d i l y on a p p l i c a t i o n o f a b i a s . 

C o n s t a n t v o l t a g e wearout measurements a r e f r e q u e n t l y used t o a s s e s s 

the r e l i a b i l i t y o f S i 0 2 l a y e r s under d e v i c e w o r k i n g c o n d i t i o n s . 

E x t r a p o l a t i o n may be made f rom t e s t c o n d i t i o n s u s i n g e l e v a t e d f i e l d s 

and températures t o the n o r m a l o p e r a t i n g s i t u a t i o n ( 1 4 ) . 

50 r 
percentage of breakdowns 

30 

20 

10 

I 
\ 

Wafer T9 - cap. tt 

d „ = 21 nm 

V9 = 8.5 MV/tm 

Early fallures Main population 

J i I . L I • ' i _ l L\. 
.1 .2 .3 .4 .5 

Time , secs 

.8 .9 1 

F i g u r e 1.6 Example o f a b i m o d a l d i s t r i b u t i o n t y p i c a l l y o b s e r v e d 

f o r TDDB o f MOS c a p a c l t o r s . 

A n o t h e r t y p e o f expe r tment commonly used t o examine o x i d e 

i n t e g r i t y i s the d i e l e c t r i c s t r e n g t h measurement . Here a f a s t v o l t a g e 

ramp i s a p p l i e d t o e a c h o f a number o f c a p a c l t o r s and t h e f i e l d a t 

wh i ch breakdown o c c u r s i s m e a s u r e d . A s t a t i s t i c a l l y v a l i d s a m p l e 

s i z e , u s u a l l y £100 d e v i c e s , i s t a k e n and t h e r e s u l t s a r e p r e s e n t e d i n 

t h e form o f a h i s t o g r a m . ( T h i s e x p e r i m e n t i s somet imes r e f e r r e d t o as 

a ' b r eakdown* measurement . We s h a l l however r e s e r v e t h e t e rm 

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

b o t h wearout and d i e l e c t r i c s t r e n g t h measuremen t s . ) Breakdown i s 

u s u a l l y d e f i n e d i n a d i e l e c t r i c s t r e n g t h measurement as t h e e x c e e d i n g 
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o f a c e r t a i n p r e s e t c u r r e n t . I n o r d e r f o r t h i s t o be a v a l i d 

d é f i n i t i o n , the c u r r e n t must be chosen c a r e f u l l y t o e n s u r e t h a t 

i r r é v e r s i b l e f a i l u r e has o c c u r r e d i . e . t h a t i t i s breakdown and no t 

rnere l y t u n n e l i n g i n j e c t i o n w h i c h i s b e i n g o b s e r v e d . Th ree peaks a r e 

f r e q u e n t l y o b s e r v e d i n t h e r e s u l t i n g f a i l u r e d i s t r i b u t i o n ( 1 5 , 1 6 ) . A 

t y p i c a l h i s t o g r a m i s shown i n F i g . 1 . 7 f o r c a p . J o n w a f e r H1 . 

percenrage of 
^ fbreakdowns 

50 

40 

30 

20 

10 

0 

runH : 900°C, dry 0 2 , d „ = 25nm 

340 caps 

E3tertiary breakdowns 
E 3 secondary M 

primary » 

1 

1 

. 1 
4 6 8 10 

Breakdown field (MV/cm) 
12 14 

F i g u r e 1.7 Breakdown h i s t o g r a m show ing the t h r e e peaks commonly 

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

The l ow f i e l d breakdowns ( t e r t i a r y peak ) have been a t t r i b u t e d t o g r o s s 

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

( s e c o n d a r y peak ) a r e most p r o b a b l y c aused by s m a l l e r s c a l e s t r u c t u r a l 

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

been assumed t o r e p r e s e n t i n t r i n s i c breakdown o f the S i 0 2 . However , 

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

o f t h i s peak (17) and t h e i n c r e a s e i n the maximum breakdown f i e l d 

( E b d ( m a x ) ) a c h i e v e d o v e r r e c e n t y e a r s ( 1 8 ) , s u g g e s t t h a t t h i s p o i n t 

may n o t y e t have been r e a c h e d . V e r y s m a l l s c a l e d e f e c t s , pe rhaps 
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b roken bonds o r t r a p p e d c h a r g e s , p r o b a b l y a l s o p l a y a r ô l e i n c a u s i n g 

h i g h f i e l d breakdown and i n d e t e r r a i n i n g t h e l i f e t i m e o f a d e v i c e under 

wearout c o n d i t i o n s . C e r t a i n l y TDDB has been shown no t t o be 

d e t e r m i n e d by t h e o x i d e a l o n e bu t t o be a p r o p e r t y o f t h e 

S K ^ - e l e c t r o d e sys t em ( 1 9 ) . H i g h e r breakdown f i e l d s have a l s o been 

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

t e c h n i q u e r a t h e r t h a n m e t a l é l e c t r odes ( 2 0 ) . The e f f e c t o f p r o c e s s i n g 

and raaterials on breakdown and a l s o i t s dependence on measurement 

pararaeters a r e d i s c u s s e t i f u r t h e r i n s e c t i o n s 3A.1 and 3 A . 2 . 

As d e v i c e d i m e n s i o n s a r e s c a l e d down and the S1O2 t h i c k n e s s i s 

r e d u c e d , the d e f e c t d e n s i t y ( d e f i n e d e m p i r i c a l l y i n t e rms o f t h o s e 

d e f e c t s and i m p u r i t i e s r e s u l t i n g i n low and medium f i e l d breakdowns ) 

t ends t o go u p , c a u s i n g y i e l d p r o b i e m s . I n p a r t t h i s p r o b i e m c a n be 

s o l v e d by u s i n g e x t r e m e l y c l e a n p r o c e s s i n g c o n d i t i o n s . F o r e xamp l e , 

use o f a d o u b l e - w a l l e d o x i d a t i o n tube (DWO) removes most medium f i e l d 

breakdowns ( 2 1 ) . T h i s i s though t t o be because m e t a l l i c i m p u r i t i e s 

a r e c a r r i e d away by the gas f l o w i n t h e o u t e r tube and t h e r e b y 

p r e v e n t e d f rom d i f f u s i n g i n t o the o x i d a t i o n tube i t s e l f ( 2 2 ) . 

The p r i m a r y peak moves to h i g h e r f i e l d s on réduct ion o f the o x i d e 

t h i c k n e s s ( 2 3 , 2 4 ) . The r e a s o n f o r t h i s i s not known and n e i t h e r i s 

the breakdown mechanism i n t h i s r ég ion w e l l u n d e r s t o o d . V a r i o u s 

mode ls f o r i n t r i n s i c breakdown can be f ound i n t h e l i t e r a t u r e . Thèse 

f a l l e s s e n t i a l l y i n t o two c a t é g o r i e s , t h o s e based on t h e b u i l d - u p o f 

p o s i t i v e c h a r g e , s u c h as t h e i m p a c t i o n i s a t i o n model ( 25 -29 ) and t h o s e 

based on e l e c t r o n t r a p p i n g , s u c h as the e l e c t r o n t r a p g e n e r a t i o n mode l 

o f H a r a r i ( 8 , 3 0 ) and t h e m i c r o p l a s m a breakdown model o f B u d e n s t e i n 

(31) and W o l t e r s ( 3 2 , 3 3 ) . I n s e c t i o n 3 A . 2 . 3 thèse w i l l be c o n s i d e r e d 

i n more d é t a i l , w h i l e i n 3B.1 expérimental év idence w i l l be p r e s e n t e d 

on t h e n a t u r e o f t h e c h a r g e b u i l d - u p o c c u r r i n g under the h i g h o x i d e 

f i e l d s p r e v a i l i n g i m m e d i a t e l y p r i o r t o b r eakdown . B o t h p o s i t i v e and 

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

g e n e r a t i o n o c c u r r e d a t o r near t o the i n t e r f a c e s . The r e was no 

év idence f o r b u l k c h a r g e t r a p p i n g under h i g h f i e l d c o n d i t i o n s . 
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V a r i o u s expérimental t e c h n i q u e s were used f o r thèse measurements 

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

p r e - b r e a k d o w n s i t u a t i o n , a v a l a n c h e é l e c t r o n i n j e c t i o n (34) t o f i l l 

o x i d e t r a p s and i n t e r n a i p h o t o e m i s s i o n (pho to I -V ) t o examine t h e 

c h a r g e d i s t r i b u t i o n i n the o x i d e ( 3 5 ) . These w i l l be d i s c u s s e d i n 

d e t a i l i n s e c t i o n 2.3, w h i l e c l a s s i c a l breakdown measurements , 

d i e l e c t r i c s t r e n g t h and TDDB a r e c o n s i d e r e d i n 2 . 2 . 

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

o v e r the more commonly u s e d f a s t v o l t a g e ramp and c o n s t a n t v o l t a g e 

wearout measurements . F i r s t l y , i t e n a b l e s c o m p e n s a t i o n f o r t h e 

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

t r a p p i n g , and t h e r e b y a l l o w s the i n j e c t i n g f i e l d t o be k ep t c o n s t a n t . 

S e c o n d l y , the t o t a l amount of i n j e c t e d c h a r g e p r i o r t o b r e a k d o w n , 

Q D t j» c an be s i m p l y c a l c u l a t e d . T h i s i s a u s e f u l pa rame t e r t o use i n 

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

i n j e c t i o n i s c a r r i e d o u t a t t h e same c u r r e n t d e n s i t y . I t w i l l be 

shown i n 3 B . 2 t h a t , i n a c o n s t a n t c u r r e n t measurement , Q b d i s not 

i n d e p e n d e n t o f t h e i n j e c t i o n c o n d i t i o n s , s u c h as c u r r e n t d e n s i t y and 

d u t y c y c l e , as has been p r e v i o u s l y s u g g e s t e d (8,36,37). U n l i k e 

d i e l e c t r i c s t r e n g t h measurements , wea rou t a l s o a l l o w s e x a m i n a t i o n o f 

t h e e v en t s l e a d i n g up t o breakdown i n ' s l o w m o t i o n . ' T h i s does 

présuppose howeve r , t h a t breakdown i t s e l f t a k e s p l a c e by t h e same 

mechanism i n a f a s t v o l t a g e ramp measurement as i t does under wearout 

c o n d i t i o n s . T h e r e i s some év idence i n t h e l i t e r a t u r e t h a t t h i s i s 

i n d e e d t h e c a s e (14,38,39) . To examine t h i s p o i n t f u r t h e r , the 

S t a t i s t i c a l r e l a t i o n s h i p between d i e l e c t r i c s t r e n g t h and 

t i m e - t o - b r e a k d o w n i n a c o n s t a n t v o l t a g e wearout measurement was a l s o 

s t u d i e d (3B.3). 

1.3 Charged defects i n S i 0 2 l a y e r s . 

D e f e c t s may be présent i n a s - g r own o x i d e s o r be générâted 

s u b s e q u e n t l y under v a r i o u s c o n d i t i o n s . A p a r t f rom any r ô l e t h e y may 

p l a y i n e n h a n c i n g breakdown thèse d e f e c t s may have d e l e t e r i o u s e f f e c t s 
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on d e v i c e opé ra t i on s h o u l d they become c h a r g e d . The D e a l n o t a t i o n and 

c l a s s i f i c a t i o n scheme d e p i c t e d i n F i g u r e 1.8 w i l l be used t o d e f i n e 

o p e r a t i o n a l l y the t ype s o f d e f e c t w h i c h may be f o u n d i n t h e MOS sy s t em 

( 4 0 ) . Qm r e p r e s e n t s m o b i l e i o n i e c h a r g e , such as a l k a l i i o n s , w h i c h 

c a n m i g r a t e t h r o u g h the o x i d e under bías ( 4 1 ) , e s p e c i a l l y í f e l e v a t e d 

températures a r e u s e d . I n p a r t i c u l a r , s od ium i s e a s i l y i n t r o d u c e d 

frora t h e e n v i r o n m e n t . C o n t a m i n a t i o n of t h i s k i n d was a s e v e r e p r o b l e m 

i n the e a r l y days o f S i l i c o n t e c h n o l o g y but i t has been l a r g e l y 

overeóme by t h e use of v e r y c l e a n p r o c e s s i n g c o n d i t i o n s . 

METAL 

OXIDE 

SEMI
CONDUCTOR 

(Uè) am - MOBILE I0NIC CHARGE 
• a , - OXIDE FIXED CHARGE 
x a i t - INTERFACE TRAP CHARGE 

0 , 0 Q*t - OXIDE TRAPPED CHARGE 

F i g u r e 1.8 D e a l n o t a t i o n and c l a s s i f i c a t i o n scheme f o r c h a r g e d 

d e f e e t s i n MOS s t r u c t u r e s ( t a k e n f rom r é f . ( 4 2 ) ) . 

Examples o f d e f e c t s whose cha rge s t a t e may be v a r i e d a r e b o t h 

f a s t and s l o w i n t e r f a c e s t a t e s . The f o r m e r may be p o s i t i v e l y o r 

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

' i n t e r f a c e s t a t e s ' but they have a l s o been c a l l e d ' f a s t s t a t e s ' , 

' i n t e r f a c e t r a p s * or ' s u r f a c e s t a t e s * . I n D e a l ' s s ys t em t h e y a r e 

r e p r e s e n t e d by Q i t . They a r e l o c a t e d p h y s i c a l l y a t the i n t e r f a c e 

and e n e r g e t i c a l l y w i t h i n t h e S i l i c o n bandgap . C o n s e q u e n t l y , t h e 
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charge s t a t e o f thèse d e f e c t s dépends on the p o s i t i o n o f t h e F e r m i 

l e v e l a t t h e i n t e r f a c e and hence on t h e a p p l i e d v o l t a g e . The d e n s i t y 

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

w i t h i n the S i l i c o n bandgap , t h a t i s i n /cm 2 eV f o r w h i c h the symbol 

D i t i s u s e d . (Nj_t i s used f o r / D j _ t .dE . ) 

I n t e r f a c e s t a t e s a r e présent i n a s - o x i d i s e d s a m p l e s w i t h a 

d e n s i t y o f the o r d e r o f 1 0 1 1 - 1 0 1 2 /cm 2 eV ( 4 2 ) . T h e i r d e n s i t y i s 

r e d u c e d by a p o s t - m e t a l l i z a t i o n a n n e a l (PMA) g e n e r a l l y p e r f o r m e d i n 

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

a t midgap w i t h an i n c r e a s e t owards bo th band edges g i v i n g a U - s h a p e d 

d i s t r i b u t i o n . The l o w e s t r e p o r t e d midgap v a l u e s a r e a r o u n d 5 x 10^ 

t o 10^ /cm 2 eV ( 4 3 , 4 4 ) . U s i n g e l e c t r o n s p i n résonance (ESR) C a p l a n 

e t a l . (45) have d e m o n s t r a t e d thèse i n t e r f a c e t r a p s t o be due t o 

S i = S i * s p e c i e s or s o - c a l l e d d a n g l i n g bonds a t t h e i n t e r f a c e . As w e l l 

as b e i n g présent i n a s - p r o c e s s e d o x i d e s , i n t e r f a c e t r a p s a r e a l s o 

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

i n j e c t i o n o f é l e c t r ons (46) o r h o l e s ( 4 7 ) , h i g h f i e l d s t r e s s (48 ) o r 

b i a s - t e m p e r a t u r e s t r e s s (BTS) ( 48 ,49 ) and a l s o by i o n i s i n g r a d i a t i o n 

( 4 8 , 5 0 , 5 1 , 5 2 ) . Methods o f m e a s u r i n g i n t e r f a c e s t a t e d e n s i t i e s a r e 

d i s c u s s e d i n s e c t i o n 2 . 4 . 

' S l o w - s t a t e s 1 a r e a l s o l o c a t e d a t or v e r y nea r t o t h e i n t e r f a c e 

but t h e y r e s p o n d more s l o w l y t o an a p p l i e d b i a s . They have been 

d e f i n e d somewhat a r b i t r a r i l y as t h o s e n o t r e s p o n d i n g t o a 1 MHz h i g h 

f r e q u e n c y C-V sweep a t 1 V/s ( 5 3 ) . These d e f e c t s may be e i t h e r 

p o s i t i v e l y c h a r g e d o r n e u t r a l and t h e y were f i r s t seen i n a v a l a n c h e 

e l e c t r o n i n j e c t i o n expérimente where t h e y a r e r e s p o n s i b l e f o r the 

• t u r n - a r o u n d ' e f f e c t ( 5 4 , 5 5 ) . (The f i a t b a n d v o l t a g e s h i f t i s 

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

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

w h i l e , howeve r , the s h i f t becomes n e g a t i v e s h o w i n g t h e présence o f 

p o s i t i v e o x i d e c h a r g e . T h i s i s known as t h e ' t u r n - a r o u n d ' e f f e c t . ) 

The g e n e r a t i o n o f s l ow s t a t e s has now a l s o been o b s e r v e d d u r i n g 

i n j e c t i o n by F - N t u n n e l i n g (21 ) and a v a l a n c h e i n j e c t i o n o f h o l e s ( 5 6 ) . 
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S l o w - 3 t a t e s a r e c o n v e r t e d t o a n e u t r a l charge s t a t e by t h e a p p l i c a t i o n 

o f modera te p o s i t i v e b i a s e s o r e l e v a t e d températures and p o s i t i v e l y 

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

F i x e d o x i d e c h a r g e , Q f , t s ano the r i n t e r f a c e r e l a t e d d e f e c t , 

a l w a y s p o s i t i v e i n s i g n . I t a p p e a r s t o be p h y s i c a l l y f u r t h e r f rom the 

i n t e r f a c e and/or e n e r g e t i c a l l y o u t s i d e the S i l i c o n bandgap , s i n c e i t s 

o c c u p a n c y i s not a f u n c t i o n o f a p p l i e d v o l t a g e . I m m e d i a t e l y a f t e r 

o x i d a t i o n , Q f i s présent w i t h a d e n s i t y dépendent on the o x i d a t i o n 

t e m p e r a t u r e . I t s d e n s i t y i s u s u a l l y o f the o r d e r o f - I O 1 2 / c m 2 and 

may by r e d u c e d t o l O ' Ô - I O - ' ' / c m 2 by a p o s t - o x i d a t i o n a n n e a l (POA) 

i n an i n e r t amb ien t s u c h as n i t r o g e n (N 2 ) o r a r g o n (A r ) ( 4 2 ) . 

D ^ t ( i n i t ) , the i n i t i a l a s - p r o c e s s e d i n t e r f a c e s t a t e d e n s i t y , and Qf 

r e s p o n d i n t h e same way t o o x i d a t i o n c o n d i t i o n s and some but no t a l l 

a n n e a l i n g t r e a t m e n t s ( 5 7 ) , i m p l y i n g a c o n n e c t i o n between them as 

r e g a r d s p h y s i c a l o r i g i n . 

Charge o f e i t h e r s i g n may be d i s t r i b u t e d t h r o u g h o u t t h e o x i d e and 

i s d eno t ed by Q Q t ( o x i d e t r a p p e d c h a r g e ) . T h i s o x i d e charge may be 

i n t r o d u c e d d u r i n g f a b r i c a t i o n , as a r e s u i t o f i r r a d i a t i o n and by t h e 

same expérimental t e c h n i q u e s w h i c h c r e a t e i n t e r f a c e s t a t e s : a v a l a n c h e 

i n j e c t i o n o f é l e c t r ons o r h o l e s , h i g h f i e l d s t r e s s o r BTS . 

1-4 The Negative Bias I n s t a b i l i t y 

Sodium c o n t a m i n a t i o n r e s u l t s i n an i n s t a b i l i t y i n d e v i c e s under 

p o s i t i v e b i a s c o n d i t i o n s where d r i f t o f N a + i o n s t o the S i - S i 0 2 

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

I n d e v i c e s f r e e of m o b i l e i o n s , a n o t h e r phenomenon i s somet imes 

o b s e r v e d known as the n e g a t i v e b i a s i n s t a b i l i t y . P r o l o n g e d opé ra t i on 

o f MOSFETs under n e g a t i v e g a t e b i a s , c ause s b o t h i n t e r f a c e s t a t e s and 

p o s i t i v e o x i d e charge ( deno t ed hère as Q o t ( + ) ) t o be g e n e r a t e d c l o s e 

t o t h e S i - S i 0 2 i n t e r f a c e r e s u l t i n g i n a n e g a t i v e s h i f t o f V T ( 5 8 ) . 

T h i s c a n t h r e a t e n t h e r e l ì a b i l i t y o f MOSFETs, e s p e c i a l l y o f p - c h a n n e l 

d e v i c e s ( 5 9 ) . As w e l l as c a u s i n g a V T s h i f t , d r a i n j u n c t i o n 
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a v a l a n c h e breakdown i s a l s o a f f e c t e d , b e i n g r e d u c e d f o r p - c h a n n e l and 

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

r e d u c e d by b o t h o x i d e charge and i n t e r f a c e s t a t e s . A l a r g e r change i n 

g a t e v o l t a g e i s r e q u i r e d t o p roduce a g i v e n change i n C h a n n e l 

c o n d u c t a n c e when D i t i g l a r g e . A l s o the g a i n dépends on the 

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

by s c a t t e r i n g a t c h a r g e d c e n t r e s . D r a i n j u n c t i o n l e a k a g e c u r r e n t and 

f l i c k e r n o i s e a r e a l s o i n c r e a s e d by i n t e r f a c e s t a t e s . 

As d e v i c e d i m e n s i o n s a r e r e d u c e d , i n t e r f a c e e f f e c t s s u c h as the 

n e g a t i v e b i a s i n s t a b i l i t y become r e l a t i v e l y more i m p o r t a n t . L o w - c o s t 

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

t o enhance the n e g a t i v e b i a s i n s t a b i l i t y and has t h u s g e n e r a t e d 

renewed i n t e r e s t i n t h i s l o n g - s t a n d i n g p r ob l em ( 6 0 , 6 1 ) . I t i s t h o u g h t 

t h a t the d i f f u s i o n o f wa te r f rom the p a c k a g i n g o r f rom p h o s p h o s i l i c a t e 

g l a s s (PSG) p a s s i v a t i o n l a y e r s may be the cause o f t h i s enhanced 

dég rada t i on . 

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

(C-V ) c u r v e on an MOS c a p a c i t o r i s a c o n v e n i e n t means o f s t u d y i n g t h i s 

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

speeds up the a g e i n g p r o c e s s so t h a t e x p e r i m e n t s c an be c o n d u c t e d o n a 

more manageab le t i m e - s c a l e . T h i s t e c h n i q u e i s i n f a c t s i m i l a r t o t h e 

wearout measurements d i s c u s s e d i n 1 .2 . I n BTS, r a t h e r t h a n a p p l y i n g a 

h i g h b i a s a t room t e m p e r a t u r e , a more moderate b i a s i s u s e d a t 

e l e v a t e d t e m p e r a t u r e . The p o i n t o f breakdown i s no t n o r m a l l y r e a c h e d 

under t h e l e s s s e v e r e BTS c o n d i t i o n s , but b o t h wea rou t and BTS a r e 

e s s e n t i a l l y a g e i n g t e c h n i q u e s . 

F i g u r e 1.9 shows t y p i c a l h i g h f r e q u e n c y C-V c u r v e s measured 

f o l l o w i n g v a r i o u s BTS t r e a t m e n t s . A f t e r n e g a t i v e BTS ( c u r v e (B ) ) 

t h e r e i s a n e g a t i v e s h i f t o f the C-V c u r v e due t o Q o t ( + ) and a 

d i s t o r t i o n r e l a t i v e t o the i n i t i a l c u r v e ( c u r v e (A) ) due t o Q i t . 

The h y s t é r é s i s i s i n d i c a t i v e o f some g e n e r a t i o n o f s l o w - s t a t e s . 

Q o t ( + ) shows many s i m i l a r i t i e s t o Q f a l r e a d y présent i n t h e o x i d e . 
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F o r e xamp l e , f o r a g i v e n s e t o f BTS c o n d i t i o n s the magn i tude o f 

Q 0 t ( + ) g e n e r a t e d i s p r o p o r t i o n a l t o Qf ( 5 8 ) . I t has been s u g g e s t e d 

t h a t t h e two t y p e s o f c h a r g e may be due t o t h e same or s i r a i l a r 

d e f e c t s . However , t h e y do show some d i f f é r e n t b e h a v i o u r , f o r e x a m p l e , 

w i t h r e s p e c t tò l ow t e m p e r a t u r e anneal ìng ( 6 2 ) . The number o f 

i n t e r f a c e s t a t e s g e n e r a t e d d u r i n g n e g a t i v e BTS a p p e a r s t o be 

p r o p o r t i o n a l t o the i n i t i a l i n t e r f a c e s t a t e d e n s i t y , D ^ t ( i n i t ) ( 6 4 ) . 

Hence thèse d e f e c t s a r e p r o b a b l y a l s o v e r y s i m i l a r t o e a c h o t h e r . 

•4MVcrTf 1/250°l71hr 

Gate Voltage (V) 

F i g u r e 1.9 S h i f t s i n t h e h i g h f r e q u e n c y C-V c u r v e a f t e r v a r i o u s 

b i a s - t e m p e r a t u r e s t r e s s e s . 

A p p l y i n g a p o s i t i v e BTS a f t e r t h e n e g a t i v e one ( cu r v e ( O ) 

r e t u r n s the C-V c u r v e t o more p o s i t i v e v o l t a g e s . The d i s t o r t i o n o f 

the c u r v e i s g r e a t e r , howeve r , I n d i c a t i n g cons idé rab l e i n t e r f a c e 

dégradat ion . P o s i t i v e BTS a l o n e r e s u l t a i n a t most a v e r y s m a l l s h l f t 

t o p o s i t i v e v o l t a g e s ( 6 3 ) , i n d i c a t i v e o f e l e c t r o n t r a p p i n g . Some 

i n t e r f a c e s t a t e g e n e r a t i o n a l s o o c c u r s . 
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D e s p i t e e x t e n s i v e s t u d i e s o f bo th the k i n e t i c s and t h e p r o c e s s i n g 

dependence o f t h e n e g a t i v e b i a s i n s t a b i l i t y ( c o n s i d e r e d i n 4A.1 and 

4A .2 r e s p e c t i v e l y ) , the mechanism o f p o s i t i v e cha rge g e n e r a t i o n i s 

s t i l i u n c e r t a i n . V a r i o u s mode ls have been p r o p o s e d , t h e most 

i m p o r t a n t b e i n g h o l e t r a p p i n g (65) o r e l e c t r o n émission f rom t r a p s i n 

t h e o x i d e ( 6 6 ) , the b r e a k i n g o f weak bonds a s s o c i a t e d w i t h t h e a l r e a d y 

p a r t i a l l y i o n i s e d s i l i c o n atoms near t h e i n t e r f a c e (58) and t h e 

f o r m a t i o n and m i g r a t i o n o f oxygen v a c a n c i e s ( 6 8 ) . Thèse a r e d i s c u s s e d 

i n more d é t a i l i n 4A.3- To t r y t o shed more l i g h t on thèse m o d e l s , 

t h e a v a l a n c h e h o l e i n j e c t i o n t e c h n i q u e ( o u t l i n e d i n 2 . 3 . 3 ) was u s e d 

b e f o r e and a f t e r v a r i o u s s t r e s s e s i n an a t t e rap t t o e l u c i d a t e any r ô l e 

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

BTS. Q o f c (+ ) was i n f a c t f o u n d t o be due t o f i l l i n g o f i n t r i n s i c 

h o l e t r a p s i . e t r a p s a l r e a d y présent i n t h e o x i d e b e f o r e i t was 

s u b j e c t e d t o BTS ( 1 B . 2 ) . I n t e r f a c e s t a t e g e n e r a t i o n and i t s 

r e l a t i o n s h i p t o h o l e t r a p p i n g was a l s o examined ( 4 B . 3 ) and a k i n e t i c 

s t u d y o f the v o l t a g e s h i f t o f the C-V c u r v e d u r i n g BTS was c a r r i e d 

ou t ( 4 B . 1 ) . 
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CHAPTER THO: 

EXPEHIMENTAL TECHNIQUES AND ANALYSIS 

2.1 Sample Preparat ion . 

Ox ides were grown a t 850-lOOO°C t o t h i c k n e s s e s o f between 10 and 

60 nm on b o t h n - and p - t ype <100> a i l ì c o n w a f e r a . l O 1 ^ o r 1 0 1 ? 

/cm^ d o p i n g wa3 u s e d , t h e h e a v i l y doped m a t e r i a l b e i n g t o enaure 

l a t e r a l l y homogeneoua i n j e c t i o n d u r i n g a v a l a n c h e i n j e c t i o n 

meaaurementa . Moat wa fe ra were p r o c e s s e d i n a d o u b l e - w a l l e d o x i d a t i o n 

tube ( F i g . 2 . 1 ) t o r e d u c e the number o f medium f i e l d breakdowna ( 2 1 ) . 

The o x i d a t i o n ambient waa u a u a l l y d r y oxygen ( 0 2 ) w i t h 0 2 p l u a <1$ 

t r i c h l o r o e t h a n e (C33) i n t h e o u t e r t u b e . I n moat c a a e a , a s h o r t POA 

(about 10 m i n a . ) waa c a r r i ed out i n N ? . 

metallic Heating elemenrs 
impurìties 

F i g u r e 2.1 C r o s s s e c t i o n o f a d o u b l e - w a l l e d o x i d a t i o n t u b e . M e t a l 

impur ì t i es a r e removed by t h e gas f l o w i n t h e o u t e r t u b e . 

Key p r o c e s s i n g d e t a i l s f o r e a c h o f t h e w a f e r s used i n t h i s work a r e 

shown i n T a b l e 2.1 on the f o l l o w i n g t h r e e p a g e s . A l u m i n i u m d e p o s i t i o n 

was by d . c . magne t ron s p u t t e r i n g o r f l a s h e v a p o r a t i o n f rom a t u n g s t e n 

b o a t . A f t e r d e f i n i t i o n o f the e l e c t r o d e s by s t a n d a r d wet l i t h o g r a p h y , 

a p o s t - m e t a l l i s a t i o n a n n e a l was c a r r i e d ou t i n f o r m i n g gas a t 435°C 
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EXPERIMENTAL TECHNIQUES 

WAFER 

CODE 

232X 

Hl 

JN1 

DP2 

L9 

MN2 

MN6 

MP2 

MP6 

P4A3 

P512 

S02 

U3 

U7 

U8 

U9 

SUBSTRATE 

DOPING 

p/1E15 

n/1 E l 5 

n/1E15 

p/1 E l 5 

n / l E I 5 

n/1 E l 5 

n / l E 1 7 

p/1El 5 

p/1E l 7 

n/1E l 5 

n / 1 E l 5 

n/1E15 

n / 1 E l 5 

n / 1 E l 5 

n / l E 1 5 

n / l E 1 5 

OXIDATION POA 

CONDITIONS 

52 nm/900°C/2*HCl 15" N 2 

(GEC) 

25 nm/900°C/ary 0 2 1 0 " N 2 

31 nm/850°C/dry 0 2 

35 nra/900°C/dry 0 2 1 0 " N 2 

39 nm/900°C/dry 0 2 1 0 " N 2 

(DWO) 

39 nm/900°C/dry 0 2 1 0 " N 2 

39 nm/900°C/dry 0 2 1 0 " N 2 

39 nm/900°C/dry 0 2 1 0 " N 2 

39 nm/900°C/dry 0 2 1 0 " N 2 

38 nra/900°C/dry 0 2 1 0 " N 2 

(DWO) 

29 nm/900°C/dry 0 2 1 0 " N 2 

(DW0:0.2$ C33 O.T . ) 

31 nm/900°C/dry 0 2 1 0 " N 2 

(DWO:0.2Ï C33 O.T . ) 

59 nm/100Ô°C/dry 0 2 

(DWO:0.2$ C33 O .T . ) 

39 nm/900°C/dry 0 2 

(DW0-.0.2* C33 O .T . ) 

39 nm/900°C/dry 0 2 1 0 " N 2 

(DW0:0 .2 * C33 O .T . ) 

27 nm/900°C/dry 0 2 

(DW0-.0.2* C33 O .T . ) 

ELECTRODE 

MATERIAL 

1u A I /S I 

mag. s p u t t . 

l u A l 

mag. s p u t t . 

1u A l 

mag. s p u t t . 

1u A l 

mag. 3putt . 

1p A l 

mag. s p u t t . 

1y A l 
mag. s p u t t . 
1u A i / S i 

mag. s p u t t . 

1y A i / S i 

mag. s p u t t . 

1p A i / S i 

mag. s p u t t . 

P o l y 440 nm 

I/I P 1 E l 6 

P o l y U40 nm 

P d i f f u s i o n 

P o l y U40 nm 

I/I P 1 E l 6 

l y A i / S i 

mag. s p u t t . 

1u A i / S i 

mag. s put t . 

1u A i / S i 

mag. s p u t t . 

l u A i / S i 

mag . s p u t t . 

T a b l e 2 . 2 Summary o f wa fer p r o c e s s i n g d é t a i l s ( c o n t i n u e d o v e r l e a f ) . 
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EXPERIMENTAL TECHNIQUES 

UIC- n / 1 E l 5 28 nm/900°C/dry 0 2 1 0 " N 2 

(DW0:0 .2* C33 O .T . ) 

UT 1 n/1E15 12 nm/900°C/dry 0 2 

(DWO:0.2$ C33 O .T . ) 

U12 n/1E15 12 nra/900°C/dry 0 2 1 0 " N 2 

CDW0:0.2$ C33 O .T . ) 

13N n/1E15 25 nra/900°C/dry 0 2 10" N 2 

(DW0:0.2$ C33 O.T . ) 

A l 1 n/1E15 45 run/900°C/cìry 0 2 1 0 " N 2 

(DW0:0.2$ C33 O .T . ) 

B6 n/1E15 23 nm/900°C/dry 0 2 1 0 " N 2 

(DW0:0 .2* C33 O .T . ) 

CP1 n/1E15 23 nm/900°C/dry 0 2 1 0 " N 2 

(DW0:0.2$ C33 O.T . ) 

F6 n/1E15 54 nm/1025°C/dry 0 2 1 5 " N 2 

(DW0:0.2£ C33 O.T . ) 

ST1 n/1E15 28 nm/900°C/dry 0 2 1 0 " N 2 

( D W 0 :0.2* C33 O .T . ) 

ST2 n/1E17 28 nm/900°C/dry 0 2 1 0 " N 2 

(DWO:0.2* C33 O . T . ) 

51 n/1E17 51 nm/950°C/dry 0 2 10» N 2 

(DW0:0 .2* C33 O .T . ) 

52 n/1E17 51 nm/950°C/dry 0 2 1 0 " N 2 

(DW0:0 .2* C33 O .T . ) 

53 n/1E17 51 nm/950°C/dry 0 2 1 0 " N 2 

(DW0:0 .2* C33 O .T . ) 

54 n/1E17 51 nm/950°C/dry 0 2 1 0 " N 2 

(DWO:0.2$ C33 O .T . ) 

55 n/1E17 51 nm/950°C/dry 0 2 1 0 " N 2 

(DW0:0.2$ C33 O .T . ) 

56 n/1E17 51 nm/950°C/dry 0 2 1 0 " N 2 

(DW0:0.2$ C33 O .T . ) 

T a b l e 2 . 2 ( c o n t ' d ) Summary o f wa fer p r o c e s s i n g d e t a i l s . 

1u A i / S i 

mag. s p u t t . 

1u A i / S i 

mag. s p u t t . 

l u A i / S i 

mag. s p u t t . 

P o l y 450 nm 

B d i f f u s i o n 

15 nm A l 

mag. s p u t t . 

P o l y 450 nm 

P d i f f u s i o n 

P o l y 450 nm 

P d i f f u s i o n 

P o l y 450 nm 

P d i f f u s i o n 

15 nm A l 

mag. s p u t t . 

1u A i / S i 

mag. s p u t t . 

1y A l 

mag. s p u t t . 

500 nm A l 

mag. s p u t t . 

250 nm A l 

mag. s p u t t . 

125 nm A l 

mag. s p u t t . 

50 nm A l 

mag. s p u t t . 

15 nm A l 

mag. s p u t t . 
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EXPERIMENTAL TECHNIQUES 

T1 n/1E15 80 nm/950°C/dry 0 2 1 0 " N 2 15 nm A l 

(DWO:0.2í C33 O .T . ) mag. s p u t t . 

T2 n/1E l 5 80 nm/95Û°C/dry 0 2 1 0 " N 2 60 nm A l 

(DW0:0.2$ C33 O .T . ) mag. s p u t t . 

T3 n/1E15 80 nm/950°C/dry 0 2 10" N 2 l u A l 

(DWO:0.2Ï C33 O .T . ) mag. s p u t t . 

T6 n/1El 5 12 nm/950°C/dry 0 2 1 0 " N 2 l u A l / S i 

(DWO:0.2Ï C33 O .T . ) mag. s p u t t . 

T9 n/1E15 21 nm/950 û C/dry 0 2 i o " N 2 l u A l / S i 

(DW0:0.2Ï C33 O .T . ) mag. s p u t t . 

TI 2 n/1E15 49 nm/950°C/dry 0 2 1 0 " N 2 l u A l / S i 

(DW0:0 .2* C33 0 - T . ) mag. s p u t t . 

R1 n/1E17 58 nm/950°C/dry 0 2 10" N 2 P o l y 450 nm • 

(DWO:0.2* C33 O .T . ) l u s p u t t . 

R2 n/1E17 58 nm/950°C/dry 0 2 10" N 2 P o l y 450 nm • 

(DW0:0.2$ C33 0 -T . ) 425 nm s p u t t 

R3 n/1E17 58 nm/950°C/dry 0 2 1 0 " N 2 P o l y 450 nm • 

(DWO:0.2Ï C33 O.T . ) 100 nm s p u t t 

R4 n/1E17 58 nm/950°C/dry 0 2 1 0 " N 2 P o l y 450 nm 

(DWO:0.2$ C33 O.T . ) 850 nm f l a s h 

R5 n / 1 E l 7 58 nm/950°C/dry 0 2 10" N 2 P o l y 450 nm 

(DW0:0.2$ C33 O.T . ) 425 nm f l a s h 

R6 n / 1 E l 7 58 nm/950°C/dry 0 2 1 0 " N 2 P o l y 450 nm 

(DW0:0.2$ C33 O.T . ) 100 nm f l a s h 

R7 n/1E17 58 nm/950°C/dry 0 2 1 0 " N 2 P o l y 450 nm 

(DW0:0.2$ C33 O .T . ) no m e t a l 

R8 n/1E17 58 nm/950°C/dry 0 2 1 0 " N 2 850 nm A l 

(DW0:0.2Í C33 O .T . ) mag. s p u t t . 

R10 n/1E17 58 nm/950°C/dry 0 2 1 0 " N 2 850 nm A l 

(DW0:0.2Í C33 O.T . ) f l a s h e v a p . 

R12 n / l E 1 7 58 nm/950°C/dry 0 2 1 0 " N 2 425 nm A l 

(DW0:0.2$ C33 O .T . ) ' f l a s h e v a p . 

R13 n/1E17 58 nm/950°C/dry 0 2 1 0 " N 2 100 nm A l 

(DW0î0.2$ C33 O .T . ) f l a s h e v a p . 

T a b l e 2 . 2 ( c o n t * d ) Summary o f wa f e r p r o c e s s i n g d e t a i l s . 
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EXPERIMENTAL TECHNIQUES 

f o r 20 m i n a . P o l y s i l i c o n gâtes were f o rmed by LPCVD o f p o l y s i l i c o n 

(450 nm) w h i c h was t h e n t h e r m a l l y doped w i t h POC l^ o r i o n - i m p l a n t e d 

w i t h bo r on o r p h o s p h o r u s . A l u m i n i u m was t h e n d e p o s i t e d on t o p o f t h e 

p o l y s i l i c o n t o enaur e good c o n t a c t . C a p a c i t o r s o f v a r i o u s s i z e s were 

d e f t n e d u s i n g one of t h e two s e t s o f masks i l l u s t r a t e d i n F i g . 2 . 2 . 

The c a p a c i t o r d i m e n s i o n s a r e shown i n T a b l e 2 . 2 f o r t h e c a s e o f t h t n 

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

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

pad wh i ch C o v e r s t h i c k o x i d e r a t h e r t h a n t h i n o x i d e . Mos t o f t h e 

d e v i c e s measured were p r o c e s s e d a t ESAT f K . U . L e u v e n . However , wa f e r 

232X i n T a b l e 2.1 was p a r t o f a b a t c h made a t GEC H i r s t R e s e a r c h 

C e n t r e , Wembley. 

C a p a c i t o r T h i n O x i d e O n l y T h i n O x i d e + F i e l d O x i d e 

Code A r e a ( cm 2 ) A r ea ( cm 2 ) 

A 4 .42 X 10-3 4.11 X 10-2 

B 4.91 X IO " * 3 .74 X i o - " 

C 1.26 X 10-3 1.26 X 10-3 

D 1 .66 X 10-3 1.51 X 10-3 

E 1.15 X 1 0 " 2 1.11 X I O " 2 

F 1.08 X 10-3 9 .39 X io"1* 

G 4.41 X 10-3 4 .12 X 10-3 

H 7 .54 X 1 0 ' U 6 .28 X 1 0_J4 

I 1 .26 X 10-3 ( F i e l d o x i d e o n l y ) 

J 7 . 8 5 X 10-5 7 .85 X 10-5 

K 3 .14 X i o - * 3 .14 X I O ' » 

L 4 .82 X i o - u 4 .82 X i o " » 

M 1.96 X 10-5 1.96 X 10-5 

T a b l e 2 .2 D i m e n s i o n s o f c a p a c i t o r s o n masks 1 and 2 i n F i g u r e 2 . 2 . 
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EXPERIMENTAL TECHNIQUES 

SD SD SD SD SD 

(3D SD SD SD SD 
SD SD SD SD SD 
SD SO SD SD SD 

SDSDSD<SD SD 
SD SD SO SD SD 
SD SD SD SD SD 
SD SD SD SD SD 
SD SD SD SD SD 
SD SD SD SD SD 
SD'ü SD SD SD 
SD AD SD SD SD 
«DSD SD SO SD 

SDSDSDSD<DSDSDSD<5H*.J 
SD SD SD SD SD SD SD S D ' C ' 2 - ! 

SD 'S] <3D (?D <5D <£3 <5D *ö 
© SD SD ISO SD SD AD SD , 0 ' È -1 
(50 SD SD SD O (50 SD SD <3(3D 
SO SD SD (50 SD SD <SD <D •íj'C 
SDSOSDSDSDSDSDSD O C J 
SD SD SD SD SD SD SD SD O < i 
SD SD SD SD SD SD SD SD * G 30 
SD SD SD SD SD SD SD SD O "«ü 
SDSDSDSDSDSDSDSD'£1»?D 
S D S D S D S D d S D S D S D ' d , < J 
d SD SD SD SD SD ̂  SD SD '-ÏJ 
S D S D S D S D S D S D S D S D C ' Q 
aOSDS0SOSDSDSDSDSI*ì] 

^ , © ©JVDBf-o 

F i g u r e 2 , 2 P h o t o l i t h o g r a p h y masks used t o d e f i n e c a p s , o f v a r i o u s 

a r e a s , w i t h and w i t h o u t a f i e l d o x i d e . Mask 2 has c a p s . 

B , F , G , H , J and K o f mask 1 p l u s the r e c t a n g u l a r c a p . , L 

and an a r r a y o f s m a l l c a p s . , M. 
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EXPERIMENTAL TECHNIQUES 

2 . 2 Breakdovn measur ementa. 

C o n s t a n t v o l t a g e wearout and f a a t v o l t a g e ramp ( d i e l e c t r i c 

s t r e n g t h ) breakdown measureraenta were bo th c a r r i e d ou t on an a u t o m a t i c 

measurement ays t e ra . T h i s i s c o n t r o l i e d by an HP 9835 desk t op 

computer v i a an IEEE bus and i n c l u d e a a K a r l Suss wa fer p robe s t a t i o n 

and a m u l t i - p r o b e breakdown d e t e c t i o n s y s t em b u ì l t a t ESAT. B e f o r e 

d e s c r i b i n g t h i s s y s t e m i n more d é t a i l some o f t h e p rob l ems a s s o c i a t e d 

w i t h breakdown measurements w i l l be c o n s i d e r e d . 

2.2 .1 D i e l e c t r i c s t r e n g t h . 

A f a s t v o l t a g e ramp l a g e n e r a l l y a p p l i e d t o a c a p a c i t o r i n o r d e r 

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

w h i c h i t wou ld b r e a k down o n i n s t a n t a n e o u s a p p l i c a t i o n o f t h e v o l t a g e . 

I d e a l l y an i n f i n i t e l y f a s t ramp wou ld be used so t h a t no wearout c o u l d 

o c c u r d u r i n g t h e measurement and t h e t r u e t i m e - z e r o breakdown w o u l d be 

m e a s u r e d . I n p r a c t i c e , however , the need f o r a r e l i a b l e means o f 

breakdown d e t e c t i o n l i m i t s t h e ramp r a t e wh i ch can be u s e d . U s u a l l y , 

breakdown i s d e f i n e d e x p e r l m e n t a l l y as the e x c e e d i n g o f a p r e s e t 

c u r r e n t . The v o l t a g e ramp must t h e r e f o r e c a u s e o n l y a s m a l l 

d i s p l a c e m e n t c u r r e n t r e l a t i v e t o t h i s 3et c u r r e n t . The r e s p o n s e t i m e 

o f the m e a s u r i n g c i r c u i t and the a c c u r a c y r e q u i r e d i n measurement o f 

the breakdown v o l t a g e must a l s o be c o n s i d e r e d . 

The c u r r e n t chos en t o d e f i n e b reakdown, I t r , i s an e x t r e m e l y 

i m p o r t a n t pa ramete r ( 6 9 ) . I n t h e h i g h f i e l d p a r t o f t h e breakdown 

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

f a i l u r e (up t o - 6 0 A / c m 2 was measured on 8 x 1 0 - ^ c m 2 s a m p l e s ) . I f 

the c u r r e n t a t b r eakdown , I B D , i s h i g h a l a r g e t r i g g e r c u r r e n t must 

be chos en t o e n s u r e the c a p a c i t o r l a a c t u a l l y b r o k e n down. Under 

thèse c o n d i t i o n a a r e l a t i v e l y l a r g e v o l t a g e d rop a e r o s a t h e s u b s t r a t e 

(and any r é s i s t a n c e i n t h e measurement c i r c u i t ) has t o be t a k e n t n t o 

a c c o u n t . T h i s i a V S i i n F i g . 2 . 3 . V S i w i l l be e s p e c i a l l y 
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EXPERIMENTAL TECHNIQUES 

s i g n i f i c a n t f o r t h i n o x i d e s and low s u b s t r a t e d o p i n g s . Fo r h i g h f i e l d 

breakdowns i t i a s i m p l y a m a t t e r o f s u b t r a c t i n g V S i f r om the 

measured breakdown v o l t a g e . A l l l o w f i e l d breakdowns o c c u r r i n g be low 

I t r - R S i ( = V B 0 * ^ w i l 1 b e m e a s u r e d as V g n * , however ( s ee 

F i g . 2 . 3 ) . Hence i t i s no t a lways p o s a i b l e t o o b s e r v e h i g h and l ow 

f i e l d breakdowns a i m u l t a n e o u s l y . The r e c e n t l y p r o p o s e d t e c h n i q u e (70) 

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

t e s t a v o i d s the p rob i em of c h o o s i n g an a p p r o p r i a t e s e t c u r r e n t but t h e 

p a r a s i t i c v o l t a g e d rop must s t i l l be t a k e n i n t o a c c o u n t . H a r a r i ( 8 ) 

a p p l i e d a h i g h c o n s t a n t c u r r e n t s t r e s s t o h i s samples and meaaured t h e 

t i m e - t o - b r e a k d o w n , t f a d and a l a o t h e a p p l i e d v o l t a g e . E x t r a p o l a t i o n 

o f a p l o t o f t ^ d v e r s u s I t o z e r o t i m e gave I g p . Vgn c o u l d be 

c a l c u l a t e d f rom t h i s t e c h n i q u e v i a t h e équat ion f o r F - N t u n n e l i n g . 

F i g u r e 2 . 3 E f f e c t o f s é r i e s r é s i s t ance and t r i g g e r c u r r e n t on t h e 

breakdown v o l t a g e i n a d i e l e c t r i c s t r e n g t h measurement . 

- 24 -



EXPERIMENTAL TECHNIQUES 

2 . 2 . 2 Time dépendent d i e l e c t r i c b r eakdown . 

Time dépendent d i e l e c t r i c breakdown (TDDB) o r wearout 

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

c o n s t a n t v o l t a g e s t r e s s t o t h e sample and m o n i t o r i n g t h e t i m e a t w h i c h 

t h e sample b r e a k s down. Thèse measurements a r e by t h e i r n a t u r e t i m e 

consumïng and i t i s a d v a n t a g e o u s t o be a b l e t o examine s e v e r a l d e v i c e s 

s i m u l t a n e o u s l y . The m u l t i - p r o b e sys t em d e s c r i b e d be low a l l o w s 36 
c a p a c i t o r s t o be s t r e s s e d a t t h e same t ime under c o n s t a n t v o l t a g e 

c o n d i t i o n s . C o n s t a n t c u r r e n t measurements were o n l y c o n d u c t e d on 

i n d i v i d u a i d e v i c e s . T h i s c o u l d be done i n e i t h e r o f two w a y s . On t h e 

a v a l a n c h e i n j e c t i o n s y s t em ( d e s c r i b e d i n s e c t i o n 2 . 3 - 5 ) a v a r i a b l e 

d , c . v o l t a g e c o u l d be used i n p l a c e o f the s a w t o o t h wave f o rm. 

A l t e r n a t i v e l y , a K e i t h l e y 220 programmable c o n s t a n t c u r r e n t s o u r c e was 

a v a i l a b l e f o r use i n c o n j u n c t i o n w i t h an HP 3456A d i g i t a l v o l t m e t e r . 

Thèse d e v i c e s were a l s o c o n t r o l i e d by t h e HP 9835A computer and t h i s 

s y s t em a l l o w e d t i m e s - t o - b r e a k d o w n as l ow as 3 ms t o be measured and 

hence h i g h c u r r e n t s t r e s s e s t o be a p p l i e d . I - V c u r v e s c o u l d a l s o be 

measured u s i n g t h i s c o n f i g u r a t i o n . 

2 . 2 . 3 M u l t i - p r o b e breakdown d e t e c t i o n s y s t e m . 

A b l o c k d i a g r a m o f t h i s s y s t em i s shown i n F i g . 2 . 4 . The v o l t a g e 

s o u r c e (-100V t o +100V) has a measurement a c c u r a c y of 25 mV and f i v e 

p o s s i b l e sweep r a t e s : 2 . 5 , 5, 10, 2 5 , 50 and 100 V / s . The r é f é r ence 

c u r r e n t c an be c h o s e n o v e r t h e r a n g e f rom 0 . 0 8 t o 5 mA. Time can be 

measured up t o 174 m in w i t h an a c c u r a c y o f 0.01 s e c o n d s . T h e r e f o r e , 

b o t h wearout and f a s t v o l t a g e ramp measurements may be pe r f o rmed on 

t h i s s y s t e m . 

Each measurement c o n s i s t s o f s e v e r a l c y c l e s d u r i n g w h i c h a i l 36 

c a p a c i t o r s a r e t e s t e d . F o r d i e l e c t r i c s t r e n g t h measurements the v a l u e 

o f the a p p l i e d v o l t a g e i s d e t e r m i n e d by a t i m e b a s e , a 1 2 - b i t c o u n t e r 

and a D/A c o n v e r t e r . The v o l t a g e i s i n c r e m e n t e d by 25 mV a t each 

c l o c k p u i s e . The l e n g t h o f t h i s p u i s e i s v a r i a b l e f rom 250 t o 10 u s . 
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F i g u r e 2 .4 B l o c k d i a g r a m o f the m u l t i - p r o b e breakdown d e t e c t i o n s y s t e m . 

T h u s , sweep r a t e s f rom 2 .5 V/3 t o 100 V/s c a n be o b t a i n e d . When one 

or more c a p a c i t o r s e x c e e d the r é f é r ence c u r r e n t d u r i n g a v o l t a g e s t e p 

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

s en t t o t h e mìcroprocessor . A t the end o f each v o l t a g e s t e p t h e 

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

m i c r o p r o c e s 3 o r . Broken-down o x i d e s a r e i m m e d i a t e l y d i s c o n n e c t e d f r om 

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

f l i p - f l o p s a r e r e s e t , the d a t a i s p r o c e s s e d by the m i c r o p r o c e s s o r and 

the n e x t measurement c y c l e b e g i n s . 

F o r wearout measurements a c o n s t a n t v o l t a g e i s a p p l i e d t o the 

c a p a c i t o r s and on breakdown t h e t i m e i n s t e a d o f the v o l t a g e i s r e a d 

i n . The 1 2 - b i t c o u n t e r i s ex t ended t o a 2 0 - b i t c o u n t e r f o r thèse 

measurements t o i n c r e a s e the maximum t ime w h i c h c a n be r e g i s t e r e d t o 

174 m i n u t e s . 
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2.3 Charge i n j e c t i on and sensing techniques. 

T h r e e t e c h n i q u e s were a v a i l a b l e t o i n j e c t c h a r g e I n t o MOS 

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

f i e l d t o t h e o x i d e w h i c h r e s u l t s i n c u r r e n t f l o w by F -N t u n n e l i n g . 

T u n n e l i n g I n j e c t i o n has been used f o r c h a r g e t r a p p i n g s t u d i e s 

( 7 1 , 7 2 , 7 3 ) bu t t h e r e q u i r e m e n t f o r h i g h f i e l d s t o i n j e c t r e l a t i v e l y 

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

i o n i s a t i o n o f t r a p p e d charge and breakdown o f the S i O g a r e f a v o u r e d 

under t h e s e c o n d i t i o n s . I n t h i s work h i g h f i e l d s t r e s s i n g was u s e d 

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

breakdown o f the i n s u l a t o r . Charge was i n j e c t e d under c o n s t a n t 

c u r r e n t c o n d i t i o n s , the v o l t a g e b e i n g a d j u s t e d t o compensate f o r 

c a r r i e r t r a p p i n g I n the o x i d e . The cha rge w h i c h c o u l d be p a s s e d p r i o r 

t o b r eakdown , Q ^ , was a l s o measured i n t h i s way. 

A v a l a n c h e i n j e c t i o n o f b o t h e l e c t r o n s ( 3 4 , 7 * 0 and h o l e s (75 ) was 

used t o cha rge t r a p s i n the o x i d e . R e l a t i v e l y l a r g e c u r r e n t d e n s i t i e s 

can be i n j e c t e d i n t o t h e S i Q 2 by t h i s method a t modera te o x i d e f i e l d s 

(£4 MV/cm) e n a b l i n g t h e d e t e c t i o n o f t r a p s w i t h s m a l l c a p t u r e 

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

o x i d e and make d e t r a p p i n g o f cha rge l e s s l i k e l y . 

The t h i r d cha rge I n j e c t i o n t e c h n i q u e used was i n t e r n a l 

p h o t o e m i s s i o n o r pho to I -V ( 7 6 , 7 7 ) . T h i s a l l o w s the I n j e c t i o n o f l ow 

c u r r e n t d e n s i t i e s a t l o w t o modera te f i e l d s and t h e I - V c u r v e o b t a i n e d 

I s v e r y s e n s i t i v e t o t h e cha rge d i s t r i b u t i o n i n t h e o x i d e . I t was 

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

( 3 5 ) . 

These t h r e e t e c h n i q u e s and the e x p e r i m e n t a l s e t - u p u s e d t o 

c o n d u c t t h e measurements a r e d e s c r i b e d i n g r e a t e r d e t a i l i n t h e 

f o l l o w i n g s e c t i o n s . 
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2 . 3 .1 F o w l e r - N o r d h e i m t u n n e i i n g . 

On a p p l i c a t i o n o f f i e l d s above -ôMV/cm s u b s t a n t i a l c u r r e n t b e g i n a 

t o f l o w t h r o u g h an MOS c a p a c i t o r . Frora the dependence o f the c u r r e n t 

d e n s i t y o n t h e a p p l i e d f i e l d ( l o g ( J / E 2 ) * 1/E) c o n d u c t i o n w o u l d aeem 

t o be due t o F -N t u n n e i i n g o f é l e c t r ons t h r o u g h t h e t r i angu l ä r b a r r i e r 

a t the i n t e r f a c e i n t o t h e o x i d e c o n d u c t i o n band (12). The c o m p l e t e 

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

J => ( q 2 E 2 / 8 T T h * ) e x p [ ~ 4 ( 2 m * ) 0 * 5 * 1 * 5 / 3 q H E ] (2 .1 ) 

where h i a P l a n c k ' s c o n s t a n t , "h i a h/2Tr, q the cha rge on t h e e l e c t r o n , 

E the e l e c t r i c f i e l d , * the b a r r i e r h e i g h t and m* the e f f e c t i v e mass 

of t h e e l e c t r o n ( u s u a l l y t a k e n as 0 . 5 m, where m i s the f r e e e l e c t r o n 

m a s s ) . 

I f the e f f e c t o f the image f o r c e on t h e b a r r i e r i s t a k e n i n t o 

a c c o u n t , two c o r r e c t i o n f a c t o r s t ( y ) and v ( y ) a r e i n t r o d u c e d i n t o t h e 

F o w l e r - N o r d h e i m équat ion . These a r e t a b u l a t e d i n t é g r a i s (78) 

dépendent on t h e n o r m a l i s e d i m a g e - f o r c e b a r r i e r l o w e r i n g , y , where : 

y - ( 1 / * ) ( q 3 E / 4 ï ï e 0 X ) ° - 5 ( 2.2) 

T h i s c o r r e c t i o n c ause s an e s s e n t i a l l y p a r a l l e l s h i f t o f the 

t h e o r e t i c a l F -N p l o t t o h i g h e r v a l u e s o f J / E 2 . 

A l t h o u g h t u n n e i i n g i s i t s e l f t e m p e r a t u r e Independent t h e number 

of é l e c t r ons i n c i d e n t on the b a r r i e r dépends on the t e m p e r a t u r e . T h i a 

i n t r o d u c e s a t e rm TïckT/slnUckT) where c = 2 (2m*$)° '5t (y )/q J nE i n t o 

t h e F o w l e r - N o r d h e i m équat ion . The F-N p l o t i s s t i l i c l o s e t o a 

s t r a i g h t l i n e but w i t h a s l i g h t l y s t n a l l e r s i ope . The t u n n e i i n g 

équation i n c l u d i n g c o r r e c t i o n f a c t o r s then becomes: 

J - ( q 3 E 2 / 8 i r h * ) [ 1 / t 2 ( y ) ] [ n c k T / s i n ( ï ï c k T ) ] (2 .3 ) 

x e x p { - [ 4 ( 2 m * ) ° - V * 5 / 3 < n E ] . v ( y )} 
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As w e l l as u s i n g t h e F-N t u n n e i i n g phenomenon f o r c o n s t a n t 

c u r r e n t h i g h f i e l d s t r e s s measurements , ramp I - V c u r v e s were a l s o 

m e a s u r e d . T h i s c o u l d be done e i t h e r by u s i n g a ramp v o l t a g e s o u r c e 

(Sweepy 1 , b u l l t a t ESAT) and l o g a r i t h m i c p i coammeter ( K e i t h l e y 26000) 

w i t h a H o u s t o n 2000 c h a r t r e c o r d e r o r by means o f the K e i t h l e y 220 

programmable c u r r e n t s o u r c e and HP 3456A d i g i t a l v o l t m e t e r p r e v i o u s l y 

d e s c r i b e d . 

2 . 3 . 2 A v a l a n c h e e l e c t r o n i n j e c t i o n . 

To cause a v a l a n c h e i n j e c t i o n o f rainority c a r r i e r s , a p e r i o d i c 

waveform i s used ( s i n u s o i d a l ( s q u a r e o r s a w t o o t h ) t o p u i s e t h e 

s u b s t r a t e i n t o deep d e p l e t i o n ( 3 4 , 7 4 ) . C a r r i e r s g e n e r a t e d i n t h e 

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

o c c u r . Some o f the ho t c a r r i e r s t h u s g e n e r a t e d have enough ene r gy t o 

surmount the i n t e r f a c i a l b a r r i e r and e n t e r t h e S i 0 2 . E l e c t r o n s a r e 

i n j e c t e d when t h e s u b s t r a t e i s p - t y p e and n o i e s when i t i s n - t y p e . I n 

t h i s manner charge i s i n j e c t e d o v e r p a r t o f each p u i s e c y c l e . Charge 

t r a p p i n g d u r i n g i n j e c t i o n means t h a t t o m a i n t a i n a c o n s t a n t c u r r e n t a 

f e edback c i r c u i t must be used t o r e g u l a t e t h e a m p l i t u d e o f the 

a v a l a n c h i n g p u i s e s . A v a l a n c h e i n j e c t i o n c a n be pe r f o rmed o n l y o v e r a 

l i m i t e d d o p i n g r a n g e . Above 10'^ / c m 3 dopant atoms i n t e r b a n d 

t u n n e i i n g r a t h e r t h a n a v a l a n c h e breakdown o c c u r s . Be low - 5 x 1 0 ^ 

/ c m 3 , d e p e n d i n g on the o x i d e t h i c k n e s s , edge breakdown o c c u r s so t h a t 

i n j e c t i o n i s no l o n g e r homogeneous ( 7 9 ) . 

D u r i n g a v a l a n c h e i n j e c t i o n t h e f i a t b a n d v o l t a g e s h i f t ( A V f b ) o r 

the midgap v o l t a g e s h i f t ( A V m g ) i s u s u a l l y measured as a f u n c t i o n o f 

t ime (and hence o f i n j e c t e d c h a r g e ) . Assura ing f i r s t o r d e r t r a p p i n g 

k i n e t i c s as p r oposed by N i n g and Yu ( 8 0 ) , thèse d a t a can be c o n v e r t e d 

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

e f f e c t i v e t r a p d e n s i t l e s , N i a c c o r d i n g t o the f o l l o w i n g équat ion: 
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n 
A V f b c ï < i N i d o x / e o x [ 1 - e x p ( - o i j t / q ) ] ( 2 . 4 ) 

i = 1 

where d Q X i s the oxide th i ckness , t the i n j e c t i o n time and j the 

current dens i ty . The var ious capture cross sect ions can be determined 

from the slope of the l i n e a r port ion? of the l n ( d A V f b / d t ) versus 

time curve. An a l t e r n a t i v e more accurate procedure, however, uses the 

Gauss-Newton method based on Jacobian matrices ( 8 1 ) . This i s much 

l e s s s e n s i t i v e to no i se , f inds always a l e a s t squares f i t and i s not 

l i m i t e d with respect to the number of traps i t can f i t i n one 

c a l c u l a t i o n . Th is method has been implemented i n a f i t t i n g program 

wr i t ten at E S A T + + . 

2 . 3 - 3 Avalanche hole i n j e c t i o n 

With an n-type substrate avalanche breakdown r e su l t a i n i n j e c t i o n 

of holes i n to the S i O ? , The mechanism i s the same as that described 

f o r électrons i n the previous s e c t i o n . One major problem ex i s t s with 

ho le i n j e c t i o n , however. This i s the p o s s i b i l i t y of simultaneous 

i n j e c t i o n of électrons from the gate so that the t o t a l current i s due 

to both holes and électrons flowing through the sample. It has been 

shown by Aitken and Young ( 7 5 ) that the use of a sawtooth waveform i s 

necessary to prevent e l ec t ron i n j e c t i o n . This ensures that whenever 

there i s a high oxide f i e l d présent there i s a l so a displacement 

current i n the S i l i c o n . Hence électrons need not be in jected from the 

gate to s a t i s f y current con t inu i t y requirements. Récent work has a lso 

shown that provided that the change i n appl ied voltage needed to 

maintain a constant set current tracks the change i n the f iatband 

vo l tage , i . e . that no 1 turnaround ' e f fect i s observed i n the app l ied 

vo l tage , then n e g l i g i b l e e l ec t ron i n j e c t i o n i s occur ing ( 8 2 ) . 

+ + Program written by M .Heyns. 
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2 . 3 . 4 I n t e r n a i p h o t o e m i s s i o n . 

U s i n g a t r a n s p a r e n t ga t e é l e c t r o d e , é l e c t r o n s e x c i t e d by t h e 

a b s o r p t i o n o f u . v . l i g h t can be i n j e c t e d i n t o t h e S i O j f rom e i t h e r 

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

b i a s ( 7 6 , 7 7 ) . F o r an e l e c t r o n t o be i n j e c t e d , i t must f i r s t r e a c h and 

t h e n surmount t h e i n t e r f a c i a l b a r r 1 e r . The p r o b a b i l i t y o f r e a c h i n g 

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

dépends o n the d i s t a n c e of the p o t e n t i a l energy b a r r i e r maximum, 

Xjjjq, f rom the ì n j e c t i n g i n t e r f a c e ( F ì g . 2 . 5 ) . The p r o b a b i l i t y o f 

é l e c t r ons s u r m o u n t i n g the b a r r i e r dépends b o t h o n t h e b a r r i e r h e l g h t 

and on t h e ene rgy w i t h w h i c h t h e y a r r i v e a t the b a r r i e r . B o t h t h e 

b a r r i e r h e i g h t and p o s i t i o n a r e a f f e c t e d by o x i d e charge and by the 

ga t e b i a s . E i t h e r t h e b a r r i e r h e i g h t o r i t s p o s i t i o n c a n be made t o 

domina t e by u s i n g pho ton énerg ies c l o s e t o o r c o n s i d e r a b l y g r e a t e r 

t h a n t h e energy b a r r i e r , r e s p e c t i v e l y . Ox i d e c h a r g e a f f e c t s t h e 

b a r r i e r p o s i t i o n much l e s s than i t a h e i g h t . However i n t h e b a r r i e r 

h e i g h t mode p h o t o c u r r e n t s a r e l ow and d i f f I c u l t t o d e t e c t . The 

b a r r i e r p o s i t i o n mode t s t h e r e f o r e e a s i e r t o use i n p r a c t i c e . 

F i g u r e 2 . 5 E f f e c t o f the image f o r c e p o t e n t i a l on t h e p o t e n t i a l 

energy b a r r i e r a t t h e i n j e c t i n g i n t e r f a c e ( a f t e r 8 3 ) . 
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D i f f i c u l t i e s a l s o a r i s e l n the a n a l y s i s o f the c u r r e n t c h a r a c t e r i s t i c s 

In t h e b a r r i e r h e l g h t mode s i n c e l t i3 n o t c e r t a i n whe ther t u n n e l i n g 

t h r o u g h the t op o f the b a r r i e r s h o u l d be t a k e n i n t o a c c o u n t ( 8 4 ) . 

F i g u r e 2 .5 shows an energy d i s t a n c e d iagrara o f the S i - S i O j 

i n t e r f a c e and t h e e f f e c t o f t h e image f o r c e p o t e n t i a l o n the b a r r i e r . 

I t c an be shown t h a t the p o s i t i o n o f the b a r r i e r maximum, x
m o » i n 

t h e c a s e o f no o x i d e c h a r g e i s g i v e n by : 

where tym3 i s the m e t a l - s i l i c o n work f u n c t i o n d i f f e r e n c e ( 7 7 ) . T h u s , 

t h e b a r r i e r moves c l o s e r t o the i n t e r f a c e as V i s i n c r e a s e d . 

T h r e e c a s e s a r e d i s t i n g u i s h a b l e when o x i d e c h a r g e i s p r e s e n t . 

F i r s t i f the cha rge i s v e r y c l o s e t o t h e i n t e r f a c e i . e . b e f o r e t h e 

b a r r i e r maximum, the e x p e r i m e n t a l pho to I - V c u r v e cannot be 

d i s t i n g u i s h e d f rom t h a t w i t h no o x i d e charge p r e s e n t ( F i g . 2 . 6 a ) . I f 

t h e b a r r i e r maximum i s w i t h i n t h e c h a r g e d i s t r i b u t i o n , t h i s c a n be 

p r o f i l e d . By v a r y i n g t h e g a t e b i a s , the b a r r i e r maximum i s swept 

t h r o u g h t h e o x i d e c h a r g e d i s t r i b u t i o n and t h e r e s u l t i n g pho to I -V 

c u r v e i s d i s t o r t e d compared wi t h t h e c a s e o f no o x i d e cha rge 

( F i g . 2 . 6 b ) . F i n a l l y , i f t h e r e i s o x i d e c h a r g e o n l y beyond t h e b a r r i e r 

maximum then t h e photo I -V c u r v e i s t r a n s l a t e d a l o n g t h e v o l t a g e a x i s 

r e m a i n i n g p a r a l l e l t o the c u r v e i n the c a s e o f no o x i d e c h a r g e 

( F i g . 2 . 6 c ) . The charge d e n s i t y , Q Q and t h e c e n t r o i d , x 0 can be 

e x t r a c t e d from the v o l t a g e s h i f t measured f i r s t w i t h t h e m e t a l 

( A V g m ) and then w i t h the s i l i c o n ( A V g 3 ) as the i n j e c t i n g e l e c t r o d e 

( 3 5 ) , u s i n g t h e f o l l o w i n g e q u a t i o n s : 

*mo 3 (QXmo / l 6 T T E ox<V^s>> 0 . 5 ( 2 .5 ) 

AV, ox ( 2 .5 ) 

û V g m » V< dox - *o>^ox] ( 2 . 6 ) 

where d, ox i s the o x i d e t h i c k n e s s and e ox the d i e l e c t r i c c o n s t a n t . 
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F i g u r e 2 .6 S h l f t s I n t h e photo I -V c u r v e s f o r t h e c a s e o f (a ) o n l y 

i n t e r f a c e c h a r g e , (b ) c h a r g e a t % m Q t ( c ) b u l k c h a r g e . 

( A f t e r ( 8 5 ) ) . 

The pho to I -V t e c h n i q u e i s t h e r e f o r e a v a l u a b l e means o f 

e x a m l n i n g c h a r g e d i s t r i b u t i o n s i n t h e o x i d e . C u r r e n t s may be k ep t l o w 

t o a v o i d f u r t h e r charge t r a p p i n g and a t r e l a t i v e l y l ow l i g h t 

i n t e n s i t i e s p h o t o d e p o p u l a t l o n i s a l s o a v o i d e d . 

2 . 3 - 5 Measurement S y s t e m s . 

Two automated Sys t ems have been d e v e l o p e d I n ESAT t o s t u d y c h a r g e 

t r a p p i n g e f f e c t s i n i n s u l a t o r 3 . These a r e t h e a v a l a n c h e i n j e c t i o n and 

photo I -V Systems. B o t h a r e c o n n e c t e d t o t h e same d a t a a c q u i s i t i o n 

System and HP 9835 C o n t r o l l e r . A s w i t c h a l l o w s t h e sample p robe 

s t a t i o n t o be e a s i l y c o n n e c t e d t o e i t h e r System. A p h o t o g r a p h o f the 

measurement equ ipment i s shown i n F i g . 2 . 7 . 
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F i g u r e 2 .7 The a v a l a n c h e and photo I -V measurement Systems. 

2 . 3 . 5 . 1 A v a l a n c h e i n j e c t i o n s y s t e m . 

A d iag ram o f t h i s s ys t em i s shown i n F i g . 2 . 8 . C o n s t a n t c u r r e n t 

d . c . s t r e s s may be c a r r i e d ou t as w e l l as a v a l a n c h e i n j e c t i o n o f 

é l e c t r ons o r h o l e s from the s u b s t r a t e . E i t h e r a d . c . v o l t a g e o r a 

s a w t o o t h waveform i s a p p l i e d , r e s p e c t i v e l y and a f e edback c i r c u i t 

r égu lâ tes the v o l t a g e l e v e l o r p u i s e a m p l i t u d e t o m a i n t a i n c o n s t a n t 

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

a u t o m a t i c a l l y measured a t a s e t c a p a c i t a n c e r a t i o , C / C n v . T h i s 

r a t i o can nave any v a l u e f rom 0 t o 1 bu t i t i s u s u a l l y c h o s e n as t h e 

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

Measurement o f t h i s v o l t a g e may t a k e p l a c e e v e r y 10, 20 , 50 , 200 o r 

500 s e c o n d s . S i x s e conds a r e r e q u i r e d t o make the measurement 

r e g a r d l e s s o f the chosen t ime i n t e r v a l . The waveform used f o r 

a v a l a n c h e i n j e c t i o n i s shown i n F i g . 2 . 9 . 
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HOT PROBE 
BOX 

SOt - 250*t 

HOT PROBE 
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t SELECT) 
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AVALANCHE 
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F i g u r e 2 .8 B l o c k d i a g r a m o f the a v a l a n c h e i n j e c t i o n s y s t em 

ACCUMULATION ! ELECTRON INJECTION 

\ \ 
20 us 26 ps 

t, - ONSET Of OEEP OEPLEÎKW 

t, • ONSET Of AVALANCHE HJECTKW] 

f, - ENO Of AVALANCHE j 4 ' ' " g ™ 

t4 - RECOMBWATWN OF MINORITY 
CARRIERS 

F i g u r e 2 .9 S a w t o o t h waveform used f o r a v a l a n c h e I n j e c t i o n 
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I n j e c t i o n o c c u r s o n l y between t i m e s t 2 and t ^ so t h a t ' p a c k e t s ' o f 

c u r r e n t a r e i n j e c t e d . The e l e c t r o m e t e r , howeve r , measures t h e a v e r a g e 

c u r r e n t t h r o u g h the d e v i c e . T h i s I s compared w i t h t h e s e t c u r r e n t and 

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

u n i t g e n e r a t e s the ramp v o l t a g e f o r t h e C-V measurements , compares t h e 

measured c a p a c i t a n c e v a l u e w i t h the c / c
o x r a t i o chosen and 

d e t e r m i n e s the a p p r o p r i a t e v o l t a g e . A t i m e r measures t h e c u m u l a t i v e 

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

measurement sequence i s a c h i e v e d . 

2 . 3 - 5 - 2 Pho to I -V s y s t e m . 

F i g u r e 2 .10 shows a s c h e m a t i c o f t h i s s y s t e m . I t c o n s i s t s o f an 

o p t i c a l bench w i t h a xenon l a m p , power s u p p l y and monochromator (H25 

J o b i n - Y v o n ) , a h i g h speed p icoammeter ( K e t t h l e y 4 1 7 ) , a c a p a c i t a n c e 

meter (Boonton 72BD) , a p r e c i s i o n l o c k - i n a m p l i f i e r (EG and G 

B r o o k d e a l 9 5 0 3 D - S C ) , a m i c r o v o l t m e t e r ( K e i t h l e y 177) and an 

e l e c t r o m e t e r ( K e i t h l e y 6 1 6 ) . 

TIME BASE 
GENERATOR 

VOLTAGE 
GENERATOR PROBE 

LENS 

SHUTTER 

XENON 
MONOCHROMATOR LAMP 

CURRENT 
METER 

J 
MICROPROCESSOR / HP 9835 

F i g u r e 2 .10 B l o c k d i a g r a m o f the pho to I -V sys t em 
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The p h o t o c u r r e n t t h r o u g h the MOS c a p a c i t o r i s measured f o r a 

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

s é r i e s o f s t e p s ; the magn i tude as w e l l as t h e d u r a t i o n o f each v o l t a g e 

s t e p (one measureraent c y c l e ) c an be s e t f rom 5 s e conds t o 20 m i n u t e s . 

The v o l t a g e change between two s e q u e n t i a l c y c l e s i s c o n t i n u o u s l y 

v a r i a b l e f rom 0.1 t o 11 V . Düring each c y c l e t h e sample i s 

t l l u m i n a t e d f o r a p e r i o d w h i c h may be f rom 0 . 1 - 0 . 8 t i m e a the c y c l e 

t i m e . Wave l eng tha o f 2760 A ( 4 . 5 eV) and 2480 A (5eV) a r e n o r m a l l y 

used t o cauae i n j e c t i o n f rom t h e m e t a l and from t h e a i l i c o n 

r e a p e c t i v e l y ; i . e . the measurement i s c o n d u c t e d i n the b a r r i er 

p o s i t i o n mode. The séquence of measurements o c c u r r i n g i n one c y c l e i a 

i l l u s t r a t e d i n F i g . 2 . 1 1 b e l o w . 

s h u t t e r c l o s e d 

1 2 3 — * 4 5 >' 

1 incrément v o l t a g e ^ 

1: A t the s t a r t o f the c y c l e the v o l t a g e i a m e a a u r e d . 

2 : B e f o r e the s h u t t e r i s opened t h e ' d a r k c u r r e n t * i s meaaured . 

3: J u s t b e f o r e t h e s h u t t e r c l o s e s the ' l i g h t c u r r e n t * i s m e a s u r e d . 

4 : 3 - 2 , the l i g h t c u r r e n t minus t h e d a r k c u r r e n t i s c a l c u l a t e d . 

5 : A t the end o f the c y c l e t h e d a r k c u r r e n t i s measured a g a i n . 

F i g u r e 2.11 Séquence o f e v e n t s i n one c y c l e o f a p h o t o I -V measurement . 

2.4 Capacitance-voltage (C-V) and charge pumping measurements. 

H i g h f r e q u e n c y (HF) and q u a s i - s t a t i c (QS) C-V measurements and 

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

e x t e n s i v e l y i n r é f . ( 1 1 ) . These measurements c a n be made on b o t h t h e 
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p h o t o I~V and a v a l a n c h e i n j e c t i o n s y s t e m s s i n c e b o t h i n c l u d e a Boon ton 

c a p a c i t a n c e m e t e r , a v o l t a g e ramp g e n e r a t o r and a c u r r e n t m e t e r . I t 

i s not n e c e s s a r y t o change c o n n e c t i o n s or sample h o l d e r s . F i g u r e 2 . 12 

shows the p r i n c i p l e o f t h e two measurements . The q u a s i - s t a t i c method 

i s used t o o b t a i n a l ow f r e q u e n c y C-V c u r v e . The d i s p l a c e m e n t c u r r e n t 

g e n e r a t e d as a r e s u l t o f the a p p l i c a t i o n of a s l ow v o l t a g e ramp i s 

measured as a f u n c t i o n o f g a t e v o l t a g e . S i n c e I = CdV/dT, the l ow 

f r e q u e n c y c a p a c i t a n c e a t the a p p l i e d ga t e v o l t a g e c an e a s i l y be 

c a l c u l a t e d ( 8 6 , 8 7 ) . 

SWEEP GENERATOR 
BIAS 

HI 

CAP. METER 

LO 

MOS 
SAMPLE 

a) HIGH FREQUENCY 

SWEEP GENERATOR 

MOS SAMPLE 

ELECTROMETER 

b) LOW FREQUENCY 

F i g u r e 2 .12 P r i n c i p l e o f h i g h and low f r e q u e n c y C-V measurements . 

The t i m e i n t e r v a l a t w h i c h the c a p a c i t a n c e o r c u r r e n t i s sampled 

can be v a r i e d from 0 . 3 t o 20 s e c o n d s . V a r y i n g t h e ramp r a t e and t h e 

t i m e i n t e r v a l d e t e r m i n e s t h e number o f p o i n t s t a k e n i n one v o l t a g e 

sweep . D a t a i s t a k e n a u t o m a t i c a l l y and s t o r e d o n f l o p p y d i s c f o r 

s u b s e q u e n t a n a l y s i s . P rograms a r e a v a i l a b l e t o c a l c u l a t e t h e 

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

e n e r g y l e v e l w i t h i n t h e s i l i c o n band gap u s i n g t h e methods o u t l i n e d 

be low i n 2 . 4 . 3 and 2 . 4 . 4 . 
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2 . 4 . 1 H i g h f r e q u e n c y C-V measureraer.ts. 

F o r an i d e a l MOS c a p a c i t o r , t h e measured c a p a c i t a n c e i s due t o 

the s e r i e a c o m b i n a t i o n o f the o x i d e l a y e r c a p a c i t a n c e , C o x , and t h e 

S i l i c o n d e p l e t i o n l a y e r c a p a c i t a n c e , C g . The r e a u l t i n g v a l u e i a a 

f u n c t i o n o f t h e ga t e v o l t a g e and measurement f r e q u e n c y . A n o r m a l i s e d 

h i g h f r e q u e n c y (1MHz) C-V c u r v e c a l c u l a t e d f o r an i d e a l p - t y p e samp l e 

w i t h an a c c e p t o r c o n c e n t r a t i o n o f 2 x l O 1 ^ /cm3 and an o x i d e 

t h i c k n e s a o f 100 nm i s ahown I n F i g . 2 . 1 3 . The é l e c t r o d e work f u n c t i o n 

d i f f é r e n c e has not been t a k e n i n t o a c c o u n t . 

F i g u r e 2 . 1 3 C a l c u l a t e d h i g h and l o w f r e q u e n c y MOS C-V c u r v e s f o r a 

p - t y p e sample ( t a k e n f rom ( 1 1 ) ) . 

T h r e e r ég i ons can be d i a t i n g u i s h e d : a c c u m u l a t i o n , d e p l e t i o n and 

i n v e r s i o n . When t h e m a j o r i t y c a r r i e r s a r e p u l l e d t owards the SÌ-S ÌO2 

i n t e r f a c e by t h e a p p l i e d g a t e b i a s the d e v i c e i s s a i d t o be i n 

a c c u m u l a t i o n (^3<0 i n F i g . 2 . 1 3 ) . The c a p a c i t a n c e t h e n t ends t owards 

i t s maximum v a l u e , C Q X , where C Q X = e o x A / d o x - e o x i 3 t n e 

s t a t t e d i e l e c t r i c c o n s t a n t o f S i O g , A i s the a r e a o f the c a p a c i t o r 

and d Q X , t h e o x i d e t h i c k n e s s . When the g a t e v o l t a g e i s such t h a t 

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

the S i l i c o n , i o n i s e d dopant atoms a r e l e f t b e h i n d and a d e p l e t i o n 

l a y e r i s s a i d t o form (2<(>b>y3>0). The d e p t h o f t h i s d e p l e t i o n 
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r é g i on and hence i t s c a p a c i t a n c e v a r i e s w i t h t h e g a t e v o l t a g e . A t the 

o n s e t o f i n v e r s i o n , m i n o r i t y c a r r i e r s b e g i n t o a c c u m u l a t e at the 

i n t e r f a c e f o r m i n g an i n v e r s i o n l a y e r (ii>s>2<j>b). The d e p l e t i o n l a y e r 

a p p r o a c h e s a maximum beyond w h i c h a s m a l l change i n ga t e v o l t a g e 

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

i n t e r f a c e . However , unde r h i g h f r e q u e n c y c o n d i t i o n s , m i n o r i t y c a r r i e r 

g e n e r a t i o n and r e c o m b i n a t i o n i s not f a s t enough t o r e s p o n d t o the 

a p p l i e d a , c . s i g n a l . The i n v e r s i o n l a y e r t h e r e f o r e does not 

c o n t r i b u t e t o the measured h i g h f r e q u e n c y c a p a c i t a n c e , C n f . Once 

t h e d e p l e t i o n l a y e r i s a t a maximum, C n f l e v e l s o f f a t i t s minimum 

v a l u e . A t any ga t e vo l tage - . 

C h f - C s C o x / ( C 3 • C o x ) ( 2 .7 ) 

The f l a t b a n d v o l t a g e o f an i d e a l d e v i c e i s e q u a l t o the work 

f u n c t i o n d i f f e r e n e e , tf>m3, between the g a t e m a t e r i a l and the 

s u b s t r a t e . When b u l k o r i n t e r f a c e c h a r g e s a r e présent i t o c c u r s a t a 

v o l t a g e w h i c h compensâtes thèse c h a r g e s . Hence : 

V f b - " V C o x - ( Q o t + Q i t > / c o x + *ms ( 2 . 8 ) 

Charge i n s t a t e s whose o c c u p a t i o n i s independen t o f a p p l i e d b i a s (Qj> 

and Q o t ) w i l l c ause a t r a n s l a t i o n o f the C-V c u r v e a l o n g t h e v o l t a g e 

a x i s . Charge i n i n t e r f a c e s t a t e s (Qj_ t) c a u s e s d i s p l a c e m e n t and a l s o 

d i s t o r t i o n o f t h e C-V c u r v e a l o n g the v o l t a g e a x i s . A l t h o u g h t h e 

i n t e r f a c e s t a t e s make no d i r e c t c o n t r i b u t i o n t o C n ^ s i n c e they 

c a n n o t f o l l o w the a . c . s i g n a l , t h e y a r e a b l e t o change t h e i r c h a r g e 

s t a t e i n e q u i l i b r i u m w i t h t h e d . c . b i a s . T h i s c ause s a change i n the 

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

' s t r e t c h - o u t * o f t h e C-V c u r v e a l o n g the v o l t a g e a x i s . The f l a t b a n d 

v o l t a g e s h i f t r e l a t i v e t o an o x i d e w i t h no cha rge i s g i v e n by : 

A V f b = < * e f f d o x V < E o x d o x > C 2 - 9 > 

where N e f f i s the e f f e c t i v e charge d e n s i t y , x Q the cha rge c e n t r o i d 
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and the o t h e r pa rame t e r s a r e as p r e v i o u s l y d e f i n e d . An unambiguous 

séparat ion o f the o x i d e t r a p p e d c h a r g e , Q Q t f r om the i n t e r f a c e 

c h a r g e , Q i t , i s not p o s s i b l e because t h e s i g n o f the c h a r g e 

o c c u p y i n g t h e i n t e r f a c e t r a p s i s i n d e t e r m i n a t e ( 8 8 , 8 9 ) . The midgap 

v o l t a g e , V m g r ( i . e . t h e v o l t a g e when t h e F e r m i l e v e l i s a t midgap ) 

has been used t o t r y and s e p a r a t e Q Q t and Q i t on t h e a s s u m p t i o n 

t h a t t h e n e t i n t e r f a c e c h a r g e i s z e r o a t t h i s p o i n t and hence any 

s h i f t i n V m g i s a measure o f Q o t a l o n e ( 4 7 - 5 0 ) . T h i s i s d i s c u s s e d 

f u r t h e r i n 4 B . 1 . 2 . V m g i s f ound e x p e r i m e n t a l l y a s t h a t v o l t a g e a t 

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

équat ion: 

c s a [ ( q ^ g N d / a k T J l n E N d / n i ] ] 0 * 5 ( 2 . 10 ) 

where N d i s the d o p i n g d e n s i t y , n j the 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 and e 3 the d i e l e c t r i c c o n s t a n t o f S i l i c o n . 

2 . 4 . 2 Low f r e q u e n c y and q u a s i - s t a t i c (QS) C-V measurements . 

Under q u a s i - s t a t i c c o n d i t i o n s o r a t l ow f r e q u e n c i e s where t h e 

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

i s a d i r e c t c o n t r i b u t i o n f rom thèse s t a t e s t o t h e c a p a c i t a n c e , C ^ . 

T h i 3 r e s u l t s i n an a d d i t i o n a l c a p a c i t a n c e , C i t , i n p a r a l l e l w i t h 

C 3 . Hence : 

1 / C l f - l / c o x + 1/ (C 3 + C l t ) ( 2 .11 ) 

A l o w f r e q u e n c y c u r v e c a l c u l a t e d f o r an i d e a l c a p a c i t o r i s a l s o 

shown i n F i g . 2 . 1 3 . Throughout the a c c u m u l a t i o n and d e p l e t i o n r é g i ons 

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

h i g h f r e q u e n c y c a s e . I n i n v e r s i o n , b e cause t h e m i n o r i t y c a r r i e r s a t 

t h e i n t e r f a c e a r e now a b l e t o m a i n t a i n e q u i l i b r i u m w i t h the a p p l i e d 

a . c . s i g n a l the measured c a p a c i t a n c e r i s e 3 a g a i n , once more 

a p p r o a c h i n g i t s maximum v a l u e of C Q X , 
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2 . 4 . 3 d i s t r i b u t i o n f rom QS and i d e a l C-V c u r v e s . 

R e a r r a n g i n g équat ion ( 2 . 1 1 ) above we c a n o b t a i n an e x p r e s s i o n f o r 

C i t = 

c i t - £ 1 / c l f - 1 / c o x ^ 1 " c s €2-12) 

I f C Q X and C l f ( V g ) a r e measured and C 3 c a l c u l a t e d as a f u n c t i o n 

o f ii» a, the v a r i a t i o n o f ty3 w i t h V g i s a i l t h a t i s r e q u i r e d t o 

o b t a i n C i t ( i ^ 3 ) . B e r g l u n d (90) showed t h a t : 

* s a * s o [ 1 - C l f ( V g ) / C o x ] , d V g ( 2 . 1 3 ) 

V g 0 i s an i n i t i a l g a t e b i a s c o r r e s p o n d i n g t o i>30* The i n t é g r a l i s 

d e t e r m i n e d e x p e r i m e n t a l l y from t h e l o w f r e q u e n c y C-V c u r v e . S i n c e 

tyso i s not known, V g 0 i s chosen t o m i n i m i s e the e r r o r i n ^ s o , 

t . e . i t i s t a k e n I n a c c u m u l a t i o n o r I n v e r s i o n where band b e n d i n g i s 

o n l y a weak f u n c t i o n o f ga t e b i a s . 

2 . 4 . 4 D i t d i s t r i b u t i o n from QS and HF C-V c u r v e s 

T h i s method i s due t o C a s t a g n e and V a p a i l l e ( 9 1 ) . I t has t h e 

advantage t h a t C g i s d e t e r m i n e d e x p e r i m e n t a l l y f rom the HF C-V c u r v e 

a t the same v a l u e o f the g a t e b i a s a t w h i c h (Cs + C i t ) i s measured 

i n the l ow f r e q u e n c y c u r v e . Hence C 3 a u t o m a t i c a l l y c o r r e s p o n d s t o 

the c o r r e c t band b e n d i n g . A l s o no t h e o r e t i c a l c a l c u l a t l o n i s 

n e c e s s a r y and no d o p i n g p r o f i l e measurement i s r e q u i r e d . From the 

h i g h f r e q u e n c y c u r v e : 

C s = . < 1 / c h f - l / c o x > ~ 1 < 2 ' 1 ^ 

S u b s t i t u t i n g i n the équat ion f o r t h e l ow f r e q u e n c y c u r v e g i v e s : 
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C i t 3 < 1 / c l f " 1 / c o x > 1 ' C î / C h f " l / C o x ) " 1 C 2 ' 1 5 ) 

T h u s , C i t l a r e a d i l y o b t a i n e d as a f u n c t l o n o f ga t e b i a s . i|/3 as a 

f u n c t i o n o f V g c an a g a i n be o b t a i n e d f rom the B e r g l u n d i n t e g r a t i o n . 

To o b t a i n D ^ . ove r the S i l i c o n bandgap , the t r a p l e v e l E t can be 

f o u n d f r o m : 

t E c - E t ) / q [ o r ( E t - E v ) / q ] = E g / 2 q + tyg - $ b ( 2 .16 ) 

2 . 4 . 5 BTS measurement s y s t e m . 

BTS measurements were c a r r i ed ou t u s i n g a Mode l 410 EG and G PAR 

C-V p l o t t e r , a T e m p t r o n i c TP36B thermochuck s y s t e m w i t h K a r l süss 

p robes i n a l i g h t t i g h t box and a H o u s t o n 2000 x - y r e c o r d e r 

( F i g . 2 . 1 4 ) . Températures o f up t o 305°C can be m a i n t a i n e d w i t h an 

a c c u r a c y o f ±6°C and a s t a b i l i t y o f ±1°C. H e a t i n g i s by a . c . h e a t e r s 

and c o o l i n g by an e t h y l e n e g l y c o l / w a t e r s o l u t i o n . The t e m p e r a t u r e I s 

s e n s e d by a t h e r m i s t o r i n t h e r m a l c o n t a c t w i t h the chuck s u r f a c e . The 

s t r e s s v o l t a g e i s c o n t i n u o u s l y v a r i a b l e f rom z e r o t o ±100V. 

REFRIGERANT 

TEMPERATURE 
CONTROL 

C-V AND 
BIAS CONTROL 

PROBE BOX 

PROBE 

TABLE 
CHART 
REC0R0ER 

F i g u r e 2 .14 B l o c k d i a g r a m o f the BTS measurement s y s t e m . 
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I t i s a p p l i e d d u r i n g h e a t i n g and c o o l i n g as w e l l as w h i l e the d e v i c e 

i s a t the s e t t e m p e r a t u r e . C a p a c i t a n c e r a n g e s o f 0 . 5 - 2 0 0 0 pF a r e 

a v a i l a b l e w i t h an a c c u r a c y o f ±2% o f the measured v a l u e . A 1 MHz 

o s c i l l a t o r p r o v i d e s the 15 mV rms a . c . s i g n a l t o the d e v i c e under 

t e s t . A t y p i c a l measurement wou ld c o n s i s t o f t a k i n g a room 

t e m p e r a t u r e C-V c u r v e , h e a t i n g t o the s e t t e m p e r a t u r e (150-25Q°C) 

unde r s t r e s s ( u s u a l l y 2 -4 MV/cm), m a i n t a i n i n g t h i s t e m p e r a t u r e f o r the 

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

b i a s and m e a s u r i n g a s e cond C-V c u r v e . The s h i f t i n V m g between t h e 

two c u r v e s i s then m e a s u r e d . 

2 . 4 . 6 Charge pumping measurements . 

A l i the methods t o d e t e r m i n e i n t e r f a c e s t a t e d e n s i t i e s , w h i c h 

have been d i s c u s s e d s o f a r , r e q u l r e the use o f MOS c a p a c i t o r s . The 

cha rge pumping t e c h n i q u e , howeve r , a l l o w s the measurement o f i n t e r f a c e 

s t a t e d e n s i t i e s o n MOS t r a n s i s t o r s ( 9 2 ) . The c i r c u i t u s e d t o c o n d u c t 

a cha rge pumping measurement i s i l l u s t r a t e d i n F i g . 2 . 1 5 f o r t h e c a s e 

o f an n - c h a n n e l MOST. 

PULSE GEN. 

- T T . / V / X 

7 f 

1 1 1 1 
p-Si MOST 

DC AMMEIER 
(KEITHLEY 6161 

F i g u r e 2 .15 P r i n c i p i e o f a charge pumping measurement . ( A f t e r ( 9 3 ) . ) 
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I n thèse measurements the p u l s e g e n e r a t o r used was an HP 801OA and the 

o s c i l l o s c o p e a P h i l i p s PM 3 2 1 7 . The s o u r c e and d r a i n are c o n n e c t e d 

t o g e t h e r and r e v e r s e b i a s e d ( 0 . 5 - 1 . 0 V ) . A p u i s e waveform i s t h e n 

a p p l i e d t o the g a t e . When t h e t r a n s i s t o r i s p u l s e d i n t o i n v e r s i o n t h e 

s u r f a c e becomes d e e p l y d e p l e t e d . E l e c t r o n s f l o w i n t o the C h a n n e l f rom 

t h e s o u r c e and d r a i n and some o f them a r e c a p t u r e d by i n t e r f a c e 

s t a t e s . As the g a t e p u l s e d r i v e s the s u r f a c e back i n t o a c c u m u l a t i o n , 

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

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

s t a t e s , howeve r , w i l l r e comb ine w i t h m a j o r i t y c a r r i e r s f rom the 

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

s u b s t r a t e g i v e n by : 

Q i t a A g q 2 5 ï t * 3 <2.17) 

where D ^ t i s the mean s u r f a c e s t a t e d e n s i t y a v e r a g e d o v e r t h e ene r gy 

l e v e l s swept by the F e r m i l e v e l , A g i s the Channel a r e a and ty3 t s 

t h e t o t a l sweep of t h e s u r f a c e p o t e n t i a l e x p r e s s e d i n eV. F o r 

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

* c p a f Q i t - f A
g q 2 5 ï t * s < 2 - î 8 > 

Measurement o f t h l s c u r r e n t t h e r e f o r e a l l o w s an e s t i m a t e t o be made o f 

D i t over t h e ene r gy range swept by t h e p u l s e . 

A more a c c u r a t e model f o r the cha rge pumping phenomenon was 

r e c e n t l y d e v e l o p e d (93) and t h l s t e c h n i q u e now p r o v i d e s a s i m p l e 

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

g a t e a r e a MOSFETs. B o t h an ave rage v a l u e o f the i n t e r f a c e s t a t e 

d e n s i t y and t h e ene rgy d i s t r i b u t i o n o f thèse s t a t e s i n t h e S i l i c o n 
bandgap c a n be o b t a i n e d w i t h o u t knowing the dependence o f the s u r f a c e 

P o t e n t i a l o n the g a t e v o l t a g e . To o b t a i n t h e energy d i s t r i b u t i o n o f 

t h e i n t e r f a c e s t a t e s the p r o c e s s e s o c c u r r i n g on a p p l i c a t i o n o f t h e 

g a t e p u l s e must be c o n s i d e r e d i n more d e t a i l . 
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The waveform shown i n F i g . 2 . 1 6 i s a p p l i e d t o t h e s a m p l e . I t has 

a r i s e t i m e , t p and f a l l t i m e , t f , an a m p l i t u d e A V g and a p e r i o d T . 

When t h e s u r f a c e i s i n a c c u m u l a t i o n , t h e i n t e r f a c e s t a t e s be l ow t h e 

q u a s i - F e r m i l e v e l o f the m i n o r i t y c a r r i e r s a r e f i l l e d w i t h é l e c t r o n s 

w h i l e t h o s e above i t a r e empty. The s t a t e s a r e t h u s i n e q u i l i b r i u r a 

w i t h the ene rgy b a n d s . As the g a t e v o l t a g e and hence t h e s u r f a c e 

P o t e n t i a l i n c r e a s e s , h o l e s a r e e m i t t e d t o w a r d s t h e v a l e n c e band t o 

m a i n t a i n e q u i l i b r i u m and f l o w back i n t o t h e s u b s t r a t e . 

'H 

T 

F i g u r e 2 .16 ' S q u a r e 1 waveform used f o r t h e c h a r g e pumping measu r emen t s . 

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

a b l e t o keep t r a p o c c u p a t i o n i n dynamic e q u i l i b r i u m w i t h t h e v o l t a g e 

sweep. As soon as the r a t e o f change o f the s u r f a c e p o t e n t i a l exceeds 

t h e émission r a t e , a n o n - s t e a d y - s t a t e r e g i m e i s e n t e r e d where t r a p 

empty ing i s c o m p l e t e l y c o n t r o l i e d by t h e émission p r o c e s s ( 9 4 ) . 

Because o f the shape o f the ifjg v e r s u s V g c u r v e and t h e r e l a t i v e l y 

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

the t r a n s i t i o n p o i n t between s t e a d y - s t a t e and n o n - s t e a d y - s t a t e w i l l 

a lways be v e r y c l o s e t o the V f b . When t h e g a t e v o l t a g e i s c l o s e t o 

V T , the t r a p p i n g t i m e c o n s t a n t becomes s m a l l e r and é l e c t r o n s w i l l be 

t r a p p e d i n i n t e r f a c e s t a t e s not y e t emp t i ed o f h o l e s . When V 

exceeds V T , t h e r e m a i n i n g t r a p s w i l l be f i l l e d by é l e c t r o n s coming 
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from t h e 3 0 u r c e and d r a i n . The c h a n n e l i s now back i n e q u i l i b r i u m 

w i t h t h e energy b a n d s . 

S i m i l a r mechanisras a r e o p e r a t i n g as the g a t e i s p u l s e d b a c k . 

F i r s t é l e c t r ons a r e e m i t t e d f rom t h e i n t e r f a c e s t a t e s and f l o w back t o 

the s o u r c e and d r a i n i n a s t e a d y - s t a t e r e g i m e . T h e n , i n t h e d e p l e t i o n 

r é g i on n o r r s t e a d y - s t a t e émission o f é l e c t r ons t o the c o n d u c t i o n band 

f o l l o w e d by r e m o v a l v i a t h e s o u r c e and d r a i n t a k e s o v e r . F i n a l l y when 

Vg e q u a l s V j - b , t h e t r a p p i n g t i m e c o n s t a n t o f h o l e s become3 
i m p o r t a n t and t h e s e f i l i t h e r e m a i n i n g t r a p s o c c u p i e d by é l e c t r o n s . 

A c c o r d i n g t o the t h e o r y o f c a r r i e r émission f rom i n t e r f a c e s t a t e s 

( 9 4 ) , t h e f o l l o w i n g e x p r e s s i o n can be d e r i v e d f o r t h e c h a r g e pumping 

c u r r e n t i n t h e n o n - s t e a d y - s t a t e r e g i m e u s i n g a ' s q u a r e ' waveform: 

where v t h i s the t h e r m a l v e l o c i t y o f the c a r r i e r a and an and o p 

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

By u s i n g v a r y i n g r i s e and f a l l t i m e s i t i s p o s s i b l e t o o b t a i n the 

i n t e r f a c e s t a t e d i s t r i b u t i o n o v e r the f o r b i d d e n ene r gy g a p . When 

a p p l y i n g p u l s e a w i t h v a r i a b l e f a l l t i m e s and a Constant r i s e t i m e one 

s c a n s the energy range i n t h e upper h a l f o f the band gap and v i c e 

v e r s a ( 9 3 , 9 5 ) . 

( 2 .20 ) 
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CHAPTER THREE: 

BREAKDOWN OF SILICON DIOXIDE 

3A: LITERATURE SURVKY 

The s t o c h a s t i c n a t u r e o f breakdown (96) means t h a t t h e r e i s no 

d e f i n i t e breakdown f i e l d o r t ime~to* -breakdown a s s o c i a t e d w i t h a g i v e n 

d e v i c e . A t a c o n s t a n t a p p l i e d f i e l d , even f o r i d e n t i c a l d e v i c e s , 

breakdowns a r e d i s t r i b u t e d i n t ime and i n a ramp t e s t t h e y are 

d i s t r i b u t e d i n f i e l d . F o r i d e n t i c a l d e v i c e s , howeve r , t h e p r o b a b i l i t y 

o f breakdown i s c o n s t a n t . A t d e f e c t s t h i s p r o b a b i l i t y i s i n c r e a s e d so 

t h a t breakdowns a r e d i s t r i b u t e d o v e r l o w e r f i e l d s i n a ramp t e s t and 

e a r l i e r t i m e s i n a wea rou t t e s t . As a r e s u i t , b o t h f a s t v o l t a g e ramp 

and wearout measurements show S t a t i s t i c a l d i s t r i b u t i o n s w i t h more t h a n 

one component . The l ow and medium f i e l d breakdowns i n t h e f i r s t c a s e 

and the e a r l y f a i l u r e s i n the s e cond a r e d e f e c t - r e l a t e d and due t o 

weak s p o t s i n t h e o x i d e . The h i g h f i e l d breakdowns o r t h o s e o c c u r r i n g 

a t l o n g e r t i m e s have o f t e n been assumed t o be an i n t r i n s i c p r o p e r t y o f 

t h e o x i d e . However , i t i s by no means c e r t a i n t h a t t h i s 1s a c t u a l l y 

t h e c a s e . Over the p a s t f i f t e e n y e a r s t h e r e has been a s u b s t a n t i a l 

i n c r e a s e i n t h e maximum v a l u e o f the breakdown f i e l d , E b d ( m a x ) , f r om 

6 t o l6MV7cm ( 1 8 ) and t h e r e i s no r e a s o n t o suppose t h a t t h e l i m i t has 

y e t been r e a c h e d . P a r t o f t h i s i n c r e a s e i s due t o a d e c r e a s e i n t h e 

o x i d e t h i c k n e s s used ( 5 ) . C l e a n e r p r o c e s s i n g has a l s o had a 

s u b s t a n t i a l i n f l u e n c e t h o u g h , p e r h a p s a c c o u n t i n g f o r 30 o r 40% o f the 

i n c r e a s e i n E o c i ( m a x ) . N e v e r t h e l e s s , we s h a l l c o n t i n u e t o use t h e 

t e rm ' i n t r i n s i c b r eakdown ' as a c o n v e n i e n t means o f i n d i c a t i n g b o t h 

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

measurement and a t l o n g t imes t o f a l l u r e i n a wea rou t measurement . 

B o t h i n t r i n s i c and d e f e c t - r e l a t e d breakdown have been r e v i e w e d by 

Solomon (97 ) and I n t r i n s i c breakdown mechanisms by K l e i n ( 9 8 ) . 

I n t h e n e x t s e c t i o n , the p r o b a b l e c ause s and t h e p r o c e s s i n g 

dependence of de f ect* -r e l a t e d breakdown w i l l be d i s c u s s e d . T h e r e 

f o l l o w s a s i m i l a r d e s c r i p t i o n o f i n t r i n s i c breakdown and o f the 
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p h y s i c a l mode ls f ound i n t h e l i t e r a t u r e f o r t h i s phenomenon. F i n a l l y , 

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

3A.1 De fect - re la ted breakdown. 

The most common t e c h n i q u e f o r d e t e c t i n g o x i d e d e f e c t s i s 

e l e c t r i c a l t e s t i n g . S h o r t i n g or n o n - s h o r t i n g t e s t s may be e m p l o y e d . 

I n the l a t t e r the upper e l e c t r o d e i s t h i n enough t o e v a p o r a t e f rom the 

r e g i o n above the d e f e c t when breakdown o c c u r s . The c a p a c i t o r i s not 

d e s t r o y e d by t h i s ' s e l f - h e a l i n g ' breakdown and many t e s t s can be 

c a r r i e d o u t on a s i n g l e l a r g e d e v i c e . However , t h i s t e c h n i q u e assumes 

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

any i n f l u e n c e f rom t h e d e s t r u c t i o n of p a r t o f t h e i n s u l a t o r . S i n c e 

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

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

V a r i o u s o t h e r t e c h n i q u e s have a l s o been employed t o measure t h e 

d e f e c t d e n s i t y i n S i 0 2 ( 9 9 ) . These i n c l u d e l i q u i d c r y s t a l methods 

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

( 1 0 0 , 1 0 1 ) , s c a n n i n g i n t e r n a l p h o t o e m i s s i o n ( 102 ,103 ) and s c a n n i n g 

i n t e r n a l p h o t o v o l t a g e (104) t e c h n i q u e s . D e f e c t s a t the A l - S i O g 

i n t e r f a c e have a l s o been i n f e r r e d f rom d e v i a t i o n o f the I - V 

c h a r a c t e r i s t i c s f rom t h e e x p e c t e d b e h a v i o u r as a r e s u l t o f b a r r i e r 

h e i g h t i n h o m o g e n e i t i e s ( 1 0 5 ) . 

3 A . 1 . 1 N a t u r e o f d e f e c t s . 

D e f e c t d e n s i t y i n S i 0 2 i s a f f e c t e d by s e v e r a l f a c t o r s , i n c l u d i n g 

s u b s t r a t e q u a l i t y and wa f e r c l e a n i n g p r o c e d u r e s ( 5 , 1 6 , 9 9 ) , c l e a n l i n e s s 

o f the o x i d a t i o n f u r n a c e (5) and m e t a l l i z a t i o n c o n d i t i o n s ( 1 6 ) . The 

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

embedded i n t h e o x i d e c a n cause a l o c a l i z e d r e d u c t i o n i n d i e l e c t r i c 

s t r e n g t h o r when on t h e s u b s t r a t e s u r f a c e t h e y may i n t e r f e r e w i t h the 

f i l m g r ow th c a u s i n g t h i n s p o t s , p a r t i a l or c omp l e t e p i n h o l e s or 

h i l l o c k s . P i n h o l e s may a l s o r e s u l t f rom p h o t o l i t h o g r a p h i c p r o c e s s i n g 
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i f the p h o t o r e s i s t does n o t c o m p l e t e l y p r o t e c t the f i l m t h u s a l l o w i n g 

e t c h a n t s t o p e n e t r a t e t h r o u g h f l a w s . S t r e s s may a l s o be a c a u s e o f 

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

e t c h i n g o r h ea t t r e a t m e n t s . A l u m i n i u m m i g r a t i o n (16) and sod ium 

c o n t a m i n a t i o n (106 ,107 ) have a l s o been i m p l i c a t e d i n r éduct ion o f the 

breakdown f i e l d . M e t a l l i c i m p u r i t i es f rom t h e f u r n a c e h e a t i n g 

éléments and o t h e r s o u r c e s have i n p a r t i c u l a r been a s s o c i a t e d w i t h 

medium f i e l d breakdowns ( 1 0 8 , 2 1 ) . A back s i d e d i f f u s i o n o f phospho rus 

was f ound t o g e t t e r any m e t a l i o n s and t o s u b s t a n t i a l l y r e d u c e t h i s 

f a i l u r e mode ( 1 0 8 ) , w h i l e use o f a d o u b l e - w a l l e d o x i d a t i o n tube 

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

g rowth ( 2 1 ) . H i g h l e v e l s o f oxygen p r é c i p i t â t e s présent i n some 

a s - r e c e i v e d w a f e r s have a l s o been shown t o r e s u l t i n more medium f i e l d 

breakdowns ( 1 0 8 ) . A p r e - o x i d a t i o n a n n e a l i n n i t r o g e n h e l p e d t o r e d u c e 

thèse . 

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

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

p r o c e s s i n g p a r a m e t e r s on d e f e c t - r e l a t e d b r eakdown . For e xamp l e , i t 

has been v a r i o u s l y r e p o r t e d t h a t i n c r e a s i n g o x i d e t h i c k n e s s c a u s e s a 

d e c r e a s e (16 ) , an i n c r e a s e (109) o r t h a t i t has no e f f e c t (5) on the 

d e f e c t d e n s i t y . Recent work s u g g e s t s t h a t t h i s may be e x p l a i n e d by 

low f i e l d breakdowns d e c r e a s i n g w i t h o x i d e t h i c k n e s s w h i l e medium 

f i e l d breakdowns i n c r e a s e ( 1 0 8 ) . I f a l l d e f e c t - r e l a t e d breakdowns a r e 

c o n s i d e r e d t o g e t h e r , t h e t h i c k n e s s dependence w i l l dépend o n w h i c h o f 

t h e two modes dominâtes. 

3 A . 1 . 2 P r o c e s s i n g and m a t e r i a l s dependence . 

T a b l e 3.1 shows a summary of the p u b l i s h e d r e s u l t s o n t h e 

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

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

H C l t o the o x i d a t i o n ambient and a p h o s p h o s i l i c a t e g l a s s (PSG) 

p a s s i v a t i o n l a y e r were f ound t o be t h e most s i g n i f i c a n t p a r a m e t e r s . A 

d r a m a t i c i n c r e a s e i n d e f e c t d e n s i t y i s o b s e r v e d f o l l o w i n g an e x t e n d e d 
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PMA ( ~ l h , 500°C) wi th . magnesium o r a l u m i n i u m g a t e é l e c t r o d e s (16) but 

not w i t h g o l d (16) o r p o l y s i l i c o n ( 5 ) . A l u m i n i u m was f o u n d t o r e a c t 

w i t h t h e S i 0 2 a t thèse températures e v e n t u a l l y c a u s i n g s h o r t i n g . A 

s h o r t PMA ( 5 ' , 500°C) on the o t h e r hand gave a s l i g h t improvement i n 

o x i d e i n t e g r i t y p r o b a b l y due t o a r éduc t i on i n i n t e r f a c e s t a t e d e n s i t y 

( 5 ) . S i r a i l a r r e s u l t s have been o b t a i n e d f o r p o s t - o x i d a t i o n a n n e a l 

c o n d i t i o n s . Osburn and Ormond (5) f o u n d t h a t a h i g h t e m p e r a t u r e POA 

i n n i t r o g e n (15 m i n . , 1000°C) i n c r e a s e d the d e f e c t d e n s i t y by 50% i n 

1000 A f i l m s and by ì\00% i n 200 A f i l m s . I n g e n e r a l , t h e d e f e c t 

d e n s i t y w o u l d appea r t o i n c r e a s e w i t h i n c r e a s i n g a n n e a l t ime ( 5 » 1 1 0 ) . 

However , r e c e n t work has shown t h a t a s h o r t POA ( 1 0 ' ) a t the o x i d a t i o n 

t e m p e r a t u r e (900-1000°C) does i n i t i a l l y d e c r e a s e the d e f e c t d e n s i t y 

( 1 1 1 ) . 

Parame t e r ( i n c r e a s e d ) D e f e c t D e n s i t y 

S u b s t r a t e : d o p i n g ' f (5) 

O x i d a t i o n : t e m p e r a t u r e f ( 1 5 , 1 6 , 1 1 1 ) ; ^ (112) 

: ambient wa te r c o n o . = (5) 

: ambient H C l c o n c . J , ( 5 ,113 ) 

: o x i d e t h i c k n e s s = ( 5 ) ; t ( 1 0 9 ) ; J , ( 16) 

: PSG l a y e r | ( 5 ,16 ) 

A n n e a l s : POA t ime (N 2 ) f ( 5 ,110 ) 

: PMA t ime/ t emp . f A l , M g ( 1 6 ) ; = p o l y , A u ( 5 , 1 6 ) 

E l e c t r o d e : ( A l , M g , C r , M o , A u , P t ) = (5) 

T a b l e 3.1 Summary o f t h e r e p o r t e d r e s u l t s on the p r o c e s s i n g 

dependence o f the d e f e c t d e n s i t y i n S i 0 2 l a y e r s . 

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

t e m p e r a t u r e f a v o u r s an i n c r e a s e i n the d e f e c t d e n s i t y ( 5 , 1 6 , 1 1 1 ) bu t 

the amount o f w a t e r i n the ambient does n o t seem t o be i m p o r t a n t ( 5 ) . 

H i g h e r o x i d a t i o n températures appear t o have a more d e t r i m e n t a l e f f e c t 

t h e l o w e r t h e o x i d e t h i c k n e s s and t o have r e l a t i v e l y l i t t l e e f f e c t on 

f i l m s g r e a t e r t h a n 1000 A ( 5 ) . 
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C h l o r i n e t r e a t m e n t s a r e though t t o reraove o r c o u n t e r a c t the 

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

l e v e l s (113) . H C l f b o t h i n the o x i d a t i o n amb ien t and as a f u r n a c e 

p r e - c l e a n t r e a t m e n t r e d u c e s d e f e c t s s u b s t a n t i a l l y (5 ) and i n c r e a s e s 

d e f e c t - r e l a t e d wearout t i m e (13) . A PSG l a y e r , i f i t i s t h i c k e r t h a n 

about 60 A , a l s o r e d u c e s the d e f e c t l e v e l ( 5 , 1 6 ) . 

H i g h s u b s t r a t e d o p i n g appea r s to c ause a s l i g h t i n c r e a s e i n 

d e f e c t d e n s i t y e s p e c i a l l y f o r t h i n n e r o x i d e s . A 10-20? d e c r e a s e i n 

t h e u s u a i breakdown s t r e n g t h was r e p o r t e d f o r a 200 A o x i d e i n the 

extrême c a s e of 10 2 < ^ dopant atoms /cm3. 

I t i s i n t e r e s t i n g t o n o t e t h a t t h e r e i s some c o r r é l a t i o n between 

the e f f e c t of o x i d a t i o n p a r a m e t e r s on r o u g h n e s s o f the S Ì - S Ì O 2 

i n t e r f a c e (114) and t h a t on d e f e c t - r e l a t e d b reakdown. A l ow o x i d a t i o n 

r a t e ( l ow t e m p e r a t u r e ) f a v o u r s a smoother i n t e r f a c e and a l s o r e d u c e s 

the d e f e c t d e n s i t y . S i m i l a r l y a POA i n N 2 r e d u c e s i n t e r f a c e 

r o u g h n e s s and p r o v i d e d i t i s no t t o o l o n g i t a l s o i m p r o v e s t h e d e f e c t 

d e n s i t y . A PMA has l i t t l e e f f e c t on t h e S i - S i 0 2 i n t e r f a c e and f o r 

p o l y s i l i c o n ga t e d e v i c e s t h e r e i s a l s o no e f f e c t o n the d e f e c t 

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

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

m e t a l - o x i d e i n t e r f a c e . 

3 A . 1 . 3 . S o d i u m - r e l a t e d b r eakdown . 

Sod ium i o n s a r e a common i m p u r i t y i n MOS d e v i c e s u n l e s s extrême 

c a r e i s t a k e n t o e n s u r e c l e a n p r o c e s i n g c o n d i t i o n s and t h e r e have been 

many s t u d i e s o f the e f f e c t s o f the m o b i l e N a + on breakdown i n S i 0 2 

( 1 0 3 , 1 0 6 , 1 0 7 , 1 1 5 - 1 1 8 ) . T h e r e i s a p p a r e n t l y no e f f e c t on the breakdown 

d i s t r i b u t i o n a t n e g a t i v e g a t e p o l a r i t y ( 1 1 6 , 1 1 7 ) . Time dépendent 

breakdown a t p o s i t i v e g a t e p o l a r i t y due t o N a + was f i r s t o b s e r v e d by 

W o r t h i n g (118) a l t h o u g h he d i d n o t c onnec t i t w i t h s o d i u m . He f i t t e d 

h i s r e s u l t s t o an e m p i r i c a l r e l a t i o n s h i p known as P e e k ' s l a w w h i c h i s 

o f the f o r m : 
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E b d = E 0 + a t " 0 - ^ ( 3 .1 ) 

By p u r p o s e l y c o n t a m i n a t i n g samp les w i t h N a C l , t h i s breakdown mode was 

a t t r i b u t e d t o sod ium ( 1 0 6 , 1 1 6 ) . As the N a + c o n c e n t r a t i o n i n c r e a s e d , 

breakdown o c c u r r e d a t l o w e r and l o w e r f i e l d s , a p p r o a c h i n g 1.5 MV/cm 

f o r l O 1 ^ / c m 2 o f sod ium i o n s . On a p p l y i n g a p o s i t i v e g a t e v o l t a g e 

o f 4 MV/cm a t r a n s l e n t c u r r e n t peak was s e e n i n sod ium c o n t a m i n a t e d 

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

maximum o f t h i s peak . The p r ema tu r e breakdown was a t t r i b u t e d t o f i e l d 

enhancement and hence i n c r e a s e d c u r r e n t i n j e c t i o n caused by the sod ium 

i o n s t r a v e r s i n g the i n s u l a t o r . Once the i o n s a r e w i t h i n t u n n e l i n g 

d i s t a n c e o f the S i - S i 0 2 i n t e r f a c e , t h e y c ea s e t o a f f e c t s i g n i f i c a n t l y 

the c u r r e n t and t h e r e f o r e have l e s s e f f e c t on b reakdown . However , 

l o n g e r t i m e breakdowns have been a t t r i b u t e d t o c l u s t e r i n g o f sod ium a t 

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

(102) and D i S t e f a n o (103 ,107 ) u s e d s c a n n i n g i n t e r n a l p h o t o e m i s s i o n t o 

c o r r e l a t e r é g i ons of b a r r i e r l o w e r i n g w l t h s od ium c o n c e n t r a t i o n and 

w i t h b r eakdown . 

3 A . 1 . 4 A r e a dependence . 

B o l t z m a n n s t a t i s t i e s a r e u s u a l l y u s e d t o d e s c r i be the 

d i s t r i b u t i o n of d e f e c t s i n t h e o x i d e . T h i s assumes a random 

d i s t r i b u t i o n o f i ndependen t d e f e c t s . To o b t a i n the a r e a dependence o f 

the breakdown p r o b a b i l i t y due t o thèse d e f e c t s a c a p a c i t o r o f a r e a A 

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

p a r a l l e l . The p r o b a b i l i t y o f breakdown o c c u r r i n g i n one o f thèse 

rég ions i s t h e n e q u a l t o the p r o b a b i l i t y o f f i n d i n g a d e f e c t i n t h a t 

a r e a i . e . p =• Da where D i s the d e f e c t d e n s i t y . By d é f i n i t i o n p S 1 

and f o r s m a l l a r e a s p << 1, t h e r f o r e Da i s a l s o << 1. The p r o b a b i l i t y 

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

t e rms o f t h e y i e l d , Y , w h i c h i s g i v e n by : 

ï = ( l - P 1 ) ( l - p 2 ) t 1 - p 3 ) ( 1 - p j , ) ( 1 - p n ) (3 .2 ) 
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I f t h e r e i s an e q u a l chance o f f a i l u r e o f a l l the s m a l l a r e a s , t h e n : 

Y = ( 1 - p ) n ( 3 - 3 ) S i n c e p = a D , 

Y = ( 1 - a D ) n ( 3 . 4 ) 

As aD i s v e r y s m a l l and c o n s e q u e n t l y n l a r g e a l l t e rms above t h e f i r s t 

i n t h e s é r i e s e x p a n s i o n may be i g n o r e d s o t h a t Y = ( 1 - n a D ) . S i n c e a = 

A / n , Y => 1-AD. For AD<<1 t h i s a p p r o x i m a t e s t o : 

Y = exp ( -AD) ( 3 . 5 ) 

T h i s i s the most commonly used r e l a t i o n s h i p t o e x t r a c t a v a l u e o f the 

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

ramp breakdown measurement . 

An a l t e r n a t i v e f o r m u l a f o r t h e y i e l d has been used by some 

a u t h o r s ( 1 0 9 , 1 1 5 , 1 1 9 ) : 

Y = 1/(1 + AD) ( 3 . 6 ) 

T h i s i s based on B o s e - E i n s t e i n s t a t i s t i c s where d e f e c t s a r e assumed t o 

be i n d i s t i n g u i s h a b l e . However , t h i s équat ion v i o l â t e s the p r i n c i p l e 

o f S t a t i s t i c a l i ndependence f o r p a r a l l e l c o n n e c t e d c a p a c i t o r s and 

t h e r e i s a l s o no r e a s o n t o suppose t h a t d e f e c t s a r e i n d e e d 

i n d i s t i n g u i s h a b l e . 

3 A . 1 . 5 F i e l d , t i m e and t e m p e r a t u r e dependence . 

As shown a b o v e , t h e number o f f a i l u r e s o c c u r r i n g a t o r be low a 

g i v e n f i e l d can be used t o c a l c u l a t e a v a l u e f o r t h e d e f e c t d e n s i t y . 

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

t ime under s t r e s s and t e m p e r a t u r e a l t h o u g h t h i s i s not a l w a y s 

r e c o g n i s e d . D i n e q n . 3 . 5 i s not a c t u a l l y a measure o f t h e number o f 

d e f e c t s présent but o f the d e n s i t y o f d e f e c t s w h i c h b r e a k down under 
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t e s t . ( S h a t z k e s e t a l . (105) termed t h i s the breakdown d e n s i t y . ) The 

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

o b t a i n e d . E l éva t i on o f the f i e l d o r température i n a wearout t e s t 

s h i f t s the breakdown d i s t r i b u t i o n t o e a r l i e r t i m e s ( 1 4 , 3 8 , 3 9 ) . 

S i m i l a r l y , under ramp t e s t c o n d i t i o n s d e c r e a s e d ramp r a t e s r e s u i t i n 

i n c r e a s e d wearout and hence l o w e r measured breakdown f i e l d s and h i g h e r 

v a l u e s o f D . P r a c t i c a l use i s o f t e n made o f t h i s dependence on t h e 

measurement pararaeters t o s c r e e n ou t p o t e n t i a l e a r l y f a i l u r e s b e f o r e 

they corne i n t o opérat ion ( 1 2 0 , 1 2 1 ) . I f we examine the f a i l u r e r a t e 

(number o f f a i l u r e s per u n i t t i m e ) d u r i n g a wearout measurement , i t 

u s u a l l y t a k e s the fo rm o f a f b a t h t u b * c u r v e ( F i g . 3 - 1 ) . 

< 
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13 
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OR 
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F i g u r e 3.1 • B a t h t u b 1 c u r v e o f the f a i l u r e r a t e as a f u n c t i o n o f t ime 

d u r i n g a wearou t measurement ( a f t e r ( 1 2 0 ) ) . 

The e a r l y f a i l u r e r é g i on i s c h a r a c t e r i s e d by a d e c r e a s i n g f a i l u r e 

r a t e . T h i s i s f o l l o w e d by a l ow and c o n s t a n t f a i l u r e r a t e b e f o r e t h e 

b u l k o f t h e d e v i c e s b e g i n t o f a l l . S c r e e n i n g o r ' b u r n - i n ' c o n s i s t s o f 

a p p l y i n g a s t r e s s équiva lent t o t h a t a t t ime t j i n F i g . 3 . 1 i . e . 

u n t i l a i l t h e weak d e v i c e s have f a i l e d . E l e v a t e d température p l u s 

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

g e n e r a l l y used t o speed up t h i s p r o c e s s ( 14 , 3 8 ) . 
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3A.2 I n t r i n 3 i c Breakdown 

3A.2.1 P r o c e s s i n g and m a t e r i a l s d ependence . 

Par am e t er ( i n c r eas e d ) E b d ( m a x ) t|xj (max) 

S u b s t r a t e 

O x i d a t i o n 

A n n e a l s 

E l e c t r o d e 

m a t e r i a l 

d o p i n g 

temper a t u r e 

amb ien t wa t e r cone 

amb i en t H C l c o n e . 

o x i d e t h i c k n e s s 

PSG t h i c k n e s s 

POA t ime (N 2 ) 

PMA ( 5 V N 2 / 5 0 0 Û C ) 

( A l , M g , C r , M o t 

A u , P t , p o l y ) 

= (8); I (5) 

= (5) 
T (113) 

T (16); J , (5,8) 
Î (5,16) 
J , (110) 

= (5,122) 

T (13) 

Î A l ; = p o l y (13) 

Î (13) 

t (5) 

T ( 13 ,19) 

T a b l e 3 .2 Summary o f r e p o r t e d r e s u l t s on the p r o c e s s i n g dependence 

o f E b d ( m a x ) and t b d ( m a x ) . 

T a b l e 3-2 summar i s es r e s u l t s f rom the l i t e r a t u r e o n t h e e f f e c t o f 

m a t e r i a l s and p r o c e s s i n g pa rame t e r s on t h e maximum breakdown f i e l d , 

E b d ( m a x ) and on the maximum wearout t i m e ( t M (max) ) . The 

dependence o f E b d ( m a x ) on a l l pa rame t e r s e x c e p t t h e o x i d e t h i c k n e s s 

i s s l i g h t . The average breakdown f i e l d , E b d , f o l l o w s a s i m i l a r 

t r e n d as can be s e e n f rom F i g . 3 - 2 . T h i s shows e x p e r i m e n t a l r e s u l t s 

f rom the p r e s e n t work i l l u s t r a t i n g t h e i n c r e a s e i n t h e E b d w i t h 

d e c r e a s i n g o x i d e t h i c k n e s s below 50 nm. W o l t e r s ( 123 ) has measured 

E b d ( m a x ) as a f u n c t i o n o f o x i d e t h i c k n e s s u s i n g a c o n s t a n t r a t e o f 

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

r a t e t o e n s u r e t h a t the c o n t r i b u t i o n f rom wearout i s the same f o r a l l 

t h i c k n e s s e s . The d e c r e a s e i n E b d ( m a x ) w i t h o x i d e t h i c k n e s s was 

s t i l l o b s e r v e d howeve r . 
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Average breakdown field 

16 MV/tm 

A : measured values for wafers of Ruft 1 

H 
\ * 

\ * 
\ A 

— : eatcutated front impact ionisation ffiodel,X=1.3ti 
lafter référence 27J 

12 AN. A 

- A â 
* 

10 
m 
A 

t 
— A 

A 

8 . . . i . . . . 1 . . . 1 • . . 1 . . . . 1 . . . i 1 . . . . 1 . . . . 1 . . . . 1 , , , , t 8 
0 20 40 60 80 100 

Oxide rhickness (nm) 

F i g u r e 3 . 2 V a r i a t i o n i n E b d w i t h o x i d e t h i c k n e s s . 

S i n c e E b d i n c r e a s e s w i t h d e c r e a s i n g o x i d e t h i c k n e s s , Q^d» t h e 

t o t a l i n j e c t e d cha rge p r i o r t o b r eakdown , must a l s o i n c r e a s e . T h i s 

has been c o n f i r m e d by c o n s t a n t c u r r e n t wearout measurements where 

Q b d i s more e a s l l y measured ( 3 7 ) . A p p a r e n t l y c o n t r a d i c t o r y r e s u l t s 

have been r e p o r t e d f rom c o n s t a n t v o l t a g e wea rou t measurements . H e r e 

t ^ (max) was f ound t o r e m a i n c o n s t a n t wi t h i n c r e a s i n g o x i d e 

thicknes3 f o r c a p a c i t o r s w i t h p o l y s i l i c o n g a t e é l e c t r odes and t o 

i n c r e a s e w i t h a l u m i n i u m é l e c t r odes ( 1 3 . 1 9 ) . However , the r e l a t i v e 

amounts o f c h a r g e t r a p p i n g i n thèse p a r t i c u l a r d e v i c e s i s not known. 

The v a r i a t i o n i n t h e ne t a p p l i e d f i e l d , the i n j e c t i o n c u r r e n t and 

hence Q b d can t h e r e f o r e no t be e s t i m a t e d . 

C o n s i d e r i n g t h a t t h e c u r r e n t i s l i m i t e d by F-N t u n n e l l n g , t h e r e 

i s r e m a r k a b l y l i t t l e dependence o f the maximum breakdown f i e l d o n t h e 

é l e c t r o d e m a t e r i a l . On g o i n g f rom g o l d t o magnes ium, f o r exarap le , the 
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c u r r e n t v a r i e s by s e v e r a l o r d e r s o f magn i tude f o r t h e same ( n e g a t i v e ) 

v a l u e o f the g a t e b l a s . The r e i s n e g l i g i b l e change i n E D d ( n i a x ) , 

however ( 1 6 ) . Ormond measured no s i g n i f i c a n t d i f f é r e n c e a t a l l 

between the breakdown d i s t r i b u t i o n s o f p o l y s i l i c o n and a l u m i n i u m g a t e 

d e v i c e s made o n t h e same wa fe r ( 1 2 2 ) . On t h e o t h e r hand much l o n g e r 

t i m e s t o breakdown were f ound w i t h p o l y s i l i c o n r a t h e r t h a n a l u m i n i u m 

é l e c t r o d e s e s p e c i a l l y w i t h t h e g a t e b i a s e d p o s l t i v e l y ( 1 9 ) . From 

thèse r e s u l t s wearout wou ld appea r t o dépend p r i m a r i l y on the anode 

m a t e r i a l . The t r e n d i s a g a i n not what might be e x p e c t e d f rom b a r r i e r 

h e i g h t cons idéra t ions s i n c e E A ^ > E 5 ^ . 

Pa rame t e r s whìch r e d u c e t h e i m p u r i t y l e v e l s u c h as use o f a PSG 

p a s s i v a t i o n l a y e r or H C l i n t h e o x i d a t i o n amb ien t t o g e t t e r m e t a l i o n s 

have s i m i l a r l y b e n e f i c i a i e f f e c t s on E M ( m a x ) (16) and t b d ( m a x ) 

( 1 8 ) . T h i s a g a i n s u g g e s t s ' i n t r i n s i c ' breakdown i s no t b e i n g o b s e r v e d 

s i n c e E b < i ( m a x ) i s b e i n g i n f l u e n c e d by reraova l o f c o n t a m i n a n t s . As 

w i t h d e f e c t - r e l a t e d breakdown some c o r r é l a t i o n can be f ound between 

s u r f a c e r oughness and E b d ( m a x ) . A low o x i d a t i o n t e m p e r a t u r e and a 

s h o r t POA improves the i n t r i n s i c breakdown and g i v e s a smoother 

i n t e r f a c e ( 1 1 4 ) . 

3 A . 2 . 2 Dependence on measurement p a r a m e t e r s . 

Al H IMV/ttn-Mc 
I4r-

ì 1 2 " 400Â SiO, 

1 0 " 1000 Ä 

o o 
J 

•200 -100 0 100 200 300 
T(*C> 

F i g u r e 3.3 T empera tu re dependence o f E h f i ( m a x ) ( t a k e n f rom ( 5 ) ) . 
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The t e m p e r a t u r e dependence o f E b d ( m a x ) i s s i i g h t , bu t i f 

a n y t h i n g i t a p p e a r s t o i n c r e a s e w i t h t e m p e r a t u r e ( F i g . 3 . 3 ) . H a r a r i 

f ound t h e d i e l e c t r i c s t r e n g t h d i d no t change w i t h i n c r e a s i n g 

t e m p e r a t u r e bu t t h e t i m e - t o - b r e a k d o w n under c o n s t a n t c u r r e n t i n j e c t i o n 

c o n d i t i o n s was s h o r t e n e d c o n s i d e r a b l y ( 8 ) . C o n s t a n t v o l t a g e wearout 

measurements show a t i m e t o breakdown e x p o n e n t i a l l y dépendent on t h e 

t e m p e r a t u r e ( 1 4 , 3 8 ) . An a c t i v a t i o n energy f o r wearout can be 

c a l c u l a t e d f rom t h e s e measurements . T h i s has r e c e n t l y been shown t o 

be i t s e l f f i e l d dépendent (124) t h u s a c c o u n t i n g f o r t h e d i s p a r i t y o f 

v a l u e s p r e v i o u s l y r e p o r t e d i n t h e l i t e r a t u r e ( 1 4 , 3 8 , 1 2 5 , 1 2 6 ) . 

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

( 1 4 , 2 3 , 1 2 7 ) . The f i e l d a c c é l é r a t i o n f a c t o r o f t e n used t o q u a n t i f y 

t h i s r e l a t i o n s h i p i s a l s o t e m p e r a t u r e dépendent ( 1 2 4 ) . K l e i n ' s 

measurements show t h a t the l n ( t b d ) v e r s u s E c u r v e i s v e r y s t e e p f o r 

S i 0 2 ( 1 2 7 ) , w h i c h l e d many w o r k e r s t o o v e r l o o k t h e t i m e dependence o f 

i n t r i n s i c breakdown i . e t h e e f f e c t o f ramp r a t e on breakdown f i e l d 

d i s t r i b u t i o n s . The d i s t r i b u t i o n s h i f t s t o l o w e r f i e l d s as dV/dt i s 

r e d u c e d . 

3 A . 2 . 3 P h y s i c a l mode ls f o r b r eakdown . 

A number of p o s s i b l e mode ls f o r breakdown can be e l i m i n a t e d 

i m m e d i a t e i y because they a r e no t c o m p a t i b l e wi t h expér imenta l 

o b s e r v a t i o n s . F o r exarap le , t h e r e l a t i v e t e m p e r a t u r e i ndependence o f 

the c o n d u c t i o n mechanism (12 ,24 ) p r e c l u d e s t h e r m a l runaway o f the 

who le sample ( 1 2 8 ) . I o n i e e f f e e t s a l s o c a n n o t e x p l a i n t h e t ime and 

t e m p e r a t u r e d e p e n d e n c i e s ( 1 2 9 ) . Other mechanisms s u c h as the 

e l e c t r o c h e m i c a l mode l s o f B u d e n s t e i n ( 3 1 , 1 3 0 , 1 3 1 ) and W o l t e r s 

( 3 2 , 3 3 , 1 2 3 ) c a n c e r t a i n l y n o t be d i s c o u n t e d but as y e t t h e y have 

r e l a t i v e l y l i t t l e expérimental s u p p o r t . O the r c o n t e n d e r s , w h i c h a r e 

a b l e t o e x p l a i n some o b s e r v a t i o n s a r e t h e e l e c t r o n t r a p p i n g model o f 

H a r a r i ( 8 ) , résonant t u n n e l i n g (132) and h o l e i n j e c t i o n f rom the anode 

l e a d i n g t o c u r r e n t ì n s t a b i l i t i e s ( 1 3 3 ) . P r o b a b l y t h e most s u c c e s f u l 

model t o d a t e i n e x p l a i n i n g t h e expér imental o b s e r v a t i o n s i s the 
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impact i o n i z a t i o n model ( 6 ,134 ) However , t h e r e a r e p r o b l e m s w i t h t h i s 

a l s o f o r v e r y t h i n o x i d e s . We s h a l l c o n s i d e r a few o f t h e most 

i m p o r t a n t mode ls and d i s c u s s t h e i r s u c c e s s e s and s h o r t c o m i n g s . 

3A .2.3 . 1 Impact i o n i z a t i o n m o d e l . 

An impac t i o n i z a t i o n model f o r S i 0 2 was p r oposed by O'Dwyer 

(134) . I t was m o d i f i e d by D i S t e f a n o and S h a t z k e s (6) t o i n c l u d e 

r e c o m b i n a t i o n and n o n - l o c a l i o n i z a t i o n r a t e s t h e r e b y p r o d u c i n g a model 

w h i c h c o u l d e x p l a i n t h e o x i d e t h i c k n e s s dependence and e l e c t r o d e 

m a t e r i a l independence o f the breakdown f i e l d . I t c o n s i s t s o f the 

f o l l o w i n g a s s u m p t i o n s : 

1. E l e c t r o n s a r e i n j e c t e d i n t o the S i 0 2 c o n d u c t i o n band f rom 

the ca thode by F-N t u n n e l i n g and a r e a c c e l e r a t e d by t h e 

f i e l d . 

2 . A s m a l l f r a c t i o n (-1 i n 10^) o f the ho t e l e c t r o n s g e n e r a t e 

e l e c t r o n - h o l e p a i r s by impac t i o n i z a t i o n o f t h e l a t t i c e 

a t oms . The e l e c t r o n s have a h i g h m o b i l i t y (135) and a r e 

r a p i d l y swept ou t o f t h e o x i d e w h i l e t h e r e l a t i v e l y i m m o b i l e 

h o l e s (136) r e m a i n b e h i n d e n h a n c i n g the ca thode f i e l d and 

hence e l e c t r o n i n j e c t i o n . 

3. D r i f t and r e c o m b i n a t i o n o f the h o l e s opposes t h i s f e edback 

mechan i sm, r e c o m b i n a t i o n g i v i n g the e l e c t r o d e m a t e r i a l 

i ndependence o f the breakdown f i e l d . 

F o r w a r d s c a t t e r i n g o f e l e c t r o n s f rom o p t i c a l phonons was 

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

the l i m i t i n g breakdown v o l t a g e o f 9 2 . 5 V f o r a 100 nm o x i d e . A t t h i s 

t h i c k n e s s E b d i s a p p r o x i m a t e l y e q u a l t o E g / 4 l q X . For t h i n f i l m s 

t h e r e i s a s t r o n g t h i c k n e s s dependence , g i v i n g good agreement w i t h 

e x p e r i m e n t (6 ) . The n o n - l o c a l i o n i z a t i o n r a t e has two c o n s e q u e n c e s . 

F i r s t l y , i t p r e d i c t s a n e g a t i v e d i f f e r e n t i a l r e s i s t a n c e r a n g e , w h i c h 

i s o b s e r v e d e x p e r i m e n t a l l y and s e c o n d l y no i o n i z a t i o n i s p o s s i b l e f o r 

a d i s t a n c e x => ( E g + E b o ) / E b d q f rom the c a t h o d e . ( E 5 o I s the 
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b a r r i e r h e i g h t . ) The i n c r e a s e o f E b d w i t h t e m p e r a t u r e can be 

q u a l i t a t i v e l y e x p l a i n e d by a d e c r e a s e i n e i t h e r i o n i z a t i o n o r h o l e 

t r a p p i n g . 

A s i m p l i f i e d v e r s i o n o f t h i s model e x p e c t e d t o be v a l i d f o r 

o x i d e s >100 nm was t r e a t e d by K l e i n and So lomon ( 2 9 ) . They o b t a i n e d 

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

T imes t o runaway a t f i e l d s above t h r e s h o l d were c a l c u l a t e d and f o u n d 

t o be i n v e r s e l y p r o p o r t i o n a l t o t h e c u r r e n t and i o n i z a t i o n r a t e and t o 

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

t h r e s h o l d f i e l d was e l e c t r o d e i n d e p e n d e n t , t i m e t o runaway was 

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

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

O b j e c t i o n s t o t h e i m p a c t i o n i z a t i o n model have been r a i s e d o n t h e 

g rounds t h a t a t t h e measured breakdown f i e l d s n e g l i g i b l e i o n i z a t i o n 

c a n i n f a c t o c c u r i n s u c h a wide bandgap i n s u l a t o r ( 129 , 1 3 7 ) . The 

p r e d i c t e d r a t e o f i o n i z a t i o n depends on some r a t h e r i n a c c u r a t e l y known 

p a r a m e t e r s s u c h as t h e e l e c t r o n s c a t t e r i n g and t h e p r e c i s e S i 0 2 band 

s t r u c t u r e . K l e i n d e m o n s t r a t e d t h a t f o r wide band gap i n s u l a t o r s the 

energy r e q u i r e d f o r e l e c t r o n - h o l e p a i r c r e a t i o n i s r o u g h l y 3 x Eg o r 

i n S i 0 2 , 27 eV ( 1 3 8 ) . C a l c u l a t i o n s based on p l asmon t h e o r y (139) 

y i e l d much l o w e r v a l u e s o f t h e o r d e r o f 17 eV ( 1 4 0 ) . W h i c h e v e r v a l u e 

i s c o r r e c t , e l e c t r o n s i n t h e hot t a i l o f the ene r gy d i s t r i b u t i o n have 

been shown t o a t t a i n t h e s e e n e r g i e s a t f i e l d s be low t h e breakdown 

f i e l d ( 1 8 ) . However , no c o r r e l a t i o n was f ound between t h e samp l e s 

w i t h the h o t t e s t ene rgy t a i l s and e a r l i e r b r eakdown . T h i s s u g g e s t s 

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

i o n i s a t i o n t h i s i s n o t the u l t i m a t e c a u s e o f b r eakdown . P r o b a b l y t h e 

b i g g e s t argument a g a i n s t t h i s model i s i t s i n a p p l i c a b i l i t y t o t h i n 

o x i d e s where breakdown o c c u r s a t v o l t a g e s be low t h e minimum r e q u i r e d 

f o r impac t i o n i z a t i o n i . e . (E + E b 0 ) / q o r abou t 13 V i n S i 0 2 . 
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3 A . 2 . 3 . 2 Anode h o l e i n j e c t i o n m o d e l . 

S i n c e impac t i o n i s a t i o n canno t be the c ause o f p o s i t i v e c h a r g e 

g e n e r a t i o n and breakdown i n o x i d e s be low -100 A , doub t i s c a s t on t h e 

r ô l e i t p l a y s i n t h i c k e r l a y e r s . Howeve r , p o s i t i v e c h a r g e b u i l d * - u p 

u n d o u b t e d l y accompan ies e l e c t r o n i n j e c t i o n under h i g h f i e l d s t r e s s . 

I t has been shown t h a t t h i s p o s i t i v e c h a r g e i s due t o t h e t r a p p i n g o f 

n o i e s i n o x i d e h o l e t r a p s a l r e a d y présent p r i o r t o s t r e s s i n g ( 1 4 1 ) . 

T h i s c h a r g e may p r e c i p i t a t e b r eakdown , e i t h e r i n a manner s i m i l a r t o 

t h a t o u t l i n e d above i n the impac t i o n i s a t i o n mode l o r by damage 

c r é a t i o n accompany ing the charge t r a p p i n g / d e t r a p p i n g p r o c e s s . H o l e 

i n j e c t i o n f rom the anode has been s u g g e s t e d as a means by w h i c h thèse 

h o l e s raight e n t e r the o x i d e ( 2 0 , 1 4 2 , 1 4 3 , 1 4 4 , 1 6 4 ) . No w e l l - d e v e l o p e d 

breakdown model has ye t been f o r m u l a t e d based o n t h i s p r o c e s s but 

t h e r e i s év idence t h a t s u c h h o l e i n j e c t i o n does o c c u r . F i s c h e t t i has 

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

o f s u r f ace p iasmon medi a t e d hot h o l e i n j e c t i on f o r anode f i e l d s 

>5 MV/cm ( 1 4 4 ) . The p r éd i c t i ons o f t h i s t h e o r y a r e a l s o c o n s i s t e n t 

w i t h t h e expér imental d a t a . I n p a r t i c u l a r , t h e model i s s u p p o r t e d by 

the o b s e r v a t i o n t h a t t h e r a t e o f p o s i t i v e cha rge g e n e r a t i o n ( h o l e 

t r a p p i n g ) dépends on the anode f i e l d ( 1 6 4 ) . The c r é a t i o n o f s u r f a c e 

p lasmons by h o t é l e c t r ons l e a v i n g t h e I n s u l a t o r has a l s o been shown 

e x p e r i m e n t a l l y ( 1 4 5 ) . 

3 A . 2 . 3 . 3 E l e c t r o n t r a p p i n g m o d e l . 

H a r a r i ( 8 , 3 0 ) has p r oposed a model i n w h i c h Si*-0 bond b r e a k l n g 

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

s t r e s s c o n d i t i o n s . P o p u l a t i o n o f thèse t r a p s r e s u l t s i n l a r g e l o c a l 

f i e l d s i n the o x i d e l e a d i n g t o f u r t h e r bond b r e a k i n g and hence 

b r eakdown . From measurements a t c o n s t a n t c u r r e n t , he m o n i t o r e d b o t h 

t h e t i m e t o breakdown ( t b d ) and t h e change i n a p p l i e d v o l t a g e a t 

b reakdown ( A V b d ) . The f o l l o w i n g o b s e r v a t i o n s were made: 
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1) A V b d changed l i n e a r l y w i t h t ^ but t h e g r a d i e n t o f t h i s 

l i n e was l e s a f o r t h e 44 A o x i d e t h a n f o r the t h i c k e r o x i d e s . H a r a r i 

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

p r e d o m l n a n t l y nea r t h e i n j e c t i n g é l e c t r o d e and o n l y t h e 44 A o x i d e 

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

2) D i f f é r en t d u t y c y c l e s made no d i f f é r e n c e t o the net t b d 

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

Mio, VOLTS T0,= 63i5A;l = -1MA 
Area=2.3x1(rW 

0.8 - o - 300K Û V B O / t M = 0.19 
a - 77K A V M / t B O = 0 019 

0.6 

w 
o_ „ a — o 

0.4 
i J 
0/ 

0.2 
•a 

' r i • ^ 
2 4 6 8 10 12 14 

T W , S E C S 

F i g u r e 3 .4 A V f b v e r s u s t b d a t 77 K and 300 K ( from r e f . ( 8 ) ) . 

3) Breakdown o c c u r r e d t e n t l raes s oone r a t room t e m p e r a t u r e t h a n 

a t 77 K . A V b d was v e r y s i m i l a r howeve r . Hence a p l o t o f A V b d 

v e r s u s t M gave a l i n e f o r wh i ch the a l o p e was t e n t i m e s g r e a t e r a t 

room t e m p e r a t u r e t h a n a t 77K ( F I g . 3 - 4 ) . T h i s i m p l i e a t h a t under v e r y 

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

g e n e r a t i o n o f t r a p s and t r a p p i n g o f é l e c t r o n s i s much f a s t e r a t room 

t e m p e r a t u r e t h a n a t 77 K . 
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4) A V b d d i d no t s a t u r a t e e x p o n e n t i a l l y w i t h t i m e as i t wou ld I f 

t h e t r a p s had a l l e x i s t e d i n the p r e - s t r e s s e d o x i d e and were o n l y 

b e i n g f i l l e d r a t h e r t h a n c r e a t e d . The l i n e a r i t y o f A V b d w i t h t i m e 

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

Be low 100 A the e l e c t r o n t r a p d e n s i t y a t breakdown was a l s o the same 

f o r each o f the f i l m s . The l i n e a r i t y o f A V b d as a f u n c t i o n o f o x i d e 

t h i c k n e s s ( F i g . 3 . 5 ) s u g g e s t s t h a t i n i t i a t i o n o f breakdown i s l o c a l i s e d 

a t the S Ì - S Ì O 2 i n t e r f a c e , w h i l e t h e s a t u r a t i o n v a l u e r e a c h e d a t 100 A 

i m p l i e s the e x i s t e n c e o f a t r a n s i t i o n r e g i o n a t t h a t t h i c k n e s s . The 

e l e c t r o n t r a p s c r e a t e d a r e deep s t a b l e d e f e c t s s i n c e unde r the h i g h 

f i e l d c o n d i t i o n s any e l e c t r o n s t r a p p e d w i t h i n -4 eV of the o x i d e 

c o n d u c t i o n band (or w i t h i n about -30 A o f the anode i n t e r f a c e ) w o u l d 

be w i t h i n d i r e c t t u n n e l i n g d i s t a n c e . 

o. la 

20 40 GO 80 100 120 140 160 

F i g u r e 3.5 A V b d and t M as a f u n c t i o n o f o x i d e t h i c k n e s s ( f rom ( 8 ) ) . 

H o l e m o b i l i t y i n S i 0 2 has a s t r o n g t e m p e r a t u r e dependence and i f 

breakdown were due t o i m p a c t i o n i z a t i o n i t s h o u l d o c c u r s o o n e r a t 77 K 

t h a n at room t e m p e r a t u r e . However , t h e o p p o s i t e r e s u l t was f o u n d . 

A V b d i n c r e a s e s more s l o w l y a t l owe r t e m p e r a t u r e s and t h i s may be due 

t o c o m p e n s a t i o n f rom t r a p p e d h o l e s . I n j e c t e d e l e c t r o n s undergo f ewer 

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

t i m e - t o - b r e a k d o w n i s a l s o l a r g e r by a l m o s t t h e same f a c t o r . 

I t has s u b s e q u e n t l y been shown t h a t t r a p g e n e r a t i o n p r e c ede s 

breakdown o f h i g h l y s t r e s s e d t h e r m a l S i 0 2 ( 1 4 6 ) . (These t r a p s a r e 

l o c a t e d p r i m a r i l y a t t h e n o n - I n j e c t i n g i n t e r f a c e h o w e v e r . ) C e r t a i n l y 

i n the t h i n n e s t f i l m s s t u d i e d by H a r a r i where breakdown o c c u r s be low 

8V no i m p a c t i o n i z a t i o n c a n t a k e p l a c e . The v e r y h i g h breakdown 

f i e l d s o f - 3 x 10? V/cm may w e l l r e f l e c t a f u n d a m e n t a l l i m i t on bond 

s t r e n g t h s i n the s y s t e m . F e r r y c a l c u l a t e d t h a t ho t e l e c t r o n runaway 

s h o u l d t y p i c a l l y o c c u r a t t h i s magn i tude o f t h e f i e l d ( 1 3 7 ) . H a r a r i ' s 

measurements were however made on e x c e p t i o n a l l y t h i n o x i d e s (<170 A) 

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

change i n breakdown mechanism t a k e s p l a c e on g o i n g t o t h i c k e r o x i d e s , 

l o w e r c u r r e n t s and hence l owe r f i e l d s . The t r a n s i t i o n a t 100 A f o r 

^bd 3 3 a f u n c t i o n o f t h i c k n e s s f ound by H a r a r i h i m s e l f i s p e rhaps 

i n d i c a t i v e o f t h i s . 

3 A . 2 . 3 - 4 Resonant t u n n e l i n g m o d e l . 

A s e l f - a c c e l e r a t i n g mechanism f o r c u r r e n t runaway by r e s o n a n t 

t u n n e l i n g i n t o d e f e c t - r e l a t e d s t a t e s has been p r o p o s e d by R i c c o e t a l 

(132) . T r a p a s s i s t e d t u n n e l i n g has been t r e a t e d by o t h e r a u t h o r s 

w i t h o u t t a k i n g i n t o a c c o u n t i t s r e s o n a n t n a t u r e ( 1 4 7 ) . Resonant 

t u n n e l i n g has a l r e a d y been d e m o n s t r a t e d I n d o u b l e b a r r i e r s t r u c t u r e s 

( 1 4 8 ) . The o n l y p r e r e q u i s i t e f o r i t t o o c c u r i n no rma l MOS s t r u c t u r e s 

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

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

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

can l e a d t o i r r e v e r s i b l e f a i l u r e . 

D e f e c t s t a t e s can be t r e a t e d as w e l l s i n t h e p o t e n t i a l energy 

b a r r i e r ( F i g . 3 . 6 a ) . They a r e assumed t o be s t r o n g l y l o c a l i z e d ( i . e . 

b o th b a r r i e r s have a t r a n s m i s s i o n c o e f f i c i e n t <<1) s o t h a t they behave 

a3 e i g e n s t a t e s o f t h e i r energy w e l l s . 
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C A T H O D E [NSUUATOR 

LOG m 

L O G 

(<0 

F i g u r e 3.6 a ) MOS p o t e n t l a l energy d l a g r a m show ing a d e f e c t - r e l a t e d 

e i g e n s t a t e o f energy E 3 . 

b) w a v e f u n c t t o n o f an e l e c t r o n i n c i d e n t on t h e b a r r i e r a t 

an e n e r g y , E * E 3 . 

c ) w a v e f u n c t i o n o f an e l e c t r o n i n c i d e n t on t h e b a r r i e r a t 

an e n e r g y , E - E s , ( f rom (132)) . 

In t h e i d e a l case o f a s i n g l e e i g e n a t a t e , E 3 and a f l u x o f 

n o n c h a r g e d , m o n o e n e r g e t i c c a r r i e r s o f energy E I n c i d e n t o n t h e 

c a t h o d e , i f E does not match the ene rgy o f the e i g e n s t a t e , t h e o n l y 

e f f e c t i s a s m a l l réduct ion o f the b a r r i e r a r e a ( F i g . 3 . 6 b ) . The 

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

p r o d u c t o f the c o e f f i c i e n t s f o r the l e f t and r i g h t b a r r i e r s , T 1 . T r 

( " T r a i n x T m a x ' * I f t n e c a r r i © r energy matches t h a t o f the 

e i g e n s t a t e , résonant t u n n e l i n g o c c u r a . I n s t e a d o f d e c r e a s i n g 

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

i s now peaked a t t h e e i g e n s t a t e ( F i g . 3 . 6 c ) and t h e r e l a an 

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

T m l n / T m a x ' F o r T g t 0 b e o f t l i e o r d e r o f one t h e r e f o r e i t i s 

o n l y n e c e s s a r y f o r T¿ and T r t o be a lmoa t e q u a l . S i n c e the 

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

i n t e r f a c e , a t l o w f i e l d T^>>T r and the e i g e n a t a t e a a l m p l y behave aa 

f a a t t r a p a f o r t h e t u n n e l i n g c a r r i e r a . Aa the f i e l d i n c r e a a e s 
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approaches T r . A t Tg = 1 , t h e b a r r i e r o p p o s i n g c a r r i e r t r a n s p o r t no 

l o n g e r does s o and t h e r e i s e s s e n t i a l l y a s h o r t between t h e e l e c t r o d e s 

and breakdown. The f i e l d r e q u i r e d f o r t h i s i s about 10 MV/cm i n good 

agreement w i t h t h e o b s e r v e d breakdown f i e l d f o r 1000 A o x i d e s . 

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

hence E s . i t makes bo th T r and T x l a r g e r and f o r d e f e c t s near t o 

t h e c a t h o d e more n e a r l y e q u a l . T h i s i n c r e a s e s the t u n n e l i n g r a t e 

g i v i n g r i s e t o a s e l f - a c c e l e r a t i n g mechan i sm . Time t o breakdown i s 

e x p e c t e d t o d e c r e a s e w i t h t u n n e l i n g r a t e (and hence c u r r e n t ) i n good 

agreement w i t h e x p e r i m e n t s . The model s u g g e s t s t h a t breakdown s h o u l d 

be a c c e l e r a t e d by i n c r e a s i n g t e m p e r a t u r e , as i s o b s e r v e d 

e x p e r i m e n t a l l y ( 6 ) , because as t h e c a r r i e r ene r gy d i s t r i b u t i o n s p r e a d s 

t h e p r o b a b i l i t y o f f i n d i n g t h e r i g h t e i g e n s t a t e i n c r e a s e s . ( O n l y a 

few s t a t e s w i l l be I n a p o s i t i o n t o f u l f i l the c o n d i t i o n = T r . 

The m a j o r i t y s i m p l y c o n t r i b u t e t o e l e c t r o n t r a p p i n g . ) F o r any s i n g l e 

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

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

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

i n E b d ( m a x ) w i t h i n c r e a s i n g t e m p e r a t u r e . 

3 A . 2 . 3 . 5 Gas d i s c h a r g e m o d e l . 

B u d e n s t e i n and c o - w o r k e r s ( 3 1 ,130,131 ) d e v e l o p e d a g e n e r a l model 

f o r e l e c t r i c a l breakdown i n I n s u l a t o r s based on t h e f o r m a t i o n o f a 

gaseous c o n d u c t i n g c h a n n e l . T h i s has s u b s e q u e n t l y been e l a b o r a t e d 

upon by W o l t e r s ( 32 ,33 ,123 ) . The p r i n c i p l e o f t h e model c a n be 

summar i z ed i n f i v e s t e p s ( 1 3 0 ) . 

1. A c r i t i c a l charge d e n s i t y must be a t t a i n e d i n a l o c a l r e g i o n 

o f t h e i n s u l a t o r . The s o u r c e o f t h i s may be c h a r g e i n j e c t i o n 

f rom an e l e c t r o d e , impac t i o n i z a t i o n o r some o t h e r means . 

2. Bond b r e a k i n g i s assumed t o r e s u l t f r om the e f f e c t o f t h e 

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

o f s e v e r a l eV i n ene r gy as w e l l as f r e e e l e c t r o n s . 

- 67 -



BREAKDOWN OF S i 0 2 : LITERATURE 

3. A c h a i n r e a c t i o n i s s e t up i n t h a t f r e e d e l e c t r o n s can cause 

o t h e r bonds t o be b r o k e n i n t h e s o l i d . These i n t u r n r e l e a s e 

a t oms , i o n s and more e l e c t r o n s f o r m i n g a gaseous p l a s m a . 

E l e c t r o n s s t r i k i n g t h e w a l l o f the c r e a t e d c a v i t y c ause 

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

may a l s o p roduce a d d i t i o n a l e l e c t r o n s . 

4. A gaseous c h a n n e l i s e s t a b l i s h e d by e l e c t r o n s s t r i k i n g the 

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

grow f rom the anode end (31) f o r m i n g ' t r e e s * as they r u n i n t o 

each o t h e r . 

5. C o m p l e t i o n o f a c h a n n e l between the e l e c t r o d e s a l l o w s a 

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

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

c o n d u c t i v i t y u n t i l breakdown o c c u r s . 

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

breakdown f o r S i 0 2 . For e xamp l e , t i m e r e s o l v e d s p e c t r o s c o p y o f the 

l i g h t e m i t t e d d u r i n g breakdown o f A l - S i O - A l c a p a c i t o r s showed l i n e s 

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

w i t h i n 20 ns of t h e o n s e t o f breakdown (131) . T r e e i n g i s w e l l 

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

a s p e r i t i e s , v o i d s o r imbedded p a r t i c l e s a l l o f w h i c h s e r v e as l o c a l 

f i e l d enhancement s i t e s . I t has been o b s e r v e d d i r e c t l y i n PMMA ( 31 ) . 

3A .3 Breakdown s t a t i s t i c s . 

S e v e r a l s t a t i s t i c a l mode ls have been u s e d t o d e s c r i b e t h e f i e l d 

and t ime d i s t r i b u t i o n s of b o t h d e f e c t r e l a t e d and i n t r i n s i c b r e a k d o w n . 

O f t h e s e t h e most commonly employed a r e t h e l o g n o r m a l and W e i b u l l 

d i s t r i b u t i o n s . The l a t t e r i s a form o f ex t r eme v a l u e s t a t i s t i c s w h i c h 

was used s u c c e s s f u l l y t o d e s c r i b e the f a i l u r e o f c a b l e i n s u l a t i o n 

( 1 4 9 ) . The a s s u m p t i o n s and p r o p e r t i e s o f b o th l o g n o r m a l and e x t r e m e 

v a l u e s t a t i s t i c s and t h e i r s u i t a b i l i t y t o d e s c r i b e breakdown w i l l be 

c o n s i d e r e d i n 3A-3 .2 and 3A.3-3- F i r s t , h oweve r , the mechanism o f 

breakdown i n d i e l e c t r i c s t r e n g t h and w e a r o u t measurements w i l l be 
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d i s c u s s e c i i n the l i g h t o f the o b s e r v e d f a i l u r e d i s t r i b u t i o n s . 

3A.3.1 Mechan ism o f b r eakdown . 

P r o c e s s i n g and measurement c o n d i t i o n s o f t e n seem t o have 

d i f f é r e n t o r e v en o p p o s i t e e f f e c t s o n wea rou t and f a s t v o l t a g e ramp 

measuremen t s . T h i s c o u l d pe rhaps be t a k e n as an i n d i c a t i o n t h a t a 
d i f f é r e n t mechanism l e a d s t o breakdown i n t h e two c a s e s . However , 

t h e r e i s some S t a t i s t i c a l év idence t o s u g g e s t t h a t t h e same mechanism 

i s o p e r a t i n g i n bo th c a s e s . I n s u p p o r t o f t h i s v i e w , Van de r S c h o o t 

and W o l t e r s (37) c i t e the f a c t t h a t f o r a g i v e n wa f e r t h e i n t e r s e c t i o n 

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

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

measuremen t s . C r o o k (14) f o u n d t h e same r e l a t i o n s h i p o f a p p l i e d f i e l d 

t o t ^ h e l d i n a i l wearout measuremen ts , whe ther they l a s t e d f o r 

m i c r o s e c o n d s o r t h o u s a n d s o f h o u r s . T h i s s u g g e s t s t h a t t h e r e was no 

change i n the breakdown mechanism over t h i s t ime r a n g e . The most 

c o n v i n c i n g év idence t h a t o n l y one mechanism opé râ t es i s p o s s i b l y t h a t 

o f Berman (39). He t o o k an e m p i r i c a l r e l a t i o n s h i p between t i m e and 

f i e l d somet imes used t o e x t r a p o l a t e t h e r e s u l t s o f wea rou t t e s t s : 

l n t = b ( F ) - 7 E a (3.7) 

E a i s the a p p l i e d f i e l d , b ( F ) t h e f a i l u r e d i s t r i b u t i o n and t the 

t i m e . A s s u m i n g a s i m i l a r r e l a t i o n s h i p c o u l d be a p p l i e d t o ramp t e s t s 

i f the t ime a t a g i v e n f i e l d were w e i g h t e d f o r t h e p r o b a b i l i t y o f 

f a i l u r e a t t h a t f i e l d , he d e r i v e d t h e f o l l o w i n g r e l a t i o n s h i p between 

ramp and wearout t e s t s : 

i n t ( F ) - l n t 0 + Y [ E b ( F ) - E a ] (3 - 8 ) 

where I n t ( F ) i s the wearout d i s t r i b u t i o n , t Q , the e f f e c t i v e t i m e a t 

f i e l d ( t Q = 1/ïR where R i s the ramp r a t e ) , E b ( F ) i s the breakdown 

f i e l d d i s t r i b u t i o n and E a t h e a p p l i e d f i e l d i n the wearout t e s t . 

H a v i n g d e t e r m i n e d the c o n s t a n t Y e x p e r i m e n t a l l y , équat ion (3 .8 ) c o u l d 
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be used t o p r e d i c t wearout d i s t r i b u t i o n s frora ramp r e s u l t a and v i c e 

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

3 A . 3 . 2 Ex t reme v a l u e s t a t i s t i c s . 

De W i t e t a l . (150) and So lomon e t a l . (151) d e r i v e d a form of 

ex t reme v a l u e d i s t r i b u t i o n f ounded o n t h r e e b a s i c a s s u m p t i o n s : 

1. Breakdowns a r e random i n d e p e n d e n t e v e n t s i . e . t h e r e i s a 

P o i s s o n d i s t r i b u t i o n o v e r a r e a and t i m e . 

2 . There i s a Constant a p r i o r i p r o b a b i l i t y o f breakdown a t a 

Constant f i e l d . 

3. The mean t i m e between breakdowns d e c r e a s e s 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 . 

They o b t a i n e d a p r o b a b i l i t y d e n s i t y f u n c t i o n o f the f o r m : 

p ( t ) = ßE e x p { - y - e x p ( - y ) J (3.9) 

where - y = ß£t - l n ( ß E t b o ) , t i a the t i m e , E the r a m p - r a t e and ß and 

t b Q a r e c o n s t a n t s . T h i s p r o b a b i l i t y f u n c t i o n has a s t r o n g n e g a t i v e 

skew w h i c h i a a l s o f ound e x p e r i m e n t a l l y f o r h i g h f i e l d breakdown 

d i s t r i b u t i o n s . The agreement w i t h e x p e r i m e n t was o n l y q u a l i t a t i v e f o r 

S i 0 2 h o w e v e r . S h a t z k e s , Av -Ron and G d u l a (105) e x t e n d e d t h e mode l t o 

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

P a r a m e t e r s were a b l e t o o b t a i n a r e a s o n a b l e f i t t o the d a t a o f O s b u r n 

and Ormond (5) f o r a sample show ing a d i s t r i b u t i o n w i t 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 medium f i e l d b r eakdowns . 

The W e i b u l l d i s t r i b u t i o n i s the most commonly u s e d form o f 

e x t r eme v a l u e s t a t i s t i c s . H i l l and D i s s a d o a t t e m p t e d t o c o r r e l a t e t h e 

W e i b u l l t ime and f i e l d pa rame t e r s w i t h known p r o p e r t i e s o f the 

m a t e r i a l s ( 1 5 2 ) . They used a model o f d i e l e c t r i c r e l a x a t i o n r e s p o n s e 

based on the e x i s t e n c e o f c o r r e l a t e d r e g i o n s i n the m a t e r i a l ( 1 5 3 ) . 

T ime dependent f l u c t u a t i o n s o c c u r due t o d i p o l a r exchange p r o c e s s e s 
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between t h e s e c o r r e l a t e c i r é g i o n s . T h i s c an cause e l e c t r i c a l n o i s e 

(154) o f the form î / f a where f i s the f r e q u e n c y a n d a i s r e l a t e d t o 

t h e c o r r é l a t i o n i n d e x f o r s y n c h r o n o u s d i p o l a r e x c h a n g e s , m, by a = 

2 ( 1-m). The f l u c t u a t i o n s c an be c o n s i d e r e d as random s e l f - c a n c e l l i n g 

eddy c u r r e n t s . I n a medium o f f i n i t e r e s i s t i v i t y t h e s e g i v e r i s e t o 

l o c a l v o l t a g e f l u c t u a t i o n s . I n the présence o f an a p p l i e d f i e l d 

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

l o c a l f i e l d s w h i c h may cause b reakdown . 

The breakdown p r o b a b i l i t y a t an a p p l i e d f i e l d E a and t i m e t was 

d e r i v e d a s : 

1 - e x p [ - N P l / m C ( E a - E 1 ) / E 0 ) ] ) / m ] (3.10) 

g i a a g e o m e t r i c a l f a c t o r , E 1 and E 0 a r e e l e c t r i c a l f i e l d s 

c h a r a c t e r l s t i c o f t h e m a t e r i a l and N i s t h e number o f c o r r e l a t e d 

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

The breakdown d i s t r i b u t i o n was d e r i v e d f o r t h r e e c o n d i t i o n s : 

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

exceeded i n a s i n g l e f l u c t u a t i o n é lément, breakdown i n i t i a t e d by 

p a r t i a l t r e e g r ow th and breakdown oaused by t r e e g r o w t h t h r o u g h t h e 

t h i c k n e s s o f the s a m p l e . I n a l l c a s e s they o b t a i n e d équat ions o f the 

f o rm : 

F ( E , t ) = 1 - e x p { - C ( t / t 0 ) a [ ( E a - E 1 ) / E 0 ] b } ( 3 .11) 

where F ( E , t ) i s t h e c u m u l a t i v e s u r v i v a l p r o b a b i l i t y , a , b and C a r e 

c o n s t a n t s c o m p r i s e d o f v a r y i n g pa rame te r s i n each o f t h e t h r e e c a s e s 

and t Q i s a s c a l i n g f a c t o r f o r t h e t i m e . I t can be s e en t h a t 

équation (5 , 1 3 ) i s v e r y s i m i l a r t o t h e two pa rame t e r W e i b u l l f u n c t l o n 

w h i c h has been f o u n d t o g i v e a good f i t t o d a t a f rom s t a t i c t e s t s 

(155) . 

F = 1 - e x p ( - C ' t a E b ) (3 .12) 
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C now c o n t a i n s the s c a l i n g pa rame t e r s o f f i e l d and t i tne and E 1 i g 

assumed t o be v e r y s m a l l and i s n e g l e c t e d . The s u r v i v a l p r o b a b i l i t y 

d e f i n e d by t h e above équat ion can be c o n s i d e r e d as the p r o d u c t o f 

s u r v i v a l p r o b a b i l i t i e s f o r e a c h i n d i v i d u a i t ime incrément u p t o t i m e t : 

1 - e xp ( -C 

0 

a t f a ~ 1 ^ E b . d t ) (3.13) 

I n t e g r a t i o n a l l o w s the c o r r e s p o n d i n g équat ion f o r dynamic t e s t s t o be 

o b t a i n e d ( 1 5 2 ) . A s s u m i n g a l i n e a r r a m p - r a t e E , t h e i n s t a n t a n e o u s 

f i e l d a t t i m e t i s E t and 

F = 1 - e x p ( - C a / ( a + b ) . t < a + b ) Ê ' b ) ( 3 .14 ) 

W o l t e r s has a l s o used t h i s d i s t r i b u t i o n f o r b o t h wea rou t and 

d i e l e c t r i c s t r e n g t h measurements ( 3 2 ) . However he chose a d i f f é r e n t 

r e l a t i o n s h i p o f f i e l d t o t i m e - t o - b r e a k d o w n , name l y , E p r o p o r t i o n a l t o 

I n t r a t h e r t h a n t p r o p o r t i o n a l t o E ~ n (where n = b/a) as used by 

H i l l and D i s s a d o . l n ( - l n ( 1 - F ) ) i s then p l o t t e d v e r s u s E r a t h e r t h a n 

I n E i n the W e i b u l l p l o t . I t i s d i f f i c u l t t o d i s t i n g u i s h w h i c h 

t i m e - f i e l d r e l a t i o n s h i p b e s t f i t s the measured d a t a . P o s s i b l y 

d i f f é r e n t r e l a t i o n s h i p s h o l d f o r d i f f é r e n t expér imental c o n d i t i o n s 

s i n c e Mason (157 ) o b s e r v e d d i f f é r e n t f i e l d f u n c t i o n s f o r t h e t i m e t o 

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

t h i c k n e s s . 

F o r d e f e c t r e l a t e d breakdown (<9 MV/cm) the a r e a dependence was 

f ound by W o l t e r s t o be c o m p a t i b l e w i t h t h e s t a b i l i t y p o s t u l a t e o f 

extreme v a l u e s t a t t s t i c s and hence w i t h a random d i s t r i b u t i o n o f 

d e f e c t s o v e r t h e c a p a c i t o r ( 3 2 ) . (The s t a b i l i t y p o s t u l a t e s t a t e s t h a t 

the s m a l l e s t o r 1arges t v a l u e s o f a gr oup o f observâ t i ons ar e 

d i s t r i b u t e d i n the same way as the o r i g i n a l d i s t r i b u t i o n i f t h e 

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

v a l u e s . ) 
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3A . 3 - 3 L o g no rma l s t a t i s t i c a , 

S e v e r a l wo rke r s nave used l o g no rma l s t a t i s t i c s t o o b t a i n an 

e m p i r i c a l f i t t o t h e i r d a t a ( 1 4 , 3 8 ) . M e t z l e r (158 ) p r o v i d e d a 

t h e o r e t i c a l j u s t i f t c a t i o n f o r i t s use based on the f o l l o w i n g 

a s s u m p t i o n s : 

1. The p r o b a b i l i t y o f f a i l u r e per u n i t t ime i s p r o p o r t i o n a l t o 

t h e c u r r e n t d e n s i t y . 

2 . The o x i d e c u r r e n t i s due t o F - N t u n n e l i n g . 

3. E l e c t r o n t r a p p i n g i n d u c e s a t ime (and c u r r e n t ) dépendent 

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

He needed a l s o t o i n t r o d u c e a ' f i e l d enhancement f a c t o r ' t o o b t a i n 

r e a l i s t i c r e s u l t s . 

The l o g no rma l and W e i b u l l d i s t r i b u t i o n s can appear r a t h e r 

s i m i l a r and i t i s d i f f i c u l t t o d i s t i n g u i s i ! them by c u r v e f i t t i n g 

procédures. However , W o l t e r s has shown u s i n g the wea rou t d a t a o f 

C rook (14) t h a t i n t e g r a t i o n o f t h e f a i l u r e r a t e i m p l i e s an e x t r eme 

v a l u e r a t h e r t h a n a l o g n o r m a l d i s t r i b u t i o n . Berman has a l s o 

i n d i c a t e d t h a t i t i s a c t u a l l y not p o s s i b l e f o r t h e l o g no rma l 

a s s u m p t i o n t o be s t r i c t l y obeyed f o r TDDB. Even i f some p o p u l a t i o n s 

were n o r m a l , an inhomogeneous p o p u l a t i o n composed o f d e v i c e s drawn 

from two o r more s u c h p o p u l a t i o n s w o u l d no t i t s e l f be n o r m a l . 

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

d i s t r i b u t i o n of a p a r t i c u l a r p o p u l a t i o n were no rma l t h e n f o r random 

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

s i z e wou ld no t be n o r m a l s i n c e the f r a c t i o n a l l o s s w o u l d t r a n s f o r m 

a c c o r d i n g t o the P o i s s o n r e l a t i o n . 
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3B .1 Charge t rapping preeeding breakdown. 

D i e l e c t r i c s t r e n g t h and wearou t measurements have been t h e most 

u s e d methods t o d a t e f o r s t u d y i n g b r eakdown . They p r o v i d e u s e f u l 

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

( 17 »19 ,111 ) , a l l o w the e s t i m a t i o n o f d e f e c t d e n s i t i e s and a l s o o f t h e 

e x p e c t e d l i f e t i m e o f t h e dev ì ce i n t h e f i e l d . However , t h ey p r o v i d e 

o n l y i n d i r e c t i n f o r m a t i o n o n t h e a c t u a l mechanism by w h i c h breakdown 

o c c u r s . S i n c e most mode l s f o r breakdown o f S i 0 2 a r e based on the 

b u i l d - u p o f t r a p p e d cha rge o r the g e n e r a t i o n o f t r a p s , more d i r e c t 

év idence o n t h e v a l i d i t y o f thèse mode ls c an pe rhaps be o b t a i n e d by 

e x a m i n a t i o n o f the c h a r g i n g phenomena o c c u r r i n g under t h e h i g h f i e l d 

s t r e s s c o n d i t i o n s w h i c h e x i s t p r i o r t o b r eakdown . H a r a r i (30) and 

So lomon (71 ) have bo th used C-V and ramp I - v measurements t o t r y a n d 

do t h i s and t h e y i n f e r r e d the présence of b u l k and i n t e r f a c e t r a p s 

r e s p e c t i v e l y . Q u a n t i t a t i v e a n a l y s i s o f I -V d a t a i s d i f f i c u l t , however 

and the h i g h f i e l d r e q u i r e d t o a c h i e v e F-N t u n n e l i n g may d i s t u r b t h e 

e x i s t i n g c h a r g e d i s t r i b u t i o n . I n t h i s work , ramp I -V c u r v e s were used 

o n l y t o o b t a i n a q u a l i t a t i v e p i c t u r e o f charge t r a p p i n g . A more 

a c c u r a t e t e c h n i q u e , pho to I - V , was used t o measure t h e c h a r g e d e n s i t y 

and t o l o c a t e the c e n t r o i d o f o x i d e charge d i s t r i b u t i o n s . C o n s t a n t 

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

p r i o r t o breakdown and a v a l a n c h e i n j e c t i o n t o f i l i t r a p s i n t h e o x i d e . 

3 B . 1 . 1 Ramp I -V measurements . 

A t y p i c a l ramp I -V c u r v e has a l r e a d y been shown i n F i g . 1 . 5 . T h i 3 

i s r e p r o d u c e d i n F i g . 3 . 7 f o r c o n v e n i e n c e and i n F I g . 3 . 8 I s a 

F o w l e r - N o r d h e i m p l o t o f the same measurement show ing t h a t t h e F -N 

t u n n e l i n g équat ion i n d e e d h o l d s o v e r s e v e r a l o r d e r s o f m a g n i t u d e o f 

the c u r r e n t d e n s i t y . A t h i g h f i e l d s the I -V c u r v e b e g i n s t o l e v e l o f f 

( F i g . 3 . 7 ) » i n d i c a t i v e o f r e d u c e d e l e c t r o n i n j e c t i o n , p r o b a b l y c a u s e d 

by e l e c t r o n t r a p p i n g i n t h e o x i d e ( 7 1 ) . F i n a l l y breakdown o c c u r s . 
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The c u r r e n t a t wh i ch t h e l e d g e i s f o u n d dépends on the ramp r a t e 

( 1 1 1 ) . I f the end o f t h e l e d g e i s r e a c h e d b e f o r e b r eakdown , t h e w i d t h 

and c u r r e n t d e n s i t y a t w h i c h i t o c c u r s may be used t o o b t a i n a r o u g h 

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

e l e c t r o n t r a p s ( 71 ) - F r e q u e n t l y breakdown o c c u r s b e f o r e the end o f 

t h e l e d g e i s r e a c h e d howeve r . 

I f the I -V measurement i s s t o p p e d b e f o r e the p o i n t o f breakdown 

and t h e n i m m e d i a t e l y r e p e a t e d the présence of b o th p o s i t i v e and 

n e g a t i v e charge g e n e r a t e d d u r i n g the f i r s t ramp can be s e en ( F i g . 3 . 9 , 

c u r v e 2 ) . The e a r l y o n s e t o f c o n d u c t i o n i s i n d i c a t i v e o f a r e d u c e d 

b a r r i e r h e i g h t due t o p o s i t i v e o x i d e c h a r g e . The l a t e r s h i f t o f t h e 

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

n e g a t i v e cha rge d e n s i t y i . e . t r a p p e d é l e c t r o n s i n t h e o x i d e . I f a 

p o s i t i v e M a s i s a p p l i e d between t a k i n g t h e two I -V c u r v e s no p o s i t i v e 

c h a r g e i s seen b u t m e r e l y a l a t e r a l s h i f t o f t h e I - V c u r v e due t o 

n e g a t i v e charge ( F i g . 3 . 9 , c u r v e 3 ) . T h i s b e h a v i o u r o f the p o s i t i v e 

Charge i s c o n s i s t e n t w i t h i t s b e i n g due t o s l o w i n t e r f a c e S t a t e s . 

S l o w - s t a t e s were f i r s t o b s e r v e d d u r i n g a v a l a n c h e i n j e c t i o n o f 

é l e c t r o n s . They a r e c r e a t e d c l o s e t o the S Ì - S Ì O 2 i n t e r f a c e i n a 

p o s i t I v e l y c h a r g e d c o n d i t i o n and can be n e u t r a l i s e d by moderate 

p o s i t i v e b i a s e s o r e l e v a t e d températures and c h a r g e d a g a i n under 

n e g a t i v e b i a s . 

3 B .1 . 2 A V f b d u r i n g h i g h f i e l d s t r e s s . 

As a r e s u i t o f Charge t r a p p i n g i n t h e o x i d e a s h i f t o c c u r s i n t h e 

h i g h f r e q u e n c y C~V c u r v e f o l l o w i n g h i g h f i e l d s t r e s s . A l t h o u g h d u r i n g 

s u c h a s t r e s s é l e c t r o n s a r e b e i n g I n j e c t e d by F -N t u n n e l i n g , a s h i f t 

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

p o s i t i v e o x i d e c h a r g e . T h i s I s i l l u s t r a t e d i n F i g . 3 . 1 0 , c u r v e ( b ) , 

f o r a 52 nm o x i d e on a p - t y p e s u b s t r a t e a f t e r i n j e c t i o n o f 

9 . 7 6 x 1 0 ~ 3 C / c m 2 o f charge (2 x 1 0 ~ 7 A / c m 2 f o r 48800 s ) . A v a l a n c h e 

i n j e c t i o n of é l e c t r o n s , o n t h e o t h e r h a n d , r e s u l t s i n e l e c t r o n 

t r a p p i n g and a p o s i t i v e s h i f t o f the C-V c u r v e . C u r v e ( c ) i n F i g . 3 . 1 0 
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Shows such a s h i f t a f t e r a v a l a n c h e i n j e c t i o n a t 4 x 1 0 ~ ö A/cm^ f o r 

15000 3 i . e . 6 x 1 0 ~ 2 C / c m 2 o f i n j e c t e d c h a r g e . The l owe r f i e l d 

a t wh i ch c u r r e n t can be i n j e c t e d by t h e l a t t e r t e c h n i q u e (-4 MV/cm) 

f a v o u r s e l e c t r o n t r a p f i l l i n g whereas the h i g h f i e l d s needed f o r F - N 

t u n n e l i n g (9~10 MV/cm) c ause a r éduct ion i n t h e c a p t u r e c r o s s s e c t i o n 

o f the e l e c t r o n t r a p s and f a v o u r f i e l d i o n i s a t i o n . A v a l a n c h e 

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

and ne t n e g a t i v e o x i d e c h a r g e i s a g a i n seen ( F i g . 3 - 1 0 , c u r v e ( d ) ) . I t 

ì s c l e a r f rom F i g . 3 - 1 0 t h a t by m o n i t o r i n g a s p e c i f i c p o i n t on the C-V 

c u r v e , s u c h as t h e f i a t b a n d v o l t a g e , q u a l i t a t i v e i n f o r m a t i o n can be 

o b t a i n e d about the c h a r g e b u i l d - u p unde r c o n s t a n t c u r r e n t h i g h f i e l d 

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

the f l a t b a n d v o l t a g e s h i f t , A V f b , as a f u n c t i o n o f t ime f o r n - and 

p - t y p e samp l e s a t bo th p o s i t i v e and n e g a t i v e v o l t a g e s a r e shown i n 

F i g . 3 . 1 1 . The i n j e c t i o n c u r r e n t d e n s i t y was 2 x 1 0 " ^ A / c m 2 i n each 

c a s e . A g a i n , i t i s n o t a b l e t h a t i n i t i a l l y q u i t e l a r g e amounts o f 

p o s i t i v e Charge were g e n e r a t e d i n a l l c a s e s ( n e g a t i v e A V ^ b ) d e s p i t e 

t h e f a c t t h a t i t i s é l e c t r ons t h a t a r e b e i n g I n j e c t e d . 

A t p o s i t i v e v o l t a g e s the p o s i t i v e charge i s e v e n t u a l l y 

n e u t r a l i s e d and/or i t i s compensated f o r by e l e c t r o n t r a p p i n g ( A V f b 

becomes p o s i t i v e ) . T h i s i s most c l e a r l y seen f o r t h e n - t y p e sample 

s t r e s s e d i n a c c u m u l a t i o n ( F i g . 3 - 1 1 ( a ) ) . Fo r t h e p - t y p e s a m p l e , 

s t r e s s e d i n i n v e r s i o n , t h i s n e u t r a l i z a t t o n / c o m p e n s a t i o n p r o c e s s was 

o n l y seen when the sample was i l l u m i n a t e d ( F i g . 3 . 1 1 ( c ) ) . The s l o w 

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

h e r e i s most l i k e l y r e s p o n s i b l e f o r the f a i l u r e t o o b s e r v e any 

e l e c t r o n t r a p p i n g ( p o s i t i v e A V f b ) u n l e s s l i g h t i s a p p l i e d . I f , i n 

t h e d a r k , a l l o r most o f t h e g e n e r a t e d m i n o r i t y c a r r i e r s a r e r equ ì r ed 

t o m a i n t a i n t h e s e t c u r r e n t , no t enough c a r r i e r s w i l l be a v a i l a b l e t o 

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

f rom t h a t when t h e l i g h t i s s w i t c h e d on and the s u r f a c e i s k ep t i n 

e q u i l i b r i u m by t h e enhanced m i n o r i t y c a r r i e r g e n e r a t i o n r a t e . The 

s u r f a c e p o t e n t i a l can i n t u r n a f f e c t the n e u t r a l i s a t i o n o f p o s i t i v e 

c h a r g e and a l s o t h e r a t e o f e l e c t r o n t r a p p i n g . 
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A t n e g a t i v e v o l t a g e s o n l y ne t p o s i t i v e charge i s o b s e r v e d 

( F i g . 3 . 1 1 (b) and ( d ) ) . To a f i r s t a p p r o x i m a t i o n t h e p o l a r i t y o f t h e 

f i e l d r a t h e r t h a n t h e t ype o f s u b s t r a t e seems t o be t h e most i m p o r t a n t 

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

t h e i n v e r s i o n l a y e r , measurements were u s u a l l y c a r r i e d o u t i n 

a c c u m u l a t i o n on p - and n - t y p e s u b s t r a t e s t o examine the e f f e c t 3 o f 

n e g a t i v e and p o s i t i v e v o l t a g e s t r e s s e s r e s p e c t i v e l y . 

The r e l a t i v e r a t e o f p o s i t i v e and n e g a t i v e cha rge b u i l d - u p f o r an 

n - t y p e sample s t r e s s e d i n a c c u m u l a t i o n dépends o n the c u r r e n t d e n s i t y 

used f o r i n j e c t i o n . F i g u r e 3-12 shows A V f b v e r s u s i n j e c t e d c h a r g e 

c u r v e s f o r a 39 nm o x i d e s t r e s s e d a t p o s i t i v e g a t e v o l t a g e s and 

c u r r e n t l e v e l s o f 2 x 10~3, 2 x 1 0 _ i * and 2 x 1 0 ~ 5 A / c m 2 . I n a i l 

c a s e s , any p o s i t i v e c h a r g e t h a t was g e n e r a t e d a p p e a r e d a t t h e 

b e g i n n i n g o f the s t r e s s . T h i s was s u b s e q u e n t l y n e u t r a l i s e d and/o r 

compensated f o r by e l e c t r o n t r a p p i n g as i n j e c t i o n c o n t i n u e d . No n e t 

p o s i t i v e cha rge was seen a t the l o w e s t c u r r e n t d e n s i t y ( f i e l d ) . The 

i n c r e a s e i n the i n i t i a l n e g a t i v e A V f b w i t h c u r r e n t d e n s i t y means 

t h a t e i t h e r more p o s i t i v e cha rge i s g e n e r a t e d and/or the r a t e s o f 

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

i n c r e a s i n g c u r r e n t d e n s i t y . The l a t t e r i s most l i k e l y s i n c e i t i s 

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

(and hence c u r r e n t ) dépendent. I f the p o s i t i v e cha rge i s i n d e e d due 

t o s l ow s t a t e s , thèse a r e a l s o known t o be more e f f e c t i v e l y 

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

l e v e l s . 

3 B . 1 . 3 Pho to I -V measurements . 

To s e e whe ther t h e p o s i t i v e cha rge c r e a t e d i s r e a l l y l o c a t e d a t 

t h e i n t e r f a c e and i s due t h e r e f o r e t o s l o w s t a t e s , p h o t o I - V 

measurements were pe r f o rmed be f o r e and a f t e r a h i g h f i e l d c o n s t a n t 

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

a v o i d any n e u t r a l i s a t i o n o f the p o s i t i v e c h a r g e . A f t e r a s t r e s s on a 

p - t y p e samp l e o f 2 .65 x 10 - 1 * A / c m 2 f o r 2000 s (or 0 . 53 C / c m 2 o f 
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i n j e c t e d c h a r g e ) , t h e r e was a f l a t b a n d v o l t a g e s h i f t o f more t h a n 

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

i s shown i n F i g . 3 . 1 3 - However , t h e r e i s no s h i f t a t a l i i n t h e p h o t o 

I -V c u r v e t a k e n a f t e r s t r e s s r e l a t i v e t o t h e i n i t i a l c u r v e ( F i g . 3 . 1 4 , 

cu r v e 2 ) . T h i s means t h a t the p o s i t i v e cha rge i s l o c a t e d i n t h e 

r é g i on t o w h i c h the pho to I -V t e c h n i q u e i s n o t s e n s i t i v e i . e . w i t h i n 

about 10 A of the S i - S i 0 2 i n t e r f a c e . T h e r e f o r e the p o s i t i v e cha rge 

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

I t i s i n t e r e s t i n g t o no t e t h a t t h e r e i s a l s o no év idence o f b u l k 

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

d é v i a t i o n of pho to I - V c u r v e 2 f rom c u r v e 1 i n F i g . 3 - 1 4 a t the h i g h e r 

p o s i t i v e v a l u e s o f the a p p l i e d f i e l d ( i n j e c t i o n f rom t h e s i l i c o n ) 

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

about 30 A o f the S i - S i 0 2 i n t e r f a c e . When a v a l a n c h e I n j e c t i o n o f 

é l e c t r ons was c a r r i e d o u t a f t e r t h e h i g h f i e l d s t r e s s ( 2 . 6 x 1 0 - 1 * 

A / c m 2 f o r 200 s ) t h e r e was a p o s i t i v e s h i f t o f the f l a t b a n d v o l t a g e 

i n d i c a t i v e o f e l e c t r o n t r a p f i l l i n g ( F i g . 3 . 1 5 ) . From F i g . 3 - 1 4 i t i s 

év ident tha t . t h i s i s b u l k c h a r g e s i n c e t h e r e i s a p a r a l l e l s h i f t o f 

t h e pho to I - V c u r v e a l o n g the v o l t a g e a x i s , r e l a t i v e t o t h e i n i t i a l 

c u r v e , a f t e r a v a l a n c h e i n j e c t i o n . 

Recent wo rk , a l s o u s i n g the pho to I -V t e c h n i q u e and c a p a c i t o r s 

w i t h b o t h a l u m i n i u m and p o l y s i l i c o n g a t e é l e c t r o d e s has shown t h a t 

e l e c t r o n t r a p s a r e no t o n l y f i l i e d but a r e c réâ ted a t the 

n o n - i n j e c t i n g i n t e r f a c e d u r i n g h i g h f i e l d s t r e s s ( 1 4 6 ) . (More t r a p s 

c o u l d be f i l l e d by a v a l a n c h e e l e c t r o n i n j e c t i o n a f t e r a h i g h f i e l d 

s t r e s s t h a n on an u n s t r e s s e d samp l e . Hence t r a p s must have been 

c r e a t e d d u r i n g the s t r e s s . ) O n l y t h o s e e n e r g e t i c a l l y deep t r a p s c l o s e 

t o the S i - S i 0 2 i n t e r f a c e a r e a c t u a l l y f i l l e d under h i g h f i e l d s t r e s s 

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

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

c a l c u l a t e d t o be a t about 50 A from the S i - S i 0 2 i n t e r f a c e . T h u 3 , 

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

- 78 -



BREAKDOWN OF S i 0 2 : RESULTS 

P h o t o I -V measurements were a l s o p e r f o r m e d b e f o r e and a f t e r 

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

t u n n e l i n g from the s i l i c o n s u b s t r a t e . (From the a p p r e c i a b l e n e g a t i v e 

^ f b a f t e r such a p o s i t i v e c o n s t a n t c u r r e n t s t r e s s i t was a g a i n 

c o n c l u d e d t h a t s l o w i n t e r f a c e s t a t e s were p r e s e n t . ) F i g u r e 3 B . 1 6 shows 

t h e pho to I -V c u r v e s o b t a i n e d on a p - t y p e samp l e b e f o r e and a f t e r a 

s t r e s s o f 2 . 65 x 1 0 ~ 5 A / c m 2 f o r 1000 s or 2 .65 x 1 0 ~ 2 C/cín2 o f 

i n j e c t e d c h a r g e . A f t e r s t r e s s a t t h i s p o l a r i t y t h e r e i s some e l e c t r ó n 

t r a p p i n g near t o t h e S i - S i 0 2 i n t e r f a c e . T h i s i s i n d i c a t e d by t h e 

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

I -V c u r v e f o r i n j e c t i o n f rom the s u b s t r a t e ( p o s i t i v e g a t e v o l t a g e ) . 

F o r t h e s e a l u m i n i u m g a t e d e v i c e s no e l e c t r ó n t r a p g e n e r a t i o n c o u l d be 

s e en a t the a l u m i n i u m - S i 0 2 i n t e r f a c e i . e . a t the n o n - i n j e c t i n g 

i n t e r f a c e . I n s t e a d p o s i t i v e c h a r g e a p p e a r s t o be g e n e r a t e d h e r e . 

T h i s can be seen f rom the i n c r e a s e i n the p h o t o c u r r e n t f o r a g i v e n 

n e g a t i v e a p p l i e d v o l t a g e ( i . e . p h o t o i n j e c t i o n f rom t h e g a t e ) r e l a t i v e 

t o the i n i t i a l c u r v e . E x p e r i m e n t s u s i n g t r a n s p a r e n t p o l y s i l i c o n g a t e s 

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

o f an a l u m i n i u m g a t e e l e c t r o d e ( 1 4 6 , 1 5 9 ) . W i t h p o l y s i l i c o n g a t e s , 

e l e c t r ó n t r a p g e n e r a t i o n i s s e en i n s t e a d unde r t h e s e i n j e c t i o n 

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

c o n s t a n t c u r r e n t s t r e s s c o u l d no t c o m p l e t e l y n e u t r a l i se t h e 

a l u m i n i u m - r e l a t e d c h a r g e . T h i s can be s e en f rom the p h o t o I -V c u r v e 

t a k e n a f t e r a v a l a n c h e i n j e c t i o n f o r 200 s a t 2 .65 x 1 0 _ l j A / c m 2 a l s o 

p r e s e n t e d i n F i g . 3 - 1 6 . The r e s u l t s p r e s e n t e d a r e f o r p - t y p e 

s u b s t r a t e s but c omparab l e d a t a were o b t a i n e d w i t h n - t y p e w a f e r s . 

3 B . 1 . 4 Mode l f o r c h a r g e b u i l d ~ u p . 

From the above o b s e r v a t i o n s the f o l l o w i n g mode l f o r c h a r g e 

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

T h i s i s a l s o summar i sed i n F i g . 3 . 1 7 . 

1. P o s i t i v e l y c h a r g e d ' s l o w - s t a t e s * a r e c r e a t e d a t the S i - S i 0 2 

i n t e r f a c e (<10 A) a t bo th s t r e s s p o l a r i t i e s . 

- 79 -



BREAKDOWN OF S i 0 2 ; RESULTS 

2. E l e c t r o n t r a p s a r e c r e a t e d a t the n o n - i n j e c t i n g i n t e r f a c e 

( a n o d e ) . 

3. O n l y a few o f the e n e r g e t i c a l l y deep t r a p s c l o s e t o the 

i n t e r f a c e (<30 A) a r e f i l l e d under n e g a t i v e h i g h f i e l d s t r e s s 

c o n d i t i o n s . 

H. E l e c t r o n t r a p s near t o the S i ~ S i 0 2 i n t e r f a c e a r e f i l l e d 

d u r i n g p o s i t i v e h i g h f i e l d s t r e s s . (A d i f f é r e n t mechanism 

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

Under p o s i t i v e s t r e s s , t r a p p e d é l e c t r o n s must t u n n e l t o t h e 

S i 0 2 c o n d u c t i o n band i n o r d e r t o l e a v e t h e o x i d e . I n t h i s 

c a s e the t r a p d e p t h i3 the d e t e r m i n i n g f a c t o r . A t n e g a t i v e 

p o l a r i t y t h e é l e c t r o n s must t u n n e l t o t h e s i l i c o n . I n t h i s 

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

5 . P o s i t i v e c h a r g e i s g e n e r a t e d a t the g a t e under p o s i t i v e b i a s 

c o n d i t i o n s when a l u m i n i u m g a t e é l e c t r odes a r e u s e d . 

6 . No b u l k c h a r g e t r a p p i n g was s e e n f o r h i g h f i e l d s t r e s s under 

any i n j e c t i o n c o n d i t i o n s . 

3 B . 1 . 5 D i s c u s s i o n o f breakdown m o d e l s . 

T h i s p i c t u r e o f cha rge t r a p p i n g i n t h e o x i d e under h i g h f i e l d 

s t r e s s has s e v e r a l i m p l i c a t i o n s f o r t h e breakdown mechan ism. F i r s t l y , 

e l e c t r o n t r a p c r é a t i o n a t the anode s u g g e s t s t h a t t h i s r é g i o n i s where 

t h e most damage i s o c c u r r i n g . I t i s n o t s u r p r i s i n g t h a t t h i s i s t h e 

case s i n c e t h e é l e c t r o n s a t t a i n t h e i r maximum energy a t t h e 

n o n - i n j e c t i n g i n t e r f a c e . (Considérable e l e c t r o n h e a t i n g a t q u i t e l o w 

f i e l d s has been démonstrated and the e l e c t r o n energy i s w e l l 

c o r r e l a t e d w i t h t h e anode f i e l d ( 18 ) . T h i s t r a p g e n e r a t i o n i s 

c o m p a t i b l e w i t h t h e e l e c t r o c h e m i c a l mode ls f o r breakdown based on the 

growth o f damage * t r e e s ' between the é l e c t r odes ( 31 ,32 ,130 ,131) . 

H a r a r i ' s mode l a l s o s t r e s s e s the r ô l e o f c r e a t e d e l e c t r o n t r a p s i n 

c a u s i n g breakdown ( 8 ) . However , f rom h i s d a t a he i n f e r r e d t h e 

g e n e r a t i o n o f s u c h t r a p s a t t h e c a t h o d e . No év idence f o r t h i s was 

f ound from the p h o t o I - V measurements . H a r a r i ' s o x i d e s were e x t r e m e l y 
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t h i n t h o u g h , ( 44 -160 A) and t h e d i s t i n c t i o n between f n e a r t o t h e 

c a t h o d e * and * n e a r t o t h e anode ' i s h a r d t o make. N e v e r t h e l e s s , the 

l e d g e t h a t i s o b s e r v e d i n t h e I -V c u r v e a t h i g h f i e l d s means t h a t 

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

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

réduc t i on o f t h e i n j e c t i n g f i e l d and hence o f t h e c u r r e n t , o r d e f e c t 

g e n e r a t i o n c a u s i n g r e d u c e d i n j e c t i o n e f f i c i e n c y . 

The résonant t u n n e l i n g model a l s o emphas i s e s t h e r o l e o f d e f e c t s 

near t h e ca thode i n e n h a n c i n g the c u r r e n t and c a u s i n g breakdown (132) . 

Under c o n s t a n t c u r r e n t c o n d i t i o n s t h e r e i s an i n c r e a s e i n the a p p l i e d 

v o l t a g e (and hence the ca thode f i e l d ) w i t h t i m e w h i c h c o u l d a l l o w t h e 

résonant c o n d i t i o n t o be a c h i e v e d . Under c o n s t a n t v o l t a g e c o n d i t i o n s , 

howeve r , i t i s d i f f i c u l t t o see how t h i s mechanism c o u l d l e a d t o 

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

w h i c h no év idence was f o u n d . 

The impac t i o n i s a t i o n model r e q u i r e s a b u i l d - u p o f p o s i t i v e 

c h a r g e a t the c a t h o d e t o enhance e l e c t r o n i n j e c t i o n (6 , 1 3 4 ) . A l t h o u g h 

p o s i t i v e charge was o b s e r v e d a t t h e S i - S i 0 2 i n t e r f a c e t h i s i s i n f a c t 

p r o b a b l y t oo c l o s e t o t h e i n t e r f a c e t o have any e f f e c t o n t h e 

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

A l o n g w i t h i t s i n a p p l i c a b i l i t y t o v e r y t h i n o x i d e s t h i s makes the 

impac t i o n i s a t i o n model seem an u n l i k e l y e x p l a n a t i o n o f the breakdown 

e v e n t . I t i s no t i m p o s s i b l e t h a t the p o s i t i v e Charge does p l a y a r o l e 

i n c a u s i n g breakdown t h o u g h . F i s c h e t t i has s u g g e s t e d t h a t a t anode 

f i e l d s above -5 MV/cm ho t h o l e s a r e i n j e c t e d i n t o t h e S i 0 2 f rom the 

anode as a r e s u l t o f s u r f a c e P lasmon decay and t h a t t h e s e h o l e s a r e 

r e s p o n s i b l e f o r the o b s e r v e d p o s i t i v e cha rge c r é a t i o n ( 1 4 4 ) . B o t h 

p o s i t i v e Charge b u i l d - u p d u r i n g h i g h f i e l d s t r e s s (164) and the 

breakdown event (165,166) show a c o r r é l a t i o n w i t h t h e anode f i e l d . I t 

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

damage c r éa t i on a t t h e anode and t h e r e b y c o n t r i b u t e t o b r eakdown . 
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3B.2 Charge to breakdown under constant current s t r e s s . 

The e f f e c t o f c u r r e n t i n j e c t i o n c o n d i t i o n s and sample h i s t o r y on 

Q ^ , the t o t a l amount o f cha rge w h i c h can be i n j e c t e d p r i o r t o 

b reakdown, s h o u l d a l s o p r o v i d e some u s e f u l i n f o r m a t i o n r e g a r d i n g t h e 

breakdown mechanism ( 7 2 , 7 3 ,111 ) . I n p a r t i c u l a r , t h e r e l a t i ve 

i n f l u e n c e of c u r r e n t and f i e l d on the p o i n t o f breakdown i s s t i l l 

under d i s p u t e . Some a u t h o r s c o n t e n d t h a t t h e pa rame t e r w h i c h 

e s s e n t i a l l y détermines t h i s i s t h e t o t a l number o f i n j e c t e d c a r r i e r s . 

They p ropose t h a t a t l e a s t t o a f i r s t a p p r o x i m a t i o n i s a 

c o n s t a n t ( 3 3 , 3 6 , 1 6 0 ) , i ndependen t o f t h e i n j e c t i o n r a t e ( c u r r e n t 

d e n s i t y ) and h e n c e , f o r F-N t u n n e l i n g , o f t h e f i e l d ( ene rgy o f the 

i n j e c t e d é l e c t r o n s ) . E v i d e n c e was r e c e n t l y p r o v i d e d t o t h e c o n t r a r y , 

howeve r . E x p e r i m e n t s on t r a n s i s t o r s were a b l e t o s e p a r a t e t h e e f f e c t s 

of f i e l d and c u r r e n t on and t h i s pa rame t e r was f o u n d t o be 

s t r o n g l y f i e l d dépendent, a l t h o u g h l i t t l e a f f e c t e d by t h e r a t e o f 

i n j e c t i o n ( 1 6 1 ) . I n t h e r e m a i n d e r o f t h i s s e c t i o n the e f f e c t o f 

c u r r e n t d e n s i t y , d u t y c y c l e , é l e c t r o d e m a t e r i a l and t e m p e r a t u r e on 

Q b d , measured by c o n s t a n t c u r r e n t s t r e s s i n g o f MOS c a p a c i t o r s , w i l l 

be examined I n more d e t a i l . 

3 B . 2 . 1 V a r i a t i o n o f Q b d w i t h c u r r e n t d e n s i t y . 

From F i g . 3 . 1 2 , show ing A V f b as a f u n c t i o n o f i n j e c t e d c h a r g e 

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

t h e r e i s a d e c r e a s e i n w i t h i n c r e a s i n g c u r r e n t d e n s i t y i . e . 

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

v o l t a g e was measured a t the same i n t e r v a i s o f i n j e c t e d cha rge a t each 

c u r r e n t l e v e l s o t h a t t h e r e s h o u l d be no c o n t r i b u t i o n f r om any 

r e l a x a t i o n e f f e c t s t o any change i n t h e p o i n t o f b r eakdown . ) F u r t h e r 

i n d i c a t i o n t h a t t h e i n j e c t i o n f i e l d i s o f Impo r t ance cornes f r om a 

c ompar i s on o f measured a t t h e same c u r r e n t d e n s i t y unde r F - N 

t u n n e l i n g and a v a l a n c h e e l e c t r o n i n j e c t i o n c o n d i t i o n s . V a l u e s o f 

Q b d a t two s e t c u r r e n t l e v e l s and u s i n g b o t h means of i n j e c t i o n a r e 

shown I n T a b l e 3 . 3 f o r wa f e r P 5 1 2 . T h e r e i s a f a c t o r o f abou t 2 t o 
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2 . 5 d i f f e r e n c e i n t h e f i e l d a p p l i e d i n the two t e c h n i q u e s ( a r ound 

4 MV/cm f o r a v a l a n c h e and 9 - 10 MV/cm f o r F -N i n j e c t i o n ) . More c h a r g e 

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

a v a l a n c h e c o n d i t i o n s w i t h o u t c a u s i n g b reakdown. 

The r e s u l t s i n T a b l e 3-3 a r e o n l y f o r one r a n d o m l y chos en 

c a p a c i t o r a t e a c h s e t c u r r e n t l e v e l and e a c h i n j e c t i o n me thod . More 

s y s t e m a t i c measurements o f Q b d a s a f u n c t i o n o f c u r r e n t d e n s i t y (and 

hence o f f i e l d ) were c a r r i e d o u t u s i n g t h e HPK220 c o n s t a n t c u r r e n t 

s o u r c e r a t h e r t h a n the a v a l a n c h e i n j e c t i o n s y s t e m . I n j e c t i o n was o n l y 

by F -N t u n n e l i n g t h e r e f o r e but a w i d e r r ange o f c u r r e n t d e n s i t i e s 

c o u l d be e x a m i n e d . S e v e r a l measurements were a l s o made a t e a c h s e t 

c u r r e n t t o o b t a i n more s t a t i s t i c a l l y s i g n i f i c a n t r e s u l t s . A minimum 

o f f i v e c a p a c i t o r s o f a r e a 4.91 x l O ^ c m 2 were measured a t each 

c u r r e n t d e n s i t y . B o t h t h e maximum v a l u e o f Q b d , Q ^ t m a x ) , and t h e 

a v e rage v a l u e f o r the h i g h f i e l d b r eakdowns , were m e a s u r e d . A 

p l o t o f Q b d ( m a x ) and Q b d v e r s u s i n j e c t i o n c u r r e n t d e n s i t y i s shown 

i n F i g . 3 - 1 8 and b o t h p a r a m e t e r s show the same t r e n d . The r e i s i n d e e d 

a range o f two t o t h r e e o r d e r s o f magn i tude (5 x 10~3 t o 2 A/cm 2 ) 

o v e r w h i c h Q b d a p p e a r s t o v a r y r e l a t i v e l y l i t t l e . A t v e r y h i g h 

c u r r e n t l e v e l s (>0.5 A / c m 2 ) , c o u l d pe rhaps be c o n s i d e r e d t o 

f a l l o f f s l i g h t l y more r a p i d l y . W o l t e r s has o b s e r v e d a d e c r e a s e a t 

h i g h i n j e c t i o n c u r r e n t s and has s u g g e s t e d t h a t i t i s c a u s e d by 

inhomogeneous i n j e c t i o n (37) . Howeve r , i t i s a l s o c l e a r f r om F i g . 3 . l 8 

t h a t Q b d i n c r e a s e s q u i t e s i g n i f i c a n t l y a t l ow c u r r e n t l e v e l s , 

c o n t r a d i c t i n g the v i ew t h a t i t r e m a i n s e s s e n t i a l l y c o n s t a n t r e g a r d l e s s 

o f I n j e c t i o n c o n d i t i o n s . 

From t h e i r measurements on t r a n s i s t o r s , where t h e y were a b l e t o 

v a r y t h e o x i d e f i e l d and i n j e c t i o n c u r r e n t i n d e p e n d e n t l y , M o d e l l i and 

R i c c o (161) f ound Q b d t o be e x p o n e n t i a l l y dependent on the o x i d e 

f i e l d s u c h t h a t : 

Qbd a Qo e x p ( - a / E 0 X ) (3.1) 
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where Q Q and a are c o n s t a n t s e q u a l t o 1.6 x 10 ^ C/cm^ and 8 .1 x 

1 0 7 V/cm 1 r e s p e c t i v e l y a t 300 K . P r o v i d e d t h a t t h e f i e l d a c r o s s the 

o x i d e was kep t c o n s t a n t , t h e y f ound t o be a l m o s t i n d e p e n d e n t o f 

the c u r r e n t d e n s i t y used i n t h e i r measurements . On c a p a c i t o r s i t i 3 
not p o s s i b l e t o v a r y t h e c u r r e n t d e n s i t y i n d e p e n d e n t l y o f the a p p l i e d 

f i e l d , s i n c e t h e s e Pa rame t e r s a r e r e l a t e d by t h e F -N t u n n e l i n g 

équat ion . Hence the r e s u l t s o f r é f é r ence (161) w o u l d p r e d i c t a 

v a r i a t i o n o f Q b d w i t h t h e c u r r e n t d e n s i t y due t o the a ccompany ing 

change i n a p p l i e d f i e l d . 

I n a c o n s t a n t c u r r e n t s t r e s s measurement on an MOS c a p a c i t o r the 

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

The ca thode f i e l d i s kep t c o n s t a n t by t h i s p r o c e s s . As cha rge 

t r a p p i n g has been shown t o be v e r y l ow a t h i g h f i e l d 3 t h i s 

a p p r o x i m a t e s t o k e e p i n g the ne t o x i d e f i e l d c o n s t a n t . I n an a t t e m p t 

t o a p p l y équat ion (3-1) t o c o n s t a n t c u r r e n t measurements t h e a v e r a g e 

v a l u e o f the i n i t i a l a p p l i e d f i e l d a t each c u r r e n t d e n s i t y was t a k e n 

as the v a l u e o f the o x i d e f i e l d , E Q X . E x t r a c t i o n o f E o x f r om a 

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

shown i n F i g . 3 .19 . N e g l i g i b l e cha rge t r a p p i n g has t a k e n p l a c e a t 

the p o i n t o f m e a s u r i n g E Q X and i t i s assumed t h a t a i l subséquent 

changes i n t h e a p p l i e d f i e l d a r e t o a d j u s t the c a t h o d e f i e l d back t o 

t h i s i n i t i a l v a l u e . A p l o t o f l n Q b d ( m a x ) v e r s u s 1 / E 0 X c a n t h e n 

be made and t h i s i s shown i n F i g . 3 . 2 0 . T h e r e i s a c e r t a i n amount o f 

s c a t t e r on t h e d a t a due p a r t l y t o e r r o r i n the measurement o f E Q X a t 

l ow s e t c u r r e n t l e v e l s and p a r t l y t o S t a t i s t i c a l v a r i a t i o n i n Q b d . 

A r e a s o n a b l e s t r a i g h t l i n e f i t can be made however and v a l u e s of the 

i n t e r c e p t and g r a d i e n t a r e i n e x c e l l e n t agreement w i t h t h o s e f rom 

r é f . ( 1 6 1 ) : Q 0 = 1.74 x 1 0 " 2 C / c m 2 and a = 8 . 0 7 x 1 0 7 V / c m 1 . The 

f i e l d dependence o f Q b d i s t h e r e f o r e c o n f i r m e d . However , i t c a n 

appear t h a t Q b d i s c o n s t a n t ove r q u i te a w ide range o f c u r r e n t 

d e n s i t i e s f o r c o n s t a n t c u r r e n t s t r e s s measurements on c a p a c i t o r s 

because o f the e x p o n e n t i a l dependence o f the c u r r e n t on t h e f i e l d i n 

F-N t u n n e l i n g . T h i s means t h a t o n l y a s m a l l change i n f i e l d i s 

r e q u i r e d to p roduce s e v e r a l Orders of magn i tude change i n the c u r r e n t . 
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Hence v a r i e s s t r o n g l y w i t h c u r r e n t d e n s i t y o n l y a t l ow s e t 

c u r r e n t s . 

I t c an be c o n c l u d e d f rom t h e s e r e s u l t a t h a t bo th c u r r e n t and 

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

o f the f i e l d and hence o f the e l e c t r o n energy c an be c l e a r l y seen f r om 

F i g u r e 3-20. However , the c o n s t a n t v a l u e o f wi t h v a r y i n g 

c u r r e n t d e n s i t y p r o v i d e d t h e f i e l d i s kep t c o n s t a n t (161) s u g g e s t s 

t h a t a c e r t a i n amount o f damage must i n d e e d be done by t h e i n c o m i n g 

é l e c t r o n s b e f o r e breakdown o c c u r s . I t has a l s o been shown t h a t v e r y 

h i g h f i e l d s (30 MV/cm) may be a p p l i e d t o t h e o x i d e f o r e x t r e m e l y s h o r t 

t i r aes (1 vis) w i t h o u t c a u s i n g breakdown (162) . Under t h e s e p u l s e d 

v o l t a g e c o n d i t i o n s the amount o f c u r r e n t i n j e c t e d i s r e l a t i v e l y l ow 

and the v a l u e o f Q b d r e q u i r e d f o r breakdown i s n o t r e a c h e d d e s p i t e 

t h e f a c t t h a t t h i s i s a l s o l ow a t s u c h h i g h f i e l d s . 

3B.2 .2 Dependence o f Q b d on d u t y c y c l e . 

S i n c e l a r g e r v a l u e s o f Q b d r e s u l t e d f rom s t r e s s i n g a t l o w e r 

c u r r e n t s ( f i e l d s ) where t h e r e was l e a s t p o s i t i v e c h a r g e b u i l d - u p 

( F I g . 3 - 1 2 ) , an e x p e r i m e n t was c o n d u c t e d t o see whe ther or no t the 

c h a r g e s t a t e o f t h e s l o w - s t a t e s had any i n f l u e n c e on breakdown . On 

s t r e s s i n g wa f e r L9 c o n t i n u o u s l y a t +2 mAcm 2 ( p o s i t i v e g a t e v o l t a g e ) 

b reakdown c o n s i s t e n t l y o c c u r r e d a f t e r i n j e c t i o n o f about 0.5 C / c m 2 . I f 

a modera t e p o s i t i v e v o l t a g e (-5 MV/cm) was p e r i o d i c a l l y i n t e r s p e r s e d 

w i t h t h e c o n s t a n t c u r r e n t s t r e s s t o n e u t r a l i z e t h e s l o w - s t a t e s a two 

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

F i g . 3 . 2 1 . The i n c r e a s e i n Q b d c o u l d be c a u s e d by the c h a r g e s t a t e 

o f the s l o w - s t a t e s o r s i m p l y be due t o the p e r i o d i c r e l a x a t i o n o f t h e 

v o l t a g e . Wh icheve r i s the c a s e , i s a g a i n shown no t t o be 

i n d e p e n d e n t o f t h e i n j e c t i o n c o n d i t i o n s . 

F u r t h e r measurements on t h e e f f e c t o f i n t e r r u p t i n g the c o n s t a n t 

c u r r e n t s t r e s s o r i n t e r s p e r s i n g a d i f f é r e n t s t r e s s were c o n d u c t e d on 

a n o t h e r b a t c h o f wa f e r s u s i n g t h e K e i t h l e y 220 c u r r e n t s o u r c e r a t h e r 
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t h a n the a v a l a n c h e s y s t e m . T h i s a l l o w e d more a c c u r a t e c o n t r o l o f the 

s t r e s s t i m e s and a w i d e r r a n g e o f measureraent t i m e s and c u r r e n t s . F o r 

wafer S T 2 ( s t r e s s e d a t a c o n s t a n t c u r r e n t d e n s i t y o f +2.OH mA/cm 2 , 

the maximum was 1.02 C / c m 2 . I f , a t i n t e r v a i s o f 25 s e c s , t h i s 

s t r e s s was i n t e r r u p t e d f o r 5 s e c s and a l o w e r p o s i t i v e o r a n e g a t i v e 

v o l t a g e a p p l i e d i n s t e a d Q M ( m a x ) i n c r e a s e d . When 1 V was 

i n t e r s p e r s e d d u r i n g the p o s i t i v e c o n s t a n t c u r r e n t s t r e s s , t h e maximum 

v a l u e o f Q b d i n c r e a s e d t o 1.8 C / c m 2 . - 1 0 V as the i n t e r s p e r s e d 

s t r e s s caused a f u r t h e r i n c r e a s e i n Q b d ( m a x ) t o 2 . 3 C / c m 2 . Mos t 

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

c u r r e n t i n j e c t i o n a t -2 mA/cm 2 ( a p p r o x i m a t e l y -30 V) i n c r e a s e d 

Q b c j (max) ( a t p o s i t i v e p o l a r i t y a l o n e ) t o 4 .9 C / c m 2 . F i g . 3 . 2 2 shows 

thèse r e s u l t s p l o t t e d as the v a r i a t i o n i n Q b d ( m a x ) and a l s o i n 

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

c u r r e n t was used r a t h e r t h a n a c o n s t a n t v o l t a g e as the i n t e r r u p t i n g 

s t r e s s an a p p r o x i m a t e v a l u e of the v o l t a g e has been c h o s e n . 

I n c r e a s i n g the f r e q u e n c y o f the i n t e r r u p t i o n a l s o c a u s e d an 

i n c r e a s e i n Q b d . T h i s i s shown i n F i g s . 3 . 2 3 and 3 . 24 where 

Q b d ( m a x ) and Q b d a t +2 mA/cm 2 a r e p l o t t e d as a f u n c t i o n o f the 

i n t e r r u p t i n t e r v a l f o r i n t e r s p e r s e d s t r e s s e s o f - 1 0 V and -2 mA/cm 2 

(—30 V) r e s p e c t i v e l y . The change i n w i t h i n t e r r u p t i n t e r v a l 

was g r e a t e r f o r t h e more n e g a t i v e i n t e r s p e r s e d s t r e s s . V a r y i n g t h e 

l e n g t h o f the i n t e r s p e r s e d s t r e s s between 1 and 20 s e c s had v e r y 

l i t t l e e f f e c t on Q b d , howeve r . 

These r e s u l t s appear t o c o n t r a d i c t t h o s e o f r é f é r ence (72) where 

i t was f ound t h a t a c o n s t a n t amount of c h a r g e c o u l d be i n j e c t e d a t one 

p o l a r i t y r e g a r d l e s s o f i n t e r r u p t i o n o r r e v e r s a i o f the s t r e s s . Mos t 

p r o b a b l y t h e s i n g l e s t r e s s i n t e r r u p t i o n used i n r é f . (72 ) on d e v i c e s 

a l r e a d y s t r e s s e d t o 80$ o f the e x p e c t e d was i n s u f f i c i e n t t o 

a f f e c t the f i n a l v a l u e o f Q b d . T h i s i s t o be e x p e c t e d f rom 

i n t e r p o l a t i o n o f F i g . 3 . 2 4 . I n t e r r u p t i n g t h e s t r e s s a t 80$ Q ^ t m a x ) 

or a round 400 s e c s wou ld have n e g l i g i b l e e f f e c t o n t h e measured v a l u e 

o f Q ^ . F u r t h e r e x p e r i m e n t s a r e needed t o e l u c i d a t e p r e c i s e l y what 
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i s r e s p o n s i b l e f o r the i n c r e a s e i n Q b d on i n t e r r u p t i o n o f the s t r e s s 

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

howeve r , r a t h e r t h a n a n y t h i n g " t o do w i t h t h e cha rge s t a t e o f the 

s l o w - s t a t e s , s i n c e b o t h n e g a t i v e and l ow p o s i t i v e v o l t a g e s enhance 

Q b d and the f o rmer c h a r g e s the s l o w - s t a t e s w h i l e the l a t t e r 

d i s c h a r g e s them. 

3 B . 2 . 3 E l e c t r o d e dependence o f Q b d . 

F i g . 3 - 2 5 shows A V f b v e r s u s i n j e c t e d charge c u r v e s f o r 

p o l y s i l i c o n and a l u m i n i u m ga t e d e v i c e s a t bo th p o l a r i t i e s and u s i n g a 

c u r r e n t d e n s i t y o f 2 x 10~3 A / c m ~ 2 . Two d i f f é r e n c e s between t h e 

a l u m i n i u m ga te and p o l y s i l i c o n ga t e d e v i c e s a r e s t r i k i n g . F i r s t l y , 

t h e r e i s r e l a t i v e l y much l e s s p o s i t i v e charge b u i l d - u p i n the 

p o l y s i l i c o n c a p a c i t o r s . S e c o n d l y , i s o ve r two O r d e r s o f 

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

f rom the ga t e t h e h i g h e r v a l u e o f Q b d f o r p o l y s i l i c o n c o u l d pe rhaps 

be p a r t l y e x p l a i n e d by t h e l o w e r i n j e c t i o n f i e l d r e q u i r e d ( l o w e r 

b a r r i e r h e i g h t ) . Fo r i n j e c t i o n f rom the s u b s t r a t e the f i e l d needed t o 

a c h i e v e a g i v e n c u r r e n t w i l l be t h e same i n b o t h c a s e s . However , i n 

t h i s c a s e t h e r é g i o n of most damage w i l l be n e a r the g a t e and t h e 

A l - S i 0 2 i n t e r f a c e i s known t o have more d e f e c t s t h a n the S i - S i 0 2 

i n t e r f a c e . P e r h a p s a t t h i s p o l a r i t y the anode r é g i o n i s more e a s i l y 

damaged when t h e r e i s an a l u m i n i u m g a t e , t h e r e b y r e d u c i n g Q ^ . 

A s f a r as the d i f f é r e n c e i n p o s i t i v e charge g e n e r a t i o n i s 

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

a t p o s i t i v e p o l a r i t y t h e r e i s cons idérab le g e n e r a t i o n o f m e t a l - r e l a t e d 

p o s i t i v e charge w i t h a l u m i n i u m g a t e é l e c t r o d e s t h a t i s not f o u n d f o r 

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

r e l a t e d t o t h e d i f f é r e n t i n j e c t i o n f i e l d r e q u i r e d t o a c h i e v e a g i v e n 

c u r r e n t f o r t h e two é l e c t r o d e s . As shown i n F i g . 3 . 1 2 , a l owe r f i e l d 

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

S i - S i 0 2 i n t e r f a c e . T h i s may be a t l e a s t p a r t o f the r e a s o n f o r the 

l owe r p o s i t i v e c h a r g e s e e n i n the p o l y s i l i c o n ga t e d e v i c e s . Whatever 
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the r e a s o n f o r the r e d u c e d p o s i t i v e charge i n p o l y s i l i c o n g a t e 

d e v i c e s , s i n c e t h e r e i s a c o r r é l a t i o n between amount o f p o s i t i v e 

cha rge and Q b d t h i s p r o v i d e s c i r c u m s t a n t i a l év idence i n f a v o u r o f 

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

b r eakdown . 

3 B . 2 . 4 T empera tu re dependence o f Q b d . 

I t was f ound t h a t t h e ave rage v a l u e o f Q M was q u i t e a s t r o n g 

f u n c t i o n o f t h e i n j e c t i o n t e m p e r a t u r e . T a b l e 3 . 4 shows the a v e r a g e 

v a l u e o f Q b d f rom a number o f measurements at each o f s e v e r a l 

températures f rom 20 t o 80°C. The c u r r e n t d e n s i t y was 2 x 10~3 

A / c m - 2 and the wa f e r P 5 1 2 . There was more t h a n an o r d e r o f 

magn i tude change i n o v e r t h i s r a n g e . U n f o r t u n a t e l y i t was no t 

p o s s i b l e t o c o n d u c t a s t a t i s t i c a l number o f measurements a t each 

t e m p e r a t u r e i n o r d e r t o o b t a i n a more a c c u r a t e p i c t u r e o f the e f f e c t 

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

however , i n agreement w i t h t h a t r e p o r t e d by H a r a r i ( 8 ) . 

T h i s v e r y s t r o n g dependence o f breakdown on t e m p e r a t u r e i s r a t h e r 

d i f f i c u l t t o e x p l a i n . There i s c e r t a i n l y no change i n t h e ho t 

e l e c t r o n d i s t r i b u t i o n i n t h e S i 0 2 a t thèse températures . L a t t i c e 

v i b r a t i o n s w i l l be enhanced t h o u g h , i n c r e a s i n g t h e p r o b a b i l i t y o f bond 

b r e a k i n g by h o t c a r r i e r s , e s p e c i a l l y a t d e f e c t s o r a l r e a d y weak b o n d s . 

Résonant t u n n e l i n g i s a l s o e x p e c t e d . t o be enhanced by e l e v a t e d 

températures ( c f . 3 A . 2 . 3 . 4 ) . 

3 B . 2 . 5 Q b d and breakdown m o d e l s . 

The dependence o f Q b d on the o x i d e f i e l d s u g g e s t s t h a t the 

ene rgy as w e l l as t h e number o f t h e i n c o m i n g é l e c t r o n s i s i m p o r t a n t i n 

c a u s i n g b r e a k d o w n . B o t h the anode h o l e i n j e c t i o n (144) and the gas 

d i s c h a r g e model ( 1 3 0 , 1 3 1 ) a r e c o n s i s t e n t w i t h t h i s o b s e r v a t i o n s i n c e 

bo th d e f e c t g e n e r a t i o n and s u r f a c e p lasmon e x c i t a t i o n at t h e anode 

dépend on the e l e c t r o n energy a t t h i s p o i n t . The i n c r e a s e o f Q M on 
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p e r i o d i c i n t e r r u p t i o n o f the s t r e s s can be e x p l a i n e d i n the gas 

d i s c h a r g e model by r e s o l i d i f i c a t i o n o f the gaseous C h a n n e l s on 

r éduc t i on o f the v o l t a g e . F u r t h e r c h a r g e i n j e c t i o n i s then r e q u i r e d 

t o r e c r e a t e thèse C h a n n e l s . The f a c t t h a t q u a n t i t i e s o f c h a r g e 

i n j e c t e d a t p o s i t i v e and n e g a t i v e p o l a r i t i e s do no t s i m p l y add t o g i v e 

Q b a - i s a l s o c o n s i s t e n t w i t h e i t h e r mode l based o n damage o c c u r r i n g 

a t t h e anode . On r e v e r s a i o f the p o l a r i t y , t h e p r o c e s s o f damage 

c r é a t i o n must p r e sumab l y b e g i n a g a i n a t t h e new a n o d e , t h u s p o s t p o n i n g 

b r eakdown . Résonant t u n n e l i n g (132) and t h e e l e c t r o n t r a p c r é a t i o n 

model o f H a r a r i (8 ) c o u l d a l s o be e x p e c t e d t o show a dependence o n t h e 

a p p l i e d f i e l d . However , t h e m a i n o b j e c t i o n t o thèse mode l s i s t h a t 

t h e y r e q u i r e d e f e c t c r éa t i on a t t h e c a t h o d e , f o r w h i c h no év idence was 

f o u n d . 

3B.3 Re lat ionship of TDDB to d l e l e c t r i c s t r eng th . 

As has been d i s c u s s e d p r e v i o u s l y , t h e r e i s some év idence i n the 

l i t e r a t u r e t o s u g g e s t t h a t breakdown o c c u r s by t h e same mechanism i n 

wea rou t and f a s t v o l t a g e ramp t e s t s ( 1 4 , 3 6 , 3 9 , 1 6 0 ) . Ex t reme v a l u e 

s t a t i s t i c s and i n p a r t i c u l a r t h e W e i b u l l d i s t r i b u t i o n , have a l s o been 

shown t o p r o v i d e the b e s t s t a t i s t i c a ! d e s c r i p t i o n o f t h e breakdown 

p r o c e s s f rom b o t h expér imental and t h e o r e t i c a l c o n s i d é r a t i o n s . I n 

r é f é r e n c e ( 1 5 5 ) , t h e f a l l u r e d i s t r i b u t i o n s under wea rou t and f a s t 

v o l t a g e ramp c o n d i t i o n s a r e d e r i v e d a s s u m i n g a W e i b u l l d i s t r i b u t i o n 

f o r wearout o f the f o r m : 

( 1 -F ) = e x p ( - C t a E b ) ( 3 .2 ) 

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

t the t i m e and a , b and C a r e c o n s t a n t s . T h e c o r r e s p o n d i n g équat ion f o r 

a d i e l e c t r i c s t r e n g t h measurement p r o v i d e d t h a t t h e r e i s no change i n 

t h e breakdown mechanism i s t h e n : 

( 1 -F ) = e x p ( - [ C a / ( a + b ) ] t ( a + b ) Ê b ) (3-3 ) 
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H e r e , E i s the r a m p - r a t e . I f the above équat ions a r e a p p l i e d t o 

wea rou t and d i e l e c t r i c s t r e n g t h measurements o n t h e same wa f e r and t h e 

Pa rame t e r s a and b a r e f o u n d t o be t h e same i n bo th c a s e s i t i s 

e x t r e m e l y l i k e l y t h a t t h e same breakdown mechanism i s o p e r a t i n g under 

b o t h s e t s o f t e s t c o n d i t i o n s . T h i s a n a l y s i s i s d e s c r i b e d be low f o r 

breakdown measurements o n w a f e r T 9 . 

3B . 3 .1 A p p l i c a b i l i t y o f W e i b u l l d i s t r i b u t i o n . 

I t was f i r s t n e c e s s a r y t o a s c e r t a i n t h a t the above équat ions 

p r o v i d e d a good f i t t o t h e measured f a i l u r e d i s t r i b u t i o n s . A t y p i c a l 

breakdown h i s t o g r a m f rom a d i e l e c t r i c s t r e n g t h measurements a t a ramp 

r a t e o f 10 V/s i s shown i n F i g . 3 . 2 6 . F i g u r e 3 . 2 7 c o n t a i n s t h e 

c o r r e s p o n d i n g W e i b u l l p l o t o f l n ( - l n ( 1 - F ) ) v e r s u s I n V . Measurements 

were a l s o c a r r i e d o u t a t ramp r a t e s o f 2 . 5 , 2 5 , 50 and 100 V / s . The 

h i s t o g r a m s and W e i b u l l p l o t s f o r thèse measurements were e s s e n t i a l l y 

s i m i l a r t o t h o s e shown i n F i g s . 3 . 2 6 and 3 .27 a p a r t f rom a s h i f t o f t h e 

breakdown d i s t r i b u t i o n t o l o w e r f i e l d w i t h d e c r e a s i n g ramp r a t e . Two 

d i s t i n c t p a r t s can be d i s t i n g u i s h e d i n t h e W e i b u l l p l o t s . The f i r s t 

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

breakdown and the s e c o n d s t e e p e r p a r t r e p r e s e n t s ' i n t r i n s i c ' 

b r eakdown . O n l y t h e l a t t e r was used f o r t h i s a n a l y s i s . P r o v i d e d t h a t 

thèse two régimes a r e c o n s i d e r e d s e p a r a t e l y , t h e f a s t v o l t a g e ramp 

measurement a p p e a r s t o be w e l l d e s c r i b e d by t h e W e i b u l l é qua t i on . 

A W e i b u l l p l o t f o r a wearout measurement c o n d u c t e d a t an a p p l i e d 

f i e l d o f 1 0 . 5 MV/cm i s shown i n F i g . 3 . 2 8 . S i m i l a r measurements were 

a l s o c a r r i e d ou t a t 8 . 5 , 9 . 0 , 9 . 2 5 , 9 . 5 , 9 . 75 and 10 .0 MV/cm. A l i the 

W e i b u l l p l o t s were s i m i l a r t o t h a t o f F i g . 3 . 2 8 . A good s t r a i g h t l i n e 

i s f ound f o r l n ( - l n ( 1 - F ) ) v e r s u s I n t a p a r t f rom some m i n o r d é v i a t i o n 

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

b e i n g due t o d e f e c t - r e l a t e d b r eakdown . 
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3 B . 3 . 2 . A n a l y s i s o f wea rou t d a t a . 

F o r wearout measurements , a i s o b t a i n e d f rom the g r a d i e n t o f the 

W e i b u l l p l o t . T h i s was done f o r a l l t h e measurements a t d i f f é r e n t 

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

T a b l e 3 . 5 . The a v e r a g e v a l u e o f a i s 0 . 2 4 . H a v i n g o b t a i n e d a , t h e 

v a l u e o f b c a n be e x t r a c t e d f rom a p l o t o f I n (1/ t ) v e r s u s I n E a 

where E a i s the a p p l i e d f i e l d and t h e t i m e t o breakdown t i s t a k e n a t 

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

o f F known as the e s t i m a t o r ( F g ) was chos en as the c h a r a c t e r i s t i c 

p o i n t a t wh i ch t o measure t . The e s t i m a t o r i s g i v e n by the c o n d i t i o n 

t h a t C t a E ° = 1 , so t h a t F g = 0 . 6 3 2 . V a l u e s o f I n (1/ t ) and l n E a 

a r e a l s o g i v e n i n T a b l e 3.5 and p l o t t e d i n F i g . 3 . 2 9 . From t h e 

g r a d i e n t o f t h i s p l o t , b/a = 2 9 - 7 , w h i c h f o r a = 0 . 2 4 g i v e s b = 7 . 1 . 

3 B . 3 . 3 A n a l y s i s o f d i e l e c t r i c s t r e n g t h d a t a . 

The g r a d i e n t o f the W e i b u l l p l o t i s i n t h i s c a s e e q u a l t o (a+b ) . 

V a l u e s o f (a+b) o b t a i n e d f r om F i g . 3 . 2 7 and a n a l o g o u s p l o t s a t the 

o t h e r ramp r a t e s used a r e shown i n T a b l e 3 .6 . The ave rage v a l u e i s 

7 . 4 6 , i f t h e anomalous d a t a p o i n t a t 50 V/s r a m p - r a t e i s i g n o r e d and 

6 . 9 , i f a i l d a t a p o i n t s a r e t a k e n i n t o c o n s i d é r a t i o n . To d e t e r m i n e a 

and b s e p a r a t e l y , l n (1/ t ) a t F g i s p l o t t e d as a f u n c t i o n o f the 

l o g a r i t h m o f t h e ramp r a t e , I n E . The d a t a used f o r t h i s p l o t a r e 

a l s o l i s t e d i n T a b l e 3.6 and p l o t t e d i n F i g . 3 . 3 0 . The g r a d i e n t , w h i c h 

i s e q u a l t o b/(a+b) was f ound t o be 0 . 9 5 . Hence t a k i n g (a+b) = 7 . 4 6 , 

b = 7.1 and a = 0 . 3 6 o r a l t e r n a t i v e l y t a k i n g (a+b) « 6 . 9 , b = 6 .55 and 

a = 0 . 3 4 . E i t h e r way, agreement between t h e two s e t s o f d a t a f rom 

wearout and d i e l e c t r i c s t r e n g t h measurements i s g ood , s u g g e s t i n g t h a t 

a t l e a s t f o r a p p l i e d f i e l d s i n e x c e s s o f 8.5 MV/cm breakdown p r o c e e d s 

by t h e same mechanism i n wearout and f a s t v o l t a g e ramp measuremen t s . 
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BREAKDOWN OF S i O P : RESULTS 

3 B . 3 . 4 S i g n i f i c a n c e o f t h e W e i b u l l p a r a m e t e r s . 

From t h e v a l u e o f the p a r a m e t e r s a and b some déductions c a n be 

made about the n a t u r e o f the breakdown p r o c e s s . When a > 1, t h e 

breakdown d i s t r i b u t i o n i n t i m e i s peaked . T h i s i m p l i e s an a g e i n g 

p r o c e s s (155 ,163) i n w h i c h t h e samp l e r e t a i n s memory o f any p r e v i o u s 

d é t é r i o r a t i o n . I n t h i s c a s e any s t r e s s i n g i n c r e a s e s the p r o b a b i l i t y 

o f f a i l u r e i n a subséquent t e s t . F o r a = 1, the number o f breakdowns 

d e c a y s e x p o n e n t i a l l y w i t h t ime and t h e breakdown p r o c e s s l s t h e r e f o r e 

p e r f e c t l y random i . e . the samp l e r e t a i n s no memory o f p r i o r t e s t i n g . 

I f a < 1, as we o b s e r v e , t h e t i m e d i s t r i b u t i o n o f breakdowns i s no t 

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

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

was d e s c r i b e d by W o l t e r s as a d e c r e a s i n g h a z a r d r a t e (123) and he 

s u g g e s t e d t h a t i n t h e c a s e o f S i 0 2 i t i s due t o the o b s e r v e d decay o f 

t h e i n j e c t i o n c u r r e n t w i t h t ime under c o n s t a n t a p p l i e d v o l t a g e 

c o n d i t i o n s . 

The pa ramete r b i s m a t e r i a l dépendent and i s i n v e r s e l y 

p r o p o r t i o n a l t o t h e f l u c t u a t i o n i n d e x , m, w h i c h i s a measure o f the 

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

between rég ions ( 1 54 ) . I t détermines the shape o f the f i e l d 

d i s t r i b u t i o n f u n c t i o n ( 1 5 5 ) . S i n c e m and b a r e p r o p e r t i e s o f t h e 

m a t e r i a l i t s e l f t h ey may be d e t e r m i n e d f rom o t h e r t y p e s o f measurement 

s u c h as the f r e q u e n c y dependence o f the d i e l e c t r i c s u s c e p t i b i l i t y o r 

the m e c h a n i c a l c o m p l i a n c e ( 1 5 5 ) . 
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BREAKDOWN OF S i 0 2 : RESULTS 

C u r r e n t d e n s i t y Q b d (C/cm 2 ) 

(A/cm 2 ) 

F-N T u n n e l i n g A v a l a n c h e e~ i n j e c t i o n 

(9-10 MV/cm) (-4 MV/cm) 

7.0 x 10~ 5 0.0028 > 0.133 

3.5 x 1 0 ~ 5 0.35 > 1 .75 

T a b l e 3-3 C o m p a r i s o n o f Q b d under F-N t u n n e l i n g and a v a l a n c h e 

i n j e c t i o n c o n d i t i o n s a t t h e same s e t c u r r e n t d e n s i t i e s . 

Temp. ( ° C ) Q b d (C/cm 2 ) Average Q b d (C/cm 2 ) 

20 20.8 

1.1 9.5 

6.6 

50 1.2 

4 .2 

>26.3 6.9 

2,1 

0.8 

62 0.6 

6.0 2.1 

I T 0 .3 

1.6 

81 0.2 

1.5 0.6 

. t 0.1 

T a b l e 3*4 Q b d as a f u n c t i o n o f measurement température f o r wa f e r 

P512 (29 nm o x i d e ) a t an i n j e c t i o n c u r r e n t o f 2 mA/cm2. 
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BREAKDOWN OF S i 0 2 : RESULTS 

E a a I n E a l n (1/t ) ( a t F e ) 

(MV/cm) 

8 .50 0.233 2 .1401 7.2 

9 .00 0 .195 2 .1972 5.6 

9 .25 0 .276 2 .2246 5 .9 

9 .50 0 .215 2.2513 3.8 

9 .75 0 .229 2.2773 3-7 

10.00 0.310 2.3026 2.8 

10 .50 0 .219 2.3514 1.3 

T a b l e 3 .5 D a t a f rom wea rou t measurements made a t v a r i o u s a p p l i e d 

f i e l d s , E a . V a l u e s o f a a r e o b t a i n e d f rom the s l o p e o f 

the W e i b u l l p l o t s , e . g . F i g . 3 - 2 8 and I n t a t F f i ( 63 .2$ 

f a i l u r e s ) i s e x t r a c t e d f rom the same d a t a , l n t i s p l o t t e d 

v e r s u s E a i n F i g . 3 B . 2 9 t o o b t a i n b / a . 
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BREAKDOWN OF S i 0 2 : RESULTS 

Ê (a+b) E c h ( a t F e ) Ê/E c h l n ( E / E e n ) 

(V/s) (MV/cm) 

2 . 5 7 .54 1 0 . 5 0.2381 -1.4351 

10 7 . 6 3 11 . 5 0 .8696 - 0 . 1 3 9 8 

25 7 .36 12.5 2 .8000 1.0296 

50 4 . 74 1 4 . 5 3 .4483 1 .2379 

100 7 . 2 3 1 5 . 5 6 .4516 1.8643 

T a b l e 3-6 D a t a f rom d i e l e c t r i c s t r e n g t h measurements . V a l u e s o f (a+b) 

a r e o b t a i n e d f rom the s l o p e o f the W e i b u l l p l o t s , 

e . g . F i g . 3 . 2 7 . The c h a r a c t e r i s t i c v a l u e o f the f i e l d , E c h 

was t a k e n a t FQ ( 63 . 2$ f a i l u r e s ) . l n ( Ê / E c h ) i s p l o t t e d 

a g a i n s t È i n F i g . 3 . 3 0 t o o b t a i n b/ (a+b ) . 
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BREAKDOWN OF S i 0 2 ; RESULTS 

log J [A/cm2] 

0 31nm oxide on n -Si 
Area = 8x10"5 cm2 

-1 
breakdown 

-2 I 

-3 

- 4 

-5 

-6 

-7 

-V-1 1 1 . - i . i 
4 6 8 10 12 

Electrical field (MV/cm) 

F i g u r e 3 .7 I - V c u r v e m e a s u r e d on w a f e r J N l , c a p J , 

a t a sweep r a t e o f 500mV/s. 
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F i g u r e 3 . 8 F o w l e r - ^ o r d h e i m p l o t c o n s t r u c t e d f r om t h e 

I - V d a t a c o n t a i n e d i n F i g . 3 . 7 . (wa fer 

J N l - c a p . J ) 
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BREAKDOWN OF S i 0 2 : RESULTS 

log J[A/cm2] 

0 r 39nm oxide 
Area = 8x10"5 cm z 

-1 l 

-2 

- 3 

- 4 

- 5 

-6 

-7 

-8 J L J L 
6 8 10 

Electrical field , MV/cm 

F i g u r e 3 . 9 I - V c u r v e s m e a s u r e d on w a f e r L 9 , c a p . J 

(1) f i r s t sweep t o 9 .5MV/cm. (2) s e c o ^ d 

sweep t o lOMV/cm. (3) A f t e r m e a s u r ì r g 

c u r v e s (1) and (2) and s u b s e q u e n t 

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

5MV/cm. 
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F i g u r e 3 . 1 0 H i g h f r e q u e n c y C - V c u r v e s (1MHz) t a k e n a f t e r v a r i o u s s t r e s s e s 

on c a p . B , w a f e r 232X. 



BREAKDOWN OF S t 0 2 ; RESULTS 

F i g u r e 3 . 11 A V f t ) a s a f u n c t i o n o f i n j e c t e d c h a r g e f o r 

an n - t y p e (L9) and a p - t y p e (DP2) w a f e r 
2 

s t r e s s e d a t 2mA/cm . 
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F i g u r e 3 . 1 2 £ V f b a s a f u n c t i o n o f i n j e c t e d c h a r g e f o r w a f e r L 9 , 

c a p . B s t r e s s e d a t v a r i o u s c u r r e n t d e n s i t i e s . 
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F i g u r e 3 .14 Photo I -V curves taken or, wafer MP4 cap H (1) be fore s t r e s s 
(2) a f t e r nega t i v e Constant c u r r e n t s t r e s s ( 3 ) a f t e r 
subsequent ava lanche i n j e c t i o n . 



T 1 1 1 1 1 1 1 r 

i i i _j I i 1 1 1 

0 100 200 
T i me , ( s ) 

u r e 3 . 1 5 A v
f b a s a f u n c t i o n o f t i m e d u r i n g a v a l a n c h e e l c t r o n 

i n j e c t i o n i n t o c a p . H , w a f e r MP4. P r e v i o u s l y a n e g a t i v e 

v o l t a q e c o n s t a n t c u r r e n t s t r e s s h a d been a p p l i e d a t 
- 4 2 

2 . 6 5 X 10 A/cm f o r 2 0 0 0 s . 



d 0 x =39nm 

t _ J 1 1 I 1 1 1 1 1 1 1 1 1 1 1 L — I 1 1 1 | | 1 1 1 1 i I | t I I 1 1 » l 

- 2 0 -10 0 10 2 0 

Gate Voltage.V 

F i g u r e 3 .16 Photo I -V curves taken on cap .H , wafer MP4: (1) be fore 
s t r e s s (2) a f t e r p o s i t i v e Constant c u r r e n t s t r e s s ( 3 ) 

a f t e r subsequent ava lanche i n j e c t i o n o f e l e c t r o n s . 



BREAKDOWN OF S i O P : RESULTS 

V g < o 

A l q r p o l y SiO? Al 

V G > 0 

SiO ? 

o slow state 

+ pos. charge 

- neg. charge 

a created électron 
trap 

poly 

• 

• 

SiO- Si 

F i g u r e 3 . 1 7 S c h e m a t i c i l l u s t r a t i o n o f t h e c h a r g e a n d 

d e f e c t d i s t r i b u t i o n a f t e r n é g a t i v e ( V G < 0 > 

and p o s i t i v e ( V Q > O) c o n s t a n t c u r r e n t 

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

and p o l y s i l i c o n g â t e é l e c t r o d e s . 
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F i g u r e 3 .18 Maximum ( Q b d ( m a x ) ) and a v e r a g e ( Q ^ ) v a l u e s o f t o t a l C h a r g e 

t o b reakdown a s a f u n c t i o n o f t h e c u r r e n t d e n s i t y - w a f e r 

ST2 , c a p . B . 



I n j e c t é e ! C h a r g e , C / c m 2 

F i g u r e 3 . 1 9 E x t r a c t i o n o f E ^ x a n d Q f a d f r o m m e a s u r e r a e n t o f t h e a p p l i e d 

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

c o n s t a n t c u r r e n t s t r e s s . 



F i g u r e 3 . 2 0 Ln ( Q b d ( m a x ) ) a s a f u n c t i o n o f l / E O X . E q x i s v a r i e d by 

s t r e s s i n g a t d i f f e r e n t c u r r e n t d e n s i t i e s . 
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39 nm oxide on n-Si 
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I = breakdown 

injected Charge Density ( N i n j Ï . C / c m 2 

1,5 

F i g u r e 3 . 2 1 A V f b a s a f u n c t i o n o f i n j e c t e d c h a r g e , s h o w i n g t h e p o i n t 

o f b reakdown f o r c a p . B on w a f e r L 9 . (1) f o r c o n t i n u o u s 

c o n s t a n t c u r r e n t s t r e s s and (2) on p e r i o d i c i n t e r s p e r s a l 

o f +5MV/cm d u r i n g t h e c o n s t a n t c u r r e n t s t r e s s . 
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F i g u r e 3 .22 Maximum ( Q ^ (max) ) and a v e r a g e (Q^^) v a l u e s o f a t a 

s t r e s s o f +2mA/cm a s a f u n c t i o n o f t h e v o l t a g e i n t e r s p e r s e d 

f o r 5s e v e r y 2 5 s . 
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WRFER ST2 : 28 nm o x l d e 
- STRESS RT +2mR/cm2. 

* - 1 0 V INTERSPERSED 
FOR 5 SECS RT VRRYING 

" A 
w 

INTERVRLS (X R X I S ) . 

* No I n t e r r u p t i o n 

A c o n s t a n t s t r e s s i 

A at +2mR/cm2 | 
— 

* - QbdCmax) 

' A - Ûbd A 

i 1 i t 1 1 1 

0 100 200 300 400 500 
I n t e r r u p t i n t e r v a l , s e c s 

3 .23 Maximum ( Q ^ t m a x ) ) and a v e r a g e (Q f a d ) v a l u e s o f Q f e d a t a 
2 

s t r e s s o f +2mA/cm i n t e r s p e r s i n g - 1 0 V f o r 5 s e c s a t v a r y i n g 

i n t e r v a i s . 
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F i g u r e 3 . 2 4 Maximum (0. , (max) ) and a v e r a g e (Q, ,) v a l u e s o f Q, , a t a 
bd 2 " d 2 

s t r e s s o f i-2mA/cm i n t e r s p e r s i n g -2mA/cm f o r 5 s e c s a t 
v a r y i n g i n t e r v a I s . 



BREAKDOWN OF SìQ?t RESULTS 

F i g u r e 3 . 2 5 A v
f j-, a s a f u n c t i o n o f i n j e c t e d c h a r g e f o r 

n - t y p e c a p a c i t o r s s t r e s s e d a t 2 x l O ~ 3 A / c m 2 

a t b o t h g a t e p o l a r i t i e s . ( a ) A l u m i n i u m 

(wa fe r L9) and (b) p o l y s i l i c o n (wa fe r s P4A3 

and SOI) g a t e e l e c t r o d e s . 
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p e r c e n t a g e of breakdowns 
4 e r 

B r e a k d o w n F i e Id (MV/cm) 

F i g u r e 3 . 2 6 Breakdown h i s t o g r a m f rom a d i e l e c t r i c s t r e n g t h measu rement 

on w a f e r T 9 , c a p K, a t a r a m p - r a t e o f l O V / s . 



o 

F 

L n ( V o 1 t a g e ) , V 

F i g u r e 3 , 2 7 W e i b u l l p l o t f o r a d i e l e c t r i c s t r e n g t h measu rement 

on w a f e r T 9 , c a p K, a t a r a m p - r a t e o f l O V / s ( da ta c o n t a i n e d 

i n b r e akdown h i s t o g r a m o f F i g . 3 . 2 6 ) . F= c u m u l a t i v e p r o b a b i l i t y 

o f f a i l u r e . 



- 6 
0 

L n C T i m e ) , s e c s 

F i g u r e 3 .28 W e i b u l l p l o t f o r a w e a r o u t measurement on w a f e r T 9 , c a p . K 

a t an a p p l i e d f i e l d o f 10.5MV/cm. F = c u m u l a t i v e p r o b a b i l i t y 

o f f a i l u r e . 



g u r e 3 . 2 9 P l o t o f L n ( l / t ) v e r s u s Ln (E ) f o r w e a r o u t m e a s u r e m e n t s 

c o n d u c t e d a t v a r i o u s a p p l i e d f i e l d s on w a f e r T 9 , c a p K. 



0 1 2 , 3 4 5 
Ln CE) 

F i g u r e 3 . 3 0 Ln ( E / E o x ) v e r s u s Ln (E) f o r d i e l e c t r i c s t r e n g t h m e a s u r e m e n t s 

c o n d u c t e d a t d i f f e r e n t r a m p - r a t e s on w a f e r T 9 - c a p K. 



CHAPTER IV: 

THE NEGATIVE BIAS INSTABILITY 

4A: LITERATURE SURVEY 

A p p l i c a t i o n o f a b i a s a t e l e v a t e c i t e m p e r a t u r e i s a s i m p l e and 

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

A t h i g h b i a s e s ( u s u a l l y >5 MV/cm) and room t e m p e r a t u r e o r a b o v e , i t 

can be used t o examine t h e s t a t i s t i c a o f TDDB as d i s c u s s e d i n t h e 

p r e v i o u s c h a p t e r . U s i n g more modera t e b i a s e s , measurement o f the h i g h 

f r e q u e n c y C-V c u r v e a t I n t e r v a i s a l l o w s t h e o x i d e c h a r g i n g k i n e t i c s t o 

be s t u d i e d . The f o rmer g ì v e s i n f o r m a t i o n l a r g e l y c o n c e r n i n g the 

e x p e c t e d l i f e t i m e of the d e v i c e and t h e e v e n t s i m r a e d i a t e l y p r i o r t o 

breakdown whereas the l a t t e r i n d i c a t e s the dégradat ion w h i c h can be 

e x p e c t e d t o o c c u r d u r i n g t h e w o r k i n g l i f e o f the d e v i c e and any 

p o t e n t i a l t h r e a t t h i s may o f f e r t o i t s no rma l o p é r a t i o n . 

Numerous s t u d i e s have been made o f the k i n e t i c s and p r o c e s s i n g 

dependence o f b o th t h e s h i f t i n the C-V c u r v e and o f i n t e r f a c e s t a t e 

g e n e r a t i o n o c c u r r i n g d u r i n g bo th p o s i t i v e and n e g a t i v e BTS 

( 4 8 , 4 9 , 5 8 , 6 2 - 6 7 , 1 6 7 , 1 6 8 ) . I n t e r f a c e s t a t e d e n s i t y d i s t r i b u t i o n s o v e r 

t h e s i l i c o n band gap a r e u s u a l l y o b t a i n e d u s i n g one o f t h e methods 

d e s c r i b e d i n c h a p t e r I I , l . e . c o m p a r i s o n o f t h e HF and q u a s i - s t a t i c 

C-V c u r v e s or o f the i d e a l and q u a s i - s t a t i c C-V c u r v e s . S i n c e f o r 

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

f rom m o b i l e i o n s , emphas i s w i l l be p l a c e d h e r e on what i s known as t h e 

n e g a t i v e b i a s i n s t a b i l i t y . Measurements made o n t r a n s i s t o r s 

( 60 , 6 1 , 169 -171 ) w i l l be l a r g e l y i g n o r e d s i n c e t h e a p p l i c a t i o n o f a 

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

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

t o compare d a t a f rom c a p a c i t o r s and t r a n s i s t o r s . I n t h e n e x t s e c t i o n 

( 4A .1 ) t h e phenomenology and k i n e t i c s o f t h e n e g a t i v e b i a s i n s t a b i l i t y 

w i l l be c o n s i d e r e d . P r o c e s s i n g f a c t o r s i n f l u e n c i n g b o t h Q 0 t ( + ) and 

D ^ t g e n e r a t i o n a r e t h e n dìscussed i n s e c t i o n 4A .2 and mode l a f o r t h e 

i n s t a b i l i t y i n 4 A . 3 . 
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4A.1 Blas-temperature stressing of NOS capacitors. 

4 A . 1 . 1 Measurement o f t h e v o l t a g e s h i f t . 

There i s some d i s c r e p a n c y i n t h e l i t e r a t u r e i n t h e p a r a m e t e r s 

w h i c h have been c ho s e n t o m o n i t o r t h e n e g a t i v e b i a s i n s t a b i l i t y and 

a l s o i n t h e équat ions wh i ch have been chosen t o f i t the a c q u i r e d d a t a . 

The most commonly used paramete r has been the f i a t band v o l t a g e s h i f t 

C A V f k ) . However , t h i s has the d i sadvan tage t h a t i t i n c l u d e s 

components due t o b o t h the p o s i t i v e o x i d e cha rge (Q o f c ( + ) ) and t o t h e 

e f f e c t o f i n t e r f a c e s t a t e s ( D i t ) . The t h r e s h o l d v o l t a g e s h i f t 

(AV.p) i s the paramete r o f most i n t e r e s t f rom the p o i n t o f v i ew o f 

d e v i c e a p p l i c a t i o n s but t h i s s u f f e r s f rom the same p r o b l e m as A V f b . 

Some a u t h o r s a t t e m p t t o s e p a r a t e t h e e f f e c t s o f Q o t ( + ) and D i t - by 

u s i n g the midgap v o l t a g e s h i f t ( A V m g ) as b e i n g r e p r é s e n t a t i v e o n l y 

o f the p o s i t i v e o x i d e cha rge ( 4 8 , 4 9 ) . T h i s w i l l be t h e c a s e i f a l i 

the i n t e r f a c e s t a t e s above midgap a r e a c c e p t o r s and a l i t h o s e be low 

midgap a r e dono r s (172-174 ) ( o r i n d e e d v i c e v e r s a p r o v i d i n g t h a t t h e r e 

a r e e q u a l numbers o f s t a t e s above and be low m i d g a p ) . I t i s shown 

e m p i r i c a l l y i n s e c t i o n 4 B . 1 . 2 u s i n g r e s u l t s f rom the présent work t h a t 

i t i s i n d e e d a r e a s o n a b l e a s s u m p t i o n t h a t V m g 13 a n e u t r a l p o i n t f o r 

i n t e r f a c e s t a t e s g e n e r a t e d durìng B T S . 

4 A . 1 . 2 K i n e t i c s o f A V f b and A V m g . 

4 A . 1 . 2 . 1 . T ime dependence . 

I n t e rms o f the m a t h e m a t i c a l form wh i ch the s h i f t t a k e s i t 

a p p e a r s not t o be so i m p o r t a n t whe ther A V m g o r A V f b i s u s e d s i n c e 

H a l l e r e t a l . (48) f o u n d a s i m i l a r t i m e dependence ( « t 0 , 2 ) o f b o t h 

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

p r o p o r t i o n t o t h e o x i d e charge g e n e r a t e d . The k i n e t i c s o f A V f b and 

A V m g w i l l t h e r e f o r e be d i s c u s s e d t o g e t h e r . A V f b « t 0 ' 2 was 

a l s o r e p o r t e d by S i n h a and S m i t h (167) and S h i o n o e t a l . (63) f o u n d a 

s i m i l a r r e l a t i o n s h i p o f A V f b * t n f o r t h e i r o x i d e s grown i n H C l , 
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where 0.31 > n > 0 . 2 d e p e n d i n g o n t h e a g e i n g t e m p e r a t u r e . F o r s t eam 

grown and d r y o x i d e s , t h e l a t t e r r e p o r t a l i n e a r dependence o f A V ^ b 

o n I n t . A s i m i l a r r e l a t i o n s h i p was f o u n d by D e a l e t a l . ( 5 8 ) , 

H o f s t e i n (65) and B r e e d ( 6 6 , 6 7 ) . Wa lden (175) has shown t h a t s u c h a 

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

o x i d e i s r e s p o n s i b l e f o r A V f b r e g a r d l e s s o f the e x a c t f o rm o f the 

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

shows a s t r o n g dependence on t h e ca thode f i e l d and hence d e cays as 

c h a r g e 13 t r a p p e d and t h a t the cha rge t r a p p i n g i s p e r m a n e n t . The 

t 0 * 2 dependence i s more d i f f i c u l t t o a c c o u n t f o r by a t h e o r e t i c a l 

m o d e l . A t 1 ^ l a w w o u l d be c o m p a t i b l e w i t h a d i f f u s i o n c o n t r o l l e d 

p r o c e s s s u c h as t h a t s u g g e s t e d by J e p p s o n and S v e n s s o n f o r i n t e r f a c e 

s t a t e g e n e r a t i o n (49) and the d i f f e r e n c e between t 0 * 2 a n d t 0 ' 2 ^ 

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

However , t h e d i f f e r e n c e between a I n t and a t 0 , 2 r e l a t i o n s h i p i s 

a l s o not easy t o d i s t i n g u i s h e x p e r i m e n t a l l y s i n c e t h e s e a r e v e r y 

s i m i l a r f u n c t i o n s . 

4 A . 1 . 2 . 2 T empe ra tu r e dependence . 

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

and a good f i t has u s u a l l y been f o u n d t o an A r r h e n i u s l a w . However 

t h e r e i s c o n s i d e r a b l e v a r i a t i o n I n t h e v a l u e s of t h e a c t i v a t i o n ene r gy 

( E a ) o b t a i n e d . S h i o n o e t a l . (63) f o u n d E a = 1 . 1 eV f o r d r y o x i d e s 

and 1.5 eV f o r s t eam grown s a m p l e s . H o f s t e i n (65) a l s o f o u n d E a -1eV 

w h i l e S i n h a a n d S m i t h (167) r e p o r t E a = 0 . 64 eV . B r e e d (66) q u o t e s 

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

the o x i d e w i t h g r o u n d s t a t e s under f l a t b a n d c o n d i t i o n s be low t h e t o p 

of t h e s i l i c o n v a l e n c e band . Some o f t h e s e c e n t r e s a r e r a i s e d above 

the F e r m i l e v e l a t n e g a t i v e g a t e v o l t a g e s . T r a n s i t i o n s may t h e n o c c u r 

t o e x c i t e d s t a t e s 0 . 6 eV ( t ype 1) and 1.3 eV ( t ype 2) above t h e g r o u n d 

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

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

g e n e r a t i o n . B r e e d c o n d u c t e d h i s measurements m a i n l y a t 77 K and he 

showed t h a t c o n s i d e r a b l e c h a r g e i s g e n e r a t e d a t room t e m p e r a t u r e . 
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Howeve r , t h i s i s not o b s e r v e d u n l e s s t h e s a m p l e i s c o o l e d b e f o r e C-V 

c u r v e s a r e measured s i n c e a n n e a l i n g a l s o o c c u r s r a p i d l y a t room 

t e m p e r a t u r e as s o o n as t h e b i a s i s r emoved . The t y p e 1 c e n t r e I s 

u n s t a b l e even a t 77 K and d i s c h a r g e s i m m e d i a t e l y when t h e g a t e and 

s u b s t r a t e a r e s h o r t e d . 

The most r e c e n t l y r e p o r t e d a c t i v a t i o n ene r gy i s as l o w as 0.18 eV 

( 5 9 ) . T h i s pa ramete r o b v i o u s l y v a r i e s f rom b a t c h t o b a t c h p r o b a b l y 

due t o d i f f é r e n t p r o c e s s i n g c o n d i t i o n s . Measurement p r o c e d u r e i s a l s o 

an i m p o r t a n t f a c t o r , howeve r . F o r e x a m p l e , i n r é f é r e n c e (59) H a l l e r 

e t a l . c o o l t h e i r saraples w i t h t h e g a t e f l o a t i n g t h u s a l l o w i n g some 

t ime a t e l e v a t e d t e m p e r a t u r e f o r t h e c h a r g e t o be a n n e a l e d . Assura ing 

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

c o u l d a c c o u n t f o r the e x t r e m e l y l o w v a l u e o f t h e a c t i v a t i o n ene rgy 

m e a s u r e d . 

4 A . 1 . 2 . 3 F i e l d dependence . 

The f i e l d dependence r e p o r t e d f o r the n e g a t i v e b i a s i n s t a b i l i t y 

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

l i t e r a t u r e : A V f b * E ( 6 5 ) ; A V m g « E 3 / 2 (48) and A V f b « E n 

(16 7 ) , where n i s i t s e l f an i n v e r s e f u n c t i o n o f the a g e i n g 

t e m p e r a t u r e . Between 100°C and 300°C n v a r i e d f rom 3 t o 1 .5 . A g a i n , 

t h e i n d i v i d u a i t e c h n o l o g y used seems t o be an i m p o r t a n t f a c t o r . 

4 A . 1 . 3 G e n e r a t i o n o f i n t e r f a c e s t a t e s d u r i n g BTS. 

Accompany ing the p o s i t i v e c h a r g e g e n e r a t i o n unde r n e g a t i v e BTS i s 

an I n c r e a s e i n i n t e r f a c e s t a t e d e n s i t y . Some i n c r e a s e I s a l s o s e en 

u n d e r p o s i t i v e BTS c o n d i t i o n s ( 6 3 ) . Many a u t h o r s have r e p o r t e d t h e 

g e n e r a t i o n o f a peak i n t h e i n t e r f a c e s t a t e d i s t r i b u t i o n a t one o r 

b o t h p o l a r i t i e s . Under n e g a t i v e B T S , G o e t z b e r g e r e t a l . (64) f o u n d 

an i n t e r f a c e s t a t e peak c l o s e t o m i d g a p . The e x a c t p o s i t i o n was 

dépendent on p r o c e s s i n g d é t a i l s . I n p a r t i c u l a r t h e é l e c t r o d e m a t e r i a l 

was I m p o r t a n t but so a l s o were t h e o x i d a t l o n c o n d i t i o n s . Fo r 
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a l u m i n i u m on. s t eam grown o x i d e s , t h e peak a p p e a r e d a t 0 . 3 eV above 

midgap w h i l e f o r a l u m i n i u m on d r y o x i d e s i t was a t 0 . 2 5 ev be low 

m idgap . The r e m a i n i n g samp l e s a l s o showed peaks be l ow m i d g a p . H a l l e r 

e t a l . (48) a l s o r e p o r t a peak be low m i d g a p , as do S h i o n o e t a l . 

(63 ) f o r a l i but t h e i r HC1 grown o x i d e s where t h e r e i s a more u n i f o r m 

i n c r e a s e a c r o s s t h e band g a p . J e p p s o n and S v e n s s o n ' s d r y o x i d e 3 (49) 

d e v e l o p e d a peak above midgap under n e g a t i v e BTS , a t 0 . 6 5 eV f r om t h e 

v a l e n c e b a n d . The l a t t e r a u t h o r s , a l o n g w i t h D e a l e t a l . ( 5 8 ) , 

r e p o r t n o t o n l y a l i n e a r bu t a 1:1 r e l a t i o n s h i p between midgap v o l t a g e 

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

S h i o n o e t a l . (63 ) r e p o r t g e n e r a t i o n o f a peak above midgap 

accompany ing p r o l o n g e d p o s i t i v e BTS. H a l l e r e t a l . (48 ) a l s o s e e a 

peak above midgap i f f i r s t n e g a t i v e and t h e n p o s i t i v e BTS i s a p p l i e d . 

P r o c e s s i n g c o n d i t i o n s a r e once more an i m p o r t a n t f a c t o r , p l a y i n g a 

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

g e n e r a t e d under BTS c o n d i t i o n s . 

4 A . 1 . 4 K i n e t i c s o f D i t g e n e r a t i o n . 

S i m i l a r a n a l y s i s has been a p p l i e d t o the k i n e t i c s o f i n t e r f a c e 

s t a t e g e n e r a t i o n under n e g a t i v e BTS as t o t h e s h i f t i n V ^ b and 

V m g . A s i m i l a r t i rae dependence o f the g r o w t h o f i n t e r f a c e s t a t e s 

and of p o s i t i v e o x i d e c h a r g e i s u s u a l l y r e p o r t e d . G o e t z b e r g e r e t a l . 

(64) f o u n d à D l t a i n t , w h i l e H a l l e r e t a l . (48) f o u n d a t 0 " 2 

dependence f o r A D i t as f o r Q o t ( + ) . S h i o n o e t a l . (63) f i t t e d 

t h e i r d a t a t o an e x p o n e n t i a l o f the f o rm A D i t « t n where n i s f rom 

0 . 1 7 f o r s t eam o x i d e s t o 0 . 5 7 f o r o x i d e s grown i n H C 1 . J e p p s o n and 

Sv ensson (49) f o u n d a t 0 , 2 5 dependence a t mode ra t e t o l o w f i e l d s 

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

c r e a t i o n o f i n t e r f a c e s t a t e s . T h i s model i s d i s c u s s e d f u r t h e r i n 

4 A . 3 . 2 . A g a i n , a c t i v a t i o n e n e r g i e s d i f f e r q u i t e w i d e l y f rom each 

o t h e r . G o e t z b e r g e r e t a l . (64 ) e s t i m a t e a v a l u e o f 1.4 - 1.5 eV 

w h i l e J e p p s o n and S v e n s s o n (49) f i n d - 0 . 3 e V . L i k e w i s e t h e r e i s 

c o n s i d e r a b l e v a r i a t i o n i n t h e r e p o r t e d f i e l d dependence o f i n t e r f a c e 
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s t a t e g e n e r a t i o n . G o e t z b e r g e r e t a l . (64) f i n d A D ^ t
 a E» S h i o n o e t 

a l . (63) A D i t a e x p ( E 0 * 5 ) and H a l l e r e t a l . (48 ) AD I T « E 3 / 2 . 

4A.2 Processing dependence of the negative b ias i n s t a b i l i t à . 

Q o t ( + ) g e n e r a t e d d u r i n g n e g a t i v e BTS i s r o u g h l y p r o p o r t i o n a l t o 

t h e f i x e d o x i d e c h a r g e , Q f , i n i t i a l l y présent ( 5 8 ) . S i m i l a r l y , t h e 

number o f i n t e r f a c e s t a t e s c r e a t e d , A D i t , i s p r o p o r t i o n a l t o the 

i n i t i a l i n t e r f a c e s t a t e d e n s i t y , D i t ( i n i t ) ( 6 4 ) . H e n c e , f a c t o r s 

w h i c h a f f e c t Q f and D C i n i t ) (42) s u c h as s i l i c o n o r i e n t a t i o n , 

o x i d a t i o n ambìent and p o s t - o x i d a t i o n a n n e a l w i l l a l s o i n d i r e c t l y 

a f f e c t t h e n e g a t i v e b i a s i n s t a b i l i t y . F o r e x a m p l e , Qf i s 2 o r 3 

t i m e s l a r g e r i n o x i d e s grown o n <111> s i l i c o n t h a n o n <100> and 

c o r r e s p o n d i n g l y l a r g e r A V m g v a l u e s a r e o b s e r v e d d u r i n g n e g a t i v e BTS 

on t h e <111> o x i d e s . D i t ( i n i t ) i s p r o p o r t i o n a l t o Q f . T h u s , 

D i t ( i n i t ) and A D i t d u r i n g BTS a l s o show t h i s dependence o n s i l i c o n 

o r i e n t a t i o n . G i v e n t h e i m p o r t a n c e o f Q f and D l t ( i n i t ) , t h e e f f e c t 

o f p r o c e s s i n g pa rame te r s on them as w e l l as on Q 0fc(+) and D I T w i l l 

be c o n s i d e r e d . 

4 A . 2 . 1 O x i d a t i o n c o n d i t i o n s . 

The w e l l known D e a l 1 s t r i a n g l e ( F I g . 4 . 1 ) d e s c r i b e s t h e dependence 

o f Qf on the o x i d a t i o n t e m p e r a t u r e and f i n a l amb i en t ( 4 2 ) . Qf i s 

a l m o s t c e r t a i n l y due t o some n o n - s t o i c h i o m e t r y a t t h e i n t e r f a c e and 

t h e t r i a n g l e c an be e x p l a i n e d i n t e rms o f t h e r e l a t i v e r a t e s o f 

d i f f u s i o n o f oxygen t o t h e i n t e r f a c e and i t s r e a c t i o n w i t h t h e 

s i l i c o n . A t h i g h températures, where oxygen d i f f u s i o n i s t h e r a t e 

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

1 e a v i ng a mi n i mum 1 e v e l o f Q f . A t 1ower t emper a t u r es the 

s i l l c o n - o x y g e n r e a c t i o n becomes r a t e - d e t e r m i n i n g and e x c e s s s i l i c o n ( a 

h i g h Qj.) i s b u i l t up a t the i n t e r f a c e . I f the amb i en t i s changed t o 

an i n e r t gas immedìately a f t e r o x i d a t i o n , t h e e x c e s s s i l i c o n r e a c t s 

w i t h t h e r e m a i n i n g oxygen a t any t e m p e r a t u r e t h u s l o w e r i n g Q f . 
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( init ) shows a similar dependence on oxldation temperature. 
However, i t reacts differently to a f ina l anneal In nitrogen. If dry 
N2 i s used, Djt ( init ) tends to increase (42). This and the effect 
of other anneals wi l l be considered further in the next section. 

(c) 

Figure 4.1 Deal»a triangle, i l lustrat ing the dependence of Q f on the 

oxidatlon temperature and f inal ambient (from (42)). 

Water or HCl In the oxidatlon ambient are also Important factors. 
The density of Interface traps 13 strongly dépendent on the partial 
pressure of water, being larger for dryer oxides (63). Breed and 
Kramer (62) report less variation of Q f and Q o t(+) with oxidatlon 
temperature for oxides grown In wet nitrogen than for those grown In 
dry oxygen (aluminium gate devtces). Consequently, at high oxidatlon 
températures the density of oxide charge i s larger in the wet oxides 
whereas at low oxidatlon températures the reverse i s true. (Similar 
resulta nave also been reported recently by Akinwande et a l . (176).) 

For the wet oxides, the interface state density at midgap shows a 
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minimura a t an o x i d a t i o n t e m p e r a t u r e o f abou t 900°C and t h e d i f f e r e n c e 

be tween < U t > and <100> w a f e r s l a no l o n g e r s i g n i f i c a n t e 

F o r t h e i r p o l y s i l i c o n g a t e c a p a c i t o r s , S h i o n o e t a l . (63) a l s o 

f o u n d a l a r g e r A V f b d u r i n g n e g a t i v e BTS f o r s t eam grown t h a n f o r d r y 

o x i d e s . However , the dependence on s t r e s s i n g t i m e was g r e a t e r a t 

h i g h e r t e m p e r a t u r e s f o r t h e s team o x i d e s and a t 300°C and 10^ h o u r 3 

t h e s n i f t was 3 o r 4 t i m e s l a r g e r t h a n f o r s i m i l a r l y s t r e s s e d d r y 

o x i d e s . A t the t e m p e r a t u r e s measured ( 200 - 3 0 0 °C ) , t h e dependence o f 

A D ^ t on s t r e s s i n g t i m e was g r e a t e r f o r t h e o x i d e s grown i n HC1 than 

f o r the d r y o r s t eam grown o x i d e s . S i m i l a r l y , t h e HC1 o x i d e s showed a 

much more r a p i d i n c r e a s e i n t h e r a t e o f D i t g e n e r a t i o n w l t h 

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

4 A . 2 . 2 E f f e c t o f a n n e a l s . 

The r e a r e some a p p a r e n t l y c o n t r a d i c t o r y r e s u l t s i n the l i t e r a t u r e 

o n the e f f e c t o f a n n e a l i n g on Q f and D i t ( i n i t ) . The p r e v i o u s 

h i s t o r y o f t h e 3ample as w e l l as the p r e c i s e t ime and t e m p e r a t u r e o f 

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

a n n e a l I n n i t r o g e n r e d u c e s Q f , an e x t e n d e d a n n e a l c ause s i t t o s t a r t 

t o i n c r e a s e a g a i n (42) ( c f . e f f e c t on breakdown i n 3 A . 1 . 2 and 

3 A . 2 . 2 ) . M o n t i l l o and B a l k (177) f o u n d t h e e f f e c t o f s u c h an a n n e a l 

on D i t ( i n i t ) depended on t h e t e m p e r a t u r e u s e d . Up t o 700°C, 

D i t ( i n i t ) i n c r e a s e d and above t h i s t e m p e r a t u r e i t d e c r e a a e d . They 

a l s o s t u d i e d t h e e f f e c t s o f o t h e r h i g h t e m p e r a t u r e a n n e a l s (>600°C) i n 

o x y g e n , i n h e l i u m and In a vacuum. A n n e a l i n g i n h e l i u m and i n 

n i t r o g e n gave s i m i l a r r e s u l t s , as m igh t be e x p e c t e d s i n c e b o t h a r e 

r a t h e r i n e r t g a s e s . Vacuum a n n e a l i n g gave somewhat d i f f e r e n t r e s u l t s , 

h o w e v e r , c a u s i n g a r e d u c t i o n i n Q f a t e i t h e r 600°C or 1000°C, whereas 

D i t ( i n i t ) was i n c r e a s e d . T h i s was somewhat s u r p r i s i n g s i n c e s i m i l a r 

a n n e a l i n g b e h a v i o u r wou ld be e x p e c t e d i n a vacuum as i n an i n e r t g a s . 

However , t h e r e s u l t s i n N 2 showed a good c o r r e l a t i o n w i t h i t s wa te r 

c o n t e n t , t h u s a g a i n h i g h l i g h t i n g t h e i m p o r t a n c e o f t h i s pa rame t e r and 

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

o x i d a t i o n t e m p e r a t u r e an a n n e a l In 0 2 b e l ow t h e o x i d a t i o n t e m p e r a t u r e 

a l w a y s r e s u l t e d i n an i n c r e a s e i n b o t h Q f and O ^ i n i t ) . 

S i n h a e t a l . C168 ) e xam ined t h e e f f e c t o f a h y d r o g e n a n n e a l on 

Q f , D é f i n i t ) and on t h e n e g a t i v e b i a s i n s t a b i l i t y . A h i g h 

t e m p e r a t u r e a n n e a l i n H 2 (800-900°C; 1/2 h o u r ) p r i o r t o a l u m i n i u m 

m e t a l l i s a t i o n s i g n i f i c a n t l y r e d u c e d Q f and a l s o A D j t d u r i n g 

n e g a t i v e BTS . A low t e m p e r a t u r e a n n e a l i n H 2 t e n d e d t o enhance b o t h 

o f t h e s e . D ^ t ( i n i t ) was r e d u c e d by b o t h a n n e a l s bu t f o l l o w i n g a l ow 

t e m p e r a t u r e a n n e a l , more I n t e r f a c e s t a t e s were i n t r o d u c e d by n e g a t i v e 

B T S . B reed and Kramer (62) a l s o r e p o r t t h a t Q f and Q 0 t ( + ) do n o t 

r e s p o n d i n t h e same way t o a l o w t e m p e r a t u r e a n n e a l i n g s t e p . ( T h i s 

t i m e a t 450°C i n wet n i t r o g e n . ) Q f i s r e d u c e d by s u c h a t r e a t m e n t 

whereas t h e r e i s v e r y l i t t l e d i f f é r e n c e i n Q 0 t ( + ) g e n e r a t e d i n t h o s e 

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

s a m p l e s . They s u g g e s t e d t h a t t h i s d i f f é r e n c e may be because t h e 

s t a t e s c a u s i n g Q 0 t ( + ) a r e n e a r e r t o the i n t e r f a c e t h a n t h o s e c a u s i n g 

M A . 2 . 3 Ga t e é l e c t r ode dependence . 

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

g r e a t l y r e d u c e s the n e g a t i v e b i a s i n s t a b i l i t y . The i n i t i a l f i x e d 

o x i d e c h a r g e i s l i k e w i s e r e d u c e d by up t o 40Ï ( 4 1 ) . D o p i n g o f the 

p o l y s i l i c o n a f t e r d épos i t i on a d d i t i o n a l l y r e d u c e s and g r e a t l y 

i m p r o v e s d e v i c e s t a b i l i t y ( 4 1 ) . I n t h e c a s e o f a l u m i n i u m , geomet ry o f 

the g a t e was a l s o f o u n d t o be s i g n i f i c a n t i n some c a s e s . B r e e d and 

Kramer (62) r e p o r t s m a l l e r v a l u e s o f D i t and Q f i n t h e samp l e s w i t h 

t h e l a r g e s t g a t e a r e a when t h e d e v i c e s d i d not r e c e i v e a l o w 

t e m p e r a t u r e a n n e a l p r i o r t o e n c a p s u l a t i o n . They s u g g e s t l a t é r a l 

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

e n c a p s u l a t i o n . As has been p r e v i o u s l y mentìoned t h e p o s i t i o n o f the 

peak g e n e r a t e d d u r i n g n e g a t i v e BTS has been f o u n d t o be s t r o n g l y 

dépendent on t h e g a t e é l e c t r o d e ( 6 4 ) . 
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4A.3 M o d e l s fo r t h e n e g a t i v e M a s i n s t a b i l l t y . 

4A-3.1 Hole t rapping model. 

Hole trapping was f i r s t postulated by Hofstein i n 1967 (65) as 

the cause of the negative blas i n s t a b i l l t y . The model he proposed Is 

i l l u s t r a t e d i n F l g . 4 . 2 . Donor states cl03e to the S i - S i 0 2 i n te r f ace 

nave an energy l e v e l c lose to the valence band edge. S ince the 

potent ia l well of the trap extends in to the Si l icon a hole need not be 

exc i ted in to the oxide valence band to be captured. Instead 

communication with the Si l icon i s by a mechanism s im i l a r to trap 

hoppìng. Under negative BTS condi t ions holes are exc i ted over the 

trap ba r r i e r and are trapped In the oxide, S ince the trap l e v e l l i e s 

near the Fermi l e v e l , the number of holes trapped and hence the 

f latband s h i f t dépends on the surface concentrat ion and therefore on 

the appl ied b l a s . Th is model a l so explaìns the l ack of dependence of 

the time constant on the app l ied f i e l d . 

BARR 1ER 

to) ROOM TEWP. tb> ELEVATED TEMR te) ROOM TEMP. 
(NO APPLIED IIAS) (NEGATIVE APPLIED (KO APPUEO M A M 

B l A » 

Figure 4.2 Hole t rapping model for the negative blas i n s t a b i l l t y 

(from (65) ) . 

That the présence of holes i n an oxide r e su l t a i n in te r f ace 

dégradation i s wel l eatabl ished from other experiments. Hu and 

Johnson found a l i n e a r r e l a t i onsh ip between trapped holes and 
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in te r f ace s tates when holes were introduced in to the oxide by 

i r r a d i a t i o n or by high f i e l d s t ress (178,179). The generation rate 

was slow but after a year the r a t i o of holes to Inter face s tates 

reached 1:1. Lai a l so reports a l i n e a r increase i n raidgap inter face 

s ta te density with midgap voltage s h i f t when samples are subjected to 

avalanche hole i n j e c t i o n (47). Jeppson and Svensson (49) s i m i l a r l y 

found a 1:1 r a t i o between these two parameters a f te r negative BTS 

which lends some support to the hole trapping model. However, they 

themselves suggest a hole tunnel ing process occurs on ly at high f i e l d s 

(>6 MV/cm) and low températures (~25°C). At lower f i e l d s and higher 

températures they suggest that a Chemical réact ion takes place 

r e s u l t i n g in e lect ron émission. Th is i s discussed further i n the next 

s e c t i o n . 

4A . 3 . 3 - 2 E l ec t ron émission model. 

A model based on e lect ron émission was f i r s t descrìbed by Breed 

(66,67) . As with the hole trapping model, the net r e s u l t i s the 

t rans fe r of an e lect ron from an oxide donor s t a t e to the S i l i con . The 

mechanism and k ine t i c s of transfer are d i f f é rent , however. Breed 's 

model I s i l l u s t r a t e d schemat lca l ly In F Ig .4 . 3 below. 

F i g u r e 4 .3 E l e c t r o n émission mode l f o r t h e n e g a t i v e b i a s i n s t a b i l i t y 

( f rom ( 6 6 ) ) . 

c 
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A g a i n , n e u t r a l c e n t r e s a r e présent near t o the o x i d e - s i l i c o n 

i n t e r f a c e w h i c h may a c t as d o n o r s . I n t h e f i a t b a n d c o n d i t i o n 

( F i g . 4 . 3 a ) t h e g r o u n d s t a t e s o f the t r a p s a r e be low t h e t o p o f t h e 

s i l i c o n v a l e n c e band and t h e y have an e x c i t e d s t a t e j u s t above t h e 

s i l i c o n c o n d u c t i o n b a n d . Under n e g a t i v e BTS ( F i g . 4 . 3 b ) some o f the 

g r ound s t a t e s a r e r a i s e d above t h e F e r m i l e v e l . C h a r g i n g may t h e n 

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

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

o f the e l e c t r o n t o an i n t e r f a c e s t a t e . A t the i n t e r f a c e e i t h e r 

r e c o m b i n a t i o n may o c c u r o r t h e e l e c t r o n may be i n j e c t e d i n t o t h e 

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

t h e r e f o r e , w h i l e t h e p r o b a b i l i t y o f é l e c t r o n s t u n n e l i n g f rom the 

e x c i t e d s t a t e s t o t h e s i l i c o n l e a d s t o a l o g a r i t h m o f t ime dependence . 

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

A V f b ( t , T ) = " ( q / C o x ) / N ( x ) . d x (4 .1 ) 

where t i s t h e t i m e , T t h e t e m p e r a t u r e and N (x ) i s t h e d e n s i t y o f 

a c t i v e c e n t r e s i . e . t h o s e whose g r o u n d s t a t e s a r e r a i s e d above t h e 

F e r m i l e v e l . F o r a homogeneous d i s t r i b u t i o n o f c e n t r e s , N (x ) = p x V & , 

where p i s a c o n s t a n t and V a t h e a p p l i e d b i a s . Under p o s i t i v e BTS 

( F i g . 4 . 3 c ) a l i c e n t r e s a r e be low t h e F e r m i l e v e l and t h e r e i s a l a r g e 

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

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

e x c i t e d s t a t e s . F o r t h e t ype 2 c e n t r e s , t r a n s i t i o n o f an e l e c t r o n t o 

an i n t e r f a c e s t a t e f r om w h i c h i t c a n t u n n e l i s a t h e r m a l l y a s s i s t e d 

p r o c e s s w i t h an a c t i v a t i o n energy o f about 0 . 4 eV . 

The model o f J e p p s o n and S v e n s s o n f o r i n t e r f a c e s t a t e g e n e r a t i o n 

d u r i n g n e g a t i v e BTS (49) has a l r e a d y been m e n t i o n e d a s an example o f 

an e l e c t r o n émission p r o c e s s . A t f a i r l y l ow f i e l d s (<5 MV/cm) and 

e l e v a t e d températures t h e y sugges t t h a t t h e f o l l o w i n g c h e m i c a l 

r e a c t i o n i s o c c u r r i n g : 

- 131 -



NEGATIVE B IAS INSTABIL ITY : LITERATURE 

= S i 3 - H + = S i - 0 - S i s > = S i * + = S i + + H S i - O H + e " (4 .2 ) 

S i n c e t h e e l e c t r o n can be l o s t t o t h e s u b s t r a t e o n l y under n e g a t i v e 

b i a s t h e r e i s a l a c k o f symmetry o f the I n t e r f a c e s t a t e g e n e r a t i o n 

w i t h r e s p e c t t o b i a s p o l a r i t y . The 0 ^ dependence o b s e r v e d by 

t h e s e a u t h o r s can be e x p l a i n e d I f t h e d i f f u s i o n o f S i - O H away f rom the 

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

4 A . 3 . 3 . E x c e s s s i l i c o n m o d e l . 

One o f the mode l s b ea t a b l e t o a c c o u n t f o r the o b s e r v a t i o n s on 

f i x e d o x i d e cha rge and t h e g e n e r a t i o n o f f u r t h e r p o s i t i v e c h a r g e 

d u r i n g n e g a t i v e BTS i s the e x c e s s s i l i c o n model o f D e a l e t a l . ( 5 8 ) . 

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

Here t h e r e i s e x c e s s s i l i c o n p r e s e n t f o r i t t o r e a c t w i t h . When the 

o x i d a t i o n s t o p s , t h e s e e x c e s s s i l i c o n i o n s a r e ' f r o z e n i n 1 , g i v i n g 

r i s e t o p o s i t i v e c h a r g e s ( see D e a l ' s t r i a n g l e , s e c t i o n 4 A . 2 . 1 ) . 

A p p l i c a t i o n of a n e g a t i v e f i e l d a t e l e v a t e d t e m p e r a t u r e may b r e a k a 

s e cond a l r e a d y s t r a i n e d bond t o S i + , r e s u l t i n g i n an S i 2 + s p e c i e s . 

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

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

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

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

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

t h e r e f o r e . 

Yamasak i s t u d i e d t h e o r i e n t a t i o n dependence o f t h e i n i t i a l f i l m 

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

r e l a t i o n s h i p t o o x i d e c h a r g e s ( 1 8 0 ) . H i s r e s u l t s s u p p o r t t h e 

a s s u m p t i o n t h a t S i + 1 , S i + 2 and S i * 3 e x i s t a t t h e i n t e r f a c e . 

The s e s p e c i e s form the b a s i s o f t h e e x c e s s s i l i c o n m o d e l . More 

r e c e n t l y , t h e e x i s t e n c e o f the 1, 2 , and 3 o x i d a t i o n s t a t e s o f s i l i c o n 

a t t h e I n t e r f a c e has been d e m o n s t r a t e d by XPS ( 1 8 1 - 1 8 3 ) . 

- 132 -



NEGATIVE BIAS INSTABIL ITY : LITERATURE 

MA.3 .4 Oxygen v a c a n c y m o d e l . 

E x c e s s s i l i c o n and d é f i c i e n t oxygen appear t o be two ways o f 

d e s c r i b i n g t h e same s i t u a t i o n . Howeve r , t h e ene rgy l e v e l s o f t h e two 

s p e c i e s a r e n o t n e c e s s a r i l y t h e same. B e n n e t t and R o t h (68) u s e d 

m o l e c u l a r o r b i t a i t h e o r y t o c a l c i t i a t e t h e ene r gy o f v a r i o u s d e f e c t s i n 

S i 0 2 , i n c l u d i n g an oxygen v a c a n c y . The l a t t e r was f o u n d t o be 

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

f o r m a t i o n o f a s i l i c o n v a c a n c y . The r e m o v a l o f an oxygen atom cause s 

two ene rgy l e v e l s t o appear i n t h e band g a p , t h e u p p e r l e v e l b e i n g 

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

s i l i c o n atoms t e n d t o move a p a r t . The ene rgy l e v e l s move upwards and 

the upper one merges w i t h the c o n t i n u u m . I n t h i s c a s e the empty l e v e l 

i s above t h e s i l i c o n bandgap and w o u l d t h u s r e m a i n c h a r g e d . T h i s 

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

The n e g a t i v e b i a s i n s t a b i l i t y c an be a c c o u n t e d f o r by t h e oxygen 

va cancy model i n the f o l l o w i n g way . A t s u f f i c i e n t l y h i g h températures 

and unde r t h e i n f l u e n c e o f an e l e c t r i c f i e l d , some oxygen v a c a n c i e s 

a r e known t o m i g r a t e (18M) . Under a p p l i c a t i o n o f a n e g a t i v e b i a s , 

p o s i t i v e c h a r g e i n t h e form of oxygen v a c a n c i e s ( V Q
+ ) c o u l d be 

g e n e r a t e d by t h e f o l l o w i n g r e a c t i o n : 

x S i + S i 0 2 > (1 + x ) S i 0 2 + 2 x V 0
+ (M .3 ) 

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

b i a s the v a c a n c i e s d r i f t back t o w a r d s the S i - S i 0 2 i n t e r f a c e where 

t h e y a r e e v e n t u a l l y n e u t r a l i s e d . 

T h i s model can a c c o u n t f o r a l i the non -oxyg en a n n e a l l n g b e h a v i o u r 

o f Q f ; f o r e x a m p l e , the work o f Fowkes and Hess on 

o x i d a t i o n - r e d u c t i o n t r e a t m e n t s ( 1 8 5 ) . The s m a l l e r d e n s i t y o f Q f 

a f t e r wet o x i d a t i o n can be a t t r i b u t e d t o hyd rogen atoms b o n d i n g w i t h 

t h e oxygen v a c a n c i e s , w h i l e t h e dependence o f Q f on o x i d a t i o n 

t e m p e r a t u r e can be r e l a t e d t o t h e e f f e c t o f s t r e s s o n t h e v a c a n c y . 
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The a n n e a l i n g e x p e r i m e n t s o f A s l a m and B a l k (186) have p r o v i d e d 

e x p e r i m e n t a l e v i d e n c e f o r a r e l a t i o n s h i p between oxygen d e f i c i e n c y and 

h o l e t r a p s . A h i g h t e m p e r a t u r e POA i n 0 2 was s t r o n g l y c o r r e l a t e d 

w i t h h i g h h o l e t r a p d e n s i t y . C o n v e r s e l y , a s h o r t f i n a l POA i n 0 2 

s u b s t a n t i a l l y r e d u c e d h o l e t r a p p i n g . O ^ s s i - ' S i ^ O ^ and 0 3=Si - 0 * 

• S i s O ^ were p o s t u l a t e d a s l i k e l y h o l e t r a p p i n g s i t e s g e n e r a t e d by t h e 

r e m o v a l o f e i t h e r 0 2 o r wa t e r f rom the l a t t i c e . These s i t e s a r e 

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

t r a p s . T h i s i s c o m p a t i b l e w i t h the o b s e r v e d c o r r e l a t i o n between t h e 

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

g i v e n a n n e a l i n g t r e a t m e n t ( 1 8 6 ) . 

MA.3 . 5 V a l e n c e a l t e r n a t i o n p a i r m o d e l . 

A model f o r d e f e c t s i n t h e S i - S 1 0 2 s y s t em based on v a l e n c e 

a l t e r n a t i o n p a i r s (VAPs) has been p roposed by Hubner ( 1 8 7 ) . He 

a t t e m p t s a l s o t o e x p l a i n the g e n e r a t i o n o f i n t e r f a c e s t a t e s and 

p o s i t i v e cha rge by i r r a d i a t i o n and BTS u s i n g t h i s t h e o r y . A VAP 

c o n s i s t s o f a p a i r o f oxygen atoms one o f w h i c h i s u n d e r c o o r d i n a t e d 

and one o f w h i c h i s o v e r c o o r d i n a t e d , a s i l l u s t r a t e d be l ow : 

=Si . . . 0 " -S i= 

sS i - 0 + -S i=> 

These s p e c i e s s S i - 0 ~ and s s i ^ - o " 1 " m a y a c t as h o l e and e l e c t r o n t r a p s 

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

dependence o f the s t r e n g t h o f t h e t h i r d S i - 0 + bond o n i t s p r o x i m i t y 

t o t h e i n t e r f a c e . Due t o i n c r e a s e d d i e l e c t r i c s c r e e n i n g and bond 

d i s t o r t i o n a t t h e s i l i c o n s u r f a c e t h i s bond i s t e n t i m e s weaker h e r e 

t h a n I n the b u l k , t h u s f a v o u r i n g =SI » f o r m a t i o n . The i n c r e a s e i n 

D i t under BTS i s e x p l a i n e d as f o l l o w s . Under n e g a t i v e BTS e l e c t r o n s 

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

r e l a x a t i o n o f s S i ^ - 0 + c e n t r e s out o f the i n t e r f a c e p l a n e r e l e a s e s a 

s i l i c o n d a n g l i n g bond c a u s i n g g e n e r a t i o n o f an i n t e r f a c e s t a t e a t 

about 0.35 eV above t h e s i l i c o n v a l e n c e b a n d . Under p o s i t i v e BTS 
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e l e c t r o n s a r e t r a n s f e r r e d f rom the s i l i c o n t o t h e weak S i ~ 0 + bonds 

g e n e r a t i n g an i n t e r f a c e s t a t e a t 0 . 4 2 eV be low t h e s i l i c o n c o n d u c t i o n 

band e d g e . 

F i x e d p o s i t i v e cha rge i s a t t r i b u t e d t o uncompensated = S i 3 ~ 0 + 

c e n t r e s . The g e n e r a t i o n of p o s i t i v e c h a r g e by n e g a t i v e BTS i s t h e n 

a c c o u n t e d f o r by t h e b r e a k i n g o f weak S i - H bonds ( p r e sumab l y 

a c compan i ed by l o s s o f an e l e c t r o n t o t h e s u b s t r a t e ) and t r a n s f e r o f 

H + away f rom the i n t e r f a c e . T h i s i n c r e a s e s the c o n c e n t r a t i o n o f 

u n d e r c o o r d i n a t e d s i l i c o n and hence o v e r c o o r d i a t e d oxygen n e a r t o t h e 

i n t e r f a c e . I t i s d e b a t a b l e however whe ther i t i s n e c e s s a r y t o i n v o k e 

h y d r o g e n t o a c c o u n t f o r Q o t ( + ) s i n c e l o s s o f an e l e c t r o n t o t h e 

s i l i c o n accompan ied by r e a r r a n g e m e n t o f t h e VAP c a n l e a d t o g e n e r a t i o n 

o f = S i - 0 + and * S i = , t h u s a c c o u n t i n g f o r b o t h t h e p o s i t i v e cha rge and 

i n t e r f a c e s t a t e g e n e r a t i o n d u r i n g B T S . 

On t h e b a s i s o f X - r a y p h o t o - e l e c t r o n s p e c t r o s c o p y (XPS) 

measurements G r u n t h a n e r e t a l . (143 ) a l s o p r o p o s e d the g e n e r a t i o n o f 

t h e s e s p e c i e s a t the i n t e r f a c e on i r r a d i a t i o n o f the s a m p l e , a p r o c e s s 

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

s u g g e s t bond b r e a k i n g i s o c c u r r i n g i n s t r a i n e d S i - O - S i bonds a t t h e 

i n t e r f a c e . T h i s o c c u r s v i a h o l e c a p t u r e i n t h e oxygen 2p l o n e p a i r 

o r b i t a l g i v i n g O ^ s S i - and 0 3 = S i - 0 + . The s u r r o u n d i n g l a t t i c e 

unde rgoes a s l i g h t r e l a x a t i o n p r e v e n t i n g Immedia te r e f o r m a t i o n o f the 

b o n d . S u b s e q u e n t l y t h e h o l e i n the l o n e p a i r may be a n n i h i l a t e d by an 

e l e c t r o n t u n n e l i n g f rom t h e s i l i c o n . The r e s u l t i n g s i t e i s t h e n 

0^=S i * * 0 - S i = 0 ^ , w h i c h i s one o f the s i t e s s u g g e s t e d by A s l a m and 

B a l k as a deep h o l e / s h a l l o w e l e c t r o n t r a p . C a p t u r e o f an e l e c t r o n 

t h i s s i t e l e a d s t o O ^ s s i - O - and Og »S i » and c a p t u r e o f a h o l e t o 

O ^ s i * and O ^ S i * . The p r e s e n c e o f the c h a r g e d s i t e s s u g g e s t e d by 

Hubner (187) a r e not c o n s i s t e n t w i t h the XPS d a t a . R a t h e r , t h e 

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

0^=Si« c o o r d i n a t e d by wa t e r i n i t s n e u t r a l s t a t e (hydrogen bonded) 

and a l s o t o n o n - b r i d g i n g o xyg en . I n t h i s l a s t model b o t h I n t e r f a c i a l 

s t r a i n and oxygen d e f i c i e n c y a r e I m p l i c a t e d i n h o l e t r a p f o r m a t i o n , 
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s l n c e t h e s t r a i n e d l a y e r w h i c h has been shown t o e x i a t i n t h e f i r s t 

15*30 A o f the o x i d e i s a l a o a r ég i on o f l ow oxygen c o n t e n t w i t h a 

m i x e d c o m p o a i t i o n o f S i O , S l 2 o and S i 2 0 3 ( 1 4 3 ) . 

4 A . 3 . 6 O t h e r m o d e l a . 

The r e a r e s e v e r a l modela f o r p o s i t i v e charge and i n t e r f a c e a t a t e 

générat ion d u r i n g i r r a d i a t i o n o r é l e c t r o n i n j e c t i o n ( 1 8 8 - 1 9 1 ) . 

A n a l o g o u s mode l s c o u l d be c o n s i d e r e d aa p o t e n t i a l c a n d i d a t e a t o 

e x p l a i n t h e a i m i l a r dégradat ion o c c u r r i n g under n éga t i v e B T S . A key 

f a c t o r i n most o f thèse mode l s i s the r e l e a s e o f some n e u t r a l s p e c i e s 

i n the b u l k as a r e s u i t o f ene rgy l o s s t o the o x i d e f r om e i t h e r t h e 

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

i n t e r f a c e where i t r e a c t s w i t h S i - H b o n d s , s t r a i n e d S i - O - S i bonds o r 

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

hydr ogen ( 188 ,191 ) and e x c I t o n s (188 ,190 ) have been t h e m a i n 

c o n t e n d e r s f o r t h e d i f f u s i n g s p e c i e s . A l t h o u g h t h e r e i a no év idence 

t o s u g g e s t t h a t a s i g n i f i c a n t é l e c t r o n c u r r e n t i s f l o w i n g unde r BTS 

c o n d i t i o n s t o e n a b l e r e l e a s e o f any s p e c i e s i n t h e b u l k , t h e 

s i m i l a r i t y o f the o b s e r v e d dégradat ion under a i l t yp e s o f s t r e s s makes 

thèse mode l s w o r t h n o t i n g , The p o s s i b l e r ô l e o f h yd rog en o r w a t e r i n 

c a u s i n g dégradat ion i s a l a o a r e c u r r i n g thème i n t h e l i t e r a t u r e . 
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4B. 1 { C i n e t i c a o f p o s i t i v e c h a r g e g e n e r a t i o n . 

A l t h o u g h t h e k i n e t i c s o f t h e n e g a t i v e b i a s i n s t a b i l i t y have 

a l r e a d y been w i d e l y s t u d i e d , i t i s a p p a r e n t f rom the p r e v i o u s 

d i s c u s s i o n t h a t the d i s c r e p a n c y i n t h e v a r i o u s r e s u l t s makes t h e s e 

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

t e n t o t w e n t y y e a r 3 ago and g i v e n t h e s e n s i t i v i t y o f t h i s phenomenon 

t o changes i n p r o c e s s i n g , i t seemed w o r t h w h i l e t o r e p e a t some o f t h e s e 

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

s e c t i o n (4B .1 ) t h e r e f o r e c o n t a i n s o b s e r v a t i o n s c o n c e r n i n g the 

phenomenology and k i n e t i c s o f Q o t ( + ) g e n e r a t i o n . The r e l a t i o n s h i p 

o f t h i s c h a r g e t o h o l e t r a p p i n g i s c o v e r e d i n 4 B . 2 and i n t e r f a c e s t a t e 

g e n e r a t i o n i s c o n s i d e r e d i n 4 B . 3 - The h i g h f r e q u e n c y and q u a s i - s t a t i c 

C-V method was used t o détermine i n t e r f a c e s t a t e d i s t r i b u t i o n s i n 

d e p l e t i o n and the q u a s i - s t a t i c and i d e a l c u r v e s were used f o r t h e r e s t 

o f t h e band g a p . 

4 B . 1 . 1 Hys té rés i s i n C-V c u r v e s and l o s s o f Q o t ( + ) . 

F o l l o w i n g n e g a t i v e BTS , t h e C-V c u r v e i s s h i f t e d t o n e g a t i v e 

v o l t a g e s and a l s o shows some h y s t é r é s i s due t o t h e g e n e r a t i o n o f 

s l o w - s t a t e s ( F i g 4 . 4 ) . The magn i tude o f t h i s h y s t é r é s i s and i n d e e d 

t h e p r e c i s e p o s i t i o n o f t h e C-V c u r v e changes w i t h s u c c e s s i v e v o l t a g e 

s w e e p s . T h i s i s becauae a p o r t i o n o f the p o s i t i v e cha rge g e n e r a t e d 

d u r i n g n e g a t i v e BTS i s e a s i l y l o s t . A p p l i c a t i o n o f a p o s i t i v e v o l t a g e 

(as o c c u r s d u r i n g a C-V sweep) o r é l é v a t i o n o f the t e m p e r a t u r e i s 

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

a c c u r a t e measure o f Q o t ( + ) , i t i s i m p o r t a n t , t h e r e f o r e , t o use t h e 

f i r s t C -V c u r v e t a k e n a f t e r BTS and t o sweep f rom n e g a t i v e t o p o s i t i v e 

v o l t a g e s . Some charge may be removed even t h e n , s i n c e B r e e d r e p o r t e d 

t h e a n n e a l i n g o f p o s i t i v e c h a r g e g e n e r a t e d by BTS, even a t room 

t e m p e r a t u r e and z e r o b i a s ( 6 6 ) . However , prov ìded t h a t C*-V c u r v e s a r e 

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

~ 137 " 



NEGATIVE BIAS INSTABIL ITY : RESULTS 

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

M B . 1 . 2 . Use o f A V m g t o measure o x i d e c h a r g e . 

Throughout t h e présent work , t h e midgap v o l t a g e s h i f t , i V
m g , 

has been used aa a meaaure o f t h e change i n o x i d e c h a r g e a l o n e , i . e . 

a s s u m i n g t h a t t h e r e was no c o n t r i b u t i o n f rom i n t e r f a c e s t a t e s t o t h e 

s h i f t a t t h i s p o i n t . A s men t i oned p r e v i o u s l y , t h e r e w i l l be no n e t 

cha rge i n the i n t e r f a c e s t a t e s a t midgap i f a l i the a t a t e a above 

midgap a r e a c c e p t o r s and a l i t h o s e be low a r e d o n o r s . The r e v e r s e 

c o n d i t i o n , where a l i the s t a t e s above midgap a r e dono r s and a l i t h o s e 

be low a r e a c c e p t o r s , c an g i v e the same r e a u l t but r e q u i r e s the 

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

above and be low m i d g a p . I f e i t h e r o f t h e s e c o n d i t i o n s h o l d s , t h e n 

v m g * 3 a n e u t r a l p o i n t f o r i n t e r f a c e s t a t e s and A V m g r e p r e s e n t s 

the change i n o x i d e c h a r g e a l o n e . S e v e r a l a u t h o r s have assumed t h i s 

t o be the c a s e f o r i n t e r f a c e s t a t e s g e n e r a t e d by d i f f é r e n t t y p e s o f 

s t r e s s : a v a l a n c h e h o l e i n j e c t i o n ( 4 7 ) , n e g a t i v e BTS ( 4 8 , 4 9 ) , h i g h 

f i e l d s t r e s s (48) and i r r a d i a t i o n ( 4 8 , 5 0 , 1 7 2 ) . From C-V measuremen ts , 

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

f o r i n t e r f a c e s t a t e s or t o d i s t i n g u i s h whe the r t h e s t a t e s a r e donors 

or a c c e p t o r s ove r any p a r t i c u l a r p a r t o f the band gap . Howeve r , aa 

w i l l now be shown, t h e a s s u m p t i o n t h a t a t V m g t h e r e i s no ne t cha rge 

i n B T S - i n d u c e d i n t e r f a c e s t a t e s was c o n s i s t e n t w i t h t h e d a t a o b t a i n e d 

i n t h e c o u r s e o f t h i s work . 

F i g . 4 . 4 shows the s h i f t o f t h e h i g h f r e q u e n c y C-V c u r v e f o l l o w i n g 

a p p l i c a t i o n o f a n e g a t i v e BTS of -4MV/cm f o r 1 h a t 250"C t o a 28 nm 

o x i d e w i t h an a l u m i n i u m ga t e ( c u r v e B ) . On r e v e r s i n g t h e s t r e s s (+4 

MV/cm f o r 1/2 h a t 250°C) t h e c u r v e moves back t o more p o s i t i v e 

v o l t a g e s ( cu r v e C ) . Corapar i son o f a v a l a n c h e h o l e i n j e c t i o n 

measurements on samp les s u b j e c t e d t o (a ) n e g a t i v e B T S , (b) n e g a t i v e 

BTS f o l l o w e d by p o s i t i v e BTS o r (c ) u n a t r e s a e d , showed t h a t a l i the 

p o a i t i v e c h a r g e g e n e r a t e d by n e g a t i v e BTS i a removed by a subséquent 

p o s i t i v e BTS. These expérimenta a r e d e s c r i b e d i n d é t a i l i n s e c t i o n s 
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M B . 2 . 2 and M B . 2 . 3 . F o l l o w i n g n e g a t i v e BTS and subséquent p o s i t i v e 

BTS , t h e r e i s cons idérab le i n t e r f a c e s t a t e g e n e r a t i o n , howeve r , 

c a u s i n g d i s t o r t i o n o f the C-V c u r v e . N e v e r t h e l e s s f c u r v e C i n F i g . 

M.M c r o s s e s the i n i t i a l c u r v e ( c u r v e A) v e r y c l o s e t o V m g . Hence , 

t h e n e t c h a r g e i n t h e i n t e r f a c e s t a t e s i s a p a r e n t l y z e r o a t midgap and 

V m g c an be used as a measure o f the change i n o x i d e cha rge a l o n e . 

MB.1 . 3 L o c a t i o n o f Q o t ( + ) 

I f the p o s i t i v e o x i d e c h a r g e , Q0t(*). r é s i d e s c l o s e t o t h e 

S i - S i 0 2 i n t e r f a c e , t h e A V m g due t o t h i s c h a r g e s h o u l d i n c r e a s e 

l i n e a r l y w i t h o x i d e t h i c k n e s s f o r a g i v e n B T S , s i n c e : 

A V m g = Q o t ( + ) x 0 / e o x 

where x Q i s the charge c e n t r o i d , raeasured f rom the m e t a l - o x i d e 

i n t e r f a c e . I t can be s e en f r om F i g . M . 5 t h a t t h i s r e l a t i o n s h i p h o l d s 

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

up t o 50 nm. 

One s u g g e s t e d cause o f Q o t ( + ) i s h o l e t r a p p i n g ( c f . M A . 3 - 1 ) . To 

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

o x i d e h o l e t r a p s , p h o t o I -V measurements were c a r r i e d o u t b e f o r e and 

a f t e r a v a l a n c h e h o l e i n j e c t i o n i n t o an MOS c a p a c i t o r . T h i s showed 

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

I - V c u r v e s measured b e f o r e and a f t e r a v a l a n c h e i n j e c t i o n o f 6 .25 x 

1 0 ^ h o l e s i n t o c a p . B on wa fe r A l 1 a r e shown i n F i g . M . 6 . S i n c e 

t h e r e i s d i s t o r t i o n on b o t h s i d e s o f t h e I - V c u r v e f o l l o w i n g h o l e 

i n j e c t i o n , t h e t r a p p e d h o l e s can be e s t i m a t e d t o be w i t h i n 5 nm o f 

e a c h i n t e r f a c e . Any c h a r g e t r a p p e d n e a r t o t h e m e t a l g a t e w o u l d have 

no e f f e c t on the C-V c u r v e w h i l e c h a r g e t r a p p e d i n h o l e t r a p s nea r t o 

t h e s i l i c o n wou ld cause a A V m g w h i c h i n c r e a s e d l i n e a r l y w i t h o x i d e 

t h i c k n e s s . I t i s p o s s i b l e t h e r e f o r e , t h a t t h e g e n e r a t i o n o f p o s i t i v e 

o x i d e cha rge d u r i n g n e g a t i v e BTS i s due t o t h e f i l l i n g o f i n t r i n s i c 

h o l e t r a p s . 
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4 B . 1 . 4 Time dependence o f A V m g . 

S i m i l a r v a r i a t i o n o f A V m g w i t h t i m e was o b s e r v e d t o t h a t f o u n d 

by o t h e r w o r k e r s . The r e s u l t a c o u l d be f i t t e d t o e i t h e r a I n t or a 

t n r e l a t i o n s h i p . Wafer MN6, f o r e xamp l e , showed a good f i t t o A V m g 

<* I n t ( F i g . 4 . 7 ) , whereas t h e w a f e r s of r u n U c o u l d b e t t e r be f i t t e d 

t o A V m g ce t n , where n dependa on t h e s t r e a s t e m p e r a t u r e and v a r i e d 

f r om 0 . 2 8 t o 0 . 3 3 o v e r t h e t e m p e r a t u r e r a n g e s t u d i e d ( F i g . 4 . 8 ) . These 

l a t t e r r e a u l t s a r e s i m i l a r t o t h o s e r e p o r t e d by S h i o n o e t a l . (63) 

f o r t h e i r o x i d e s grown i n H C 1 , a l t h o u g h no HC1 was uaed i n t h e i n n e r 

t u b e d u r i n g o x i d a t i o n o f r u n U . A A V m g v e r s u a I n t p l o t f o r t h e s e 

aamplea ( u a i n g t h e same d a t a as t h a t i n F i g . 4 . 8 ) i s shown i n F i g . 4 . 9 . 

I t can be s e en t h a t a l t h o u g h i n t h e l a t t e r t h e d a t a do no t f i t q u i t e 

s o w e l l t o a s t r a ì g h t l i n e , t h e s c a t t e r i s w i t h i n expér imenta l e r r o r . 

The f u n c t i o n a A V m g a i n t and A V m g « t n a r e v e r y s i m i l a r and i n 

many c a s e s t h e t ime dependence c a n n o t e a s i l y be d i s t i n g u i s h e d . I n one 

c a s e o n l y , t h a t o f b o r on doped p o l y s i l i c o n g a t e c a p a c i t o r s , was t h e r e 

c l e a r l y a dependence o f A V m g on I n t whereas a p l o t o f I n A V m g « 

I n t d e v i a t e d f r om l i n e a r i t y a t l o n g e r t i m e s ( F i g . 4 . 1 0 ) . 

4 B . 1 . 5 Tempera tu re dependence o f A V m g . 

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

s t r o n g l y i n f l u e n c e d by t e m p e r a t u r e as i s the subséquent a n n e a l i n g o f 

t h i s c h a r g e under p o s i t i v e o r z e r o b i a s . A good f i t was o b t a i n e d t o 

an A r r h e n i u s l a w , A V m g « e x p ( - E a / k T ) w i t h an a c t i v a t i o n e n e r g y , E a 

o f between 0 .24 and 0 . 4 3 eV . The v a l u e v a r i e d f rom b a t c h t o b a t c h but 

was f a i r l y r e p r o d u c i b l e (±0.03 eV) f o r w a f e r s p r o c e a a e d 

a i m u l t a n e o u a l y . N e i t h e r t h e s u b s t r a t e dopant ( n - o r p - t y p e ) n o r the 

dopant l e v e l had a s i g n i f i c a n t e f f e c t . (See T a b l e 4 . 1 ) . An A r r h e n i u s 

p l o t f o r one o f t h e w a f e r s f rom T a b l e 4.1 (MN6) i s shown i n F i g . 4 . 1 1 . 

The a c t i v a t i o n éne rg i e s f o u n d i n t h i s work a r e l o w e r t h a n t h e v a l u e s 

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

( 0 . 6 - 1 . 5 eV - see s e c t i o n 4 A . 1 . 2 . 2 . ) . However , H a l l e r e t a l . 

r e c e n t l y r e p o r t e d a v e r y l ow v a l u e o f 0 . 1 8 eV ( 4 8 ) . The l a t t e r may 
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well be a r t i f i c i a l l y low due to the sample not being cooled under 

bias. Nevertheless, this parameter would appear to vary quite 

considerably between samples. 

Since water or related Speeles are implicated in several models 

for the negative bias ins tab i l i ty , i t i s interesting to compare the 

above activation é n e r g i e s for Q o t(+) generation with those for the 

diffusion of H 20, -OH and other Speeles in SÌO2. From experiments 

using t r i t ia ted steam as the oxidising ambient, i t appears that water 

incorporated during oxide growth does not redistribute under BTS 

(192,193). It therefore has no charge associated with i t and/or i t is 

not mobile. However, water subsequently diffused into the oxide wil l 

be in a chemically d i f f é r e n t environment. It has been suggested that 

under certain conditions i t may act as a posit ively charged Speeles 

(194-196), possibly bound H + . Protons from ethanol nave been shown 

to be exchanged with S i 0 2 giving some support to this idea (197). 

The activation energy for the diffusion of water into S i 0 2 films 

is around 0 .3 eV (196) which Is in the range of values found in this 

work for the activation energy of Q o t(+) generation (and also the 

same as that found in ref . (49) for interface state generation.) It 

is known to diffuse as two separate enti t i es but the nature of these 

has not been established. E a for the diffusion of water in bulk 
a 

S i 0 2 (fused s i l i c a ) i s somewhat higher at about 0.6 eV (196). Of 
similar magnitude are the activation é n e r g i e s for steam oxidation, 
oxidation in wet 0 2 and for the out-diffusion of H 20 from steam 
grown oxides (196). 0 .6 eV is closer to some of the activation 
é n e r g i e s for Q o t ( + ) generation previously measured (66,67,167). E a 

has also been measured for the diffusion of molecular hydrogen and of 
-OH in S i 0 2 (198). These values were 0.49 eV and 0.68 eV 
respectively. H 2 has been suggested as a possible product of Si-H 
bond breaking during BTS and 0.49 eV is again f a l r l y close to the 
activation é n e r g i e s for positive charge generation measured in this 
work. 
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I f the d i f f u s i o n o f some w a t e r - r e l a t e d s p e c i e s i s i n v o l v e d i n 

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

be r e s p o n s i b l e f o r t h e w i d e l y v a r y i n g magn i tude o f the a s s o c i a t e d E a . 

These I n c l u d e d i f f e r e n c e s i n t h e s t r u c t u r e o f t h e S i 0 2 i t s e l f e . g . t h e 

e x i s t e n c e and s i z e o f m i c r o p o r e s and t h e wa t e r c o n t e n t o f t h e l a t t i c e , 

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

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

e x p e c t e d a l w a y s t o i n v o l v e t h e mak ing and b r e a k i n g o f hyd rogen bonds 

so t h a t E g s h o u l d r e m a i n o f the o r d e r o f the s t r e n g t h o f such a bond 

i . e . between 0 . 2 and 1 eV ( 1 9 9 ) . 

4 B . 1 . 6 . F i e l d dependence o f A V m g . 

Fo r a l l the w a f e r s examined an E3^2 dependence o f A V m g o n 

t h e f i e l d was f o u n d . T h i s i s i l l u s t r a t e d i n F i g . 4 . 1 2 f o r w a f e r MN6. 

A s i m i l a r r e l a t i o n s h i p was r e c e n t l y r e p o r t e d by H a l l e r e t a l . ( 4 8 ) . 

As ye t howeve r , t h e r e i s no e x p l a n a t i o n i n t e rms o f mechanism or 

k i n e t i c s f o r t h i s s t r i k i n g form o f the f i e l d dependence . 

4 B . 1 . 7 E l e c t r o d e dependence o f A V m g . 

There i s a s t r o n g dependence o f A V m g on t h e g a t e e l e c t r o d e . 

A l u m i n i u m ga t e c a p a c i t o r s were g e n e r a l l y used i n t h i s work s i n c e 

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

and magn i tude o f s t r e s s . Times o f the o r d e r o f 10^ h a r e u s u a l l y 

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

(63) whereas s i m i l a r d e g r a d a t i o n c o u l d be a c h i e v e d w i t h a l u m i n i u m g a t e 

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

e l e c t r o d e and t h e means of i t s d e p o s i t i o n were a l s o f o u n d t o be 

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

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

l a r g e r A V m g s h i f t s t h a n e x p e c t e d . These were n o t a b l y l a r g e r t h a n 

s i m i l a r l y p r o c e s s e d p h o s p h o r u s - d o p e d p o l y s i l i c o n d e v i c e s ( F i g . 4 . 9 ) . 

T h i s d i f f e r e n c e was s e en whe ther t h e bo r on was I n t r o d u c e d by t h e r m a l 
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d o p i n g o r i o n - i m p l a n t i o n . Fo r the i o n - i m p l a n t e d w a f e r s , A V f f l g was 

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

a n n e a l . T h i a i s i n agreement w i t h t h e work o f S i n h a e t a l . 0 68) who 

f o u n d an i n c r e a s e i n p o s i t i v e BTS s h i f t and a d e e r e a s e i n n e g a t i v e BTS 

s h i f t f o l l o w i n g h i g h t e m p e r a t u r e H 2 a n n e a l . They a t t r i b u t e d t h i s t o 

enhanced boron p e n e t r a t i o n o f t h e o x i d e and s u b s e q u e n t n e g a t i v e 

c h a r g i n g o f some b o r o n - r e l a t e d s p e c i e s under s t r e s s . 

4B.2 P o s i t i v e Charge generation and ho le trappìng. 

4 B . 2 . 1 C o r r e l a t i o n between A V m g ( B T S ) and A V m g ( A I ) . 

W h i l e c o n d u o t i n g raeasureraents o n c a p a c i t o r s w i t h m e t a l ga te 

e l e c t r o d e s o f d i f f e r e n t t h i c k n e s s e s , i t was o b s e r v e d t h a t samp les 

s h o w i n g a s m a l l e r A V m g d u r i n g n e g a t i v e BTS ( A V m g ( B T S ) ) a l s o showed 

a s m a l l e r s h i f t d u r i n g a v a l a n c h e h o l e i n j e c t i o n ( A V m g ( A I ) ) . T h i s i s 

i l l u s t r a t e d i n T a b l e 4 . 2 . A V m g ( A I ) a f t e r i n j e c t i o n o f 2 . 5 x 1 0 1 5 

h o l e s / c m 2 i s compared t o A V m g ( B T S ) f o l l o w i n g a s t r e s s o f 3 MV/cm 

f o r 1h a t 250°C f o r t h r e e w a f e r s w i t h d i f f e r i n g a l u m i n i u m e l e c t r o d e 

t h i c k n e s s e s . The s h i f t s a r e n o r m a l i s e d t o an o x i d e t h i c k n e s s o f 28 nm 

a s s u m i n g a l i the Charge t o be r e s i d e n t a t t h e S l - S i 0 2 i n t e r f a c e . F o r 

b o t h n e g a t i v e BTS and h o l e I n j e c t i o n , t h e t r e n d i s t h e same, A 

t h i n n e r g a t e e l e c t r o d e r e s u l t e d i n a s m a l l e r A V m g . T h i s s u g g e s t s 

t h a t h o l e t rappìng might be r e s p o n s i b l e f o r t h e n e g a t i v e b i a s 

i n s t a b i l i t y and f u r t h e r e xpe r i r a en t s were p e r f o r m e d t o c o n f i r m t h i s . 

These e x p e r i m e n t s a r e d i s c u s s e d be low w h i l e t h e dependence o f h o l e 

t r a p p i n g on m e t a l ga t e t h i c k n e s s i s c o n s i d e r e d f u r t h e r i n 4 B . 2 . 6 . 

M B . 2 . 2 A V m g ( B T S ) and f i l l i n g o f i n t r i n s i c h o l e t r a p s . 

A v a l a n c h e h o l e i n j e c t i o n was c a r r i e d o u t on a samp l e w h i c h had 

undergone n e g a t i v e BTS and the V a r i a t i o n o f A V m g and V m g was 

compared w i t h t h a t measured d u r i n g h o l e i n j e c t i o n on a v i r g i n s a m p l e . 

I f A V m g ( B T S ) were e n t i r e l y due t o h o l e t r a p p i n g , a s u b s e q u e n t h o l e 
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i n j e c t i o n e x p e r i m e n t w o u l d show t h e same s a t u r a t i o n v a l u e o f the 

a b s o l u t e midgap v o l t a g e , V ( as i s o b s e r v e d on a v i r g i n s a m p l e . On 

the o t h e r h a n d , A V m g f the midgap v o l t a g e s h i f t , o c c u r r i n g d u r i n g 

h o l e i n j e c t i o n wou ld d i f f e r i n t h e two c a s e s by t h e m a g n i t u d e o f 

A V m g a l r e a d y f o u n d d u r i n g n e g a t i v e BTS. T h i s was , i n f a c t , o b s e r v e d 

e x p e r i m e n t a l l y . F i g . M . 1 3 a shows A V m g d u r i n g h o l e i n j e c t i o n o n a 

v i r g i n sample and on one h a v i n g unde rgone a s t r e s s o f 3 MV/cm a t 250°C 

f o r 5 .5 h . The d i f f é r e n c e between t h e s a t u r a t i o n v a l u e s o f t h e two 

c u r v e s t ends towards the v a l u e o f A V m g a l r e a d y présent a f t e r BTS and 

a t t h e moment h o l e i n j e c t i o n commenced; i n t h i s case abou t - 2 V . 

F i g .M , 1 3 b shows the a b s o l u t e v a l u e o f the midgap v o l t a g e i n t h e two 

c a s e s and bo th c u r v e s s a t u r a t e a t t h e same l e v e l . 

MB.2 .3 Removal o f p o s i t i v e charge by p o s i t i v e BTS. 

I t has a l r e a d y been shown i n MB,1 . 2 and F i g . M . M t h a t p o s i t i v e BTS 

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

v a l u e . Subsequent a v a l a n c h e h o l e i n j e c t i o n r e s u l t e d i n a A V m g 

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

u n s t r e s s e d samp l e ( F i g . M . l M ) . Hence , t h e p o s i t i v e s t r e s s removed a l i 

t h e h o l e s f rom t h e o x i d e ; no new h o l e t r a p s were c r e a t e d d u r i n g BTS a t 

e i t h e r p o l a r i t y and t h e r e was no change i n t h e e x i s t i n g c a p t u r e c r o s s 

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

seem, t h e r f o r e , t h a t h o l e t r a p p i n g d u r i n g BTS i s a compi e t e l y 

r é v e r s i b l e p r o c e s s . I t d o e s , howeve r , r e s u l t i n cons idé rab l e 

i n t e r f a c e damage w h i c h w i l l be d i s c u s s e d i n M . 3 . 

MB.2.M C a p t u r e c r o s s s e c t i o n s o f h o l e t r a p s . 

A l i t h e a v a l a n c h e h o l e i n j e c t i o n c u r v e s w h i c h were measured c o u l d 

be f i t t e d u s i n g f i r s t - o r d e r k i n e t i c s t o two e x p o n e n t i a l s i . e . t o g i v e 

two c a p t u r e c r o s s s e c t i o n s and e f f e c t i v e t r a p d e n s i t i e s . T a b l e M.3 

shows the c a p t u r e c r o s s s e c t i o n s and e f f e c t i v e t r a p d e n s i t i e s measured 

f o r t h r e e s a m p l e s . Two o f t h e s e were u n s t r e s s e d , h a v i n g t h i n (15 nm) 

and t h i c k (1 u) a l u m i n i u m g â t e s , r e s p e c t i v e l y . The t h i r d was t a k e n 
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from the same wa f e r as the u n s t r e s s e d d e v i c e w i t h a 1 u g a t e but was 

f i r s t s u b j e c t e d t o a s t r e s s o f - 3 MV/cm f o r 1/2 h a t 250°C. C o m p a r i n g 

samp l e s 2 and 3 i n T a b l e 4 . 3 , i t c an be s e e n t h a t BTS r e s u l t e d i n t h e 

f i l l i n g o f the l a r g e r c a p t u r e c r o s s s e c t i o n t r a p , w i t h 0 = 3 x 

IO*" 1 1* c m 2 . T h i s t r a p was not seen i n t h e samp l e w i t h 15 nm 

a l u m i n i u m as the g a t e . I n s t e a d a t r a p w i t h 0 = 6 x 1 0 " " ^ c m 2 was 

f o u n d a t r e l a t i v e l y l ow e f f e c t i v e d e n s i t y (8 x 1 0 1 1 / c m 2 ) . Wa fe rs 

w i t h t h i n and t h i c k gâtes b o t h showed a t r a p w i t h 0 = 5 x 1 0 ~ 1 ^ 

c m 2 , bu t t h i s had a l owe r d e n s i t y i n the t h i n m e t a l g a t e s a m p l e s . 

4 B . 2 . 5 C u r r e n t f l o w d u r i n g n e g a t i v e B T S . 

No m e a s u r a b l e c u r r e n t f l o w was o b s e r v e d d u r i n g n e g a t i v e BTS once 

a s t e a d y t e m p e r a t u r e had been r e a c h e d . D u r i n g h e a t i n g a s m a l l peak 

was somet imes s e en a t l ow t e m p e r a t u r e (<100°C) p r e s u m a b l y due t o N a + 

d r i f t ( i n s e t F i g . 4 . 1 5 ) . Above 200°C the c u r r e n t a g a i n began t o r i s e 

somewhat bu t as soon as t h e t e m p e r a t u r e s t o p p e d i n c r e a s i n g , t h e 

c u r r e n t d ropped r a p i d l y t o z e r o ( F i g . 4 . 1 5 ) . I t i s d i f f i c u l t t o d e c i d e 

whe ther t h i s c u r r e n t i s due t o i o n i e e f f e c t s s u c h a s K + d r i f t o r 

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

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

e x p e c t e d f o r K + i o n m o t i o n ( 200 ) ; a l s o , i n t e g r a t i o n o f t h e c u r r e n t 

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

A V m g . H e a t i n g t o 305°C a t 2 MV/cm and i m m e d i a t e l y c o o l i n g a g a i n t o 

room t e m p e r a t u r e r e s u l t e d i n a s h i f t o f a b o u t -1 V i n t h e C-V c u r v e 

f o r a 28 nm o x i d e o f c a p a c i t o r a r e a 1.1 x10 * " 2 c m 2 . T h i s i s 

a p p r o x i m a t e l y équ iva l ent t o 10~^ c / c m 2 o f i n j e c t e d c h a r g e , i f i t I s 

a l i l o c a t e d a t the S i - S i 0 2 i n t e r f a c e . However , o n l y a b o u t 5 x 1 0 ~ 7 

C/cm' 1 o f i n j e c t e d charge was f ound f rom i n t e g r a t i o n o f t h e c u r r e n t 

d u r i n g t h e t i m e o f the a p p l i e d s t r e s s ( F ì g . 4 . 1 5 ) . F i l l i n g o f h o l e t r a p s 

v e r y nea r t o t h e i n t e r f a c e w o u l d no t r e s u i t i n any d i s p l a c e m e n t 

c u r r e n t w h i c h p o s s i b l y c o u l d a c c o u n t f o r t h i 3 d i s c r e p a n c y . 
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M B . 2 . 6 E f f e c t o f g a t e e l e c t r o d e on h o l e t r a p p i n g . 

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

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

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

a l u m i n i u m é l e c t r odes r a n g i n g f rom 15 t o 1000 nm t h i c k . Û V
m g as a 

f u n c t i o n o f i n j e c t e d c h a r g e , Q i n j , i s shown f o r t h e s e w a f e r s 

(S1 -S6 ) i n F i g . M . 1 6 a f t e r h o l e i n j e c t i o n a t 1.5 x 1 0 ~ 8 A / c m 2 . 

A f t e r 8.5 x 1 0 ^ h o l e s had been i n j e c t e d , t h e r e was 6 V d i f f é r e n c e 

between the s h i f t s measured on S1 (1000 nm A l ) and on S6 (15 nm A l ) . 

F i g u r e M.17 i s a p l o t o f A V m g v e r s u s a l u m i n i u m t h i c k n e s s (d ;Q) and 

F i g . M . 1 8 a p l o t o f A V m g v e r s u s d A j / 0 " 2 5 * . T n e l a t t e r g i v e s 

a good s t r a i g h t l i n e f i t t o t h e d a t a but the r e a s o n f o r t h i s i s 

un known. 

T a b l e M.M shows the c a p t u r e c r o s s s e c t i o n s ( a i ) and e f f e c t i v e 

d e n s i t i e s (N e f f i ) o f h o l e t r a p s o b t a i n e d f o r each samp l e by f i t t i n g 

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

each wafer i s a l s o shown . I n a l i c a s e s t h r e e t r a p s gave t h e b e s t f i t 

t o t h e d a t a . The t r a p w i t h t h e l a r g e s t c a p t u r e c r o s s s e c t i o n o-| was 

l e a s t a f f e c t e d by t h e e l e c t r o d e t h i c k n e s s , s h o w i n g no change i n t h e 

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

i n c r e a s i n g g a t e e l e c t r o d e t h i c k n e s s f o r t r a p s and o 2 and t h e r e i s 

a l s o an i n c r e a s e i n o f o r t r a p s o 2 and a ^ . I f the e f f e c t i v e t r a p 

d e n s i t i e s a r e summed t h e r e a r e a l m o s t t w i c e as many t r a p s i n t h e o x i d e 

w i t h a 1000 nm A l g a t e as i n t h a t w i t h a 15 nm A l g a t e . 

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

w i t h i n c r e a s i n g a l u m i n i u m g a t e t h i c k n e s s may be t h a t t h e magne t ron 

s p u t t e r i n g t e c h n i q u e i n t r o d u c e s some r a d i a t i o n damage. T h i s wou ld be 

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

Howeve r , t h e f a c t t h a t t h i n a l u m i n i u m g a t e c a p a c i t o r s show even fewer 

h o l e t r a p s t h a n p o l y s i l i c o n ga t e d e v i c e s w h i c h were no t e xposed t o 

r a d i a t i o n means t h a t o t h e r f a c t o r s a r e a l s o a t wo rk . ( H o l e i n j e c t i o n 

c u r v e s f o r p o l y s i l i c o n , t h i n and t h i c k a l u m i n i u m g a t e d e v i c e s a r e 
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shown i n F i g . 4 . 1 9 w i t h A V m g n o r m a l i s e d t o a 28 nm o x i d e . ) The most 

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

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

dépos i t i on and t h i s i s known t o i n c r e a s e h o l e t r a p d e n s i t y ( 1 8 6 ) . 

The e f f e c t s o f the e l e c t r o d e m a t e r i a l and m e t a l d épos i t i on 

t e c h n i q u e were f u r t h e r examined u s i n g f l a s h e v a p o r a t i o n as w e l l as 

magne t ron s p u t t e r i n g t o d e p o s i t a l u m i n i u m , e i t h e r d i r e c t l y on t o the 

o x i d e or o n t o p o f a p r e v i o u s l y depos ì t ed p o l y s i l i c o n l a y e r . 

P o l y s i l i c o n é l e c t r o d e s w i t h o u t an a l u m i n i u m c o n t a c t l a y e r were a l s o 

u s e d . T a b l e 4 . 5 shows A V m g a f t e r 1 0 1 ^ h o l e s had been i n j e c t e d 

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

wafer w i t h t h i c k f l a s h - d e p o s i t e d a l u m i n i u m (R10) é l e c t r o d e s showed f a r 

f ewer h o l e t r a p s t h a n t h e one w i t h magne t r on s p u t t e r e d a l u m i n i u m o f a 

s i m i l a r t h i c k n e s s ( S D . Wafer R12 , w i t h 425 nm o f f l a s h - d e p o s i t e d A l 

gave the l o w e s t A V m g f o l l o w e d by R10 (850 nm f l a s h ) and S6 (15 nm 

magne t ron s p u t t e r e d a l u m i n i u m ) . P o l y s i l i c o n g a t e s r e s u l t e d i n a l m o s t 

t w i c e the s h i f t shown by the l a t t e r d e v i c e s (10 V ) . 1 u o f magne t ron 

s p u t t e r e d a l u m i n i u m gave a s t i l i h i g h e r s h i f t and w o r s t o f a l i was 

p o l y s i l i c o n w i t h f l a s h - d e p o s i t e d a l u m i n i u m on t o p o f i t . These 

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

the magne t ron s p u t t e r i n g s y s t e m , bu t p o l y s i l i c o n dépos i t i on i s a l m o s t 

as d e t r i m e n t a l f rom the p o i n t o f v i e w o f h o l e t r a p c r é a t i o n . However , 

w h i l e t h e p o l y s i l i c o n ga t e d e v i c e s show t h e présence o f many h o l e 

t r a p s i n an a v a l a n c h e i n j e c t i o n e x p e r t m e n t , t h e s e a r e leS3 e a s i l y 

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

d e v i c e s . T h i s may be due t o t h e i r b e i n g l o c a t e d f u r t h e r f rom the 

i n t e r f a c e o r s i m p l y a t a d i f f é r e n t ene rgy l e v e l . 

A n o t h e r f a c t o r , w h i c h may be i m p o r t a n t i n d e t e r m i n i n g t h e 

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

the i n t e r f a c i a l 3 t r e s s . Z e k e r i y a and Ma ( 201 ,202 ) saw a d e e r e a s e i n 

bo th A V m g and A D i t d u r i n g i r r a d i a t i o n f o r i n c r e a s i n g t h i c k n e s s o f 

the a l u m i n i u m e l e c t r o d e . They were a b l e t o e xp l a ìn t h i s u s i n g t h e 

bond s t r a i n g r a d i e n t model ( 1 8 1 - 1 8 3 ) , s i n c e t h i c k e r a l u m i n i u m l a y e r s 
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r e l i e v e more e f f e c t i v e l y t h e i n t r i n s i c t e n s i l e s t r e s s a t t h e S i - S i G ^ 

i n t e r f a c e ( F i g . M . 2 0 ) . When a v a l a n c h e h o l e i n j e c t i o n was done on 

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

somehat s i m i l a r t r e n d o f A V m g w i t h m e t a l t h i c k n e s s was f o u n d . These 

r e s u l t s a r e i l l u s t r a t e d I n F i g . 4 . 2 1 ( a ) w h i l e t h o s e o f r e f . (201) a r e 

shown i n F i g . M . 2 1 ( b ) f o r c o m p a r i s o n . I n F i g . M . 2 1 ( b ) , A V m g a t f i r s t 

d r o p s q u i c k l y w i t h i n c r e a s i n g a l u m i n i u m t h i c k n e s s and t h e n s a t u r â t e s . 

I n F i g . 4 . 2 1 ( a ) A V m g a l s o d e c r e a s e s s h a r p l y but t h e r e i s s l i g h t 

i n c r e a s e a g a i n a t g r e a t e r m e t a l t h i c k n e s s e s . S i n c e t h e o v e r a l l t r e n d 

i s s i m i l a r , howeve r , i t seems l i k e l y t h a t i n t e r f a c i a l s t r e s s i s i n d e e d 

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

oxygen d e f i c i e n c y and e x p o s u r e t o r a d i a t i o n . 

MB.2 .7 D i s c u s s i o n o f modela f o r h o l e t r a p p i n g . 

A l t h o u g h i t has now c l e a r l y been e s t a b l i s h e d t h a t t h e p o s i t i v e 

cha rge g e n e r a t e d d u r i n g n e g a t i v e BTS i s due t o h o l e t r a p p i n g , two 

b a s i c q u e s t i o n s r e m a i n t o be a n s w e r e d . F i r s t l y , what i s t h e p r e c i s e 

mechan ism o f h o l e t r a p f i l l i n g and a e c o n d l y , what i s t h e p h y s i c a l 

n a t u r e o f a h o l e t r a p ? E i t h e r o f t h e t r a p p i n g mechanisms s u g g e s t e d i n 

the l i t e r a t u r e , i . e . t h e r m a l l y a c t i v a t e d t u n n e l i n g o f é l e c t r o n s f rom 

donor s t a t e s i n t h e o x i d e t o t h e s i l i c o n c o n d u c t i o n band (65) o r 

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

o x i d e h o l e t r a p s (66) c o u l d be ope ra t ì ng . L i k e w i s e , few o f t h e mode l s 

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

be r u l e d o u t , s i n c e bond b r e a k i n g (58) may w e l l be t h e n e t r e s u l t o f 

h o l e t r a p p i n g , w h i l e oxygen v a c a n c i e s (68 ) , VAP d e f e c t s (187) , S i - H , 

S i - O H (186) o r s t r a i n e d S i - O - S i bonds (181-183) a r e a l i p o a a i b l e h o l e 

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

f r o m the l i t e r a t u r e and f rom the présent work as t o how the h o l e 

t r a p p i n g p r o c e s s might o c c u r . These w i l l now be d i s c u s s e d . 

F i r s t l y , i t seems c l e a r t h a t h o l e t r a p s a r e r e l a t e d t o 

n o n - s t o i c h i o m e t r y o f the o x i d e and i n p a r t i c u l a r t o oxygen d e f i c i e n c y . 

T h e r e i s , f o r examp l e , a a t r o n g c o r r é l a t i o n between t h e number o f h o l e 
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t r a p s and e x p o s u r e t o a h i g h t e m p e r a t u r e a n n e a l i n N 2 . C o n v e r s e l y , a 

s h o r t f i n a l POA i n 0 2 s u b s t a n t i a l l y r e d u c e s h o l e t r a p p i n g ( 1 8 6 ) . 

T h i s a g r e e s w i t h t h e f i n d i n g s o f the p r e s e n t work where p o l y s i l i c o n 

g a t e d e v i c e s , w h i c h a l w a y s r e c e i v e a h i g h t e m p e r a t u r e POA i n N 2 > have 

a l a r g e number o f h o l e t r a p s . O ^ s s i . - S i s o ^ and 0 3=Si -0* ' S i ^ O ^ 

g e n e r a t e d by r e m o v a l o f oxygen o r o f H 2 0 from the l a t t i c e have been 

s u g g e s t e d a s l i k e l y h o l e t r a p p i n g s i t e s ( 1 8 6 ) . U s i n g X P S , G r u n t h a n e r 

e t a l . (143> f ound e x p e r i m e n t a l s u p p o r t f o r t h e e x i s t e n c e o f 

t r i v a l e n t s i l i c o n , O ^ s s i - , and n e g a t i v e l y c h a r g e d n o n - b r i d g i n g oxygen 

a t t h e i n t e r f a c e a f t e r e x p o s u r e t o I r r a d i a t i o n by h i g h ene r gy 

e l e c t r o n s , a p r o c e s s known a l s o t o g e n e r a t e h o l e t r a p s . These a u t h o r s 

p r opose t h a t bond b r e a k i n g i s o c c u r r i n g a t s t r a i n e d S i - O - S i bonds n e a r 

t o the i n t e r f a c e r e s u l t i n g i n g e n e r a t i o n o f the O ^ s s i * ' O - S i ^ O ^ 

s i t e . T h i s s i t e may s u b s e q u e n t l y c a p t u r e e i t h e r an e l e c t r o n o r a h o l e 

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

a m p h o t e r i c s i t e s a b l e a l s o t o a c t as s h a l l o w e l e c t r o n t r a p s ( 1 8 6 ) . 

The XPS d a t a m e n t i o n e d above were n o t c o n s i s t e n t w i t h t h e p r e s e n c e o f 

t h e d i p o l a r s i t e s u g g e s t e d by Hubner (187 ) i n t h e VAP m o d e l . 

I t i s i n t e r e s t i n g t o c o n s i d e r the v a l u e o f the a c t i v a t i o n ene rgy 

f o r h o l e t r a p p i n g measured i n t h i s work ( a round 0 . 3 eV) w h i c h i s c l o s e 

t o t h a t e x p e c t e d f o r b r e a k i n g o f a hyd rogen bond and c e r t a i n l y 

c o m p a t i b l e w i t h the t r a p p i n g o f h o l e s a t 0^=Si« ' S i ^ O ^ o r O ^ S i -

•0 -S i=0^ s i t e s c o o r d i n a t e d by w a t e r . I n t h e XPS s p e c t r u m measured i n 

r e f . ( 1 4 3 ) , t h e r e was a s h i f t o f 0 . 3 eV i n t h e oxygen 2p s i g n a l o f 

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

hydrogen bonded . 

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

I t has been d e m o n s t r a t e d t h a t a s t r a i n e d l a y e r e x i s t s i n t h e f i r s t 

15 -30 A o f the o x i d e , t h e w i d t h and p r e c i s e n a t u r e b e i n g d e t e r m i n e d by 

p r o c e s s i n g c o n d i t i o n s (181-1 8 3 ) . T h i s l a y e r i s a l s o e s s e n t i a l l y 

oxygen d e f i c i e n t w i t h r e g i o n s c o r r e s p o n d i n g t o S i O and S i 2 0 . I t 

seems l i k e l y t h a t w h a t e v e r t h e i r n a t u r e , t h e d e n s i t y , ene r gy and 

p o s i t i o n o f h o l e t r a p s w i l l be a f f e c t e d by t h e i n t e r f a c i a l s t r e s s . 
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One p o s s i b l e r e a s o n why h o l e t r a p s i n p o l y s i l i c o n g a t e c a p a c i t o r s a r e 

n o t r e a d i l y f i l l e d by B T S f a l t h o u g h a v a l a n c h e h o l e i n j e c t i o n shows 

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

s t r e s s c ause s them t o be l o c a t e d f u r t h e r f rom t h e i n t e r f a c e o r at a 

h i g h e r energy t h a n t h o s e i n a l u m i n i u m g a t e d e v i c e s . There i s a l s o 

e v i d e n c e f rom the dependence of h o l e t r a p p i n g o n t h e t h i c k n e s s o f 

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

I f , as seems l i k e l y , h o l e t r a p s a r e a s s o c i a t e d w i t h s i n g l y 

o c c u p i e d n o n - b o n d i n g o r b i t a l s on e i t h e r oxygen o r s i l i c o n t h e s e may be 

g e n e r a t e d i n s e v e r a l d i f f e r e n t ways . H i g h e r ene rgy h o l e s e n t e r i n g t h e 

o x i d e by a v a l a n c h e h o l e i n j e c t i o n o r b e i n g g e n e r a t e d as a r e s u l t o f 

i r r a d i a t i o n a r e p r o b a b l y a b l e t o b r eak weak S i - O - S i bonds as has been 

s u g g e s t e d ( 1 4 3 ) . However , i t may be t h a t t h e r e a s o n f o r t h e l o w e r 

p o s i t i v e charge g e n e r a t i o n i n a BTS e x p e r i m e n t i s t h a t o n l y a l r e a d y 

b r o k e n o r t h e most h i g h l y s t r a i n e d bonds may be a c c e s s e d by t h i s l ow 

ene r gy t e c h n i q u e . These bonds must a l s o be s u i t a b l y l o c a t e d i n 

p o s i t i o n as w e l l as e n e r g y . I f a sample i s I r r a d i a t e d , e ven i f t h e 

p o s i t i v e charge i s a n n e a l e d o u t , i t w i l l have a h i g h e r d e n s i t y o f h o l e 

t r a p s under a v a l a n c h e i n j e c t i o n o r BTS c o n d i t i o n s t h a n an u n i r r a d i a t e d 

s a m p l e . L i k e w i s e , a sample h a v i n g undergone h o l e i n j e c t i o n and t h e n 

h a v i n g t h i s cha rge n e u t r a l i s e d i s more s e n s i t i v e t o p o s i t i v e cha rge 

g e n e r a t i o n by s u b s e q u e n t B T S . No t r a p s a r e g e n e r a t e d o r p o p u l a t e d i n 

t h e BTS e x p e r i m e n t though t h a t wou ld no t a l s o be r e a c h e d by the h i g h e r 

ene r gy a v a l a n c h e i n j e c t i o n t e c h n i q u e . 

The f a c t t h a t no c u r r e n t f l o w was o b s e r v e d d u r i n g n e g a t i v e BTS 

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

i n d e e d t h e most l i k e l y mechanism f o r i n j e c t i o n o f h o l e s i n t o t h e 

i n s u l a t o r . The p r o c e s s of p o s i t i v e c h a r g e g e n e r a t i o n may, t h e r e f o r e , 

be q u i t e d i f f e r e n t f rom t h a t o c c u r r i n g d u r i n g c u r r e n t i n j e c t i o n under 

a v a l a n c h e o r F - N t u n n e l i n g c o n d i t i o n s . U n f o r t u n a t e l y , t h e k i n e t i c s o f 

h o l e t r a p p i n g d u r i n g BTS do n o t r e v e a l as much as m igh t be e x p e c t e d 

about t h e mechanism by w h i c h h o l e t r a p p i n g o c c u r s . The t ime and f i e l d 

dependence o f the p o s i t i v e charge g e n e r a t i o n i s m a i n l y u s e f u l In 
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p r e d i c t i n g dégradat ion under l e s a s e v e r e d e v i c e opé ra t i on c o n d i t i o n s . 

The E 3 / 2 dependence o f A V m g o n the f i e l d i s s t r i k i n g but does no t 

i m m e d i a t e l y sugge s t a m o d e l . The t ime dependence i s n o t so c l e a r l y 

e s t a b l i s h e d but A V m g « i n t seems t o g i v e t h e b e a t f i t t o a l i the 

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

h o p p i n g or an e l e c t r o n émission p r o c e s s , howeve r . 

MB.3 in te r f ace s t a t e generation accompanying ho le t rapping and detrapping 

or n e u t r a l i s a t i o n of trapped ho les . 

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

dégradat ion (M7,1M8). I n t e r f a c e a t a t e g e n e r a t i o n accompany ing h o l e 

t r a p p i n g d u r i n g b o t h n e g a t i v e BTS and a v a l a n c h e h o l e i n j e c t i o n has 

been examined and i n t h i s s e c t i o n the r e s u l t a w i l l be p r e s e n t e d and 

compared w i t h t h o s e i n t h e l i t e r a t u r e . N e u t r a l i z a t i o n o r d e t r a p p i n g 

o f h o l e s by p o s i t i v e BTS a f t e r n e g a t i v e BTS was a l s o f o u n d t o 

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

dégradat ion was s i m i l a r t o t h a t s e en f o l l o w i n g i r r a d i a t i o n o r F - N 

i n j e c t i o n , b o t h o f wh i ch s u p p l y b o t h h o l e s and é l e c t r o n s t o t h e o x i d e . 

MB.3.1 A D i t ( m g ) d u r i n g n e g a t i v e BTS. 

I n t e r f a c e s t a t e g e n e r a t i o n a c r o s s t h e who le bandgap was o b s e r v e d 

f o l l o w i n g n e g a t i v e BTS. As haa been r e p o r t e d by o t h e r w o r k e r s (M9), 

t h e change i n i n t e r f a c e s t a t e d e n s i t y a t m i d g a p , A D j t ( m g ) , was f o u n d 

t o be p r o p o r t i o n a l t o A V m g i . e . t o the number o f t r a p p e d h o l e s . 

T h i s i s i l l u s t r a t e d i n F i g . M . 2 2 ( a ) . From t h i s p l o t , t h e r a t i o o f 

i n t e r f a c e s t a t e s g e n e r a t e d t o t r a p p e d h o l e s was f o u n d t o be 1.36 ( N h 

= A V m g e o x / d o x ^ a n d N i t = D i t < m 8 ) x 1-1 e V ) . T h i s i s 

somewhat l a r g e r t h a n the v a l u e o f one r e p o r t e d i n r é f é r ence (M9). 

T h i a o n e - t o - o n e r a t i o has a l s o been r e p o r t e d f o r i n t e r f a c e a t a t e 

g e n e r a t i o n by i o n i a i n g r a d i a t i o n C178 ) . A l t h o u g h a l o n g p e r l o d was 

r e q u i r e d b e f o r e a l i t he i n t e r f a c e a t a t e s were c r e a t e d ; the l i m i t i n g 

v a l u e o n l y beìng r e a c h e d a f t e r a y e a r . 
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A3 p r e v i o u a l y m e n t i o n e d , some o f the p o s i t i v e charge c r e a t e d by 

n e g a t i v e BTS i s v e r y e a s i l y d e t r a p p e d , by t h e t a k i n g o f a C-V c u r v e , 

f o r example and t h e a p p a r e n t l y h i g h r a t i o measured he r e may be p a r t l y 

due t o an u n d e r e s t i m a t i o n o f A V m g . However , i n r e f . (49) t h e 

samp l e s were c o o l e d w i t h the g a t e f l o a t i n g w h i c h would be e x p e c t e d t o 

l e a d t o an even g r e a t e r l o s s o f cha rge (and hence t o a r e a l N ^ t / N n 

r a t i o o f l e s s t h a n o n e . ) I t may a l s o be t h a t some samples a r e s i m p l y 

more s e n s i t i v e t o i n t e r f a c e s t a t e g e n e r a t i o n as a r e s u l t o f h o l e 

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

4B.3 .2 A D i t ( m g ) d u r i n g a v a l a n c h e h o l e i n j e c t i o n . 

L a i r e p o r t s a l i n e a r r e l a t i o n s h i p between h o l e s t r a p p e d and 

AD^ t (mg ) d u r i n g a v a l a n c h e h o l e i n j e c t i o n (47) ( f rom h i s d a t a 

N i t / N n - 0 . 3 5 ) . T h i s l i n e a r r e l a t i o n s h i p was c o n f i r m e d by the 

présent measurements . I t can be s e en f rom F i g . 4 . 2 2 ( b ) t h a t AD^ t (mg ) 

sa turâ tes w i t h i n j e c t e d charge but i s a l i n e a r f u n c t i o n o f A V m g f 

i . e . of t h e number o f t r a p p e d h o l e s . A h i g h e r r a t i o o f i n t e r f a c e 

s t a t e s t o t r a p p e d h o l e s was f o u n d i n t h e présent work t h a n was 

r e p o r t e d by L a i , howeve r . N i t / N n i s c l o s e t o 2 f rom t h e d a t a o f 

F i g . 4 . 2 2 ( b ) . T h i s r a t i o i s al30 g r e a t e r t h a n t h a t f o u n d f o r n e g a t i v e 

BTS . D u r i n g a v a l a n c h e i n j e c t i o n a s u b s t a n t i a l h o l e c u r r e n t f l o w s 

t h r o u g h t h e o x i d e . T r a p s may w e l l be f i l i e d f u r t h e r f rom t h e 

i n t e r f a c e t h a n i s the c a s e f o r n e g a t i v e BTS where no c u r r e n t f l o w was 

s e e n under s t e a d y - s t a t e c o n d i t i o n s . H o l e s t r a p p e d a t , s a y , 50 A i n t o 

t h e o x i d e w o u l d c ause s u b s t a n t i a l l y l e s s s h i f t i n a 280 A o x i d e t h a n 

t h o s e t r a p p e d a t t h e i n t e r f a c e . T h i s may be one o f t h e r e a s o n s f o r 

the h i g h e r N i t / N n r a t i o f o u n d f o r h o l e i n j e c t i o n compared w i t h t h a t 

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

t o d e c i d e t h i s q u e s t i o n . A l t e r n a t i v e l y , more o f the h o l e s e n t e r i n g 

t h e o x i d e and f i l l i n g h o l e t r a p s may be d e - t r a p p e d a g a i n unde r the 

somewhat h i g h e r f i e l d c o n d i t i o n s e x i a t i n g i n t h e c a s e o f a v a l a n c h e 

i n j e c t i o n . The i n t e r f a c e dégradat ion w o u l d r e m a i n or even be 

i n c r e a s e d by d e - t r a p p i n g o f the h o l e s , a l t h o u g h the measured A V m g 

w o u l d be r e d u c e d , t h e r e b y i n c r e a s i n g the a p p a r e n t N i t / N n . Tha t L a i 
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measured a much s r a a l l e r N i t / N n r a t i o f o r a v a l a n c h e h o l e i n j e c t i o n 

t h a n was found h e r e auggea ta t h a t t h e r e i a s u b s t a n t i a l 

s a m p l e - t o - s a m p l e v a r i a t i o n i n t h i s v a l u e . I n n e i t h e r r e f . (47) n o r 

t h i s work was any év idence f o u n d f o r a 1 :1 r a t i o o f i n t e r f a c e s t a t e s 

and t r a p p e d h o l e a t h o u g h . 

4 B . 3 . 3 D l t d i s t r i b u t i o n a f t e r n e g a t i v e B T S / p o s i t i v e BTS. 

P o s i t i v e BTS a f t e r a n e g a t i v e BTS r e s u l t e d i n r e m o v a l o f t h e 

p o s i t i v e o x i d e charge and g e n e r a t i o n o f a peak i n t h e i n t e r f a c e s t a t e 

d i s t r i b u t i o n a t between 0 . 1 5 eV and 0 . 2 5 eV above t h e m i d d l e o f t h e 

s i l l c o n band gap ( F i g . 4 . 2 3 ) . The p r e c i s e p o s i t i o n v a r i e d somewhat 

f r om b a t c h t o b a t c h and t o a l e s s e r e x t e n t (±0.02 eV) w i t h t h e 

p a r a m e t e r s chos en f o r t h e C-V a n a l y s i a . The m a g n i t u d e o f the peak was 

dépendent on the s e v e r i t y o f the i n i t i a l n e g a t i v e BTS i f the 

aubaequent p o s i t i v e BTS waa kep t c o n a t a n t . F i g u r e 4 . 24 s h o w s , 

q u a l i t a t i v e l y , the e f f e c t on t h e peak s i z e o f i n c r e a a i n g t h e s t r e s s 

t i m e d u r i n g n e g a t i v e BTS . The peak a r e a was f o u n d t o be l i n e a r l y 

p r o p o r t i o n a l t o the amount o f p o s i t i v e c h a r g e removed by t h e p o s i t i v e 

BTS ( A V m g
+ ) . T h i s i s i l l u s t r a t e d i n F i g . 4 . 2 5 . The peak c o u l d no t 

be g e n e r a t e d by a p o s i t i v e BTS a l o n e ; once g e n e r a t e d , h o w e v e r , i t 

c o u l d be r e v e r s i b l y removed and r e g e n e r a t e d by n e g a t i v e BTS and 

p o s i t i v e BTS, r e s p e c t i v e l y . 

U s i n g a v a l a n c h e h o l e i n j e c t i o n f o l l o w e d by p h o t o - i n j e c t ì o n o f 

é l e c t r o n s , L a i has shown t h a t s u c h a peak i s c r e a t e d i n t h e i n t e r f a c e 

s t a t e d e n s i t y d i s t r i b u t i o n by a two~s tage p r o c e s a i n v o l v i n g the 

c a p t u r e o f é l e c t r ons by t r a p p e d h o l e a ( 4 7 ) . T h i s aequence o f 

measurements waa a l s o p e r f o r m e d i n the c o u r a e o f the p r e a e n t work and 

t h e s e r e s u l t a were c o n f i r m e d ( F i g . 4 . 2 6 ) . I t a p p e a r a t h a t a s i m i l a r 

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

t r a p p i n g and n e u t r a l i s a t i o n o r d e t r a p p i n g i n t h e n e g a t i v e B T S / p o s i t i v e 

BTS séquence. However , i f F I g . 4 . 2 3 i s examined c a r e f u l l y i t c an be 

seen t h a t as w e l l as the peak b e i n g g e n e r a t e d f o l l o w i n g p o s i t i v e BTS 

t h e r e i s a c o r r e s p o n d i n g r éduc t i on i n D i f c beyond 0 . 2 5 eV above 
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m i d g a p . I t i s p o s s i b l e , t h e r e f o r e , t h a t t h e peak i s due t o a 

r e d i s t r i b u t i o n o f s t a t e s i n ene rgy r a t h e r t h a n t o the a c t u a l 

g e n e r a t i o n o f new s t a t e s . M a i n t a i n i n g the samp l e a t 250°C under z e r o 

b l a s f o r about 45 m i n . C a f t e r n e g a t i v e BTS t h e n p o s i t i v e BTS) 

r e s u l t e d i n f l a t t e n i n g ou t o f the p e a k . A g a i n , t h i s may be a f u r t h e r 

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

MB.3 -4 d i s t r i b u t i o n g e n e r a t e d by F -N t u n n e l i n g o r 

i r r a d i a t i o n . 

O t h e r p r o c e s s e s wh i ch s u p p l y b o t h é l e c t r o n s and h o l e s t o the 

o x i d e , s u c h as h i g h f i e l d s t r e s s and i r r a d i a t i o n , have a l s o been 

r e p o r t e d t o g e n e r a t e the 0 . 2 eV peak ( 4 8 ) . C o n f i r m a t i o n t h a t e l e c t r o n 

i n j e c t i o n by F -N t u n n e l i n g générâtes t h i s peak Ì 3 g i v e n by t h e r e s u l t s 

p r e s e n t e d i n F i g . 4 . 2 7 . The peak h e i g h t i s a p p a r e n t l y p r o p o r t i o n a l t o 

the i n j e c t e d charge ( F i g . 4 . 2 8 ) . 

H a l l e r e t a l . (48) c o n d u c t e d a s t u d y c o m p a r i n g the r a t e o f D ^ t 

g e n e r a t i o n w i t h A V m g f o l l o w i n g n e g a t i v e BTS, F-N t u n n e l i n g and 

i r r a d i a t i o n . They o b s e r v e d a peak a t 0 .1 eV be low midgap f o l l o w i n g 

n e g a t i v e BTS a l o n e and a t 0 .15 eV above midgap a f t e r i r r a d i a t i o n o r 

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

between t h e h e i g h t s o f thèse peaks and A V m g f o r a l l t h r e e f o rms o f 

s t r e s s . T h e i r d a t a a r e summar ised i n F i g . 4 . 2 9 . The measurement3 i n 

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

F i r s t l y , f o l l o w i n g n e g a t i v e B T S , no peak was o b s e r v e d a t 0 .1 eV be low 

midgap but t h e r e was a f a i r l y u n i f o r m i n c r e a s e a e r o s a the who l e band 

g a p . More i m p o r t a n t l y , t h e r e were d i f f i c u l t i e s w i t h t h e use by t h e s e 

a u t h o r s o f the s o ~ c a l l e d c o r r e c t e d midgap v o l t a g e s h l f t , 'AV ' , f o r 

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

p a r t l y o b s c u r e s the p o s i t i v e charge b u i l d - u p w h i c h a l s o a c compan i e s 

h i g h f i e l d s t r e s s i n g . I n r e f . (48) i t was assumed t h a t t h i s c o u l d be 

c o r r e c t e d f o r by t a k i n g t h e s l o p e o f the I n i t i a l n e g a t i v e A V m g , 

c l o s e t o t i m e z e r o , as b e i n g due s o l e l y t o p o s i t i v e o x i d e c h a r g e . 

T h i s a s s u m p t i o n i s not v a l i d s i n c e t h e r e i s no r e a s o n t o s u p p o s e t h a t 
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e l e c t ron trapping does not begin immmediately and that the ea r l y 

A V m g i s not due to the net ef fect of both e l ec t ron trapping and 

p o s i t i v e charge generation with the l a t t e r predominating. T h i s l a 

demonstrated i n Fig.4.30, where AV f f l g veraua in jected charge i s 

p l o t t ed for d i f férent values of the current dens i ty . It can be 

r e a d i l y seen that a di f férent i n i t i a l slope i s obtained for each 

current dens i ty . The measurement i n t e r va l chosen may a lso af fect the 

equ i i i b r ium between pos i t i ve and negative charge i n the ox ide . The 

use of AV as a measure of the pos i t i ve trapped oxide charge during 

e l e c t r on in j ec t i on does not seera j u s t i f i a b l e , there fore . 

That the height of the peak i n the inter face s ta te dens i ty , 

AD i t {peak ) , p lo t ted versus A V m g i s a s t r a i gh t l i n e Is not 

s u r p r i s i n g s lnce i t has already been ahown that AD i t (peak ) i s 

proport iona l to the in jected charge, Q i n j (Fig.4.25) and Ha l l e r et 

a l . themselves confirm t h i s r e l a t i o n s h i p . I f A V m g i s de l i b e r a t e l y 

made proport ional to Q i n j then AD i t (peak ) must a l so vary l i n e a r l y 

with A V m g . Although there are undoubtedly qua l i t a t i v e s i m i l a r i t i e s 

i n the dégradation occur r ing during i r r a d i a t i o n , BTS and F-N 

tunne l ing , the évidence for the existence of the same quant i tat ive 

r e l a t i o n s h i p between AV f f l g and inter face s ta te generation for thèse 

three techniques (as expressed i n F ig .4 .26 ) does not seem to be very 

f i r ra ly based. 

4B.3.5 D^j. d i s t r i bu t i ons measured by charge pumping. 

Since ca l eu l a t i on of the in te r face s tate d i s t r i b u t i o n from C-V 

curves requires measurement of the surface p o t e n t i a l , i t can be 

af fected by any l a t e r a l non-uniformi t i es of the charge at the 

i n t e r f a c e . It i s possib le that thèse might cause a r t i f a c t s i n the 

D ^ t d i s t r i b u t i o n such as the peak observed above midgap. To check 

that th i s peak was genuinely due to in te r face s tates and not to 

non -un i fo rmit l es , t r ans i s to r s and capacitors from the same wafer were 

s i m l l a r l y s t r e s sed . Charge pumping measurements were then conducted 

on the t r an s i s t o r s and C-V measurements conducted on the capac i to ra . 
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The c o r r e s p o n d i n g i n t e r f a c e s t a t e d e n s i t i e s were t h e n c a l c u l a t e d and 

compared . 

P o l y s i l i c o n g a t e d e v i c e s were u s e d i n t h i s c a s e and s o as t o 

i n c r e a s e t h e r a t e o f dégradat ion a s h o r t h i g h f i e l d s t r e s s was f i r s t 

a p p l i e d (9.1 M V c m - 1 f o r 120 s ) . T h i s was t h e n f o l l o w e d by n e g a t i v e 

BTS (- 2MVcm" 1 a t 250°C f o r 1/2 h ) and p o s i t i v e BTS (+2 MVcm" 1 a t 

250°C f o r 15 m i n . ) . I t wou ld be e x p e c t e d t h a t , I f a n y t h i n g , t h e h i g h 

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

i n t e r f a c e . 

The D ^ t d i s t r i b u t i o n s r e s u l t i n g f rom charge pumping and f rom 

C-V measurements a r e shown i n F i g . 4 . 3 1 . I t c an be s e e n t h a t t h e peak 

a t 0 . 2 eV above midgap i s présent i n b o t h d i s t r i b u t i o n s . The cha rge 

pumping measurement however , r e s u l t e d i n a much s h a r p e r and n a r r o w e r 

peak t h a n t h e C-V measurement . A p o s s i b l e r e a s o n f o r t h i s i s t h a t t h e 

c h a r g e pumping measurement i s i n h e r e n t l y more a c c u r a t e I n t h e r é g i ons 

n e a r t o t h e band edges where t h e peak o c c u r s , whereas the C-V 

t e c h n i q u e has g r e a t e s t a c c u r a c y n e a r t o t h e c e n t r e o f t h e band gap . 

On t h e o t h e r h a n d , c ompar i son o f D i t d i s t r i b u t i o n s f r om charge 

pumping and f rom C-V measurements wi t h no s t r u c t u r e i n t h e 

d i s t r i b u t i o n showed a good c o r r é l a t i o n between t h e two s e t s o f d a t a . 

F i g u r e 4.32 Shows such d i s t r i b u t i o n s f o r a c a p a c i t o r and a t r a n s i s t o r 

f rom t h e same wa fe r (CP1) (a ) b e f o r e s t r e s s and (b) a f t e r n e g a t i v e BTS 

a t 2 MV/cm and 250°C f o r 1 h . T h i s d i f f é r e n c e i n shape between the 

i n t e r f a c e s t a t e d e n s i t y peak c a l c u l a t e d f r o m C-V measurements and f rom 

charge pumping measurements needs f u r t h e r i n v e s t i g a t i o n . 

MB.3 . 6 N a t u r e o f i n t e r f a c e s t a t e s g e n e r a t e d by h o l e t r a p p i n g . 

S i n c e the number o f i n t e r f a c e s t a t e s générâted d u r i n g h o l e 

t r a p p i n g i s p r o p o r t i o n a l t o t h e number o f h o l e s t r a p p e d , i t seems 

l i k e l y t h a t thèse s t a t e s a r e p h y s i c a l l y s i m i l a r . I t may be t h a t t h e 

same d e f e c t générâtes e i t h e r a h o l e t r a p o r an i n t e r f a c e s t a t e 

d e p e n d i n g o n i t s d i s t a n c e f rom t h e i n t e r f a c e . From the p r e v i o u s 
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d i s c u s s i o n on t h e n a t u r e o f h o l e t r a p s ( 4 B . 2 . 7 ) . t h e a m p h o t e r i c 

t r i v a l e n t s i l i c o n and n o n - b o n d i n g oxygen s i t e i s t h e most l i k e l y 

c a n d i d a t e f o r t h i s d e f e c t . I t i s a l r e a d y e s t a b l i s h e d (45) t h a t * S 1 * 

i 3 r e s p o n s i b l e f o r t h e U - s h a p e d d i s t r i b u t i o n o f i n t e r f a c e s t a t e s 

p r e s e n t I n a3 -grown o x i d e s . I n t e r f a c e s t a t e g e n e r a t i o n a c r o s s t h e 

who le band gap d u r i n g n e g a t i v e BTS and a v a l a n c h e h o l e i n j e c t i o n i s 

c o m p a t i b l e , t h e r e f o r e , w i t h an i n c r e a s e i n = S i - b e i n g r e s p o n s i b l e f o r 

t h e s e s t a t e s . = S i + and =S i * a r e p r o b a b l y p r e s e n t , a l t h o u g h h o l e s 

t r a p p e d nea r t o the i n t e r f a c e were shown t o be e a s i l y d e - t r a p p e d even 

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

t o p r e d o m i n a t e . 

P o s i t i v e BTS a f t e r n e g a t i v e BTS n e u t r a l i s e s o r d e t r a p s h o l e s 

t r a p p e d I n t h e o x i d e and c r e a t e s a peak i n t h e i n t e r f a c e s t a t e d e n s i t y 

a t 0.2 eV above m i d g a p . The r e v e r s i b i l i t y o f the g e n e r a t i o n and 

r e m o v a l o f t h i s peak on p o s i t i v e and n e g a t i v e BTS r e s p e c t i v e l y , 

s u g g e s t s t h a t i t i s c a u s e d by a r e d i s t r i b u t i o n i n ene rgy o f e x i s t i n g 

t r a p s r a t h e r t h a n t h e g e n e r a t i o n o f new s t a t e s . The c a u s e o f t h i s 

r e d i s t r i b u t i o n may be e i t h e r a r e - o r i e n t a t i o n o f bonds i n space o r a 

change i n the charge s t a t e o f the d e f e c t . 
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Wafer E a (eV) D o p i n g l e v e l 

MN2 ( n - t y p e ) 0 . 43 I O 1 5 

MN6 " 0 . 3 7 1 0 1 7 

MP6 ( p - t y p e ) 0 . 4 3 n 

ST2 ( n - t y p e ) 0 . 24 

T a b l e 4.1 A c t i v a t i o n e n e r g i e s f o r t h e g e n e r a t i o n o f Q 0 t ( + ) d u r i n g 

n e g a t i v e BTS f o r n - and p - t y p e w a f e r a . 

A l t h i c k n e a a A V m g ( B T S ) A v mg< A I > 

(nm) (3MV/cm:1h:250°C) ( 2 . 5 x 1 0 1 5 h o l e s / c m ) 

15 - 0 . 2 V - 2 . 5 7 V 

60 - 0 . 3 V - 4 . 5 4 V 

1000 - 1 . 1 V - 8 . 0 4 V 

T a b l e 4 . 2 A V m g f o l l o w i n g n e g a t i v e BTS and h o l e i n j e c t i o n o n 

c a p a c l t o r s o f v a r y i n g m e t a l g a t e e l e c t r o d e t h i c k n e s s . 
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Samp l e ^ , u] , o 2 ( N2, 03, N3 
( cm 2 ) (/cm 2) ( cm 2 ) (/cm 2 ) ( cm 2 ) (/cm 2 ) 

15 nm A l - - 5 E - 1 5 1 E l 2 6E~16 8E1 1 

(ST1) 

1 y A l 3E-1H 5E12 4E -15 3E12 

(ST2) 

1 u A l (ST2) 

a f t e r BTS a t 

- 3 MV/cm 3E-14 3E12 6E -15 3E12 

250°C 0 . 5 h 

T a b l e M.3 C a p t u r e c r o s s s e c t i o n s (sj) and e f f e c t i v e h o l e t r a p 

d e n s i t i e s (Nj) f o r w a f e r s ST1 and ST2 b e f o r e s t r e s s i n g 

and f o r ST2 a f t e r néga t i v e BTS. 
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SI (1000 nm) S3 (250 nm) SU (125 nm) S5 (50 nm) S6 (15 nm) 

N e f f l 2 . 3 1.5 1.5 1.3 1.0 

(x 1 0 1 2 ) 

1.5 3 . 3 3-0 2 . 3 2 . 3 

(x 1 0 ~ 1 4 ) 

N e f f 2 1.5 1.0 0 . 9 0 . 9 0 . 8 

(x 1 0 1 2 ) 

5 .2 0.1 0.1 0 .6 0 . 6 

(x 1 0 " 1 4 ) 

N e f f 3 1.0 1.4 1.2 0 . 8 1.0 

(x 1 0 1 2 ) 

o 3 3 . 8 8 .4 6 .2 0 . 8 0 . 6 

(x 1 0 - 1 5 ) 

TOTAL N e f f : 4 . 7 3 .9 3 .6 2 . 9 2 . 8 

(x 1 0 1 2 ) 

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

t r a p s i n w a f e r s w i t h d i f f é r e n t t h i c k n e s s e s o f t h e 

a l u m i n i u m gâte é l e c t r ode ( S 1 , S 3 , S 4 , S 5 , S 6 ) . 
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Wafer E l e c t r o d e A V m g a f t e r 

m a t e r i a l 1 0 ^ h o l e s i n j e c t e d 

RU P o l y 450 nm + - 1 3 . 0 V 

850 nm f l a s h 

R5 P o l y 450 nm + - 1 1 . 0 V 

425 nm f l a s h A l 

R6 P o l y 450 nm + - 1 6 . 0 V 

100 nm f l a s h A l 

R7 P o l y 450 nm - 1 0 . 0 V 

R10 F l a s h A l 850 nm - 5 . 3 V 

R12 F l a s h A l 425 nm - 4 . 0 V 

RI 3 F l a s h A l 100 nm - 8 . 0 V 

SI S p u t t . 1 u A l - 1 2 . 0 V 

S6 S p u t t . 15 nm A l - 5 . 5 V 

T a b l e 4 . 5 A V m g a f t e r i n j e c t i o n o f i o 1 5 h o l e s i n t o s a m p l e s 

w i t h d i f f é r e n t g a t e é l e c t r o d e s . Run R h a s 58 nm o x i d e 

and r u n S has 51 nm o x i d e . S h i f t s have been n o r m a l i s e d t o 

58 nm o f o x i d e , a s s u m i n g a i l c h a r g e t o be a t t h e i n t e r f a c e 
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+4MVcnf 1/250°l71hr 

0 -4 -2 0 

Gate Voltage (V) 
F i g u r e 4.4 H i g h f r e q u e n c y (1MHz) C - V c u r v e s f o r w a f e r S T 2 , c a p F 

(A) b e f o r e s t r e s s (B) f o l l o w i n g n e g a t i v e BTS a n d (C) 

f o l l o w i n g n e g a t i v e p l u s p o s i t i v e BTS . 
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I 

Gate Voltage (V) 

Figure 4.6 Photo I-V curves taken before and a f ter photoinjection of 
15 -2 6.25 x 10 noies cm on wafer A l l , cap F. 



Fiaure 4.7 - AV versus In t during negative BT S at 250°C and 2MV/cm 
3 mg 

on wafer MN6, cap.F. 



NEG. BTS - 2MV/cm 

log t , (sec) 

F i g u r e 4 .8 L o g ( - A V m g ) v e r s u s l o g t f o r w a f e r u3, c a p . B d u r i n g n e g a t i v e 

BTS a t 2MV/cm a n d v a r i o u s t e m p e r a t u r e s . 



2 3 4 5 
log t , (sec) 

Figure 4.9 - A V m g versus log t for wafer U3, cap.B during negative 
BTS at 2MV/cm and various temperatures. 
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100 

28 h 

HflFER 13N - CRP F 

NEG. BTS 2 M V / c m ; 2 5 8 ° C 

_L 
2 3 
Log CTime, (hr )3 

E 

t 1.8 

ni 
o 

1.6 

WRFER 13N - CAP F 

NEG. BTS 2 M V / c m ; Z 5 B ° C 

2 3 
Log CTlme, Chr)3 

Figure 4.10 (a) - ^ v
m g versus log t 

(b) Log ^ ~ ^ v
m g ^ v e r s u s fc f o r 

wafer 13N, cap F during negative BTS, 
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Figure 4.11 Arrhenius p lo t for the va r i a t ion in A V m g with temperature 
during negative BTS on wafer MN6, cap.F at 2MV/cm for 15 min. 



( F i e l d , MV/cm) ^3/2 

Figure 4.12 - A V versus E / for negative BTS on wafer MN6, cap.F 
J mg ox 

at 250°C for 15 mins. 
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0 

I I I 1 L 

0 1 2 

Injected holes (cm*2) x10 1 5 

Figure 4.13 (a) A V , and (b) V as a function of 
mg mg 

injected holes on an unstressed sample and 
after negative BTS at 3MV/cm and 250°C for 
5*5 hours. (wafer ST2-cap F ) . 
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1 • 1 i -

Ho le t n j e c t l o n at 4 .65E-8 fVcm 2 

Wafer ST2 - 28 nm oxlde 
— Unstressed 

A f t e r -4MV/cm;250°C;lhr 

A A * fìfter -4MV/cm;250°C;lhr 

\ A p lus +4MV/cm;250°C;lhr 
\ A 

A A A A A 

- ~ _ ^ _ / A A A A A A A A A I 

1 

0 1 2 
I n j e c t e d h o l e s , (cm-2) *1E+14 

4 14 ÀV during avalanche hole in ject ion on an unstressed sample, 
mg 

a f ter negative BTS and a f ter negative plus pos i t i ve BTS 
on cap.F wafer ST2. 



Tim* , (S) 

Figure 4.15 Current flow under negative bias (2MV/cm) during heating 
and cool ing of cap.E on wafer ST2. 



0 

i 5E-8 rVcrt»' Hole i n j e c t i o n . t ! . « 

Wafers SI U 0 0 0 nm B D S B 

S6 
55 

2 I n j e c t e d h e i l e s , <cm-2> 

with d i f f e rent 
. B l a n c h e hole in ject ion on wafers 

, L F I A U during avalancne e lectrode. 
Figure 4.16 AY aluminium gate e iec^ 

thicknesses of the ax 



1 2 

10 

E 

I 

8 

0 200 

8 .5E-14 In jected holes/cm^ 

Wafers SI - S6 (51 nm ox lde ) 

1 X 

400 600 
RI t h l c k n e s s , (nm) 

800 1000 

-14 -2 Figure 4.17 - Av a f ter in ject ion of 8.5 x 10 holes cm as a mg 
function of the thickness of the alùminium gate e lectrode . 



Figure 4.18 - A V m g a f ter in j ec t ion of 8.5 x l o holes cm as a function 
of the fourth root of the aluminium gate electrode thickness 



J I I I I 
0 1 2 3 

I n j e c t e d h o l e s (cm-2) *1E+14 

re 4.19 A V during avalanche hole in ject ion on p o l y s i l i c o n mg 
gate (F6) and thin aluminium (15nm) gate (STI) capac i tors . 
(The sh i f t s bave been normalised to an oxide thickness 
of 28nm assuming a l i charge to be located at the interface) 
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F i g u r e 4 . 2 0 M o d e l f o r t h e e f f e c t o f t h e t h i c k n e s s 

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

i n t e r f a c i a l s t r e s s . T a k e n f r o m r e f . 

(201) - Z e k e r i y a a r d Ma. 
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F i g u r e 4 . 2 1 V a r i a t i o n o f A V w i t h a l u m i n i u m g a t e 
mg 3 

t h i c k n e s s (a) a f t e r i r r a d i a t i o n ( r é f . 

(201) ) and (b) a f t e r a v a l a n c h e h o l e 

i n j e c t i o n ( p r é s e n t work - f l a s h 

e v a p o r a t e d m e t a l ) . 
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Figure 4.22 (a) Growth of A D i t ( m g ) as a function 
of À V during negative BTS on wafer mg J 3 

MN6 cap.F (b) Growth of AD^ f c(mg) 
during avalanche hole in ject ion on wafer 
ST2, cap.F (A ) as a function of 
A V m g and (A ) as a function of 
injected charge 
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F i g u r e 4 . 2 5 A r e a o f t h e peak i n t h e i n t e r f a c e s t a t e d i s t r i b u t i o n 

a s a f u n c t i o n o f t h e c h a n g e i n V on a p p l i c a t i o n o f 
mg 

p o s i t i v e BTS a f t e r a p r e v i o u s n e g a t i v e B T S . 
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F i g u r e 4 .27 I n t e r f a c e s t a t e d e n s i t y d i s t r i b u t i o n a f t e r i n j e c t i o n o f 

e l e c t r o n s by F o w l e r - N o r d h e i m t u n n e l i n g i n t o w a f e r MN6 

c a p . D . The peak h e i g h t i n c r e a s e s w i t h i n j e c t e d c h a r g e 



I n j e c t e d Charge CmC/cm2) 

Figure 4.28 Var ia t ion of the height of the peak in the inter face 
state d i s t r i bu t i on with charge injected by Fowler-
Nordheim tunnel ing. (wafer MN6 - cap.F) 



NEGATIVE BIAS INSTABILITÀ: RESULTS 
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Figure 4.29 Var ia t ion of the height of the peak in the 
inter face state d i s t r i bu t i on with A v a f ter 

mg 
i r r ad i a t i on and various e l e c t r i c a l s t resses . 
(Taken from re f . (48)). 
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Injectée! Charge, CC//cm2) 

Picrure 4.30 AV as a function of the charge injected by 
3 mg 

F-N tunneling at var ious current d ens i t i e s . 
(Wafer MN6-cap.F). The i n i t i a l slope of the 
curves measured var ies with the in ject ion current 
density . 
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Figure 4.31 Interface state density d i s t r i bu t i ons 
from devices on wafer B6 (a) by 
charge pumping ( t ransistor ) and 
(b) by the C-V method (capacitor ) . 
The gate i r s u l a t o r of both devices had 
been previously subjected to 9MV/cm for 
120s followed by -2MV/cm at 250°C 
for ^ hr and +2MV/cm at 250°C for 
15 min. 
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Figure 4.32 Interface state density d i s t r i bu t i ons 
obtained by charge pumping ( transistors ) 
and by the C-V method (capacitors) on 
devices from wafer CPl before and a f te r 
negative BTS. 



CHAPTER V : 

CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 

Two maj o r as pec t s o f the e l e c t r 1 c a l be ha v i our o f the MOS 

c a p a c i t o r s y s t e m have been s t u d i e d . F i r s t l y , d i e l e c t r i c breakdown and 

t h e cha rge b u i l d - u p and d e f e c t c r é a t i o n w h l c h Imraed i a t e l y p r e cede I t 

were i n v e s t i g a t e d . S e c o n d l y , t h e i n s t a b i l i t y w h l c h i s o f t e n s e e n 

d u r i n g opéra t i on o f d e v i c e s under n e g a t i v e b i a s was examined by means 

o f b l a s - t e m p e r a t u r e s t r e s s . The l a t t e r dégradat ion o c c u r s w e l l b e f o r e 

t h e breakdown c o n d i t i o n i s r e a c h e d . 

From a c o m b i n a t i o n o f pho to I - V , a v a l a n c h e e l e c t r o n i n j e c t i o n and 

h i g h f i e l d s t r e s s measurements i t was d e m o n s t r a t e d t h a t b o t h p o s i t i v e 

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

l o c a t i o n s o f t h l 3 cha rge and o f the e l e c t r o n t r a p s c r e a t e d d u r i n g t h e 

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

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

b r e a k d o w n . 

1) P o s i t i v e cha rge r é s i d e s i n s l o w - s t a t e s c r e a t e d a t t h e S Ì - S Ì O 2 

i n t e r f a c e ( w i t h i n 10 A o f the s i l i c o n ) a f t e r s t r e s s a t e i t h e r 

p o i a r i t y . 

2) E l e c t r o n t r a p s a r e c r e a t e d a t the anode but under n e g a t i v e 

s t r e s s o n l y a few o f t h e e n e r g e t i c a l l y deep t r a p s c l o s e t o t h e 

i n t e r f a c e (<30 A) a r e f l l l e d . 

3) D u r i n g p o s i t i v e h i g h f i e l d s t r e s s , e l e c t r o n t r a p s nea r t o the 

S i - S 1 0 2 I n t e r f a c e a r e f l l l e d . I n t h i s case é l e c t r ons must t u n n e l t o 

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

raost i m p o r t a n t f a c t o r . Under n e g a t i v e s t r e s s t h e y must o n l y t u n n e l t o 

t h e s i l i c o n s o t h a t t h e d i s t a n c e f rom t h e i n t e r f a c e détermines t r a p 

p o p u l a t i o n . 
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4) No b u l k c h a r g e was seen f o l l o w i n g h i g h f i e l d s t r e s s under any 

I n j e c t i o n c o n d i t i o n s . A l l cha rge b u i l d - u p and d e f e c t c r é a t i o n was 

w i t h i n about 50Ä o f the i n t e r f a c e s . 

5) W i t h a l u m i n i u m g a t e é l e c t r o d e s , p o s i t i v e c h a r g e i s g e n e r a t e d 

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

The above o b s e r v a t i o n s p o i n t t o t h e i m p o r t a n c e o f t h e i n t e r f a c e s 

i n u n d e r s t a n d i n g d e f e c t c r éa t i on i n t h e i n s u l a t o r . I n p a r t i c u l a r , 

damage seems t o be g e n e r a t e d a t the anode where t h e i n j e c t e d é l e c t r o n s 

a t t a i n t h e i r h ìghest e n e r g y . P o s i t i v e l y c h a r g e d s l o w s t a t e s were 

a l w a y s o b s e r v e d a t t h e S i - S 1 0 2 i n t e r f a c e , howeve r , r e g a r d l e s s o f 

whether t h i s was the anode o r the c a t h o d e . 

Q b̂d» t h e t o t a l charge whtch can be i n j e c t e d p r i o r t o breakdown 

was a l s o i n v e s t i g a t e d and was shown t o be dépendent o n t h e c u r r e n t 

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

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

on MOS c a p a c i t o r s , t h e c u r r e n t i s r e l a t e d t o t h e a p p l i e d f i e l d by t h e 

F -N t u n n e l i n g équat i on , v a r i e s e x p o n e n t i a l l y w i t h t h e c u r r e n t 

d e n s i t y . Q b d a t p o s i t i v e p o l a r i t y i s i n c r e a s e d by i n t e r s p e r s i n g 

p e r i o d s a t l o w e r p o s i t i v e o r n e g a t i v e v o l t a g e s , e ven when t h e n e g a t i v e 

s t r e s s r e s u l t s i n c u r r e n t i n j e c t i o n . The more n e g a t i v e (o r l e s s 

p o s i t i v e ) t h e i n t e r r u p t i n g s t r e s s and t h e more f réquent t h e 

i n t e r r u p t i o n , t h e g r e a t e r t h e i n c r e a s e i n Q M . T h i s s u g g e s t s t h a t 

r e l a x a t i o n of the v o l t a g e i s an i m p o r t a n t f a c t o r i n d e l a y i n g 

b r e a k d o w n . The ga t e é l e c t r ode m a t e r i a l and t h e measurement 

t e m p e r a t u r e have a l s o been shown t o a f f e c t Q ^ . P o l y s i l i c o n g a t e 

c a p a c i t o r s show a rauch l a r g e r Q M t h a n s i m i l a r l y p r o c e s s e d a l u m i n i u m 

ga te d e v i c e s , w h i l e i n c r e a s e d t e m p e r a t u r e d r a m a t i c a l l y d e c r e a s e s 

V 

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

d e t e r m i n i n g t h e p o i n t o f b reakdown. As t h e ene r gy o f t h e i n j e c t e d 

é l e c t r ons i n c r e a s e s ( i n c r e a s i n g f i e l d ) , Q M d e c r e a s e s but f o r 
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u n i n t e r r u p t e d s t r e s s a t a g i v e n a p p l i e d f i e l d , Q M i s c o n s t a n t . 

T h i s l m p l i e s t h a t a c e r t a i n amount o f damage must be done t o a c h i e v e 

the breakdown c o n d i t i o n . S i n c e év idence was f o u n d f o r d e f e c t c r é a t i o n 

a t t h e anode , t h e two most l i k e l y breakdown mode ls a p p e a r i n g i n t h e 

l i t e r a t u r e w o u l d seem t o be t h e gas d i s c h a r g e mode l o f B u d e n s t e i n and 

W o l t e r s (31 , 3 2 , 3 3 ) and the anode h o l e i n j e c t i o n model (144 , 1 6*1) . The 

f i r s t o f thèse dépends on t h e t r a p p i n g o f é l e c t r o n s t o p r e c i p i t a t e 

breakdown and t h e l a t t e r on h o l e t r a p p i n g . F u r t h e r expérimenta a r e 

s t i l l r e q u i r e d , t h e r e f o r e , t o d e c i d e between thèse two m a i n c l a s s e s o f 

breakdown m o d e l . Some i n d i c a t i o n o f whether e i t h e r e l e c t r o n t r a p 

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

c o u l d pe rhaps be o b t a i n e d f r om measurement o f t h e r a t e o f g e n e r a t i o n 

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

f o r a number o f d i f f é r e n t s a m p l e s . I f the d e n s i t y o f e i t h e r t h e 

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

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

w o u l d be a l i k e l y c a u s e o f b r eakdown . 

A n o t h e r exper i ment wh i eh r emai ns t o be c o n d u c t e d 1s t h e 

measurement o f a t n e g a t i v e g a t e p o l a r l t y f o r t h e same d u t y 

c y c l e s as has been done f o r p o s i t i v e p o l a r i t y . S l m i l a r r e s u l t s a r e 

e x p e c t e d , a l t h o u g h a d i f f é r e n t I n j e c t i n g é l e c t r o d e may w e l l c ause a 

d i f f é r e n c e i n the a b s o l u t e magn i tude o f Q ^ . i t w o u l d a l s o be 

i n t e r e s t i n g t o f u r t h e r i n v e s t i g a t e t h e t e m p e r a t u r e dependence o f 

Q ^ d , m e a s u r i n g enough samp l e s a t each t e m p e r a t u r e t o c a r r y o u t 

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

The W e i b u l l d i s t r i b u t i o n was f o u n d t o p r o v i d e a u s e f u l 

s t a t i s t i c a ! model t o d e s c r i b e t h e ob3e r v ed breakdown d i s t r i b u t i o n s i n 

b o t h wearout and d i e l e c t r i c s t r e n g t h t e s t s . S i n c e t h e same v a l u e s o f 

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

meaaurements , t h e i m p l i c a t i o n i s t h a t t h e mechanism o f breakdown i s 

the same i n b o t h c a s e s . As a i s l e s s t h a n o n e , t h e p r o b a b i l l t y o f 

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

t h e r e f o r e l n c r e a s e s the r e l i a b l l i t y o f t h e d e v i c e s w h i c h s u r v i v e t h e 
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t e s t . T h i s may be because under c o n s t a n t v o l t a g e c o n d i t i o n s the 

i n j e c t i o n c u r r e n t f a l l a w i t h t i m e , as has been s u g g e s t e d ( 1 2 3 ) . 

Measurement o f the f a i l u r e d i s t r i b u t i o n and é va lua t i on o f a and b 

under c o n s t a n t c u r r e n t c o n d i t i o n s c o u l d show whe the r t h i s i s t h e c a s e . 

T h i s m igh t a l s o p rove i n t e r e s t i n g f r om a n o t h e r p o i n t o f v i e w . The 

W e i b u l l d i s t r i b u t i o n , as a s t a t i s t i c a ! d e s c r i p t i o n o f t h e breakdown 

p r o c e a s , was a r r i v e d a t t h e o r e t i c a l l y by H i l l and D i s s a d o (152-155 ) 

f rom a p h y s i c a l model w h l c h does n o t t a k e i n t o a c c o u n t any change i n 

the a p p l i e d f i e l d due t o cha rge t r a p p i n g i n t h e o x i d e . C o n s t a n t 

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

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

i n t e r e s t i n g , t h e r e f o r e , t o s e e whe the r t h e same v a l u e s o f a and b a r e 

f o u n d f o r c o n s t a n t c u r r e n t wea rou t as f o r d i e l e c t r i c s t r e n g t h 

measurements . 

The s e cond major t o p i c s t u d i e d he r e was the n e g a t i v e b i a s 

i n s t a b i l i t y . I t was f ound f rom a v a l a n c h e h o l e i n j e c t i o n e x p e r i m e n t s 

on s a m p l e s h a v i n g unde rgone n e g a t i v e BTS and on u n s t r e s s e d s a m p l e s , 

t h a t t h e p o s i t i v e c h a r g e g e n e r a t e d d u r i n g n e g a t i v e BTS i s due t o the 

f ì l l i n g o f i n t r i n s i c h o l e t r a p s . These a r e l o c a t e d w i t h i n 50 nra o f 

the S i ~ S Ì 0 2 i n t e r f a c e . S i n c e no new h o l e t r a p s a r e c r e a t e d d u r i n g 

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

a p p e a r s t o be an e x t r e m e l y i m p o r t a n t p a r a m e t e r . I t i s a s t r o n g 

i n d i c a t o r o f the dégradat ion l i k e l y t o o c c u r d u r i n g opé ra t i on o f the 

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

t r a p p i n g and d e - t r a p p i n g have b o t h been shown t o p l a y a key r o l e i n 

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

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

A l t h o u g h the p o s i t i v e charge i s now known t o r e s u l t f r om h o l e 

t r a p p i n g , two q u e s t i o n s r e m a i n t o be a n s w e r e d . N e i t h e r t h e mechanism 

o f h o l e t r a p f l l l i n g d u r i n g n e g a t i v e BTS nor t h e p h y s i c a l n a t u r e o f a 

h o l e t r a p have been c l e a r l y e s t a b l i s h e d . The f a c t t h a t no c u r r e n t 

f l o w was o b s e r v e d d u r i n g n e g a t i v e BTS s u g g e s t s t h a t some s o r t o f 

t r a p h o p p i n g o r t h e r m a l l y a c t i v a t e d t u n n e l i n g p r o c e s s i s o c c u r r i n g by 
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w h i c h h o l e s may e n t e r the I n s u l a t o r . A l m o s t c e r t a i n l y t h e p r o c e s s i s 

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

i n j e c t i o n under a v a l a n c h e o r F -N t u n n e l i n g c o n d i t i o n s . A m o d i f i e d 

f l o a t i n g g a t e t e c h n i q u e c o u l d pe rhaps be used t o measure more 

a c c u r a t e l y t h e c u r r e n t d u r i n g BTS i n o r d e r t o e s t a b l i s h whe ther t h i s 

i s a c t u a l l y z e r o o r m e r e l y v e r y l o w . T h i s method a l l o w s c u r r e n t s down 

t o abou t 1 C T 1 7 A t o be measured (203) . 

The k i n e t i c s o f t h e n e g a t i v e b i a s i n s t a b i l i t y were i n v e s t i g a t e d 

u s i n g t h e midgap v o l t a g e as an i n d i c a t o r o f t h e change i n o x i d e 

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

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

g i v e a r e a s o n a b l y good f i t t o t h e d a t a . A c l e a r dependence o f A V m g 

o n E Q X
1 , 5 W a s o b s e r v e d . U n f o r t u n a t e l y , i t i s d i f f i c u l t t o deduce 

any p a r t i c u l a r model f o r h o l e t r a p p i n g f r om t h e s e k i n e t i c d a t a . The 

v a l u e o f the a c t i v a t i o n energy measured ( a r o u n d 0 .3 eV) was pe rhaps 

t h e most u s e f u l r e s u l t f r om t h i s p o i n t o f v i e w . I t i s c l o s e t o t h e 

v a l u e e x p e c t e d f o r the b r e a k i n g o f a hyd rogen bond and c o m p a t i b l e w i t h 

t h e t r a p p i n g o f h o l e s a t O ^ S I * ' S i 3 ^ o r O^sS I * ' O - S i ^ O ^ s i t e s 

c o o r d i n a t e d by w a t e r as p r o p o s e d i n r e f . ( 1 4 3 ) . 

The r o l e o f i n t e r f a c i a l s t r e s s and o f wa t e r I n g e n e r a t i n g h o l e 

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

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

does p l a y a r o l e . C o r r e l a t i o n o f r e s u l t s f r om e l e c t r i c a l measurements 

and f rom m e c h a n i c a l s t r e s s measurements a r e r e q u i r e d t o c o n f i r m t h i s , 

howeve r . The l a t t e r may be pe r f o rmed on b o t h a m a c r o s c o p i c s c a l e , 

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

Raman s p e c t r o s c o p y . O the r e f f e c t s o f the e l e c t r o d e m a t e r i a l a l s o 

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

d e v i c e s a r e known f rom a v a l a n c h e h o l e i n j e c t i o n measurements t o have a 

l a r g e number o f h o l e t r a p s . Howeve r , t h e s e a r e n o t r e a d i l y f i l l e d 

under BTS c o n d i t i o n s . More d e t a i l e d i n v e s t i g a t i o n o f t h e d e n s i t y and 

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

method o f d e p o s i t i o n a r e needed t o e s t a b l i s h t h e r e a s o n f o r t h i s . 
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Water c e r t a i n l y enhances the n e g a t i v e b i a s i n s t a b i l i t y when i t i s 

a l l o w e d t o d i f f u s e I n t o t h e o x i d e a f t e r g rowth ( 6 0 , 6 1 ) . Wa f e r s w i t h 

d i f f e r e n t wa t e r c o n t e n t and w i t h t h e wa te r i n c o r p o r a t e d d u r i n g and 

a f t e r g rowth c o u l d be used t o o b t a i n a more p r e c i s e p i c t u r e o f t h e 

r e l a t i o n s h i p between w a t e r - r e l a t e d s p e c i e s and h o l e t r a p s . I n f r a - r e d 

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

S i - H and S i - O H bonds i n t h e d i f f e r e n t l y p r o c e s s e d w a f e r s . 

D u r i n g B T S , i n t e r f a c e s t a t e g e n e r a t i o n has been shown t o be 

p r o p o r t i o n a l t o A v
m g , i . e . t o t h e number o f t r a p p e d h o l e s . No 

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

t h e s e d e f e c t s , however (49). The r a t i o o f i n t e r f a c e s t a t e s g e n e r a t e d 

t o h o l e s t r a p p e d was r a t h e r h i g h f o r the samp les measured i n t h i s work 

when compared w i t h s i m i l a r r e s u l t s i n t h e l i t e r a t u r e . The s e n s i t i v i t y 

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

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

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

t h a t b o t h o f t h e s e may be due t o t h e same d e f e c t . T h i s c o u l d g i v e 

r i s e t o an i n t e r f a c e s t a t e when l o c a t e d a t t h e i n t e r f a c e o r t o a h o l e 

t r a p when s i t u a t e d f u r t h e r i n t o t h e o x i d e . The a m p h o t e r i c s i t e 3 S i * 

• O - S i 3 seems a l i k e l y c a n d i d a t e f o r t h i s d e f e c t s i n c e =S i » i s known 

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

o x i d e s and s i n c e i n t e r f a c e s t a t e g e n e r a t i o n accompany ing h o l e t r a p p i n g 

a l s o o c c u r s a c r o s s t h e who le band g a p . 

P o s i t i v e BTS a f t e r n e g a t i v e BTS l e d t o the a p p e a r a n c e o f a peak 

i n t h e i n t e r f a c e s t a t e d i s t r i b u t i o n a t abou t 0 . 2 eV above m i d g a p . 

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

t h i s s p e c i f i c ene r gy l e v e l o r t o t h e g e n e r a t i o n o f new s t a t e s . A 
r e d i s t r i b u t i o n i n ene rgy seems the most l i k e l y e x p l a n a t i o n f o r t h e 

r e v e r s i b l e r e m o v a l and r e g e n e r a t i o n o f t h e peak by n e g a t i v e BTS and 

p o s i t i v e BTS, r e s p e c t i v e l y and a l s o f o r the r e m o v a l o f s t a t e s f rom 

o t h e r p a r t s o f t h e band gap when the peak i s c r e a t e d . 
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U s i n g t h e charge pumping t e c h n i q u e i t has been e s t a b l i s h e d t h a t 

t h e peak a t 0.2 eV above midgap i s due t o i n t e r f a c e s t a t e s and no t t o 

l a t é r a l n o n - u n i f o r m i t i e s i n t h e s u r f a c e p o t e n t i a l . A peak a t t h i s 

e n e r g y has been s e e n f o l l o w i n g a v a l a n c h e h o l e i n j e c t i o n and subséquent 

p h o t o I - V , h i g h f i e l d s t r e s s and i r r a d i a t i o n . A i l t h e s e t e c h n i q u e s 

s u p p l y b o t h é l e c t r ons and h o l e s t o t h e o x i d e . I t seems q u i t e g e n e r a l , 

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

d e - t r a p p i n g o f t h e h o l e s générâtes t h i s peak . A l t h o u g h t h e i n t e r f a c e 

dégradat ion i s q u a l i t a t i v e l y s i m i l a r f o r t h e s e d i f f é r e n t t e c h n i q u e s , 

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

i n t e r f a c e q u a n t i t a t i v e l y . O t h e r p r o c e s s e s s u c h as e l e c t r o n i n j e c t i o n 

and t r a p p i n g may a l s o c ause o x i d e dégradat ion t o a v a r y i n g d eg r e e i n 

t h e d i f f é r e n t measurements . 

I t wou ld be i n t e r e s t i n g t o c a r r y ou t f u r t h e r c h a r g e pumping 

measurements on s a m p l e s l i k e l y t o show a peak i n t h e i n t e r f a c e s t a t e 

d e n s i t y . The charge pumping t e c h n i q u e was f o u n d t o g i v e b e t t e r 

r e s o l u t i o n o f t h e peak t h a n C-V methods and t h u s t o p r o v i d e a 

p o t e n t i a l l y more a c c u r a t e means of e x a m i n i n g the c o n d i t i o n s w h i c h 

g e n e r a t e l t . F o r e x a m p l e , a l t h o u g h i t 3eems t h a t t h e peak u s u a l l y 

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

was n o t s e en f o l l o w i n g c h a n n e l h o t h o l e i n j e c t i o n and subséquent 

c h a n n e l ho t e l e c t r o n i n j e c t i o n ( 2 0 4 ) . T h i s l e d t h e s e a u t h o r s t o 

s u g g e s t t h a t e x c i t o n s a r e r e s p o n 3 i b l e f o r i t s g e n e r a t i o n i . e . t r a p p e d 

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

w i t h i n c o m i n g é l e c t r o n s and t h e a c company ing r e l e a s e o f ene rgy w h i c h 

r e s u l t s i n i n t e r f a c e s t a t e g e n e r a t i o n , More expérimenta a r e needed t o 

e s t a b l i s h whe the r t h i s i s t h e c a s e o r i f i t i s m e r e l y t h a t t h e h o l e s 

and é l e c t r ons a r e n o t i n t h e same p h y s i c a l l o c a t i o n i n t h e c a s e o f 

inhomogeneous i n j e c t i o n f rom t h e c h a n n e l o f a MOSFET. 

Breakdown and c h a r g e t r a p p i n g i n t h e MOS sy s t em have been s t u d i e d 

h e r e f rom an e l e c t r i c a l p o i n t o f v i e w . Knowledge o f t h e s e e l e c t r i c a l 

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

f a b r i c a t i o n . However , p e r h a p s t h e most i m p o r t a n t d i r e c t i o n f o r f u t u r e 
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work i n t h i s f i e l d i s a more t h o r o u g h p h y s i c a l c h a r a c t e r i s a t i o n o f the 

o x i d e i n t e r f a c e r é g i o n t o c o r r e l a t e s t r u c t u r e and e l e c t r i c a l 

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

a c c u r a t e mode la b o t h f o r t h e breakdown raechanism and f o r h o l e t r a p p i n g 

and t h e accompany ing i n t e r f a c e s t a t e g éné ra t i on . 
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ABSTRACT 
S i 0 2 layers with low defect dens i t i e s have been 

grown in a double-walled ox idat ion tube, for use as 
th in gate d i e l e c t r i c s i n MOS IC ' s . Under a l l h i g h -
f i e l d s t ress condit ions p o s i t i v e l y charged slow 
states are created at the S i -S iOa i n t e r f a c e , These 
can be neut ra l i z ed by applying p o s i t i v e f i e l d s at 
the gate of an MOS device . Negative charge can a lso 
be generated, e spec i a l l y during a p o s i t i v e f i e l d 
s t r e s s . The t o t a l amount of generated charge i s 
much less for p o l y s i l i e o n gate capac i tors than for 
A l -gate capac i to r s . The t i me-to-breakdown in a 
wearout experiment could be extended by pe r i od i c 
app l i c a t i on of a pos i t i ve gate vo l tage , This a lso 
caused n e u t r a l i z a t i o n of the slow s t a t e s . However, 
i t had no inf luence on the h i g h - f i e l d breakdown 
d i s t r i b u t i o n i n a fast voltage ramp experiment. 
It i s suggested that inter face rather than bulk 
phenomena dominate trap generation and charge 
bu i ld -up during the h i g h - f i e l d stresses which 
induce oxide breakdown. 

1. INTRODUCTION 
In integrated circuit technology impro veulent s in 

speed, density, and yield can be obtained by reducing 
the dimensions of MOSFET's. The principle of scaling 
[1] offers the possibility of designing small-geometry 
transistors based on a knowledge of larger ones. In 
practice, for various reasons, voltages cannot be 
scaled down by the same factor as device dimensions. 
This leads to a number of effects on device character-
istics related to high fields. As far as gate oxides 
are concerned, this means that they must withstand 
higher fields and that they are more susceptible to 
trapping of carriers from the substrate. 

SÌO2 layers of 20 to 50 nm thickness were fabricated 
on Si for use as gate oxides in 0.5 to 3 vm channel-
length MOS transistors. These oxides should have low 
charge densities, low trap densities [traps being any 
kind of electrically active microscopie defect), and 
low flaw Cmacroscopic defect) densities in arder to have 
a high dielectric strength and a long time-to-breakdown 
undeT electrical stress. 

It has been suggested that breakdown of SiOz layers 
on Si is preceded by injection and trapping of charge 
and by generation of trapping sites. For instance, 
generation of electron traps both in the bulk [2,3] and 
near the Si-SiOj interface [4] during high-field stress
ine has been inferred from C-V and ramp I-V measure-
ments. These data led us to initiate the second part 
of the présent study. 

For the first time, accurate charge injection and 
sensing techniques have been applied before and after 
stress at low and high fields, to thin thermally grown 
oxides on n- and p-type Silicon. 

2. EXPERIMENTAL 
<100> n- and p-type Silicon wafers of doping levels 

10 1 5 and 10 1 7 cm - 3 were oxidized in dry 0 2 at 900°C, 
which is an optimum temperature for the growth of 
oxides in the required thickness range. The oxidations 
were carried out in a double-walled fumace tube in 
order to meet the requirements of low charge, trap, and 
defect densities. After oxidation the wafers were 

Ü01B-9367/B4/0600-0245*01.00 © 1984 IEEE 
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annealed for 10 minutes in N2 at the oxidation tempera
ture. On some of the wafers a 450 nm thick polycry-
stalline si l icon layer was deposited in an LPCVD system. 
The polysilieon was then phosphorus doped from a liquid 
source and annealed at 975°C in N 2, to give a resis
tance of 20 Í1 per square sheet. 

MOS capacitors were formed by magnetron sputter depo
sition of 15 nm or 1 vim Al (depending on whether or not 
photo I-V measurements were to be applied) and then 
etching to give circular gates of various dimensions. 
The final anneal was 20 min at 435°C in forming gas 
(10% H 2 in N 2). 

3 . INFLUENCE OF PROCESSING ON 
DIELECTRIC STRENGTH 

In the dielectric strength measurements the capaci
tors were subjected to a fast voltage ramp (ramp rate 
)00 V/s), while monitoring the current flowing into the 
oxide. When a preset current level (0.5 mA) was ex
ceeded, the voltage was measured by a digital volt
meter connected to an automated data-acquisition 
system. When plotting the relative number of break
downs as a function of the electric f ield, three groups 
were generally distinguished in the resulting histo
gram [5j: low-field breakdowns caused by gross defects 
which short the oxide layer, medium-field breakdowns 
caused by small defects, and high-field breakdowns 
tentatively ascribed to an intrinsic property. 

The most important advantage of using a double-walled 
furnace tube instead of a .conventional single-walled one 
is that fewer medium-field breakdowns occur (Fig. 1) 
[61. 
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Fig. 1: Breakdown histograms of oxides grown in a 
single- and a double-ualled oxidation tube. 

The reason i s , most probably, that metal ions 
(including alkali ions) which diffuse from the heating 
elements and the furnace ambient through the outer 
wall, are carried away by the gas flow in the outer 
tube and thus prevented from reaching the oxidation 
ambient. 

breakdowns (Fig. 2). These effects have been reported 
to occur for oxidations carried out in a chlorinated 
atmosphere at higher temperatures [7], It is improba
ble that chlorine ions can diffuse through the inner 
furnace wall and we, therefore, suggest that chlorine 
in the outer tube prevents some species from diffusing 
into the oxidation ambient. This species is thought 
to be responsible for at least part of the high-field 
breakdowns in the experiment without chlorine, which 
implies that high-field breakdowns are not caused 
solely by an intrinsic process. 

The use of a higher flow rate in the oxidation tube 
increased the maximum breakdown field. This is shown 
in Fig. 3, where the cumulative percentage of break
downs is plotted as a function of field for a capacitor 
with a very small area (for which the chance of finding 
a low-field breakdown is correspondingly small). It is 
believed that the higher gas flow may carry off unwanted 
particulates more effectively, preventing the formation 
of tiny defects in the oxide which trigger the final 
breakdown. 

The use of phosphorus-doped polysilicon electrodes 
led to a higher maximum breakdown f ie ld (Fig. 4). 
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Fig. 2: Breakdown histograms of oxides grown in a 
double-walled tube. Gas flow in outer tube is 02 

or C33/02 mixture (C33 : 2, 2,2-trichloroethane) . 
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In this experiment O2 was used in the outer tube. 
When a small percentage of some chlorine containing 
compound was added to the gas flow in the outer tube 
we saw a narrower distribution of high-field break
downs and a slight decrease of the number of low-field 

Fig. 3: Cumulative breakdowns as a function of field 
for different O^-flow rates in the tube. 
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4. CHARGE TRAPPING IN ALUMINIUM AND 
P0LY-S1L1C0N CAPACITORS 

A first impression of the charge build-up during 
stressing with a rapidly increasing field is obtained 
from ramp I-V measurements. In this technique the 
current response to a voltage ramp of the order of 1 
V/s is measured with a logarithmic current-to-voltage 
convertor. The current is determined by Fowler-
Nordheim injection of électrons from the negatively 
biascd électrode, which in turn is influeneed by the 
sign, amount, and location of trapped charge [3]. Re-
sults from more accurate and sensitive charge measure
ments are reported in the next section. 

Charge trapping during high-field stressing was 
studied using the ramp I-V method. We used capacitors 
with very small électrode areas and oxides grown in 
the double-walled tube in order to obtain almost ex-
clusively high-field breakdowns. Typical I-V curves 
on capacitors with aluminum and polysilieon électrodes 
are shown in Fig. 5. Curve 1 represents the well known 
Fowler-Nordheim injection of électrons. When the vol
tage ramp was stopped before breakdown and the neasure-
ment repeated immediately, cuTve 2 was obtained. The 
thrcshold voltage for electron injection is reduced by 
positive charge near the Si-SiO.2 interface and at 
higher current levels a shift to higher gate voltages 
is seen, caused by trapped électrons. 

When the voltage ramp was stopped as in the previous 
experiment and the measurement repeated after a stress 
at positive voltage (5 MV/cm for 5 minutes) curve 3 
.was recorded: most of the positive charge has dis-
appeared and only negative trapped charge remains. The 
amount of trapped charge is dépendent on the exact 
stress conditions but is always much less for capaci
tors with polysilieon électrodes. This is in agreement 
with earlier conclusions from avalanche injection ex-
periments [8]. 

It should be noted that quantitative information 
about the charge trapped in the oxide during stress 
cannot be obtained from ramp I-V measurements, because 
the high field and the injected current tend to dis-
turb the charge distribution already présent in the 
oxide. In the next section photo I-V measurements 
will be used to obtain more reliable information on 
oxide charge distributions. 

5. PHOTO I-V MEASUREMENTS 

To gain more insight into the type and location of 
the charge build-up during constant stress experiments, 
internai photoemission measurements as a function of 
voltage (photo I-V) [9] were carried out for the MOS 
capacitors with a transparent aluminum gate. A 150 W 
Xenon arc lamp and a 25 cm monochromator were used and 
the photocurrents were measured using a high-speed 
electrometer and an automatic data acquisition system. 

Figurée shows photo I-V CUTVCS from a 39 nm oxide on 
p-type Silicon before and after a constant current 
stress at negative gate voltage. The flat-band voltage 
shift AV Î̂, after this stress was-12V, but no shift can 
be seen in the photo I-V curves, indicating that the 
positive charge is located at (within 1 nm of) the 
Si-SiOj interface. This positive charge can be a t t r i -
buted to (slow) states located at the S i-Si0 2 inter
face, which are created in a positive charge state but 
can be neutralized easily by applying a moderate posi
tive voltage stress. Similar states were reported to 
be generated in electron avalanche injection experi-
ments [10]. Such a positive voltage also occurs during 
the positive part of a C-V recording [6] or during the 
retrace in a ramp I-V measurement, when a triangulär 
ramp is used. Slow states were detected upon the-
application of both positive and negative stresses to 
oxides on p-type as well as n-type Silicon. The dis
persion at high positive voltage for the curves in 
Fig. 6 before and after stress, indicates the présence 
of some negative charge close to (within 3 nm of) 
the S i-Si0 2 interface. Photo I-V measurements after 
avalanche injection [11] of électrons from the sub
strate at an oxide field of about 4 MV/cm showed that 
extra electron traps (compared to an unstressed 
sample) are created close to he S i-Si0 2 interface. 
Similar Tesults were found after negative voltage 
stresses for oxides on n-type Silicon. 
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Fig. 5: Rarnp I-V curves for (a) oxide on n-type Si 
with Al électrode and (b) oxide on n-type Si with 
poly-Si électrode. Explanation in text. 

Photo I-V curves before and after positive current 
stresses on p-type samples (doz=39 nm) are shown in 
Fig. 7. The curve recorded after application of the 
stress shows negative charge near the SÌ-SÌO2 inter
face and positive charge near the A1-SÌ0 2 interface, 
possibly due to positively charged Al-related centers. 

From an appréciable negative ûV^, after this stress 
i t was concluded that again slow states are generated 
at the SÌ-SÌO2 interface. The photo I-V curve after 
avalanche injection of électrons shows that no elec
tron traps are created close to the Si-SiO interface. 
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Similar results were obtained on n-type samples using 
a positive current stress. 
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Fig. 6: Photo I-V curves of p-type MOS capacitar with 
Al électrode before and after negative current 
stress. 
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Al électrode before and after positive current stress. 

6. STRESS EXPERIMENTS 

The flat-band voltage shift as a function of total 
injected charge is depicted in Fig. 8 for a 35 nm oxide 
on n-type sil icon (Al gate) during différent constant 
current stresses at positive gate voltages (called 
positive current stresses) . The neutralization of the 
positively charged oxide states by the applied posi
tive voltage (36 to 40 V) is reflected in the increas-
ing value of bVfb and is more efficient at lower in 
jection current densities. 

For p-type samples we found an increasing negative 
àVfî, for stresses of both polarities [6]. The fact 
that positively charged states are not neutralized 
efficiently for p-type samples in inversion (positive 
gate bias) is related to the low generation rate of 
minority carriers. 

From Fig. 8 i t follows that the time-to-breakdown 
t$D in a wear-out experiment (prolonged application of 
constant current or voltage stress) is not a unique 
function of the amount of injected charge, as was sug
gested previously [12]. We have found that tgp can be 
increased considerably by interspersing periods of 
positive bias with the constant current injection. 
During thèse periods of positive bias the slow states 
are also largely neutralized. 

Fast voltage ramp dielectric strength measurements 
are not affected by the présence and charge state of 
thèse states. We found similar breakdown voltages for 
unstressed samples and for stressed samples, regard-
less of whether the slow states have been previously 
charged positively or neutralized. 
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Fig. 8: Flat-band voltage shift as a function of 
injected charge for positive current stress. 

7. DISCUSSION AND CONCLUSIONS 

SÌO2 layers on Si with extremely low defect densities 
have been grown in a double-walled oxidation tube. 
The use of a chlorinated gas in the outer tube, the 
increase of O2 flow in the inner tube, and the use of 
polysilieon électrodes a l i improve the maximum break
down fields. 

The charge distributions found in the oxides after 
high-field stressing are depicted schematically in 
Fig. 9. To a f irst approximation the distribution ob
tained is only a function of the applied voltage po-
larity. An important observation is that no bulk 
charge exists after high-field stressing. The reason 
is that the large electric f ield in the oxide bulk de-
traps a i l charge immediately [13J. Electrons can 
eventually become trapped near the oxide interfaces, 
especially near the SÌ-SÌO2 interface in positively 
stressed samples (where they constitute negative inter
face charge). In general less charge is trapped in 
polysilieon capacitors than in Al-gate capacitors. 

Slow states are created at the SÌ-SÌO2 interface 
under a i l stress conditions. They can be neutralized 
by applying positive fields. The présence and charge 
state of the slow states has no influence on the final 
breakdown voltage in a dielectric strength measure
ment. However, the intermittent application of a 
positive voltage during a wearout experiment caused 
the neutralization of the slow states and increased 
the time-to-breakdown. 

Under negative high-field stress defects are created 
near the SÌ-SÌO2 interface, which could indicate the 
onset of the final breakdown process. We expected 
the existence of similar defects near the electrode-
S i 0 2 interface in positively stressed samples, but in 
A l-Si0 2 - S i capacitors such defects could not be de-
tected because of the dominant electron trapping by 
positive charge created under the Al-gate. ExpeTiments 
with polysilieon gate structures are on the way. 
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Hole trapping and interface state generation during bias-temperature stress 
of S i 0 2 layers 
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Avalanche hole injection measurements on unstressed metal-oxide-semiconductor capacitors 
and those having undergone bias-temperature stress (BTS) are compared. The results show that 
the negative midgap voltage shift (A Vm% ) occurring during negative BTS is due to filling of 
intrinsic hole traps. Conversely, positive BTS removes any previously trapped holes from the 
oxide. No évidence was found for hole trap generation at either stress polarity. Interface state 
generation across the band gap accompanies hole trapping during negative BTS and a 
characteristic peak is generated in the interface trap distribution at ~ 0.2 eV above midgap on 
neutrahzation or detrapping of these holes during positive BTS. 

A shift in threshold voltage can seriously affect the reli-
ability of a metal-oxide-semiconductor field-efFect transistor 
(MOSFET). In SiOa layers free of mobile ions, one common 
form such a shift may take is the negative bias instability. 
This is a negative shift of the threshold voltage, VT, follow-
ing prolonged opération under negative gate bias. Under real 
operating conditions this is a long-term instability. The ag-
ing process can be accelerated however, by applying the bias 
at an elevated temperature, the so-called bias-temperature 
stress (or BTS) measurement. The phenomenon is also more 
severe in aluminum than polycrystal line Silicon gate devices. 
For this reason the measurements presented here will be on 
aluminum gate capacitors. 

Over the past 20 years the negative bias instability has 
been extensively studied, both from the point of view of ki-
netics1-11 and of processing dependence.1,2,4,9,10 Various 
models have been proposed for the positive charge genera
tion; these include hole trapping3 or electron émission from 
traps in the oxide,5,6 the breaking of weak bonds near the Si-
Si02 interface,1 and the formation and migration of oxygen 
vacancies.12 In this work an attempt was made to shed more 
light on the means of positive charge generation by elucidat-
ing the role of hole traps. Interface state generation accom-
panying BTS and its relationship to hole trapping was also 
examined. 

Capacitors were fabricated on n-type {100) silicon wa-
fersof(l-2) X IO17 c m - 3 doping. This heavy doping is nec-
essary to allow laterally homogeneous avalanche injection.13 

Oxidation was carried out in a double-walled furnace at 
900 °C in dry 0 2. 1 4 Si02 layers of 25-55 nm were grown and 
the wafers then received a nitrogen anneal, also at 900 °C for 
15 min. An aluminum layer, usually 1 /im thick, was deposit-
ed by de magnetron sputtering and électrodes were defined 
by Standard wet lithography. Finally the samples received a 
post-metallization anneal in forming gas at 435 "C for 20 
min. 

BTS measurements were condueted at 
100 °C < T < 305 "C and fields of l^J-MV cm - 1 for times 
of up to 20 h. Samples were heated and cooled under bias and 
all C-Kcurves were measured at room temperature. A posi
tive BTS of 2 MV cm" 1 at 250 °C for 15 min (2 MV cm" V 
250°C/15 min) showed that the mobile ion concentration 
was below 10 1 0cm - 2. 
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Avalanche injection of holes from the Silicon into the 
Si02 using a sawtooth waveform15 was performed on un
stressed capacitors and on devices having already undergone 
BTS. The injection current, measured with an electrometer 
(Keithley 616), was kept constant and the midgap voltage 
shift A Vm% was measured at intervais using a capacitance 
meter (Boonton 72BD) to see if any hole traps had been filled 
or generated during the BTS. 

The interface state density distribution over the band 
gap was calculated from the différence between the quasi-
static and high-frequency-capacitance-voltage [C-V] curves 
in depletion and from the quasi-static and ideal low-frequen-
cy curves over the rest of the band gap. 

Throughout the présent work, A Vmg has been taken as a 
measure of the change in positive oxide charge alone, with no 
contribution from interface states. If above midgap the inter
face states are ali acceptors and below midgap they are ali 
donors (or indeed vice versa providing there are equal 
numbers of acceptor and donor states) the midgap voltage is 
a neutral point in the interface state distribution and any 
shift in this voltage, A Vmg, is représentative only of a change 
in the amount of oxide charge. This has been assumed to be 
the case by several authors for interface states generated by 
différent types of stress: avalanche hole injection,16 negative 
BTS,7,11 high-field stress,11 and irradiation.11-17 As will be 
shown here this assumption appears to be valid for BTS in-
duced interface states. 

Figure 1 shows the shift of the high-frequency C- fcurve 
following application of a negative BTS of — 4 MV cm - V 
250 °C/lh to a 28 nm oxide, curve (b). On reversing the stress 
( + 4 MVcm_l/250°C/lh) the C-*'curve moves back to 
more positive voltages, curve (c). It will be shown later from 
avalanche hole injection measurements that all the positive 
charge generated by negative BTS is removed by the subsé
quent positive BTS. There is considérable interface state gen
eration following the positive BTS, however, causing distor-
tion of the C- f curve. Nevertheless, curve (c) in Fig. 1 crosses 
the initial C- ̂ curve [curve (a)] at Vmg. Hence the net charge 
in the interface states is zero at midgap and A Vmg can be 
used as a measure of the change in oxide charge alone. 

An indication that the negative bias instability might be 
due to hole trapping came from an observed corrélation 
between the magnitude of A Vms seen on a sample subjected 
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to negative BTS and A Vm% seen during avalanche hole injec
tion. 

To examine this idea further, avalanche hole injection 
was carried out on a sample having undergone negative BTS 
and the évolution of A Vmg compared with that during hole 
injection on a virgin sample. If A Vmg during negative BTS 
were entirely due to hole trapping, a subséquent hole injec
tion measurement would show the same saturation value of 
the absolute midgap voltage Vmg as is observed on a virgin 
sample. On the other hand A Vmg, the midgap voltage shift, 
occurring during hole injection would differ in the two cases 
by the magnitude of A Vmg already found during negative 
BTS. This is, in fact, what was observed and the results are 
illustrated in Fig. 2. Figure 2(a) shows A Vmg during the hole 
injection for a virgin sample (—) and for one having under
gone a stress of - 3 MV cm-'/250 °C/5.5 h (—). The dif
férence in the saturation value of the two curves tends 
towards the value of A V already présent at the moment 

1 r 

unstressed 
after neg. BTS 

unstressed 
after neg. BTS 

Injected holes (cm -2, 
2 

x10° 
FIG. 2. Evolution of (a) A Vmg and {b) Vmt during avalanchc injection of 
holes iato a 28 nm oxide at a current density of 9.3xl0~" A c m " ! . (solid 
lines} unstressed sample; (dashed lines) after BTS of — 3 MV c m ' V 
250*C/5.5 h. 

hole injection commenced; in this case approximately — 2 
V. Figure 2(b) shows the absolute value of the midgap voltage 
in the two cases. Here both curves tend towards the same 
saturation value. 

As can be seen from Fig. 1, positive BTS after negative 
BTS returns Vm% to very close to its initial value. Subséquent 
avalanche hole injection resulted in a A VmR versus injected 
charge curve very similar to that obtained on a virgin sam
ple. Hence the positive stress removed ali the holes from the 
oxide; no new traps were created during BTS at either polar-
ity and there was also no change in capture cross section or 
trap density as a resuit of hole trapping. It would appear 
therefore that hole trapping during negative BTS is a com-
pletely reversible process. It is, however, accompanied by 
significant interface dégradation which will now be dis-
cussed in more detail. 

Interface state generation was seen across the whole 
band gap following negative BTS. As has been observed by 
other workers7 the change in midgap interface state density, 
ADh (midgap), during negative BTS was proportional to 
A Vmg i.e., to the number of trapped holes [Fig. 3(a)]. We 
found the ratio of interface states to trapped holes to be 
greater than the value of 1 reported in Ref. 7. Some of the 
positive charge is very easily detrapped (e.g., by the taking of 
a C- K curve) and this apparently high ratio is probably due to 
an underestimation of A Vmg. 

Lai reports a linear relationship between holes trapped 
and ADit (midgap) during avalanche hole injection.16 This 
was confirmed by our measurements. ADit (midgap) satu-
rated with injected charge but was a linear function of A Km g 

[see Fig. 3(b)]. In this case the ratio of interface states at 
midgap to holes trapped was measured as —0.5. The charge 
may well be trapped further into the oxide during avalanche 
injection where there is a substantial hole current flowing 

0.9 1.2 
Injected holes lem"2) x!0tt 

FIG. 3. (a) Growth of AD„ (midgap) as a function of A Vmi during negative 
BTS on a 39 nm oxide. (b) Growlh of AD„ (midgap) during avalanchc hole 
injection intoa 28 nm oxideat acurrent density of 4.65 X 10~ ' A. c m - 2 . (/̂ ) 
vs A ymi and (A.) vs injected charge. 
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FIG. 4. Interface state generation over the silicon band gap during BTS on a 
39 nm oxide (0= midgap). (£J After - 2 MVcm _ l/250*C/15 min; (•) 
after -2MVcm-7250*C/15mmplus + 2 MV cm _7250'C/15 min. 

than is the case for negative BTS where no measurable cur-
rent flow was observed once the set temperature had been 
reached. Holes trapped deeper into the oxide will be less 
easily rcmoved thus giving a larger measured value of A Vmg 

for a given value of ADK (midgap). 
Removal of holes from the oxide also resulted in signifi-

cant interface dégradation. If negative BTS was followed by 
positive BTS, then a peak was generated in the interface state 
distribution at between 0.15 and 0.25 eV above midgap (Fig. 
4). The precise position varied somewhat with processing 
and to a lesser extent ( + 0.02 eV) with the parameters cho-
sen for the C- Kanalysis. Lai has shown using avalanche hole 
injection followed by photoinjection of électrons that gener
ation of such a peak in the interface state density distribution 
is a two-stage process accompanying the capture of électrons 
by trapped holes.16 Other forms of stress which supply both 
électrons and holes to the oxide, such as high-fìeld injection 
and irradiation, also result in generation of this peak." It 
appears that a similar two-stage process of interface state 
generation occurs during hole trapping and neutralization 
or detrapping in the negative BTS/positive BTS séquence. 

The peak in the interface state distribution was con-
firmed to be genuine and not due to latéral nonuniformities 
since it appeared both in the distribution measured by the C-
V technique on stressed capacitors and in that measured by 
charge pumping18-19 on similarly stressed transistors on the 
same wafer. The latter technique directly measures a current 
from the charging and discharging of the interface states and 
is not sensitive to fluctuations in the surface potential. 

The precise mechanism by which holes enter the oxide 
under BTS conditions is not known. The most likely mecha

nism seems to be direct hopping of holes, already présent at 
the Si-SiOz interface under the negative bias, into an oxide 
hole trap. Such a mechanism would not cause a measurable 
current in the outer leads if the hole traps are présent close to 
the Si-Si02 interface. A hopping process is also consistent 
with the observed field and temperature dependence of the 
hole trapping during BTS. Discharging under positive bias 
may occur by either detrapping of the holes or direct tunnel-
ing of électrons to the trapped holes which act as Coulombic 
attractive traps. Since the discharging is also temperature 
dépendent, the former mechanism seems most likely. 

Since no hole trap generation was seen during these ex-
periments and ali the observed dégradation was preceded by 
the Alling of intrinsic hole traps, the number of such sites in 
an oxide is obviously an important property. There is évi
dence that Alling of hole traps is also responsible for positive 
charge generation during other forms of stress.20 Hole traps 
must therefore be taken into account when considering oxide 
quality along with the more frequently considered electron 
traps. 
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discussions and a criticai reading of the manuscript, G. 
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