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ABSTRACT

This r e s e a r c h  was d i r e c t e d  tow ards  t h e  o ccu rrence  and im

p o r ta n c e  o f  s u r f a c e  leakage i n  r e v e r s e  b ia s e d  sem iconduc to r  d iodes  

and th e  r e l a t i o n  o f  t h i s  le akage  t o  th e  r e l i a b i l i t y  o f  a dev ice  

un d er  use  c o n d i t io n s .  As a r e s u l t  o f  t h i s  s tu d y ,  i t  i s  p o s 

s i b l e  t o  p r e d i c t  one im p o r ta n t  leakage  mechanism a f t e r  such back-  

b i a s e d  d iode u n i t s  have been s u b j e c t e d  t o  long p e r io d s  o f  

te m p e ra tu re  and h u m id ity .  This  th e o ry  i s  c o n s i s t e n t  w i th  t e s t s  

o f  com m ercia lly  a v a i l a b l e  u n i t s ,  some o f  which have v e ry  s l i g h t  

s u r f a c e  leakage  and o th e rs  v ery  la rg e  s u r f a c e  leakage .

F u r th e r ,  th e  u s e fu ln e s s  o f  v a r io u s  p o s s i b l e  p a s s i v a t i n g  

c o a t in g s  i s  c r i t i c a l l y  an a ly zed  on th e  b a s i s  o f  com parative  

p h y s i c a l  c o n s ta n t s  and f i lm  fo rm a t io n  te c h n iq u e s .  The p ro c e s s  

o f  com parison o f  p h y s ic a l  c o n s ta n t s  has  l e d  to  f u r t h e r  con

c e p ts  t h a t  can r e s u l t  in  f a b r i c a t i o n  te c h n iq u e s  w ith  an end 

p ro d u c t  sem iconduc to r  w ith  s u p e r i o r  r e l i a b i l i t y  c h a r a c t e r i s t i c s .

A t a b l e  o f  p h y s ic a l  p r o p e r t i e s  o f  S i ,  SiO, SiC^, Si^N^ and 

A12 0 ,j, more e x te n s iv e  th an  i s  a v a i l a b l e  i n  a s in g l e  p u b l i s h e d  

s o u r c e ,  i s  c o n ta in e d  in  t h i s  d i s s e r t a t i o n .

In  epoxy molded SCR's, u sed  as d io d e s ,  the  predom inant 

leakage  mode in v o lv e s  leakage a long  th e  oxide  s u r f a c e ,  and t h i s  

mode o f  leakage  does n o t  o ccu r  u n t i l  th e  epoxy r e s in  has  become



s a t u r a t e d  w ith  m o is tu r e .  S i l i c o n  n i t r i d e ,  g l a s s  molded d iodes 

have n o t  e x h ib i t e d  t h i s  mode o f  leakage in  t e s t s  ex ceed in g  5000 

h o u r s .

C oatings  o f  S i 0 2  on s i l i c o n  have been made by e v a p o ra t io n  

o f  s i l i c o n  d io x id e  u t i l i z i n g  a  CO 2 Laser i n  a  vacuum chamber.

High p u r i t y  f i lm s  can be d e p o s i te d  by t h i s  t e c h n iq u e ,  b o th  

becau se  o f  th e  r a t e  o f  d e p o s i t io n  and th e  la ck  o f  i n t e r n a l  h e a te r s  

o r  o t h e r  c o m p lic a t io n s .

These i n s u l a t i n g  l a y e r s ,  namely SiO, S i0 2 ;, and A ^O 3 ,

can be removed by in t e n s e  r a d i a t i o n  o f  a w aveleng th  o f  10.5 

m icrons .  The use o f  t h i s  te c h n iq u e  may e l im in a te  chem ical e t c h -  

o p e r a t i o n s ,  w ith  th e  in h e re n t  p o s s i b i l i t y  o f  s u r f a c e  r e t e n t i o n  o f  

i o n s .
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1

CHAPTER I 

INTRODUCTION

1. Purpose

This chap te r  r e l a t e s  t h e  r e l i a b i l i t y  o f  d e v ice s  r e q u i r e d  

in  modem systems t o  th e  t r e n d s  o f  device  development and 

system s development. The p r i n c i p a l  i n t e r e s t s  a re  th e  p h y s ic a l  

e v e n ts  which a d v e r s e ly  i n f l u e n c e  the  a b i l i t y  o f  a g iv e n  s o l id  

s t a t e  component t o  m a in ta in  a s u r fa c e  leakage  which i s  sm all 

compared to  bulk  le a k a g e  i n  a back b ia s e d  sem ico n d u c to r  d iode. 

To do t h i s ,  i t  becomes germane f i r s t  to  d i s c u s s  th e  changing 

n a t u r e  o f  systems and system s r e l i a b i l i t y ,  th e n  to  d is c u s s  

v a r io u s  a sp ec ts  o f  p h y s i c a l  r e l i a b i l i t y .

An im portan t p a r t  o f  t h i s  c h a p te r  i s  th e  d e f i n i t i o n  o f  

s u r f a c e .  I t  w i l l  be  shown in  subsequent c h a p te r s  t h a t  su r fa c e  

leak ag e  c o n s is t s  o f  many components.

An in t r o d u c t io n  t o  th e  im p o rtan t  p h y s ic a l  laws govern ing  

s u r f a c e  leakage i s  covered  in  Chapter I I  o f  t h i s  d i s s e r t a 

t i o n .

C hapter I I I  l i n k s  th e  p h y s ic a l  laws and methods o f  f i lm  

fo rm a t io n  o f  C hap te r  I I  w i th  s p e c i f i c  p h y s ic a l  d a ta  o f  f i lm s 

to  sh ed  more l i g h t  on th e  v a r io u s  leakage p a t h s .  T e s t s  on 

commercial u n i t s  a r e  used  i n  .Chapter. IV t o  v e r i f y  th e  p r inc ir-  

p a l  mechanist*,

Chapter V makes f u r t h e r  use  o f  th e  p h y s i c a l  d a t a  o f



ce ra m ic  f i lm s  t o  evolve  s e v e r a l  new f a b r i c a t i o n  te c h n iq u e s  

t h a t  can f u r t h e r  improve s u r f a c e  r e l i a b i l i t y .

2. H is to r y

S u rfa c e  perform ance o f  sem iconduc to rs  has assumed an 

i n c r e a s i n g l y  im p o rtan t  r o l e  i n  d ev ice  r e l i a b i l i t y  s in c e  th e  

i n t r o d u c t i o n  o f  th e  t r a n s i s t o r  i n  th e  e a r l y  1 9 5 0 's .  A lthough 

c e r t a i n l y  some improvement was bound to  occur  as a  b y -p ro d u c t  

o f  norm al p ro g re s s  o f  a new d e v ic e ,  v a r io u s  t r e n d s  f o r c e d  th e  

e v o l u t io n  o f  th e  diode and t r a n s i s t o r  t o  s m a l le r  and more 

r e l i a b l e  d e v ic e s ,  and t h i s  i n e v i t a b l y  focused  a t t e n t i o n  on th e  

s u r f a c e .  The p e rc e n ta g e  i n c r e a s e  o f  s i l i c o n  d ev ice s  and th e  

i n h e r e n t  low er leakage o f  a  b a c k -b ia s e d  s i l i c o n  ju n c t i o n  added 

t o  th e  em phasis on the  n a t u r e  o f  th e  s u r f a c e .

A c tu a l ly  th e  s t a r t  o f  t h e  t r e n d  tow ards equipment com

p l e x i t y  o c c u r re d  during  World War I I .  P r i o r  to  t h i s  t im e ,  

e l e c t r o n i c s  was confined  l a r g e l y  t o  u n s o p h i s t i c a te d  communi

c a t i o n s  equ ipm ent. The adven t o f  la rg e  s c a l e  usage o f  such 

system s as r a d a r ,  s o n a r ,  l o r a n ,  e l e c t r o n i c  coun term easures  

equipm ent and in c r e a s in g ly  complex r a d io  equipment meant i n 

s t a l l a t i o n s  w ith  hundreds r a t h e r  th a n  dozens o f  a c t i v e  d ev ice s  

[vacuum tu b es  a t  th a t  t im e ] .  A t y p i c a l  f i g h t i n g  s h ip  might 

have s e v e r a l  thousand  i n s t a l l e d  a c t iv e  d e v ic e s ,  compared w ith  

a few hundred  p r i o r  to  t h i s  t im e .  I n o p e r a b i l i t y  o f  t h i s  e q u ip 

ment f o r  l a rg e  p e rce n tag es  o f  th e  tim e caused  b a t t l e  l o s s e s ,  and 

a b e g in n in g  o f  concern f o r  d ev ic e  r e l i a b i l i t y .
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3. In f lu e n c e  o f  Device Re 1l a b i l i t y  on System R e l i a b i l i t y

I f  a c o n s ta n t  number o f  f a i l u r e s  p e r  u n i t  o f  tim e i s  assumed

n!

where: e i s  th e  N a p ie r ia n  Base 2 .71  + . . .

n i s  an i n t e g e r ,  in c lu d in g  0 , 1 , 2 . . .

a i s  a c o n s ta n t ,  i n  th e  case  su b se q u e n t ly  

used ,  a ■« r t  where r  i s  th e  exp ec ted  

number o f  f a i l u r e s  i n  a u n i t  o f  t im e ,  

and t  i s  th e  time

w i l l  g ive  th e  p r o b a b i l i t y  o f  e x a c t ly  0 ,  1, 2 , 3 . . .  K f a i l u r e s  

by c o n s id e r in g ,  r e s p e c t i v e l y ,  th e  1 s t  P o is so n  (n = 0 ) ,  2nd 

(n = 1 ) ,  3rd  (n = 2) . . . Po isson  te rm s .

Using on ly  th e  f i r s t  term o f  P o i s s o n 's  d i s t r i b u t i o n ,  the  

p r o b a b i l i t y  o f  s u r v i v a l  o r  r e l i a b i l i t y  o f  th e  component i s :

f o r  each component, i t  ca/i be shown* t h a t  th e  P o isso n  d i s t r i 

b u t io n :

r t (eq . 1)

e x p e c te d  no. o f  f a i l u r e s  e x p e r im e n ta l ly  determ ined  1
u n i t  o f  t im e mwhere r

*Calabro, S . R . , R e l i a b i l i t y  P r i n c i p l e s  and P r a c t i c e s .  
New York: McGraw-Hill Book Co., 1962, pp 57-7S.



t  = t im e  in  o p e ra t io n  s in c e  l a s t  r e p a i r  

m = mean time between f a i l u r e s

I f  each  component i s  v i t a l ,  b a r r i n g  redundancy, one com

ponen t f a i l u r e  w i l l  mean f a i l u r e  o f  t h e  system . I f  a  p ie c e  o f  

equipm ent h as  n components, th e  p r o b a b i l i t y  o f  s u r v i v a l  o f  

a l l  o f  th e s e  components f o r  a  tim e T i s :

P ...................P „ (eq . 2)e q u ip  s i  s2 s3  s4 25 sn  ̂ n

From e q u a t io n  1 and 2 , we have :

- r . t  - r „ t  - r , t  - r  t_ 1 2  3 nP . = e  e e  eequ ip

= e
- ( r x + r 2 + r 3 + ......................+ rR) t  (eq . 3)

A n u m e ric a l  example may h e lp  t o  show th e  e f f e c t  o f  equipment 

co m p lex ity :

I f  l i k e  components a re  assumed w ith  a mean tim e 

betw een f a i l u r e  o f  1000  h r s . ,  o r  a f a i l u r e  r a t e  

o f  0 . 0 0 1  u n i t s  p e r  h o u r ,  i t  i s  now p o s s i b l e  t o  

compare th e  p r o b a b i l i t y  o f  s u r v iv a l  over 10  hours  

o f  each o f  two p ie c e s  o f  equ ipm ent,  one w ith  an 

i n s t a l l a t i o n  o f  100  com ponents, th e  o th e r  w i th  

1000. Equation  3 may be u se d  i f  f a i l u r e  o f  any 

one o r  more components means f a i l u r e  o f  th e  e q u ip 

ment .
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Pequip  100
e - ( -001)(100)10  a 3?%

Pequip  10 0 0
e -  ( . 001) ( 1000)10 _ 1 ^

— ' "j q " ̂  •UX’o
e

This com parison i l l u s t r a t e s  th e  meat o f  th e  problem  by the  

use o f  h y p o th e t i c a l  r a t e s  t h a t  are  much h ig h e r  th a n  a c tu a l  

f a i l u r e  r a t e s  t o  be e x p e c te d  w ith  modem se m ic o n d u c to rs ,  by 

h y p o th e s iz in g  a  much low er com plex ity  f a c t o r  th a n  c u r r e n t  o r  

p roposed  system s . The t r e n d  from 1950 t o  p r e s e n t  has  le d  to  

t e n s  o f  thousands o f  components i n s t e a d  o f  th o u s a n d s .  C e r ta in ly  

100,000 components i s  no lo n g e r  out o f  t h e  o r d in a r y .  I t  has 

been  s t a t e d  t h a t  an A pollo  ro c k e t  has o v e r  2 ,5 0 0 ,0 0 0  fu n c t io n in g  

p a r t s .

Beyond th e  m od e ra te ly  com plica ted  r a d a r s  and so n a rs  the  

y e a r s  have p roduced  u l t r a  complex com puterized  ro c k e t  systems 

w ith  an a r ra y  o f  complex d e t e c to r s  on b o a rd ,  and e l a b o r a t e  

communications l i n k s  t o  th e  ground env ironm en t.  The ground 

environm ent can in c lu d e  a u to m a tic  ro c k e t  check o u t ,  ta k e  o f f  

c o n t ro l  and communications l in k e d  t r a c k in g  s t a t i o n s .  Engi

n e e r in g  c o n s id e r a t io n s  d i c t a t e  very s t r i n g e n t  req u ire m en ts  on 

th e  components, in c lu d in g  sem ico n d u c to rs ,  which can be  t o l e r a t e d  

in  such an env ironm en t.

4. Small S iz e ;  Low Power; High Speed

Any equ ipm ent, w hether  a i rb o rn e  o r  r o c k e t  i n s t a l l e d  r e 

q u i r e s  an in c r e a s e d  f u e l  c o s t  f o r  each in c r e a s e d  pound o f
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p a y lo a d .  Hence, a  second re q u ire m e n t  i s  now added to  t h e  n e c e s 

s i t y  f o r  v ery  low f a i l u r e  r a t e s .  Each component must be as  

l i g h t  as p o s s i b l e .  Hand in  hand  w ith  low mass i s  sm all s i z e ,  

s in c e  a  l a rg e  package would i n  t u r n  r e q u i r e  a l a r g e r  a i r f r a m e  

o r  r o c k e t  frame and in  tu r n  more w e ig h t .

I f  red u n d an t c i r c u i t r y  i s  u sed  to  in c r e a s e  the  r e l i a b i l i t y  

a s t i l l  f u r t h e r  in c e n t iv e  t o  d e c re a s e  s i z e  and weight i s  

p r e s e n t .

A c tiv e  d ev ice  c h a r a c t e r i s t i c s  a re  i n d i r e c t l y  c o n t r o l l e d  

from a n o th e r  c o n s id e r a t io n  o f  s i z e  and w e ig h t .  T r a n s i s t o r s  and 

d iodes  consume power, and i f  t h e  p u rp o se  o f  th e  device i s  to  

p ro c e s s  in fo rm a t io n  ( i . e .  t h i s  r e p r e s e n t s  s m a l l ,  s ig n a l  e q u ip 

m en t) ,  th e  power i s  la rg e ly  w a s te d .  Such sm all  s ig n a l  equipment 

i s  h e r e i n  shown t o  p la c e  a more s t r i n g e n t  leakage req u ire m en t 

on th e  sem ico n d u c to r .  The a t t e n d a n t  l a rg e  power s u p p l ie s  

add w e igh t and s i z e  to  th e  e l e c t r o n i c s  package . F u rtherm ore ,  

expended power produces h e a t  w hich must be d i s s ip a t e d .  This  

l a t t e r  c o n s id e r a t io n  i s  one o f  g r e a t  im portance  fo r  d e v ice s  

u t i l i z e d  in  a  f ix e d  lo c a t io n  as w e l l  as th o se  d e s t in e d  f o r  

a i r  o r  space  t r a v e l .

Sm all power consumption im p l ie s  low v o l ta g e  a n d /o r  low 

c u r r e n t .  I f  th e  o p e ra t in g  c u r r e n t  i s  low, re v e rs e  c u r r e n t s  

must a l s o  be low to  p re v e n t  am b igu ity  o f  d a t a .  O ther c u r r e n t  

le akages  [such as s u r fa c e  le ak ag e ]  must l ik e w is e  be m inim ized.

In  g e n e r a l ,  w ith  th e  i n c r e a s e d  s i z e  o f  a  dev ice ,  an
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in c r e a s e  in  su r fa c e  le a k a g e  w i l l  o c c u r  and in  some in s ta n c e s  

t h i s  leakage  w i l l  be o f  im portance  simply as a q u a n t i t y  o f  

c u r r e n t .  More im p o r ta n t ,  u s u a l l y ,  i s  the  r e l a t i v e  c o n t r i b u t i o n  

o f  th e  s u r f a c e  leakage t o  th e  combined leakage o f  s u r f a c e  and 

bu lk  a c ro s s  a b a c k -b ia s e d  ju n c t i o n .  Under such a  c o n s id e r 

a t i o n ,  what i s  the  e f f e c t  o f  i n c r e a s i n g  the  s i z e  o f  a d ev ic e ?  

That im p o r tan t  p a r t  o f  th e  s u r f a c e  i s  the curve o f  i n t e r 

s e c t i o n  o f  th e  s u r f a c e  w i th  a "p "  -  "n" ju n c t io n  which i s  

back b i a s e d .

I f  th e  l i n e a r  d im ensions  o f  a  device are  doub led  and no 

change i s  made on th e  shape  f a c t o r ,  th e  leng th  o f  th e  curve 

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

c o n d i t io n s  o f  i d e n t i c a l  s u r f a c e  p r o t e c t i o n  and c o n tam i

n a t io n  f a c t o r s ,  a g iv e n  back b i a s  v o l ta g e  shou ld  double th e  

s u r f a c e  leakage . Under th e  c o n d i t io n  o f  doub ling  o f  dimen

s i o n s ,  however, the  a r e a  o f  th e  ju n c t io n  between "p"  and "n"

sh o u ld  in c re a s e  by a f a c t o r  o f  4. S ince I q ( th e  r e v e r s e
2

s a t u r a t i o n  c u r re n t)  i s  a l i n e a r  fu n c t io n  o f  th e  a r e a  , th e  b u lk
e

leakage  sh o u ld  r i s e  by a f a c t o r  o f  fo u r .

In a  very la rge  d e v ic e ,  th e  in h e re n t  bulk  le a k a g e ,  I q ,

w i l l  be h ig h .  This w i l l  n o t  u s u a l l y  i n t e r f e r e  w i th  th e  p r o p e r

o p e r a t io n  o f  the d e v ic e ,  s in c e  we would expect t h e  p o s s i b i l i t y

o f  very  l a rg e  forw ard c u r r e n t s  and few c i r c u i t  d e s ig n s  t h a t  
-

Lindmayer, Joseph  and C h a r le s  Y. W rigley, Fundamentals 
o f  Sem iconductor D e v ic e s . P r in c e to n ,  New J e r s e y :  D. Van
N ostrand  Company, I n c . ,  1966, pp 29 .



would c a l l  f o r  a  c u r r e n t  approach ing  zero  i n  th e  r e v e r s e  

d i r e c t i o n .  I t  i s  un d er  th e s e  s u p p o s i t io n s  t h a t  th e  fo l lo w in g  

s ta te m e n t  i s  made. The c o n t r i b u t i o n  o f  th e  leakage  c u r r e n t  

due t o  s u r fa c e  le ak ag e  w i l l  have le s s  im portance  in  la rg e  

d ev ice s  than in  n e a r l y  i d e n t i c a l  small d e v ic e s .

1950-1960 d e v ic e s  were p r o t e c t e d  in  cans o r  g la s s  

e n v e lo p es .  C le a r ly ,  t h i s  can o r  g la s s  b lob  adds mass and 

b u lk .  I n te r c o n n e c t io n s  betw een dev ices  add more mass. 

P r o te c t io n  w ith o u t  th e  can and m u l t ip le  u n i t s  become v e ry  

d e s i r a b l e  a d d i t io n s  to  th e  improvements n e e d e d ,  and th e  con

c e p t  o f  i n t e g r a t e d  c i r c u i t  h as  become a f i rm  r e a l i t y  a long  

w ith  th e  added s t r i n g e n c y  o f  s u r f a c e  p r o t e c t i o n  f o r  th e  sem i

co n d u c to r  d e v ic e s .

M anufacturing  c o s t  o f  th e  d e v ic e s ,  m entioned  e a r l i e r ,  

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

v ic e s  w ith  very l i t t l e  b u lk  d e p th ,  and a r e l a t i v e l y  la rg e  

s u r f a c e  to  be p r o t e c t e d .

Shock and v i b r a t i o n  req u irem en ts  have enhanced r e l i a 

b i l i t y  w ith  few er S o ld e re d  c o n n e c t io n s .  The e v a p o ra te d  

aluminum w ir ing  ru n s  on an i n t e g r a t e d  c i r c u i t  have t h e i r  own 

r e l i a b i l i t y  p ro b lem s ,  in c lu d in g  those  o f  th e  i n s u l a t i n g  th i n  

fi1m s1

Modem com puters r e q u i r e  computing speeds  i n  m icroseconds 

and devices t h a t  a c t  in  nanoseconds . Again, low c u r r e n t  and 

v e ry  sm all d ev ice s  a re  r e s u l t i n g  re q u ire m e n ts .  The low
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c u r r e n t  must be accompanied by low le a k a g e ,  m oreover, some 

c a u t io n  must be e x e r c i s e d  t h a t  th e  f i lm s  n o t  be  c o n s id e re d  as 

sim ply  " n o n -c o n d u c to r s ."  A c o n s id e r a b le  body o f  knowledge i s  

b e ing  deve loped  r e g a rd in g  e l e c t r o n i c  b e h a v io r  o f  d i e l e c t r i c  

f i lm s .  In c lu d e d  a re  such ev en ts  as  m ig ra t io n  o f  io n s ,  

e l e c t r o d e  i n j e c t i o n  mechanisms, p o l a r i z a t i o n  and t ra p p in g  

l e v e l s .

These non ohmic b e h a v io rs  w i l l  n o t  i n v a r i a b l y  be 

im p o r ta n t ,  b u t  a re  im p o r ta n t  w ith  one c l a s s  o f  d e v ic e ,  the  

i n s u l a t e d  g a te  f i e l d  e f f e c t  t r a n s i s t o r  (IGFET). This d i s s e r 

t a t i o n  w i l l  n o t  be p r im a r i l y  concerned  w ith  a l l  o f  th e se  

b e h a v io r s ,  b u t  some o f  them w i l l  be u t i l i z e d  i n  th e  fo llow ing  

c h a p te r s .  In  any c a s e ,  th e  i n t e r e s t  w i l l  be p r im a r i ly  in  th e  

p h y s ic a l  m a n i f e s t a t i o n s .

5. R e l i a b i l i t y  F a c to rs

3
I t  h as  been  s t a t e d  t h a t  R e l i a b i l i t y ,  R, o f  sem iconductor  

dev ices  [and in  f a c t  o f  e l e c t r o n i c  d e v ic e s  i n  g e n e ra l ]  i s  a 

fu n c t io n  o f :

r

R — f

E - E l e c t r i c  F ie ld  
S - S u rface  
P - Package 
A - Ambient Gases
T - Tem perature and Tem perature G rad ien t 

- S p e c ia l  E f f e c t s

3
M isra ,  Raj P . ,  P roceed ings o f  th e  F i f t h  Annual Conference 

on B asic  F a i l u r e  Mechanisms and R e l i a b i l i t y  i n  E l e c t r o n i c s ,  
I n s t i t u t e  o f  E l e c t r i c a l  and E l e c t r o n i c  E n g in e e rs ,  Newark, New 
J e r s e y ,  June 15, 1964.
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A ll  o f  th e s e  f a c to r s  a r e  im p o r ta n t  i n  ex ten d in g  th e  l i f e  

o f  a sem ico n d u c to r  dev ice .  In  C hap te r  I I I  th e s e  f a c t o r s  a re  

r e l a t e d  (a lo n g  w ith  th e  p h y s i c a l  p r o p e r t i e s  o f  th e  i n s u l a t i n g  

l a y e r s )  t o  p r e d i c t  ex p ec ted  f a i l u r e  modes in  th e  s u r f a c e s  o f  

s e m ic o n d u c to r s .

From a r e l i a b i l i t y  s t a n d p o i n t ,  v a r io u s  f a c e t s  o f  d ev ic e  

p e rfo rm ance  a t t r i b u t a b l e  t o  s u r f a c e  a c t i v i t y  a re  a p p a re n t .

F iv e  o f  th e s e  a re  l i s t e d  t o  d e f in e  t h e  p rob lem , b u t  t h i s  

d i s s e r t a t i o n  w i l l  dea l s p e c i f i c a l l y  w i th  only  t h r e e  o f  th e s e  

a r e a s .  F a i l u r e  r a t e  d e te rm in a t io n  and n o n - d e s t r u c t iv e  

advance p r e d i c t i o n  a re  only  touched  upon in  t h i s  d i s s e r t a t i o n .

6 . Bulk and S u rfa c e  E f f e c t s

F i r s t  o f  a l l ,  i t  i s  r e q u i r e d  t o  d i s t i n g u i s h  betw een th e  

f a l l  o f f  o f  perform ance which i s  due t o  th e  s u r f a c e ,  from t h a t  

d e t e r i o r a t i o n  which has been  caused  by b u lk  p r o p e r t i e s  o r  o t h e r  

p o r t i o n s  o f  th e  package t h a t  may c o n t r i b u t e .  S ince  i n  a  d iode  

o r  b i p o l a r  d ev ice  t h i s  can o n ly  be m a n i f e s te d  by in c r e a s e d  

c u r r e n t ,  we must d i s t i n g u i s h  th e  i n c r e a s e  i n  c u r r e n t  ( s u r f a c e  

and b u lk )  from t h a t  due to  th e  package le a d - th ro u g h  t e r m in a l s  

( i f  such  e x i s t )  i f  th e  w ire  c o n n e c t io n s  t o  th e  "n" o r  "p"  

l a y e r s  touch  any s u r f a c e .

In a f i e l d  e f f e c t  d ev ic e  th e  same ty p e  o f  l a y e r s  u se d  f o r  

p r o t e c t i o n  o f  d iodes  and d i f f u s e d  t r a n s i s t o r s  a re  u t i l i z e d  

betw een th e  g a te  and th e  body o f  t h e  f i e l d  e f f e c t  t r a n s i s t o r s .
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I t  i s  conce ivab le  t h a t  i n  such  a case c o n ta m in a t io n  cou ld  cause 

an apparen t  open c i r c u i t  betw een source  and d r a in  f o r  normal 

s i g n a l  v o l t a g e s .  S ince  th e s e  la y e rs  a re  so  c l o s e l y  r e l a t e d  

p h y s i c a l l y  to  s u r f a c e  p r o t e c t i v e  l a y e r s ,  t h e r e  w i l l  be no a t tem pt 

t o  d is c r im in a te  between th e  two ty p e s ,  a l th o u g h  th e  t e s t i n g  

program almost e x c l u s i v e l y  u t i l i z e s  d io d e s .

I t  may be n e c e s s a ry  t o  make supp lem entary  measurements 

on a u n i t  t h a t  h as  f a i l e d  beyond s p e c i f i e d  r e a d i n g s .  The 

r e s u l t i n g  v a lu es  as  some p a ra m e te r  i s  changed may be c h a r 

a c t e r i s t i c  o f  s u r f a c e  le a k a g e .  On th e  o t h e r  hand ,  th e  n a tu r e  

o f  th e  t e s t i n g  e x p e r im en ts  can o f te n  h e lp  t o  d i s t i n g u i s h  b e 

tween s u r fa c e  f a i l u r e  and b u lk  f a i l u r e .  F or exam ple, i f  

r e a d in g s  are  out o f  s p e c i f i c a t i o n  on a s e r i e s  o f  u n i t s  t e s t e d  

a t  a g iven  te m p e ra tu re  w i th  h ig h  hu m id ity ,  b u t  n o t  ou t  o f  

s p e c i f i c a t i o n s  on s i m i l a r  u n i t s  t e s t e d  a t  th e  same te m p era tu re  

a t  low hum id ity ,  c o n s id e r a b le  j u s t i f i c a t i o n  e x i s t s  f o r  

a t t r i b u t i n g  t h i s  f a i l u r e  t o  s u r f a c e .  Even i f  th e r e  were some 

rea so n  to  b e l ie v e  t h a t  th e  b u lk  were a f f e c t e d  by th e  h u m id i ty ,  

th e  s u r f a c e  i s  s t i l l  s u s p e c t  by v i r t u e  o f  i t s  low d i f f u s i o n  

p e r m e a b i l i ty ,  and th e  very  low p e rm e a b i l i ty  o f  th e  c r y s t a l l i n e  

s i l i c o n .

7. D eterm ining F a i l u r e  Rate

The second a r e a  o f  r e l i a b i l i t y  i n t e r e s t  i s  th e  d e te rm i

n a t io n  o f  the  r a t e  o f  f a i l u r e  due to  s u r f a c e  e f f e c t s .  As has
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been p o r t r a y e d  e a r l i e r  i n  t h i s  c h a p t e r ,  th e  f a i l u r e  r a t e s  f o r  

a  system  w i th  1 0 0 , 0 0 0  components must be f a n t a s t i c a l l y  s m a l l „

I f  i t  i s  p o s t u l a t e d ,  f o r  example, t h a t  a f a i l u r e  r a t e  o f  0.01% 

p e r  thousand  hours  were a t t r i b u t a b l e  t o  s u r f a c e ,  th en  1 0 , 0 0 0 , 0 0 0  

component hours  o f  t e s t i n g  w i l l  be r e q u i r e d ,  on th e  average 

t o  produce one f a i l u r e .  A h ig h e r  m agnitude o f  component h ou rs  

th a n  t h i s  v a lu e  w i l l  be r e q u i re d  t o  d e te rm in e  a  r a t e  o f  f a i l u r e .  

This i s  a c r u c i a l  p o in t  in  th e  r e l i a b i l i t y  c o n s id e r a t io n  o f  

any component. I f  t h e  f a i l u r e  r a t e  i s  even m odera te ly  c lo se  t o  

t h a t  r e q u i r e d  f o r  a  modem complex sy s tem , th e  expense o f  

t e s t i n g  t o  de te rm ine  th e  f a i l u r e  r a t e  i s  e x c e s s iv e .  Each 

design  o r  p ro c e s s  change may r e q u i r e  a  r e - t e s t  program as 

expensive  as th e  one which o r i g i n a l l y  de te rm in ed  t h a t  the  d e v ice  

was n o t  s a t i s f a c t o r y .  Even in  th e  c a se  t h a t  th e  u n i t  i s  

s u c c e s s f u l  i n  i t s  f i r s t  s e r i e s  o f  t e s t s ,  th e  problem o f  d r i f t  

o f  any m a n u fa c tu r in g  p rocedu re  o r  p ro c e s s  o r  incoming raw 

m a te r i a l s  makes i t  h ig h ly  d e s i r a b l e  t o  p o s s e s s  a s h o r t e r  

term method o f  d e te rm in in g  r a t e s .

I t  i s  known t h a t  any p h y s ic a l  system  s t r e s s e d  beyond i t s  

normal o p e r a t in g  p a ram e te rs  w i l l  e x h i b i t  a  h ig h e r  f a i l u r e  r a t e .  

Temperature i s  a  f a v o r i t e  a c c e l e r a t i n g  s t r e s s  f a c t o r  s in c e  i t  

causes somewhat p r e d i c t a b l e  changes i n  r a t e s  o f  f a i l u r e  i n 

v o lv ing  chem ica l change o r  d i f f u s i o n .  This w i l l  be d is c u s se d  

more f u l l y  i n  C hap te r  I I .  I f  a r a t e  can be a c c e le r a te d  by a 

f a c t o r  o f  10 t o  20  th e  t e s t i n g  program  to  de te rm ine  f a i l u r e
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r a t e s  i s  g r e a t l y  reduced  i n  c o s t .

I f  t h i s  method i s  u t i l i z e d ,  c a u t io n  must be o bserved

l e s t  a second o r  t h i r d  f a i l u r e  mechanism which i s  i n s i g n i f i c a n t

a t  normal o p e ra t in g  te m p e ra tu re  becomes dominant a t  th e  h ig h e r

t e m p e ra tu re .  F u r th e r ,  th e  u s e r  o f  t h i s  te chn ique  a l s o  r i s k s

th e  p o s s i b i l i t y  t h a t  t h e  u s u a l  f a i l u r e  mode d is a p p e a r s  a t  h ig h

te m p e ra tu re  due to  a change in  s t a t e  o f  some p a r t  o f  th e
4

d e v ic e .  Lewis and Bohrer c i t e  s p e c i f i c  examples o f  b o th  

o f  th e s e  p o s s i b i l i t i e s  i n  th e  case  o f  r e s i s t o r  f a i l u r e s .

8 . P h y s ic a l  R e l i a b i l i t y

The t h i r d  r e l i a b i l i t y  c o n s id e r a t i o n  in v o lv es  t h e  p h y s ic a l  

a s p e c t s  o f  th e  device  i t s e l f .  I f  ev e ry  e l e c t r i c a l ,  m e c h a n ic a l ,  

ch em ica l ,  the rm al o r  o t h e r  s t r e s s  can be e x a c t ly  d e f in e d ,  

dev ice  s t a t i s t i c s  can be  p r e d i c t e d  a c c u r a t e l y ,  p r o v id in g  one 

has an e q u a l ly  exac t knowledge o f  t h e  c h a r a c t e r i s t i c s  o f  th e  

f i lm s  and t h e i r  i n t e r a c t i o n  w ith  th e  u n d e r ly in g  s i l i c o n .  As 

would be e x p e c te d ,  such p r e c i s e  knowledge o f  b e h a v io r  does 

n o t  e x i s t  a t  t h i s  t im e . C hap te r  I I  i s  concerned w i th  th e  most 

common p h y s ic a l  e f f e c t s  o f  d i e l e c t r i c  f i lm  b e h a v io r ,  as w e ll  

as w ith  an e x p o s i t io n  o f  c u r r e n t  methods o f  f i lm  fo rm a t io n .

C h ap te r  I I I  c o n ta in s  a t a b u l a r  l i s t i n g  o f  p h y s i c a l  

p r o p e r t i e s  o f  the  u sua l  f i l m s ,  i n  comparison w ith  t h e  sub

s t r a t e  m a t e r i a l ,  s i l i c o n .

4
Lewis, C.W., J . J .  B ohrer .  "P h y s ic s  o f  R e s i s t o r  F a i l u r e " ,  

pp 11-19 o f  M. F. Goldberg and J .  V accaro , Physics  o f  F a i lu r e  
i n  E l e c t r o n i c s .  B a l t im o re :  S p a r ta n  Books, 1963.
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This t a b l e  o f  p h y s ic a l  c o n s ta n ts  and th e  methods o f  f a i l u r e  

p r e d i c t e d  th e re b y  may be o f  use  in  f u tu r e  e n g in e e r in g  designs  

which invo lve  th e s e  same o r  s i m i l a r  m a t e r i a l s  i n  a  s i m i l a r  

manner. This i s  a  f o u r th  a r e a  o f  i n t e r e s t  i n  which e i t h e r  

th e  b a s i c  des ign  o r  th e  te c h n iq u e s  f o r  fo rm ing  th e  d ev ice  and 

p r o t e c t i v e  f i lm s  a re  open f o r  any new th o u g h ts  t h a t  w i l l  

e l im in a te  s t r e s s  o r  b e t t e r  en ab le  th e  assem bly  t o  s t a n d  

s t r e s s .  C hapter V e x p lo re s  a new d i r e c t i o n  i n  t h i s  r e g a rd  

s p e c i f i c a l l y  d i r e c t e d  tow ard  s i l i c o n  d io x id e  (SiC^) o r  

aluminum oxide (A ^ O g ) ,  b u t  w ith  p o s s i b i l i t i e s  beyond t h i s .

9 . N on-D es truc tive  Advance P re d ic t io n

A f i f t h  a r e a  o f  im portance  in  th e s e  d e v ic e s  as  w e l l  as any 

e l e c t r o n i c  d ev ice s  w ith  very  low f a i l u r e  r a t e s  conce rns  the  

c a p a b i l i t y  o f  making n o n d e s t r u c t iv e  measurements o f  any k ind  

a t  any time d u r in g  m a n u fa c tu r in g  o r  t e s t  by which f u t u r e  

f a i l u r e s  could  be d e t e c te d .  Dr. Young D. Kim^ approached  t h i s  

f o r  diodes u t i l i z i n g  n o is e  measurements. His measurements o f  

s i n g l e  frequency  n o is e  vs_. c u r r e n t  p ro v id e d  some b a s i s  o f  hope 

f o r  t h i s  te ch n iq u e  to  be u s e f u l  in  th e  f u t u r e .  Whether n o ise  

would be u s e fu l  i n  th e s e  s u r f a c e  p r e d i c t i o n s  i s  n o t  known.

No experim ents  a long  th e s e  l i n e s  were conduc ted  i n  th e  p re s e n t

5 Kim, Young Duck, N oise S p e c t ra l  D en s ity  as a D iag n o s tic  
Tool f o r  R e l i a b i l i t y , D o c to ra l  D i s s e r t a t i o n ,  Newark C ollege  o f  
E n g in ee r in g ,  Newark, -New J e r s e y ,  1968.



study ' . In  C h ap te r  I I I ,  s e c t i o n  11, th e  p o s s i b i l i t y  o f  i o n 

i z a t i o n  i n  porous  m a te r ia l  i s  d i s c u s s e d .  Kim's te ch n iq u e  might 

be u s e f u l  f o r  l a y e r  development measurements as w ell  as d ev ice  

r e l i a b i l i t y  p r e d i c t i o n .

10. D e f in i t i o n  o f  S urface

The te rm  " s u r f a c e "  in  a  c o n s id e r a t io n  o f  s u r f a c e  p r o t e c 

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

o f  t h i s  w r i t e r  t h a t  s u r fa c e  s h a l l  in c lu d e  any e x te n s io n  o f  th e  

bulk  t h a t  a f f e c t s  th e  o v e r a l l  e l e c t r i c a l  p r o p e r t i e s  o f  th e  

sem ico n d u c to r ,  namely s i l i c o n .  In  th e  case  o f  a deep u n d e r 

ly in g  s u b s t r a t e  o f  s i l i c o n  t h e r e  i s  on ly  one " s u r f a c e "  e x 

posed . The dep th  o f  th e  s i l i c o n  i s  u s u a l l y  about .010" o r  

0 .25 mm, The i n t e r f a c e  o f  any b a c k -b ia s e d  d iodes  o r  c o l l e c t o r  

base ju n c t io n s  b re a k s  th e  s u r f a c e  o f  th e  s i l i c o n  on on ly  one 

s id e  o f  th e  s i l i c o n .  I t  i s  a t  such  an i n t e r f a c e  s u r f a c e  t h a t  

a c t io n s  o t h e r  th a n  bu lk  mechanisms ta k e  p l a c e .

F u tu re  d e v ic e s  may ta k e  ad v an tag e  o f  th e  a b i l i t y  t o  c o a t  

very t h i n  e p i t a x i a l  la y e rs  o f  s i l i c o n  on an i n s u l a t i n g  s u b s t r a t e  

This opens th e  p o s s i b i l i t y  t h a t  a l a y e r  may b reak  th rough  th e  

bottom  o f  th e  s i l i c o n ,  p ro v id in g  an i n t e r f a c e  f o r  which th e  

s u b s t r a t e  w i l l  s e rv e  as a s u r f a c e .  In t h i s  even t some o r  

a l l  o f  th e  ways in  which i n s u l a t i v e  l a y e r s  on top  o f  th e  s i l i c o n

6
McWhorter, A .L . ,  " 1 / f  N oise and Germanium S urface  

P r o p e r t i e s , "  Sem iconductor S u rfa c e  P h y s ic s , [E d ited  by R. H. 
K in g s to n ] ,  P h i l a d e lp h i a :  U n iv e r s i t y  o f  P ennsy lvan ia  P r e s s ,  1957
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can a f f e c t  device  perfo rm ance  w i l l  m a n ife s t  th em se lv es  i n  the  

bo ttom  s u r f a c e .

While t h i s  b r e a k - th ro u g h  t o  th e  bottom s u r f a c e  ( a t  t h i s  

moment) r e p re s e n t s  p u re  s p e c u l a t i o n ,  i t  i s  s t i l l  th e  concern  o f  

th e  r e l i a b i l i t y  e n g in e e r .  I f ,  in d e ed ,  f u tu r e  dev ice  m al

fu n c t io n  may be s u s p e c te d  due t o  des ign  t r e n d s  i n  th e  d i r e c 

t i o n  o f  th e  u t i l i z a t i o n  o f  t h i n n e r  and th i n n e r  s i l i c o n  

l a y e r s ,  then  i t  i s  th e  r e s p o n s i b i l i t y  o f  th e  r e l i a b i l i t y  e n g i 

n e e r  t o  warn the  d e s ig n  e n g in e e r  o f  p o s s ib le  f u t u r e  d i f f i c u l t y  

i f  an a d d i t io n a l  s u r f a c e  i s  added to  the  d e v ic e ;  e s p e c i a l l y  

s in c e  t h i s  new s u r f a c e  may d i f f e r  c o n s id e ra b ly  from th e  top  

o r  open s u r f a c e .

The top s u r f a c e  i s  more complex than  m ight ap p ea r  a t  

f i r s t .  S i l i c o n  d io x id e ,  s i l i c o n  n i t r i d e  o r  s i m i l a r  c o a t in g s ,  

w h e th e r  grown o r  d e p o s i t e d ,  a r e  u s u a l ly  c o n f in e d  to  abou t 1
O

m icron (10,000 A) and o f t e n  may be only  a few th o u san 4  ang

s trom  u n i t s  in  t h i c k n e s s .  The d isad v an tag es  o f  h e a v i e r  c o a t 

in g s  a re  many. I f  th e  c o a t in g  i s  grown, such  as s i l i c o n  

d io x id e ,  the mechanism o f  grow th i s  d i f f u s io n  l i m i t e d ,  which 

means c o n t in u a l ly  s lo w e r  growth as the  th ic k n e s s  i n c r e a s e s .

Some f i lm s  tend  to  c rac k  w ith  la rg e  th i c k n e s s .  I f  th e  f i lm  i s  

to  s e rv e  as a d i f f u s i o n  mask, and i s  i t s e l f  e t c h e d , u n d e r 

c u t t i n g  w i l l  be much more s e r io u s  in  g r e a t e r  t h i c k n e s s e s .  

E x ce ss iv e  t o t a l  s t r e n g t h  o f  th e  oxide la y e r  may mean very  

l a rg e  te n s io n  i n  th e  s i l i c o n  s u r f a c e  i n t e r f a c e ,  which cou ld  p ro -  

v ic e  a  l a r g e r  number o f  d i s l o c a t i o n s  than  u s u a l .
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Beyond a, t h i n  ox ide  o r  n i t r i d e  s u r f a c e ,  some o th e r  f u r t h e r

p r o t e c t i o n  i s  r e q u i r e d  to  p re v e n t  c o n ta m in a t io n  o f  the  top

o f  th e  f i r s t  p r o t e c t i v e  la y e r .  To d em o n s tra te  t h i s ,  observe

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

12may be i n  th e  ne ighborhood  o f  10 ohm-cm. I f  i t  i s  p o s tu 

l a t e d  t h a t  a  r e l a t i v e l y  low leakage  r e s i s t a n c e  e x i s t s  on 

top o f  th e  i n s u l a t i n g  l a y e r ,  we m ight a n t i c i p a t e  a v o l ta g e  

drop th ro u g h  th e  l a y e r  from a few v o l t s  t o  s e v e r a l  hundred 

v o l t s ,  depending  on ;th e  e x te n t  and n a tu re  o f  th e  su r fa c e  

cont amin a t i  o n .

I f  we assume a  uniform  v o l ta g e  drop o f  100 v o l t s  th rough  

th e  l a y e r  and an a r e a  o f  0 .0 1  s q .  cm. above one a c t iv e  e l e 

ment, th e  leakage  would be :

 100________

i  = jr = 10 ̂  x 5000 x 10 8 = ----- ——^  = 20 nano amps
0.01  5 x 10 '

Twenty nano am peres, under th e  c irc u m s ta n c e  o f  a very 

low leakage  req u ire m e n t  might be e x c e s s iv e .  Yet th e  100
O

v o l t s  a c ro s s  th e  5000 A would n o t  exceed  th e  f i e l d  s t r e n g t h  

o f  th e  l a y e r .

E = ----- ------------o = 2 x 106 v o l t s / c m .
5000 x 10

I t  might be n o te d ,  however, t h a t  a f i e l d  o f  E = 2 .0  x 10^



v o l t s / c m .  i s  s u f f i c i e n t l y  h ig h  to  cause  ion  m ig r a t io n ,  p o l a r 

i z a t i o n  o r  o t h e r  i n s t a b i l i t i e s .  Hence, i n  grown o r  d e p o s i te d  

Si,jN4 , S i0 2 , SiO o r  A12 0 3 a  s i n g l e  l a y e r  w i l l  n o t  s u f f i c e ,  

and an o v e rc o a t in g  w i l l  be n e c e s s a ry  to  p re v e n t  con tam i

n a t io n  o f  th e  s u r f a c e  which c o u ld  cause le ak ag e .  Thus from 

a p r a c t i c a l  p o in t  o f  view, a l l  l a y e r s  t h a t  may c o n t r i b u t e  t o  

th e  dev ice  perform ance must be in c lu d e d .

11. Secondary Coatings

In  C hap te r  IV o f  t h i s  d i s s e r t a t i o n ,  commercial u n i t s  

w ith  v a r io u s  e n c a p su la n ts  t o  p r o t e c t  th e  p rim ary  p a s s i v a t i o n  

a re  t e s t e d  under an a c c e l e r a t i n g  env ironm ent.

Aside from leakage o f  th e  to p  s u r f a c e ,  co n ta m in a t io n  may 

su p p ly  io n s  which w i l l  m ig ra te  t o  th e  i n s u l a t o r  s i l i c o n  i n t e r 

f a c e .  W ater vapor may p ro v e  damaging o r  may su p p ly  an 

io n i z a b l e  m edia which may encourage  o th e r  r e a c t io n s  t o  ta k e  

p l a c e .  In  t h i s  same l i g h t ,  i t  m ight be ex trem ely  w ise  t o  

su p p ly  w h a tev e r  second c o a t in g  i s  u sed  w ith  a d e f ic ie n c y  o f  

monovalent p o s i t i v e  i o n s ,  a b so rb ed  w a te r  o r  o th e r  p o s s i b ly  

harm fu l a g e n t s .

P o s s ib le  m a te r ia l s  f o r  second  c o a t in g s  in c lu d e  g l a s s e s ,  

epoxy r e s i n ,  s i l i c o n e  ru b b e r  as w e l l  as s i l i c o n e  r e s i n ,  and 

p ro b a b ly  many o th e r  o rg a n ic  and in o r g a n ic  compounds. The



Russians had in  1964 p u b l i s h e d  m a te r ia l  on th e  e f f e c t iv e n e s s

o f  low m e lt in g  p o in t  s u lp h u r  based  " g l a s s "  as a p rim ary  
7

c o a t in g .  This and o th e r  low m e lt in g  p o in t  g la s s e s  cannot 

be excluded  as a secondary  c o a t in g .  Gamen, S i r o t k i n  and 

S te n in a  used 24% a r s e n i c ,  67% s u lp h u r ,  and 9% io d in e .

The s p e c i f i c  t e s t s  o f  e n c a p su la te d  u n i t s  i n  C hap ter  IV 

r e v e a l  t h a t  g l a s s  was an e x c e p t io n a l ly  good secondary  en- 

c a p s u la n t ,  w hereas epoxy r e s i n  was n o t .  This s ta t e m e n t  w i l l  

be f u r t h e r  a m p l i f i e d  and q u a l i f i e d  in  C hap te r  IV.

12. Synopsis

Modem space  age system s r e q u i r e  s m a l l e r ,  more r e l i a b l e  

d e v ic e s .  S u r fa c e  leakage i s  an im p o r tan t  c o n s id e r a t io n  in  

sm all  s ig n a l  i n t e g r a t e d  c i r c u i t  d e v ic e s .  The s u r f a c e  i t s e l f  

i s  complex, and th e  p o s s i b l e  p a th s  o f  le akage  a r e  many. 

Secondary c o a t in g s  a re  n e c e s sa ry  where any p o s s i b i l i t y  o f  

con tam in a tio n  e x i s t s .

7
Gaman, V . I . ,  A.A. S i r o t k i n ,  and V.M. S te n in a .  "E f fe c t  

o f  Low M elting  G lasses  o f  th e  As-S-I System on th e  C u r re n t- 
Voltage C h a r a c t e r i s t i c s  o f  S i l i c o n  p-n  F u n c t io n s " ,  S u rface  
P r o p e r t i e s  o f  S e m ico n d u c to rs , E d i ted  by Fromkin, A .N ., New 
York: C o n su lta n ts  Bureau, 1964, pp 147-150.
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CHAPTER I I

THEORETICAL CONSIDERATIONS AND SUMMARY OF 
DEPOSITION METHODS

1 . Foreword

Although much o f  th e  background m a t e r i a l  r e q u i r e d  i s  p r e 

s e n te d  in  C hapters  I I I ,  IV, and V, c e r t a i n  a d d i t i o n a l  back

ground i s  e s s e n t i a l  t o  u n d e rs ta n d  th e  r o l l  p la y e d  by sem i

conductor  s u r f a c e s .  In  t h i s  c h a p te r  a b r i e f  o u t l i n e  i s  

p r e s e n te d  o f  th e  mechanisms which have a  r e le v a n c e  t o  th e  

change in  c o n d u c t iv i t y  o f  sem iconductor  s u r f a c e s .  In  a d d i t io n  

a s e c t io n  on th e  s t r u c t u r a l  r o le s  o f  P a u l in g  and Z achariasen  

a r e  in c lu d ed  w i th  comment on th e  p o t e n t i a l  a p p l i c a b i l i t y  o f  

t h i s  in fo rm a tio n  to  th e  com parative  b e h a v io r  o f  f i lm s  o f  

s i l i c o n  d iox ide  ahd s i l i c o n  n i t r i d e .

2. Band S t r u c tu r e

With the  ad v en t  o f  u l t r a  h igh  p u r i t y ,  n e a r ly  p e r f e c t ,  

c r y s t a l l i n e  s t r u c t u r e s  and quantum m echan ics ,  t h e o r e t i c a l  

w orkers have g e n e ra te d  a model t h a t  seems to  c lo s e ly  ap p ro x i

mate the  a c tu a l  b e h a v io r  o f  th e  sem iconduc to r .

This development assumes th e  e x i s t e n c e  and v a l i d i t y  o f  

S c h ro e d in g e r 's  e q u a t io n ,  and s t a r t s  w ith  th e  u s u a l  c o n s id e ra t io n  

o f  e l e c t r o n s  i n  a  c r y s t a l l i n e  s t r u c t u r e ,  which may be approx

im ated  by a s e r i e s  o f  p o t e n t i a l  w e l l s .  I t  s u f f i c e s  f o r  the  

i l l u s t r a t i v e  p u rp o se s  o f  t h i s  development t o  c o n s id e r  s in g le
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d im ens iona l  w e l l s  w ith  v e r t i c a l  w a l l s ,  ex te n d in g  i n f i n i t e l y  

in  t h e  + and -  X  d i r e c t i o n s .  See F ig u re  I I -1 ( a ) .

The fo l lo w in g  development, u t i l i z i n g  a s o lu t io n  a t t r i b u 

te d  to  B loch, i s  in c lu d ed  w ith o u t  r e f e r e n c e .  Almost any 

s ta n d a r d  t e x t  d e a l in g  w ith  s o l i d  s t a t e  p h y s ic s  c o n ta in s  a 

s i m i l a r  t r e a tm e n t  o f  S c h ro e d in g e r 's  e q u a t io n

+ 2 m (E _ v ) ^ = o  e q . 1

dJT *

where P  i s  th e  wave fu n c t io n

-31m i s  t h e  mass o f  the  e l e c t r o n  m = 9 .11  x 10 kgm

V i s  th e  p o t e n t i a l  energy  as  a f u n c t io n  o f

E i s  th e  S ch roed inge r  s e p a r a t i o n  c o n s ta n t  f o r  tim e

and d i s t a n c e ,  i d e n t i f i e d  w i th  th e  energy o f  th e  

e l e c t r o n .

li — 34
i s  where h  i s  P l a n c k 's  c o n s t a n t ;  h = 6 .63  x 10

j s e c .

Two e q u a t io n s  r e s u l t  s in c e  th e  p o t e n t i a l  has  two c o n s ta n t  

v a lu e s ,  Vo and 0.

d * 2 ' -h2
+ e  f  = 0 f o r  0 6  «  e q .  1 (a)2m

h 2

+ (E - Vo) P  = 0 f o r  - b ^ r X ^ o
&2<p

dX2 V  " e q .  1(b)
o r  a <  x < a+V>
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A s o l u t i o n  i s  assumed (acc o rd in g  t o  Bloch)

where Uk (x) = Uk (x + (a  + b ) )

.2 2m c ,oL = -=- E and
ti2

2 = f i  cvo -  E>n

S u b s t i t u t e  o< a n d /3  i n t o  l a  and lb ,  th e  r e s u l t  i s

H2M dUi
1 2 2  i  + 2 i k  —̂  + («K -  k ) ^  = 0 e<

dx

d2U2 dU2 2 2
“ I  * 2 ik  - <■& -  k ) U2  = 0

dx

whose s o l u t i o n s  a r e :

U = Ae 1 (0<" k )x  + Be " 1 C* + -k) X1

and U, = Cat-3 '  i k ) x  a- De '  <* * ik )  x

And whose boundary c o n d i t io n s  a r e :

U1 (o) = U2 (o ) ;  U ^ a )  = U2 (-b)

ec

ec

. 2 (a) 

. 2 (b)

• 3 (a )  

. 3(b)
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dU.
_ 2_
dxdx x = o x = o

dU_ i
dx

dU,_2_
dxx = a x = -b

Four s e t s  o f  e q u a t io n s  i n  A, B, C § D r e s u l t .  By way o f  i l l u s 

t r a t i o n ,  th e  f i r s t  i s

when th e s e  e q u a t io n s  a re  combined, th e  fo l lo w in g  r e s u l t  o c c u r s :

This i s  o f te n  f u r t h e r  s i m p l i f i e d  by l e t t i n g  th e  p o t e n t i a l ,  

V, approach  i n f i n i t y  and d i s t a n c e ,  b ,  approach z e ro ,  b u t  a g r e a t  

d ea l  can be done w ith  th e  e x p re s s io n  as i t  s t a n d s .

S ince  f o r  r e a l  k th e  r ig h t - h a n d  s id e  o f  t h i s  e q u a t io n  i s  

always between +_ 1 , any com bination  o f / 3  and &C f o r  a  g iven  

a § b sp ac in g  which r e s u l t s  i n  a s o lu t i o n  g r e a t e r  th a n  +1 o r  

l e s s  th a n  -1 cannot s a t i s f y  th e  c o n d i t io n s  imposed. Values o f  

im ag ina ry  k o r  complex k a re  n o t  p e rm i t te d  i n  th e  model chosen , 

s in c e  th e n :

A + B = C + D

sinh /3 b sinoC  a + cosh /2> b cos oC a  = cos k (a  + b)

P  = e Crea l)  XU, x and t h i s  would become bound less  as x k
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approaches  p lu s  o r  minus i n f i n i t y  depending  on the  s ig n  o f  th e  

o r i g i n a l  k .

S in ce  ^  i s  a  fu n c t io n  o f  E and /ft i s  a fu n c t io n  o f  E and 

Vo, w ith  Vo f ix e d  by a given p h y s i c a l  s i t u a t i o n ,  the  l e f t - h a n d  

s id e  o f  e q u a t io n  4 i s  a f u n c t io n  o f  E and some va lues  o f  E are  

p e r m i t t e d  w h ile  o th e r s  a re  n o t .

T h is  c o n c e p t ,  s i m i l a r  in  many r e s p e c t s  t o  th e  Bohr 

q u a n t iz e d  energy  l e v e l s  f o r  a s i n g l e  hydrogen  l i k e  atom, 

i s  u s e f u l  i n  e x p la in in g  the  d i f f e r e n c e  in  i n s u l a t o r s ,  s e m i

conduc to rs  and m e t a l l i c  c o n d u c to rs .  A lthough t h a t  i s  n o t  th e  

purpose  o f  t h i s  development, an a b b r e v ia te d  t rea tm e n t  i s  i n 

c luded  t o  a t  l e a s t  show the  approach  used  i n  almost ev e ry  sem i

c o n d u c to r  t e x t .

For a  s i n g l e  p a r t i c l e  in  a th r e e - d im e n s io n a l ,  very  deep

p o t e n t i a l  w e l l ,  i t  can be shown t h a t  th e  boundary c o n d i t io n s

a re  s a t i s f i e d  f o r  i n t e g r a l  v a lu e s  o f  n , n  and n i f  energyx y  z

le v e l s  a re  p e r m i t t e d :

By a  c o n s id e r a t io n  o f  th e  number o f  energy  le v e ls  i n  an

elem ent o f  volume o f  phqse space  f o r  a c o n s ta n t  value o f

2 2 2 fn + n + n ) i t  can f u r t h e r  be shown t h a tX y z

g(E) = C

where g(E) i s  th e  energy d e n s i t y  and C i s  a c o n s ta n t .



However, t h e r e  i s  n o t  an equal p r o b a b i l i t y  t h a t  each o f  

th e  energy l e v e l s  s h a l l  be occupied . By c o n s id e r in g  t h a t  th e r e  

may be many ways t o  d i s t r i b u t e  N p a r t i c l e s  on G s t a t e s ,  and 

t h a t  the  h ig h e r  th e  number o f  p o s s i b i l i t i e s ,  t h e  h ig h e r  the  

system  i s  d i s o r d e r e d .  A 'q u a n t i ty  c a l l e d  e n t ro p y  i s  de f in ed  as 

th e  n a t u r a l  lo g a r i th m  o f  t h e  d i s o r d e r ,  o r  th e  lo g  o f  th e  

number o f  e q u a l ly  p ro b a b le  c o n f ig u ra t io n s  o f  any system .

C onsidering  a system  o f  e l e c t r o n s  i n  a  sem iconduc to r ,  two 

a d d i t i o n a l  c o n s t r a i n t s  a re  added: Cl) t h e r e  a r e  a s m a l le r

number o f  a v a i l a b l e  e l e c t r o n s  than  th e  number o f  a v a i l a b l e  

s t a t e s ,  and (2) o n ly  one e l e c t r o n  i s  a l lo w ed  in  each  s t a t e .

An e l e c t r o n  w ith  a  s p in  o f  + 1/2 i s  c o n s id e re d  t o  be  i n  a d i f 

f e r e n t  s t a t e  th a n  one w ith  a  s p in  o f  - 1 /2 .  T h is  l a t t e r  i s  

c a l l e d  the  P a u l i  E x c lu s io n  P r i n c i p l e .  The s t a t i s t i c s  g en e ra ted  

a re  termed F e rm i-D ira c .

The number o f  e q u a l ly  p ro b ab le  d i s t r i b u t i o n s  t u r n s  out to

b e :

where: N = number o f  e l e c t r o n s  in  s t a t e  ss

Gg = number o f  a v a i l a b l e  s  s t a t e s

Since the  t o t a l  number o f  e l e c t r o n s  i s  eq u a l  t o  th e  sum o f  

e l e c t r o n s  in  th e  v a r io u s  energy  s t a t e s ,  N = 2ESNS - F u r th e r ,  

th e  t o t a l  energy i s  d e s c r ib e d  by E = SigEgNg. The ex p re ss io n



OC(N - 5; N ) +@(E ■ ^  E N ) i s  added to  InW and th e  en tro p yS S S 5 S S

i s  maximized. I t  fo l lo w s  t h a t :

G.
N = ---------------

1 l + f - ^ i

The a r b i t r a r y  c o n s ta n t  /3 i s  e v a lu a te d  by thermodynamic 

c o n s i d e r a t i o n s ,  andoC by p h y s i c a l  re a so n in g .

G.
N. = 1i  E . - E -l  f

l * kT1 +e e q .  6

where E^ = Fermi Level

k = B o ltzm an 's  c o n s ta n t

T = Tem perature i n  d eg rees  K elvin

= Number e l e c t r o n s  in  the  i t h  energy  s t a t e

G. = Number o f  a v a i l a b l e  i  s t a t e s  
i

The ene rgy  band s t r u c t u r e  i s  p i c tu r e d  in  F ig u re  I I - 2 .

F ig u re  I I - 2  as drawn must be m od ified  as th e  te m p e ra tu re  

in c r e a s e s  t o  in c lu d e  th e  e f f e c t  p r e v io u s ly  n o te d :

Fermi P r o b a b i l i t y  o f  O ccupation  =  g— g—
i  f
k T

1+e eq* 7

At a b s o lu te  ze ro ,  e l e c t r o n s  cannot tak e  a very  sm all
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energy change i f  th e y  occupy a sp a c e  i n  th e  uppermost co m p le te ly  

f i l l e d  ban d ,  becau se  th e r e  i s  no n ea rb y  unoccupied  s t a t e  

a v a i l a b l e .  At h ig h e r  te m p e ra tu re s ,  some e l e c t r o n s  a re  i n  th e  

h e r e to f o r e  empty band c a l l e d  th e  c o n d u c t io n  band, and can 

assume l a r g e  changes i n  a d d i t io n  t o  th o se  v e ry  sm all changes 

i n  energy; v a c a n t  p o s i t i o n s  in  th e  o r i g i n a l l y  f u l l  ‘'v a le n c e 11 

band p ro v id e  v a c a n t  energy  l e v e l s  f o r  o t h e r  e l e c t r o n s  w i th  

n e a r ly  th e  same en e rg y .  The u s u a l  t r e a tm e n t  develops t h e  b e 

h a v io r  o f  th e s e  v a c a n c ie s  which a r e  known as " h o le s . "

In t ro d u c in g  known im p u r i t i e s  i n  th e  c r y s t a l  s t r u c t u r e  

p ro v id es  e l e c t r o n s  w i th  an energy  j u s t  under  th e  lower l e v e l  

o f  th e  co n d u c t io n  band f o r  "n" ty p e  co n d u c t io n  o r  v a c a n c ie s  

j u s t  above th e  h ig h e s t  l e v e l  o f  th e  v a la n c e  band f o r  "p"  

type c o n d u c t io n .  The development u s u a l l y  c o n t in u e s  w ith  such 

t re a tm e n t  t o  develop  th e  conduction  c h a r a c t e r i s t i c s  o f  doped 

se m ico n d u c to rs ,  and ju n c t io n  b e h a v io r .  This f u r t h e r  d e v e lo p 

ment i s ,  o f  c o u r s e ,  im p o r tan t  and n o t  w i th o u t  b e a r in g  on s u r f a c e  

b e h a v io r ,  b u t  th e  rev iew  o f  c o n v e n t io n a l  sem iconducto rs  w i l l  

n o t  be c a r r i e d  to  com ple tion .

I t  h as  been e s t a b l i s h e d  t h a t  a d e f i n i t e  gap in  energy  

le v e l s  i s  a normal f e a t u r e  o f  th e  p e r f e c t  c r y s t a l l i n e  sem i

conduc to r .  D e l ib e r a te  i n t r o d u c t i o n  o f  s u b s t i t u t i o n  im p u r i t i e s  

p ro v id es  a d d i t i o n a l  c a r r i e r s  which b r in g  about "n" ( e l e c t r o n )  

conduction  o r  "p" (h o le )  co n d u c t io n .  In  normal use any o t h e r  

energy  l e v e l s  which e x i s t  in  th e  fo rb id d e n  energy  gap w i l l  

p ro v id e  some d e t e r i o r a t i o n  o f  p e rfo rm a n ce .
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Any im p e r f e c t io n  in  the  c r y s t a l  s t r u c t u r e  i s  l i k e l y  t o  

produce a l low ed  energy  l e v e l s  in  unwanted p l a c e s .  The most 

d r a s t i c  change in  th e  c r y s t a l  s t r u c t u r e  occu rs  a t  th e  t e r m i 

n a t io n  o f  th e  c r y s t a l  a t  any s u r f a c e .  With an a b ru p t  ending  

o f  s i l i c o n  in  a vacuum, no im p u r i t i e s  a re  p r e s e n t  to  in f lu e n c e  

th e  energy  l e v e l ,  y e t  an e f f e c t  o c c u r s .  Tamm^ d ev ised  a way 

o f  d e p ic t in g  th e  p o t e n t i a l  energy s t r u c t u r e  o f  a s e m i - i n f i n i t e  

body te rm in a t in g  i n  a s u r f a c e .  See F ig u re  I - b .

As in  th e  i n f i n i t e  c r y s t a l  l a t t i c e ,  r e c t a n g u l a r  a p p ro x i

mations a re  used  t o  p e rm i t  a re a s o n a b ly  s im p le  s o lu t i o n  o f  th e  

S ch ro ed in g e r  e q u a t io n .  The t r e a tm e n t  o u t l i n e d  h e re  i s  covered  

i n  r e l a t i v e l y  more d e t a i l  in  R eference  1.

The s o l u t i o n  o f  f t  f o r  n e g a t iv e  x must c o n ta in  an ex

p o n e n t ia l  decay ing  fu n c t io n  in  x. I f  i t  i s  assumed t h a t  th e  

Bloch f u n c t io n s  p r e v io u s ly  c i t e d  s t i l l  s a t i s f y  ft f o r  x > 0 ,  i t

d f ti s  only n e c e s s a ry  t o  match x and -g— a t  x = 0 . This  sh o u ld  be 

p o s s ib le  w ith  a com bination  o f  f t  ̂  = A e ^ x and ft^ = B e " ^ *  

since, t h i s  p ro v id e s  two c o n s ta n ts  f o r  two boundary  c o n d i t io n s .

In  th e  i n f i n i t e  c a s e ,  K cou ld  n o t  be im ag inary  o r  complex 

oc xs in c e  e (o< = r e a l )  would become i n f i n i t e  a t  e i t h e r  

x =OOor x = -0 0 .  In  th e  s e m i - i n f i n i t e  c a s e ,  an im aginary  K 

i s  p o s s ib le  s i n c e  th e  Bloch fu n c t io n s  a re  d e f in e d  only f o r  

p o s i t i v e  x .  Again c o n s id e r in g  th e  boundary  c o n d i t io n s ,  Tamm

^Tamm's app rox im ation  and s o l u t i o n  i s  o u t l i n e d  in :  Many,
A .,  Y. G o ld s te in ,  and N.B. Grover, S em iconductor  S u r f a c e s . New 
York: John W iley , 1965, pp 166-169.
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concludes t h a t  t h e r e  a re  a d d i t i o n a l  energy l e v e l s ,  and t h a t  

th e s e  l i e  i n  th e  fo rb id d e n  band .

As F igure  I l - l b  r e p r e s e n t s  a  chain  o f  atoms t e r m i 

n a t in g  i n  a s u r f a c e ,  i t  i s  e x p e c te d  th e re  would be an energy  

l e v e l  f o r  each such te rm in a l  s u r f a c e  atom.

22Since  th e re  a re  ap p ro x im a te ly  5 x 10 s i l i c o n  atoms

in  one cub ic  c e n t im e te r  o f  s i l i c o n ,  th e r e  s h o u ld  be 

22 i S'(5 x 10 ) 10 atoms p e r  s q u a re  c e n t im e te r .  T h is ,  t h e n ,  i s

th e  ex p e c te d  d e n s i ty  o f  unwanted energy s t a t e s  between th e  

conduc tion  band and th e  v a le n c e  band f o r  an a b r u p t ly  t e r m i 

n a te d  s u r fa c e  in  a vacuum.

These energy  l e v e l s ,  as w e l l  as any o t h e r  energy  l e v e l s  

in  th e  fo rb id d en  band , w ha teve r  th e  o r ig i n ,  sometimes b e a r  

s p e c i a l  names. An ene rgy  s t a t e  w e l l  above th e  v a le n c e  band , 

o r  deep below th e  co nduc tion  band ,  i s  o f te n  te rm ed  a " t r a p p in g  

s t a t e "  o r  t r a p .  When such s t a t e s  a re  o ccu p ied ,  th e y  may have 

l i t t l e  e f f e c t  o f  t h e i r  own on th e  conduction  p ro c e s s  in  th e  

sem ico n d u c to rs ,  b u t  because  th e y  re p re s e n t  one form o f  

s u r f a c e  charge ,  th e y  te n d  t o  a t t r a c t  mobile c a r r i e r s ,  e l e c t r o n s  

o r  h o l e s .  These m obile  c a r r i e r s  accumulated i n  th e  many 

atomic la y e rs  b en ea th  th e  s u r f a c e  can b r in g  ab o u t changes in  

th e  conduction  p a t t e r n  i n  th e  b u lk  n e a r  the  s u r f a c e ,  This  w i l l  

be d i s c u s s e d  f u r t h e r  when accum ula tion  l a y e r s ,  in v e rs io n ,  

l a y e r s ,  and channels  a re  d i s c u s s e d .
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3. A rrh en iu s  and Eyring  E quations

I f  i n  d e r iv in g  eq u a t io n  6 th e  assum ption  t h a t  P a u l i ' s  

e x c lu s io n  p r i n c i p l e  i s  n o t  made, a  d i f f e r e n t  type  o f  s t a t i s 

t i c s  a re  g e n e ra te d ,  namely M axwell-Boltzman. I n s te a d  o f  th e  

Fermi f a c t o r ,  a  f a c t o r  s i m i l a r  t o  th e  fo l lo w in g  w i l l  r e s u l t :

E.l
p _ p ~ kT
MB e q .  8

where: e = N a p ie r ia n  b a s e ,  2 .718  . . .

= Energy o f  th e  i t h  s t a t e

k = B o ltzm an 's  C ons tan t

T = Tem perature

I t  may a l s o  be no ted  t h a t  a t  h ig h  energy  le v e l s  E^, th e

Fermi F a c to r  (>q. 7 ) ,  behaves much as th e  Maxwell-Boltzman

F a c to r ,  s in c e  i f  E. »  E- and  E. »  kT both  E_ andl  r  l  r

the  u n i t y  f a c t o r  i n  the  denom inator  o f  e q u a t io n  7 can be

ig n o re d ,  r e s u l t i n g  in  the  e x p re s s io n  o f  e q u a t io n  8 .

The A rrhen ius  equa t ion  r e s u l t s  i f  an assumption i s  made 

t h a t  f o r  a chem ical r e a c t io n  t o  t r a n s p i r e  i t  i s  n e c e s s a ry  f o r  

th e  a tom s, io n s  o r  m olecules t o  have a  c e r t a i n  minimum energy  

o f  a c t i v a t i o n  b e fo re  any r e a c t i o n  can t r a n s p i r e .  The r a t e  th e n  

would be p r o p o r t i o n a l  to  th e  p e rc e n ta g e  o f  p a r t i c l e s  o r  mole

cu le s  t h a t  p o s s e s s  an energy eq u a l  t o  o r  i n  excess o f
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t h e  energy  o f  a c t i v a t i o n ,  E . As n o te d ,  i f  E i s  s u f f i c i e n t l y& &

h ig h ,  th e  o r i g i n a l  s t a t i s t i c a l  b e h a v io r  o f  th e  p a r t i c l e s  i s  

o f  l i t t l e  consequenceo

The t o t a l  number o f  m olecu les  o r  p a r t i c l e s  i s :

A k T  J CAe dE

= kTA

And th e  a c t i v a t e d  number i s :

Noo E E  _ _A

Na =J  Ae kT ^  = kTAe kTA

The p e rce n tag e  i s  th u s :

A  ea
NA -kTAe kT ‘ kT

+kTA = e eq .  9

Hence:

The r a t e ,  R, i s  p r o p o r t i o n a l  to  e kT

L ate r  in  t h i s  o u t l i n e  th e  o th e r  f a c t o r s  which e f f e c t  th e  

r a t e  o f  chemical r e a c t i o n  w i l l  be c o n s id e re d .  For th e  p r e s e n t ,  

th e  s im p l i f i e d  assum ption  ( th a t  th e  r a t e  i s  a l s o  p r o p o r t i o n a l  to  

th e  number o f  c o l l i s i o n s  p e r  u n i t  time i n  a  g iven  volume) 

s e rv e s  to  in t ro d u c e  a n o th e r  f a c t o r .  The p redom inan t e f f e c t ,  

i n s o f a r  as the  A rrh en iu s  e q u a t io n  i s  conce rned  i s  th e  a b s o lu te
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t e m p e ra tu re

EA
k T

Roce e q .  10

Ea
o r  taR = c o n s ta n t  -  p p  e q _ 10(a)

In C hap te r  I th e  s u b j e c t  o f  a c c e l e r a t e d  l i f e  t e s t i n g  

was in t ro d u c e d .  I f  any s t r e s s  f a c t o r  i s  in c r e a s e d ,  th e  l i f e  

w i l l  u s u a l l y  be s h o r te n e d .  This w i l l  be t r u e  w h e th e r  th e  

s t r e s s  i s  e l e c t r i c a l ,  m e c h a n ic a l ,  th e rm al o r  o f  any o th e r  

n a t u r e .  The A rrhenius e q u a t io n  i l l u s t r a t e s  why te m p e ra tu re  i s  

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

I f  a  f a i l u r e  mode i s  due to  a chemical r e a c t i o n ,  o r  t o  

any o th e r  phenomena t h a t  p r o g r e s s e s  in  accord w i th  A rrh en iu s  

e q u a t io n ,  th en

h
F a i l u r e  = F ^  R ^  e kT

Unit Time

o r
EA

InF = c o n s ta n t  - pjr

A p l o t  o f  InF vs i  sh o u ld  r e s u l t  in  a s t r a i g h t  l i n e  

w ith  a n e g a t iv e  s lo p e .  I f  a  f a i l u r e  r a t e  i s  ex t re m e ly  low a t  

o p e r a t in g  o r  s to ra g e  te m p e ra tu re  b u t  m easurable  a t  h ig h e r  

t e m p e ra tu r e ,  s e v e r a l  p o i n t s  can de term ine  i f  th e  InF vs i  

i s  a s t r a i g h t  l in e  and, i f  s o ,  an e x t r a p o la t io n  o f  t h i s  l i n e  

can be employed to  de te rm ine  th e  r a t e  o f  f a i l u r e  under o p e ra t in g



or  s to r a g e  c o n d i t i o n s .

A few comments a r e  in  o rd e r  r e g a r d in g  th e  p i t f a l l s  o f  t h i s  

te c h n iq u e .  In  C h a p te r  I ,  r e f e r e n c e  was made t o  Lewis and 

Boher (C h a p te r  I ,  R eference 4) i n  co n n e c t io n  w ith  a c c e l e r a t e d  

aging th ro u g h  e l e v a t e d  te m p e ra tu re s .  F igu re  I I - 3  i s  ta k en  

from t h e i r  a r t i c l e ,  and i l l u s t r a t e s  a  dev ice  w ith  two te m p era 

tu re  dependen t f a i l u r e  modes. At low te m p e ra tu re ,  th e  mode 

w ith  low er energy  o f  a c t i v a t io n  EA' dom ina tes ,  whereas a t  

h ig h e r  te m p e ra tu re  t h e  mode w ith  th e  h ig h e r  s lo p e  (h ig h e r  E^) 

i s  dom inant. Any f a i l u r e  p r e d i c t i o n  b ased  on th e  h ig h e r  tem

p e r a tu r e  range  and e x t r a p o la t e d  back  t o  low tem p era tu re  w i l l  

r e s u l t  i n  p r e d i c t i n g  f a i l u r e  r a t e s  t h a t  a r e  f a r  too  low. I f  

one c o n s id e r s  th e  extrem e im portance o f  v ery  low f a i l u r e  r a t e s  

in  a system  o f  IQ6  components, t h i s  i s  an im p o r tan t  con

s i d e r a t i o n .

Lewis a l s o  c i t e s  an example o f  a n o th e r  v a r i e t y .  In t h i s  

in s ta n c e ,  e l e c t r o l y t i c  a c t io n  i s  t a k in g  p la c e  along a s u r f a c e  

o f  a s p i r a l  r e s i s t o r  under power i n  a humid a tm osphere. Hence, 

the m e t a l l i c  r e s i s t a n c e  f i lm  i s  removed from one s id e  o f  th e  

s p i r a l  and d e p o s i t e d  on the o th e r  s i d e  o f  th e  s p i r a l  one tu r n  

away. This  g e n e ra te s  changing s u r f a c e  and changing r e s i s t a n c e .  

I n c re a s in g  te m p e ra tu re  on such a s u r f a c e  may suddenly m inim ize 

the s u r f a c e  m o is tu re  c o n te n t ,  and change o r  e l im in a te  th e  mode 

o f  f a i l u r e .

I t  i s  e n t i r e l y  re a so n ab le  t h a t  a  t h i r d  mechanism can ta k e
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p l a c e ,  namely th e  i n i t i a t i o n  o f  a  mechanism by h ig h  tem p era 

tu r e  t h a t  would n o t  occu r  a t  o p e r a t in g  te m p e ra tu re .  For e x 

ample, eve ry  u n i t  t e s t e d  in  C h ap te r  IV c o n s i s t s  o f  a  s i l i c o n  SCR 

o r  Diode c h ip ,  p a s s iv a t e d  w ith  an ox ide  o r  n i t r i d e  l a y e r ,  in  

a com posite  o f  r e s i n  o r  g la s s  e n c a p s u l a t i o n .  Lead con

n e c t io n s  com plete t h i s  cong lom era te .  The g la s s  u n i t s ,  i n  

p a r t i c u l a r ,  s h o u ld  be r e l a t i v e l y  s lo w ly  a f f e c t e d  by m o is tu r e .

I t  i s  e a s i l y  v i s u a l i z e d  what m ight happen i f  th e  g la s s  were 

low ered from h ig h e r  te m p era tu re  as th e  m e t a l l i c  le ad s  w i l l  

s h r in k  r e l a t i v e l y  more le a v in g  a f i s s u r e  o r  a c rack  le a d in g  to  th e  

h e a r t  o f  th e  d e v ic e .  M oisture  would very  q u ic k ly  s a t u r a t e  th e  

s i l i c o n  s u r f a c e s  and f a i l u r e  r a t e s  o r  r e v e r s e  c u r r e n t  leakage  

r a t e s  m ight be c a ta lo g e d  as l a rg e  compared to  th e  tru e ' r a t e

under c o n d i t io n s  l i k e l y  e n c o u n te re d  by th e  component.
2

E yring  d e v is e d  an a l t e r n a t e  to  th e  ‘' c o l l i s i o n "  th e o ry  o f  

r e a c t io n  which in v o lv e d  an in t e r m e d ia te  s t a t e  i n  e q u i l ib r iu m  

w ith  th e  i n i t i a l  r e a c t a n t s .  H is r e s u l t ,  u s in g  s t r e s s  a c t i v a t e d  

s t a t e s  g iv e s  a  r a t e :

Rate =• K =  ATe Eo/kT e q .  (11)

w here: A c o n ta in s  th e  f req u en ce  o f  c o l l i s i o n  f a c t o r s ,

and any s t e a r i c  e f f e c t s

2
G la s s to n e ,  S . ,  K .J . L a i d l e r ,  and H. E y ring ,  The Theory o f  

Rate P r o c e s s e s , New York: M cGraw-Hill, 1941.
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Eq = energy  o f  a c t i v a t i o n

k = B o ltz raan 's  c o n s ta n t .  N o te : There i s  no

lo s s  i n  g e n e r a l i t y  i f  R ( th e  gas c o n s ta n t)  

i s  u sed  in  p la c e  o f  k ,  p ro v id in g  the  

c o r r e c t  v a lue  o f  Eq i s  u sed ,  k i s  on a p e r  

m olecu le  o r  atom b a s i s .  R i s  on a p e r  mole 

b a s i s .

I t  shou ld  be n o te d  t h a t  f o r  many p r a c t i c a l  c a s e s ,  th e re  i s  

l i t t l e  d i f f e r e n c e  betw een A rrh e n iu s '  and E y r in g 1s e q u a t io n s .

For a sm all range o f  t e m p e ra tu re s ,  in  t h a t  r e g io n  o f  ra p id  

change o f  the  e x p o n e n t io n a l ,  th e  AT o f  E y ring  may be con s id e red  

a c o n s ta n t .
3

More r e c e n t l y ,  some a d d i t i o n a l  i n t e r e s t  has  evo lved  around 

a m od if ied  E yring  e q u a t io n :

eq .  (12)

where: T te m p e ra tu re

Eq ,D = a c t i v a t i o n  e n e rg ie s

A,C = f req u en cy  f a c t o r s

S m agnitude o f  n o n - th e rm al s t r e s s

3
Gorton, H.C. and K.P. Duchamp, "R esearch  Toward a Physics 

o f  Aging o f  S i l i c o n  P-N J u n c t io n s " ,  IEEE T r a n s a c t io n s , Component 
P a r t s ,  CP-11, No. 1, March 1964, pp 28-32.



Once th e s e  c o n s ta n ts  Eq , D, A and C have been p r o p e r ly  

e v a l u a te d ,  t h i s  would c l e a r l y  be an improvement f o r  c a l c u l a t i n g  

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

4. D if fu s io n

C o n s id e rab le  time h as  been  d ev o ted  in  d i s c u s s in g  th e  r a t e  

e q u a t io n s  w i th  l i t t l e  o r  no emphasis p la c e d  on why th e  r e l a t i o n  

s h ip s  a re  so im p o r tan t  i n  c o n s id e r in g  th e  sem iconduc to r  s u r f a c e  

Many chem ical r e a c t io n s  a re  d e l i b e r a t e l y  employed i n  th e  

fo rm a t io n  o f  p r o t e c t i v e  f i l m s .  Data w i l l  be d i s p la y e d  in  

C hap te r  I I I  t h a t  i l l u s t r a t e s  d i f f e r e n c e s  in  f i lm  p r o p e r t i e s  

due t o  changes in  th e  method o f  p r e p a r a t i o n .  K in e t ic  

in fo rm a t io n  i s  v a lu a b le .  The com pleted  assembly i n v a r i a b l y  has 

some sm a l l  q u a n t i t y  o f  co n ta m in a t in g  m a te r ia l  in  th e  f i n a l  

e n c lo s u r e .  This may be c o n ta in e d  i n  t h a t  gaseous space  

e n c a p s u la te d  under the  g l a s s ,  o r  i n  s o l i d  form as p a r t  o f  

th e  p l a s t i c  o r  r e s in  en v e lo p e .  R eac t io n  o f  th e se  co n tam in an ts  

can modify th e  s u r fa c e  and c o n t r i b u t e  to  th e  le a k a g e .

Overshadowing and a l s o  supp lem en ting  a l l  o f  t h e s e  chemi

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

f i c i e n t ,  D, which w i l l  be d e f in e d  s h o r t l y ,  depends on 

te m p e ra tu re  i n  th e  manner o f  a t r u e  r a t e  e q u a t io n .  A r rh e n iu s '  

e u q a t io n  o r  E y r in g 's  e q u a t io n  can be used  to  p r e d i c t  th e  change 

i n  th e  d i f f u s i o n  c o e f f i c i e n t  w ith  te m p e ra tu re ,  i f  t h e  a c t i 

v a t i o n  e n e r g i e s  are  known.



D if fu s io n  must be  c o n s id e re d  in  th e  p r e p a r a t i o n  o f  sem i

conductor  d e v ic e s  and in  p r e d i c t i n g  t h e i r  r e l i a b i l i t y .  The 

o p e ra t io n  o f  a  c o n v e n t io n a l  t r a n s i s t o r  depends on th e  d i f 

fu s io n  o f  h o le s  o r  e l e c t r o n s  t o  sweep m in o r i ty  c a r r i e r s  

through th e  b a s e  r e g io n  by v i r t u e  o f  a  c o n c e n t r a t i o n  

g ra d ie n t  t h a t  i s  e s t a b l i s h e d  when th e  e m i t t e r - b a s e  ju n c t io n  

i s  forw ard b i a s e d .

The c o l l i s i o n s  o f  atom ic o r  m o le c u la r  p a r t i c l e s  can lead  

to  chemical r e a c t i o n s .  When two u n l ik e  m a t e r i a l s  a re  b rought 

t o g e th e r ,  such  r e a c t i o n s  w i l l  take  p la c e  more r e a d i l y  in  those  

reg io n s  where t h e  c o n c e n t r a t io n s  o f  b o th  r e a c h in g  con

s t i t u e n t s  i s  h ig h  enough to  fav o r  c o l l i s i o n  o f  one molecule w ith  

a  m olecule o f  th e  o th e r  c o n s t i t u e n t .  The d i f f u s i o n  equa tions  

a re  used to  p r e d i c t  th e  r a t e  a t  which th e  c o n c e n t r a t io n  o f  

one c o n s t i t u e n t  changes w ith  time th ro u g h o u t  th e  second 

m a te r ia l .  In  g ases  and l i q u id s  co n v ec t io n  o r  m echanical mixing 

may com plica te  th e  p r o c e s s .  The d i f f u s i o n  r a t e s  o f  a s o l i d  

may be 6 to  9 o r d e r  o f  magnitude s m a l le r  th a n  th e  r a t e s  in  a 

gas .  The r a t e s  in  a s o l i d  may vary  o v e r  a c o n s id e ra b ly  g r e a t e r  

range than  r a t e s  in  a  g a s ,  depending on th e  b in d in g  fo rce s  o f  

th e  p a r t i c u l a r  s o l i d .  For the  case  i n  p o i n t ,  th e  d i f f u s io n  

o f  sodium io n s  i n  s i l i c o n  n i t r i d e  and s i l i c o n  d io x id e  d i f f e r  

by a f a c t o r  o f  l O ^  (See Chapter I I I )  . A d e r i v a t i o n  o f

F ic k 's  f i r s t  law i s  accom plished  by c o n s id e r in g  th e  random
4

motion o f  a component by Gibbons. A k i n e t i c  approach  f o r  the

4Gibbons, James F. Sem iconductor E l e c t r o n i c s .  New York: 
McGraw-Hill, 1966.



te m p e ra tu re  dependence o f  th e  d i f f u s i o n  co n s tan t  "D" may be 

found in  a  t r e a tm e n t  by B o l t a k s . 5 Energy le v e l  t r e a tm e n ts  a re  

deve loped  in  t e x t s  by J o s t ^  and G la s s to n e ,  L a id le r  and 

E y r in g .

F i c k ' s  f i r s t  law in  one dim ension  i s :

j  = _ o 4 i i
x j x

w here: J  = D if fu s io n  r a t e  i n  p a r t i c l e s  p e r  sq u a re  cmA

p e r  sec o n d .

D = D if fu s io n  c o e f f i c i e n t

N = P a r t i c l e s  b e in g  d i f f u s e d  p e r  c u b ic  cm

x = D is tan ce  i n  cm

F ic k 's  second law i s :

cJ_N = D<j 2N

^  t  <) x2 e q .  (14)

The d i f f u s i o n  c o e f f i c i e n t  i s  te m p era tu re  dependen t:

h
kT

D = D e eq .  (15)

^ B o l ta k s ,  B .K., D if fu s io n  in  Sem iconductors . New York: 
Academic P r e s s ,  1963.

^ J o s t ,  W., D iffu s ion  i n  S o l i d s ,  L iq u id s ,  Gases. New 
York: Academic P re s s ,  1960.
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o r  accord ing  to  E y r in g :

V
kT

D = CTe • e q .  (15a)

E quation  13 i s  u s e f u l  f o r  c a l c u l a t i o n s  in v o lv in g  known 

c o n c e n t r a t io n  g r a d i e n t s .  An example would be  th e  concen

t r a t i o n  o f  m in o r i ty  c a r r i e r s  i n  th e  b ase  r e g io n  o f  a  t r a n s i s -

dnt o r .  Under many b i a s  c o n d i t io n s  i s  a c o n s ta n t

p ro v id in g  an easy  s o l u t i o n  t o  the  m in o r i ty  c a r r i e r  c u r r e n t .  

E qua tion  (14) i s  a p p l i c a b le  t o  th o se  ca se s  in v o lv in g  d i f f u s i o n  

o f  d e l i b e r a t e  o r  unwanted im p u r i t i e s  th ro u g h  i n s u l a t i o n ,  o r  

i n t o  s i l i c o n .  The d i f f u s i o n  c o e f f i c i e n t  i s  r e l a t e d  t o  the  

m o b i l i ty  o f  p a r t i c l e s  and th e  flow o f  charged  p a r t i c l e s  th rough  

a medium when an e l e c t r i c  f i e l d  i s  a p p l ie d  i s  dependent on 

Dq . Forced d i f f u s i o n  m o d if ie s  eq u a t io n  (13) and (1 4 ) ,  b u t  t h i s  

i s  n o t  ex p lo red  f u r t h e r  h e r e .

S o lu t io n s  t o  th e  d i f f u s i o n  e q u a t io n s  a r e  l i s t e d  i n  c lo se d  

form f o r  many ty p e s  o f  boundary  c o n d i t io n s  i n  r e f e r e n c e  5 .

These s o lu t io n s  a re  n o t  r e p e a te d  h e r e .

A f e a tu r e  o f  th e  s i l i c o n - i n s u l a t o r  sy s tem  t h a t  i s  ex p lo red  

in  C hap ter  I I  i s  th e  c a p a b i l i t y  o f  d eve lop ing  extrem e tem

p e r a t u r e  d i f f e r e n c e s  i n  th e  i n s u l a t o r  and th e  s i l i c o n  by r a p id  

a b s o rp t io n  o f  i n f r a - r e d  energy  o f  a p a r t i c u l a r  w ave leng th .

This  may c re a te  some use f o r  s t i l l  a n o th e r  f a c e t  o f  d i f f u s i o n :

Gases, l i q u i d s  and s o l i d s  e x h i b i t  a p r o p e r ty  w hen,a  the rm al



g r a d ie n t  i s  a p p l ie d  known as th e rm a l d i f f u s i o n .  A nother te rm  

a p p l ie d  t o  t h i s  same e f f e c t  i s  p a r t i a l  dem ixing. I t  was f i r s t  

obse rved  e x p e r im e n ta l ly  in  l i q u i d s  i n  1856. L ig h te r  

p a r t i c l e s  o r  m olecu les  te n d  t o  c o n c e n t r a te  i n  th e  h ig h e r  

te m p e ra tu re  r e g io n  and h e a v i e r  p a r t i c l e s  o r  m olecules  g a th e r  

in  th e  low er te m p era tu re  re g io n .

5. Methods o f  Layer Formation

The d i f f u s i o n  o f  any ty p e  o f  m olecu le  th rough  a  su b s ta n c e  

depends on b o th  th e  d i f f u s in g  m olecu le  and su b s ta n c e  i n  which 

i t  i s  d i f f u s i n g .  There i s  ev idence  t o  show t h a t  d i f f u s i o n  

occurs  e a s i l y  a t  th e  c r y s t a l  b o u n d a r ie s  o f  a p o l y c r y s t a l l i n e  

m a t e r i a l .  The b e h a v io r  o f  s i l i c o n  n i t r i d e  as a  b a r r i e r  to  

sodium d i f f u s i o n  i s  d is c u s s e d  i n  C hap ter  I I I .  F igu re  I I I - 3  

i l l u s t r a t e s  th e  in c re a s e d  d i f f u s i o n  f o r  la rg e  c r y s t a l i t e s .

I f  th e  s t r u c t u r e  o f  th e  in d i v id u a l  c r y s t a l s  i s  such t h a t  d i f 

fu s io n  i s  g r e a t l y  im p a ired ,  th e n  th e  d a ta  shows c l e a r l y  t h a t  

s t r u c t u r e  i s  a l l  im p o rtan t  i n  r e l a t i o n  to  d i f f u s i o n .  To t h i s  

w r i t e r ' s  knowledge, th e r e  have been  no d i r e c t  measurements o f  

d i f f u s i o n  in  s i n g l e  c r y s t a l  s i l i c o n  n i t r i d e ,  b u t  th e  l i t e r a 

tu r e  i s  c i t e d  i n  Chapter I I I  f o r  o th e r  ty p e s  o f  i n t e r - g r a n u l a r  

boundary d i f f u s i o n .

W ithout any p ro o f ,  th e  w r i t e r  a l s o  c i t e s  th e  s t r o n g  

p o s s i b i l i t y  t h a t  th e  number o f  s u r f a c e  " s t a t e s "  a v a i l a b l e  in  

the  s i l i c o n  fo rb id d en  bands i s  s t r o n g ly  s t r u c t u r e  dependen t.  

P r a c t i c a l l y  sp e a k in g ,  th e  ty p e  o f  s t r u c t u r e  formed w i l l  be
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i n f lu e n c e d ,  a t  l e a s t  t o  some e x t e n t ,  by t h e  method, r a t e ,  and o t h e r  

p a ra m e te rs  o f  fo rm a t io n .  Im portan t  d i e l e c t r i c  d i f f e r e n c e  o f  

p r o p e r t i e s  are  documented i n  Chapter I I I .  Even d e n s i t y  d i f 

f e re n c e  o ccu rs .

Many o f  th e  methods o f  fo rm ation  o f  p a s s i v a t i n g  la y e rs  on

s i l i c o n  a re  covered  i n  some d e t a i l  f o r  s i l i c o n  d io x id e  by
7

B urger and Donovan in  th e  second c h a p te r  o f  t h e i r  book .

T his  d i s s e r t a t i o n  w i l l  summarize th e  methods shown t h e r e i n ,  w ith  

a  few a d d i t i o n s :

(A ). D ire c t  o x id a t io n  o f  s i l i c o n . T h is  can be accom

p l i s h e d  in  a h ig h  te m p e ra tu re  atmosphere o f  a i r ,  wet a i r ,  oxygen, 

wet oxygen o r  s team . The growth r a t e  i s  in f lu e n c e d  by the  method 

and by the  te m p e ra tu re .  Each method has un ique  p rob lem s. I t  

i s  n o t  b e l ie v e d  t h a t  th e  f i n a l  s t r u c t u r e  i s  v i t a l l y  e f f e c t e d  by 

th e  o x id a t io n  m edia u se d ,  a l th o u g h  th e re  i s  ev id en ce  t h a t  th e  

" s u r f a c e  s t a t e s "  o f  th e  S i - S i 0 2 i n t e r f a c e  a re  in f lu e n c e d  

fa v o ra b ly  by th e  p re s e n c e  o f  m o is tu re  d u r in g  o x id a t io n .

C e r t a in ly  th e  h ig h  fo rm a t io n  tem pera tu re  in v o lv e d  ( a p p ro x i

m a te ly  1150°C) in  com bination  w ith  o th e r  p h y s i c a l  p r o p e r t i e s  

w i l l  r e s u l t  in  a  s t r e s s e d  f i lm  when co o led  t o  room te m p e ra tu re .

This  i s  d is c u s s e d  in  more d e t a i l  in  C hap te r  I I I .

The r a t e  o f  o x id a t io n  i s  dependent on t e m p e ra tu r e ,  p a r t i a l  

p r e s s u r e  o f  ^ 0 , p a r t i a l  p r e s s u r e  o f  oxygen, and ty p e  of.

7
B urger, R.M. and R.P. Donovan, S i l i c o n  I n t e g r a t e d  Device 

Technology, Volume 1. Englewood.C l i f f s , New J e r s e y :  P re n t ic e
H a l l ,  1967.



c a r r i e r  g a s ,  i f  any. These r a t e s  a re  d is c u s s e d  i n  d e t a i l  i n  

r e f e r e n c e  7. A s in g le  p o in t  i s  in c lu d e d  h e re  f o r  an o r d e r  

o f  m agnitude app rox im ation . In  d ry  oxygen, a t  one atm osphere
O

a t  1000°C, a 1000 A f i lm  i s  formed in  100 m inutes.
g

A s id e  comment i s  in  o r d e r  h e r e .  F r i e s e r  a t te m p te d  

an e q u iv a le n t  p ro cess  f o r  form ing s i l i c o n  n i t r i d e ,  namely 

h e a t in g  s i l i c o n  a t  a h igh  te m p e ra tu re  i n  a n i t r o g e n  a tm osphere .  

The r e s u l t s  were v i s i b l y  p o l y c r y s t a l l i n e  in  form. T h is  r e 

s u l t i n g  p o o r  f i lm  i s  n o t  t o t a l l y  u n ex p ec ted .  I t  h a s  been 

d e te rm in ed  e x p e r im e n ta l ly  ( s e e  Table 1 , Chapter I I I )  t h a t  th e  

r a t e  o f  d i f f u s i o n  o f  sodium i n  s i l i c o n  n i t r i d e  d i f f e r s  from

t h a t  r a t e  o f  d i f f u s io n  o f  sodium i n  s i l i c o n  d io x id e  by a

very  la rg e  f a c t o r  (1010) .  The r e l a t i v e  s i z e  o f  n i t r o g e n  

io n s  to  sodium ions  i s  in  th e  r a t i o  o f  1.71 to  0 .95  ,

r e s p e c t i v e l y .  On t h i s  b a s i s ,  i t  i s  ex p ec ted  d i f f u s i o n  o f

n i t r o g e n  th ro u g h  a la y e r  o f  amorphous s i l i c o n  n i t r i d e  would be 

v e ry  sm a l l .  By the  same r e a s o n in g ,  d i f f u s i o n  o f  s i l i c o n  

would be e x p e c te d  to  be low. The grow th could  th e n  o n ly  

p ro c e e d  w ith  some o th e r  a r rangem en t f o r  supp ly ing  new 

r e a c t a n t s .  D if fu s io n  a long  c r y s t a l l i t e  boundries  c o u ld  

p o s s i b ly  be t h a t  mechanism. This i s  c o n s i s t a n t  w i th  th e  

p h o to g rap h s  o f  F r i e s e r 1s f i l m .

g
F r i e s e r ,  R.G. " D i re c t  N i t r i d a t i o n  o f  S i l i c o n  Sub

s t r a t e s " ,  J o u r n a l  o f  th e  E le c t ro c h e m ic a l .  S o c ie ty ,  V o l.  115, 
No. 10, O ctober 1968, 1092-1094.
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(B ) . E v a p o ra t io n . This i s  a p p l i c a b l e  t o  most f i lm s  ex 

c e p t  s i l i c o n  n i t r i d e  which tends  t o  decompose a t  h ig h  tem pera

t u r e .  In  e v a p o r a t io n  th e  s t a r t i n g  m a t e r i a l  may be  o f  h igh  

p u r i t y ,  b u t  a t  th e  e v a p o ra t io n  te m p e ra tu re ,  some though t must be 

g iven  to  th e  p o s s i b i l i t y  o f  co n tam in a tio n  evo lved  by th e  b o a t

o r  f i l a m e n t ,  o r  p e rh ap s  a  s h a r in g  o f  oxygen w ith  th e  b o a t  w ith  

a subsequen t r e d u c t io n  o f  th e  m a te r i a l  b e in g  e v a p o ra te d .  Even 

th e  s l i g h t e s t  r e d u c t io n  o f  th e  m a t e r i a l  b e in g  e v a p o ra te d  may 

have an ad v e rse  p h y s i c a l  e f f e c t  on d e v ic e s  o f  th e  f u t u r e .  The 

s i l i c o n  s u b s t r a t e  can be much c o o le r  i n  t h i s  p ro c e s s  than  th e  

s u b s t r a t e  d u r in g  d i r e c t  o x id a t io n .

(C ). Ion  Bombardment S p u t t e r i n g . In  t h i s  te ch n iq u e  

i n e r t  gas ( e . g . ,  argon) io n s  a re  a c c e l e r a t e d  i n t o  a t a r g e t  

o f  th e  e lem ent o r  compound to  be d e p o s i t e d  which i n  tu rn  

t r a v e l s  t o  t h e  s i l i c o n  s u b s t r a t e .  S ources  o f  im p u r i ty  might 

be the  i n e r t  gas su p p ly  system  o r  any secondary  s u r f a c e s  w ith  

which io n s ,  e l e c t r o n s ,  o r  m olecules m ight c o l l i d e .

V a r ia t io n s  o f  t h i s  p ro cess  in c lu d e  DC s p u t t e r i n g ,

RF s p u t t e r i n g ,  th e  p re s e n c e  o f  m agnetic  f i e l d s  t o  d i r e c t  the  

beams, and v a r io u s  e l e c t r o d e  a rrangem en ts .

(D). R e a c t iv e  S p u t t e r i n g . This i s  s i m i l a r  t o  th e  

p rev io u s  p r o c e s s ,  ex c e p t  t h a t  an a c t i v e  gas i s  in t ro d u c e d  to  

r e a c t  w ith  m o lecu les  o f  p u re  s i l i c o n  bombarded f r e e  o f  the  

t a r g e t .  This i s  a  method o f  app ly ing  s i l i c o n  n i t r i d e .  In
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p ro c e s s e s  B, C, and D, th e  f i lm s  can be d e p o s i te d  a t  r e l a t i v e l y  

low te m p e ra tu re s .  S u b s t r a t e  c o o l in g  cou ld  p ro v id e  even 

c l o s e r  c o n t r o l s .

( E ) . Chemical Vapor D e p o s i t i o n , ( p y r o ly t i c  decom position ) 

S i l i c o n  n i t r i d e ,  s i l i c o n  d io x id e ,  aluminum oxide and t i t a n iu m  

ox ide  a re  among f i lm s  d e p o s i t e d  by t h i s  te c h n iq u e .  A r e a c t i o n  

m ix tu re ,  t y p i c a l l y  hydrogen , s i l i c o n  t e t r a c h l o r i d e ,  and w a te r  

vap o r ,  i s  a l low ed  to  c o n ta c t  h e a te d  s i l i c o n .  The r e s u l t i n g  

chem ica l decom position  r e s u l t s  i n  an SiC^ l a y e r  on th e  s u b s t r a t e .  

This  method c o n t r a s t s  w i th  d i r e c t  o x id a t io n  in  t h a t  i t  i s  n o t  

n e c e s s a ry  f o r  oxygen to  d i f f u s e  th ro u g h  th e  l a y e r  f o r  c o n t in u a t io n  

o f  th e  p r o c e s s .  S ince b o th  p ro c e s s e s  a re  c a r r i e d  o u t  a t  

r e l a t i v e l y  h ig h  te m p e ra tu r e s ,  b o th  sh o u ld  have h i g h l y  s t r e s s e d  

f i lm s  a t  room te m p e ra tu re .  However, s u c c e s s fu l  chem ica l depo

s i t i o n s  have been made a t  te m p e ra tu re s  as low as 350°C by

V. Y. Doo. 9

A s e p a r a t e  c la s s  o f  chem ica l d e p o s i t io n s  i s  p o s s i b l e  by 

u t i l i z i n g  o rg a n ic  compounds c o n ta in in g  s i l i c o n  o r  aluminum 

and decomposing them in  an o x id i z in g  atmosphere. Any carbon 

o r  hydrogen  p r e s e n t  i s  o x id iz e d  le a v in g  only SiC^ o r  A ^O ^.

( F ) . A nodizing . E l e c t r o l y t i c  c a p a c i to r s  have  a long 

h i s t o r y  o f  s u c c e s s f u l  fo rm a t io n  o f  aluminum ox ide  and ta n ta lu m

9 D o o , V.Y., D.W. B oss ,  R. V a l l e t t a ,  and W.A. P l i s k i n ,
"Chemical Vapor D epos it ion  o f  Oxides and G la s s e s " ,  Extended 
A b s t r a c t s  o f  th e  E le c tro c h e m ic a l  S o c ie ty  Spring M eeting , New 
York, New' York, May 4 -9 ,  1969, A b s t r a c t  No. 42, pp 106-110.



oxide  f i lm s .  S in c e  aluminum can be e a s i l y  and d i r e c t l y  de

p o s i t e d  on s i l i c o n  by e v a p o ra t io n ,  t h i s  te c h n iq u e  m ight be 

co n s id e re d  more o r  l e s s  s e r i o u s l y  as a p o s s i b l e  p r o t e c t i v e  

c o a t in g .  The p ro c e s s  in v o lv e s  e l e c t r o l y t i c a l l y  o x id i z in g  

th e  aluminum form ing  a  v e ry  t h i n  f i lm  a t  e s s e n t i a l l y  room 

te m p e ra tu re .  P u r i t y  i s  a  problem . F u r th e r  i n  th e  ca se  o f  a 

sem iconductor ,  t h e  aluminum would have t o  be t o t a l l y  consumed 

n e a r  a j u n c t io n ,  o r  th e  aluminum might s u b s e q u e n t ly  d i f f u s e  

i n t o  the  s i l i c o n  s u r f a c e  and a c t  as a dop ing  e lem en t .

S i l i c o n  can a l s o  be anodized  to  s o m e .e x te n t  i n  l i q u id s  

o r  io n iz e d  g a s e s .

(G). E l e c t r o n  Beam E v a p o ra t io n . An in t e n s e  e l e c t r o n  

beam w i l l  e v a p o ra te  most r e f r a c t o r y  m a t e r i a l s .  A s p e c i a l  

d i f f i c u l t y  i s  imposed w ith  no rm ally  i n s u l a t i n g  m a t e r i a l s ,  

s in c e  charge a cc u m u la tio n  would soon s p o i l  t h e  beam. Hence, 

some a u x i l i a r y  arrangem en t t o  p r e - h e a t  t h e  i n s u l a t i n g -  

m a te r i a l  i s  r e q u i r e d .  H ea t in g  the  i n s u l a t o r  t o  a  h ig h  

tem pera tu re  w i l l  s i g n i f i c a n t l y  in c re a s e  i t s  c o n d u c t io n .

The techn ique  i s  s i m i l a r  t o  e v ap o ra tio n  b u t  w i th o u t  r e q u i r in g  

th e  use o f  a b o a t  o f  f i l a m e n t .

(H). C02 L ase r  Beam E v ap o ra tio n .  Based on th e  h ig h  

a b s o r p t iv i ty  by s i l i c o n  d io x id e  o f  r a d i a t i o n  o f  th e  C02  Laser

( 10.s Y )  e x p e r im e n ta t io n  was undertaken  t o  e v a p o ra te  s i l i c a  

and alumina d i r e c t l y  on a  s i l i c o n  s u b s t r a t e .  The C02  Laser 

beam i s  in t ro d u c e d  i n t o  th e  vacuum system  th ro u g h  a p o l i s h e d
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c r y s t a l  o f  p o ta s s iu m  c h lo r id e .  Focusing  t h i s  beam produces  

i n t e n s e  h e a t  i n  t h e  s i l i c a .  The c o e f f i c i e n t s  o f  a b s o rp t io n  

a t  a w ave leng th  o f  10.5 microns o f  aluminum oxide and s i l i c o n  

monoxide a re  b o th  v ery  h ig h .  A developm ent i n  a l a t e r  

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

n i t r i d e  w i th  t h i s  te c h n iq u e .  T h is  method s h o u ld  be much 

s im p le r  th a n  t h e  e l e c t r o n  beam e v a p o r a t io n ,  and cou ld  be done 

in  a v e ry  h ig h  vacuum p ro c id in g  th e  p o s s i b i l i t y  o f  d e p o s i t in g  

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

u s in g  a  h o t  f i l a m e n t  o r  i n e r t  gas s h o u ld  p ro v id e  p u r e r  f i l m s .  

Independen t ex p er im en ts  a long  th e s e  l i n e s  have been conducted  

by G. Hass and J .  B. R am sey .^  T h e i r  i n t e r e s t  was i n  o p t i c a l  

c o a t i n g s .

T h is  technique-, &s w ell  as  any e v a p o ra t io n  te c h n iq u e ,  

undergoes "shadow ing" i f  any s u r f a c e  i r r e g u l a r i t i e s  e x i s t .

( I ) .  S e d im e n ta t io n . A r e l a t i v e l y  r e c e n t  a d a p ta t io n  

from th e  ceram ic  in d u s t r y  i s  f i l m  fo rm a t io n  th rough  sedim en

t a t i o n .  In  th e  p ro c e s s  d e s c r ib e d  by D u m e n s i l^  a g la s s  i s  

sm e l te d ,  g round , suspended in  a  l i q u i d ,  and s o r t e d  to  p a r t i c l e

10H ass ,  G. and J .B .  Ramsey, "Vacuum D ep o s i t io n  o f  
D i e l e c t r i c  and Sem iconductor F ilm s by a C02 L a s e r , "  A pplied  
O p t ic s , June  1969, pp 1115-1118.

1 1 D umensil, Maurice and R obert  H e w it t ,  "Some Recent 
Developments in  Fused Glass on S em iconducto r  D ev ice s ,"
Extended A b s t r a c t s  o f  th e  E le c t ro c h e m ic a l  S o c ie ty  Spring  
M eeting, New York, May 4 -9 ,  1969, A b s t r a c t  No. 41, pp 103- 
105.
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s i z e s  o f  app ro x im a te ly  one m icron . The su sp e n s io n  i s  a l low ed  

o r  f o r c e d  t o  d e p o s i t  on a  s i l i c o n  s u b s t r a t e  which i s  s u b se 

q u e n t ly  f i r e d .  The ad v an tag es  a t t r i b u t e d  t o  t h i s  te c h n iq u e  

in c lu d e  th e  a b i l i t y  t o  m inimize sodium c o n te n t  and d i f 

fu s io n  and to  form un ifo rm  c o a t in g s  o f  low m e l t in g  g l a s s e s .  

Dumensil d e s c r ib e s  s e v e r a l  g la s s e s  which a re  s u i t a b l e  f o r  t h i s  

p u rp o se .  This method m ight in c lu d e  th e  commercial g la s s e s  

e x e m p l i f i e d  by Corning 7723, w i th  a  s o f te n in g  p o i n t  o f  770°C.

The c o e f f i c i e n t  o f  ex p an s io n  o f  t h i s  g la s s  i s  3 .5  x 10”**;

12i t s  r e s i s t i v i t y  i s  10 ohn/cm; and i t s  d i e l e c t r i c  c o n s ta n t  

i s  5 .8 6 .

Each o f  th e  above methods a t te m p ts  to  ach iev e  an amorphous

f i lm .  In  th e  case  o f  th e  d i r e c t  n i t r i d i n g  o f  s i l i c o n ,  th e

r e s u l t i n g  f i lm  was n o te d  to  be p o l y c r y s t a l l i n e .  C r y s t a l l i n e

s t r u c t u r e s  o f  any a p p r e c ia b le  s i z e  i n  aluminum o x ide  and

ta n ta lu m  ox ide  f i lm s  have been  a s s o c i a t e d  w ith  th e  f a i l u r e s  o f

e l e c t r o l y t i c  c a p a c i t o r s ,  and we a n t i c i p a t e  t h a t  th e  same w i l l

12h o ld  t r u e  f o r  s i l i c o n  i n s u l a t i n g  l a y e r s .  Dzim ianski , e t .  a l „, 

p o i n t  ou t  t h a t  even w ith  th e  b e s t  commercial te c h n o lo g y ,  some 

c r y s t a l l i n i t y  i s  bound t o  o c c u r .  They f u r t h e r  r e f e r e n c e  th e  

known o ccu rren c e  o f  s e l e c t i v e  d i f f u s i o n  a long c r y s t a l l i n e  

i n t e r f a c e s .

12 D zim iansk i,  J .W .,  E.R. Pem sel, W.J. L y t le ,  and S.M. 
S k in n e r ,  " S i l i c o n  S u rfa c e  P a s s i v a t i o n :  M a te r ia ls  and
M ic r o p r o p e r t i e s , 11 P hys ics  o f  F a i l u r e  in  E l e c t r o n i c s , Vol. I l l ,  
Rome A ir  Development C e n te r ,  A p r i l  1965.



C r y s t a l l i n e  s t r u c t u r e  i s  o f te n  enhanced by h ig h  tem pera

tu r e ,  slow c o o l in g  r a t e s ,  slow d e p o s i t i o n s ,  th e  p re se n c e  

o f  1^0  vapo r ,  i m p u r i t i e s ,  and by u t i l i z i n g  a  s u b s t r a t e  w ith  

th e  same c r y s t a l  form as th e  i n s u l a t i n g  l a y e r .  Most i n v e s t i 

g a to rs  choose an a r b i t r a r y  s i z e  o f  p o l y c r y s t a l l i n e  s t r u c t u r e  

as th e  d iv id in g  l i n e  betw een " p o l y c r y s t a l l i n e "  and amorphous
O

m a te r i a l .  An average  c r y s t a l  s i z e  o f  50 A might be  a good 

dem arca tion .

Future  methods o f  form ing f i lm s  o r  t r e a t i n g  p r e s e n t

f i lm s  w i l l  e v o lv e .  A lready  h e a t  t r e a t i n g  o f  f i lm s  has been

used e x p e r im e n ta l ly  w i th  fa v o ra b le  r e s u l t s .  Perhaps more

f u t u r i s t i c  i s  th e  p o s s i b i l i t y  o f  t r e a t i n g  f i lm s  w i th  n eu tro n

13i r r a d i a t i o n .  Primak and Kempwirth r e p o r t  a  d e c re a se  i n  volume 

o f  2.7% f o r  s i l i c o n  d io x id e  when p la c e d  n e a r  th e  f u e l  in  a 

n u c l e a r  r e a c t o r .

14
6 . S t r u c t u r a l  Rules

Ceramic e n g in e e r s ,  g la s s  c h e m is ts ,  and p h y s i c a l  chem ists

13Prim ak, W illiam  and Robert Kompwirtz, " I o n i z a t io n  
Expansion o f  P i l e  Exposed V itreous  S i l i c a , "  J o u r n a l  o f  
A pplied  P h y s ic s , Vol. 40, No. 6 , May 1969, pp 2565-2570.

14This s e c t i o n  i s  in c lu d e d  in  t h i s  d i s s e r t a t i o n  p r im a r i ly  
t o  r a i s e  th e  s p e c u la t i v e  p o s s i b i l i t y  t h a t  some o f  th e s e  s t r u c 
t u r a l  con cep ts  may be u s e f u l  i n  p r e d i c t i n g  q u a n t i t a t i v e  e l e c 
t r i c a l  p r o p e r t i e s  o r  o t h e r  p h y s ic a l  phenomena which r e l a t e  
d i r e c t l y  t o  th e  e l e c t r i c a l  b e h a v io r  o f  s e m ic o n d u c to rs .  These 
s p e c u la t io n s  a re  n o t  in c lu d e d  in  th e  summary o r  co n c lu s io n s  o f  
t h i s  d i s s e r t a t i o n ,  n o r  a re  th ey  n e c e s s a ry  f o r  th e  f u r t h e r  
developments o f  c h a p te r s  beyond C hap ter  I I .  (n ex t  page)
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have o b ta in e d  in fo rm a t io n  co nce rn ing  th e  s t r u c t u r e  o f  f i lm s  

which r e l a t e s  t o  t h e i r  e l e c t r i c a l  p r o p e r t i e s  and which 

p ro v id e s  some i n s i g h t  in  t h e  p ro c e s s  o f  d i f f u s i o n .  Some o f  

th e  e m p i r ic a l  r u l e s  developed  a re  l i s t e d  below. E v e n tu a l ly  

a d d i t i o n a l  work may be perfo rm ed  i n  t h i s  a re a  which r e l a t e s  

th e  f i lm  p r o p e r t i e s ,  s to ic h io m e t r y  and th e  method and c o n d i t io n s  

o f  fo rm a t io n .  One s t r u c t u r a l  o ccu rre n c e  t h a t  i s  o f  i n t e r e s t  

i s  th e  sh a rp  in c re a s e  in  th e  d i f f u s i o n  c o e f f i c i e n t ,  D, f o r  

sodium in  a s i l i c o n  n i t r i d e  f i lm  when even a sm all  p e rc e n ta g e  

o f  s i l i c o n  d io x id e  i s  p r e s e n t  in  th e  f i lm .

I t  i s  assumed t h a t  t h e r e  i s  no n e c e s s i t y  to  d e s c r ib e  

c o v a le n t  bonds o r  i o n i c  bonds . The c r y s t a l l i n e  o r  amorphous 

s t r u c t u r e  o f  p o t e n t i a l l y  u s e f u l  f i lm  su b s ta n c e s  i s  o f  

p a r t i c u l a r  i n t e r e s t .  S i l i c o n  d io x id e  i s  a good example o f  

a m a te r i a l  which may ta k e  many form s. C r y s t a l l i n e  s i l i c o n  

d io x id e  may e x i s t  as <&l q u a r t z ,  q u a r t z ,  and v a r io u s  

c r i s t o b a l i t e  and t r i d y m i t e  form s. To be s u r e ,  th e s e  a re  n o t

(con inue  )p o r  examp i e j  sodium d i f f u s e s  many o rd e r s  
o f  m agnitude more f r e e l y  i n  s i l i c o n  ' io x id e  th an  i n  s i l i c o n  
n i t r i d e .  The d i f f e r e n c e  i n  e l e c t r o n e g a t i v i t y  o f  s i l i c o n  and 
n i t r o g e n  i s  1 . 1 , whereas th e  d i f f e r e n c e  between s i l i c o n  and 
oxygen i s  1 .7 .  From F ig u re  I I - 4 ,  i t  might be ex p ec ted  t h a t  
th e  bonds s i l i c o n  d io x id e  a r e  t h e r e f o r e  app rox im ate ly  50% 
i o n i c ,  and in  s i l i c o n  n i t r i d e  a p p ro x im a te ly  20% i o n i c .  In  an 
amorphous f i lm  some s h o r t - r a n g e  s t r u c t u r e  i s  a lm ost always 
ob se rv ed  by X-ray d i f f r a c t i o n .  The q u e s t io n  t h i s  w r i t e r  poses  
i s :  Does th e  h ig h e r  p e rc e n ta g e  o f  i o n i c  bonds cause th e
s h o r t - r a n g e  s t r u c t u r e  in  s i l i c o n  d io x id e  to  behave l i k e  th e  
t r a n s i t i o n  r e g io n  between c r y s t a l l i t e s  o f  p o l y c r y s t a l l i n e  
SiO^? I t  i s  w e l l  known t h a t  d i f f u s i o n  occurs  r e a d i l y  a long 
g r a m  b o u n d a r ie s ,  and i t  would fo l lo w  t h a t  d i f f u s io n  would 
o ccu r  e a s i l y  i n  any m a te r i a l  w ith  s t r u c t u r a l  s i m i l a r i t i e s  to  
such boundary re g io n s .
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n e c e s s a r i l y  a l l  s t a b l e  forms a t  room te m p e ra tu re ,  b u t  s in c e  th e  

te m p era tu re  o f  fo rm a t io n  o f  f i lm s  f o r  sem iconduc to r  use  i s  

around  1100°C, t h e r e  i s  th e  p o s s i b i l i t y  o f  th e  e x i s t e n c e  o f  

s e v e r a l  o f  th e se  fo rm s. U sua lly  the  S i t^  f i lm s  formed 

a re  amorphous. That i s ,  w i th o u t  long-range  c r y s t a l l i n i t y  and 

p ro b a b ly  to  some e x t e n t  th e y  resem ble  g l a s s .  Both fu se d  

s i l i c a  and SiO^ f i lm s  formed by o x id a t io n  do n o t  have long- 

range  c r y s t a l l i n e  s t r u c t u r e .

Pau ling* '’* developed  r u l e s  which d e s c r ib e  th e  "minimum 

energy"  grouping o f  an ions  around a c a t io n  which p r e d i c t  the  

s t r u c t u r e  o f  th e  b a s i d  po lyhed ron  o f  th e  compound. A c r y s t a l  

o f  g la s s  i s  formed by com binations  o f  such p o ly h e d ra .  He a lso  

d e r iv e d ,  from th e  b in d in g  fo r c e s  on v a r io u s  a tom s, th e  concept 

o f  e l e c t r o n e g a t i v i t y  i n  w hich, as one might e x p e c t ,  th e  u su a l  

an ions  - -  f l u o r i n e ,  oxygen and th e  l i k e  were most " e l e c t r o 

n e g a t iv e "  than  s a y ,  s i l i c o n  - -  which i s ,  i n  t u r n ,  more 

" e l e c t r o n e g a t iv e "  th a n  aluminum. This concep t can th e n  be 

used  t o  e s t im a te  th e  r e l a t i v e  p e rc e n ta g e  o f  i o n i c  bonds v s .  those  

o f  c o -v a le n t  n a t u r e .

Table 1 shows th e  i o n i c  c r y s t a l  r a d i i  and th e  e l e c t r o n e g a 

t i v i t y  o f  s e v e r a l  e lem en ts  o f  i n t e r e s t :

*^Kingery, W.D., I n t r o d u c t io n  to  C eram ics . New York: 
John W iley, 1960.

*^Pauling , L inus,  The N ature  o f  th e  Chemical Bond. 
I t h a c a ,  New York: C o rn e l l  U n iv e r s i ty  P r e s s ,  1940.
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TABLE 1

Io n ic  C r y s ta l  R ad ii E le c t r o n e g a t iv

S i 4+ 0 .4 1 1 .9

o2- 1.40 3 .6

N3- 1.71 3 .0

a i 3+ 0 . 2 0 1 . 6

Be2+ 0 .31 1 .3

F" 1 .36 4 .0

T ab le  2 d e f in e s  the  " c o o r d in a t io n  number" based  on th e

r a t i o  o f  c a t io n  ra d iu s  to  a n io n  r a d i u s ,  and d esc r ib e s  th e

" p ro b a b le "  b a s i c  po lyhed ra :

TABLE 2

C o o rd in a t io n No. Grouping Around C ation Radius R a t io

8 c o m e rs  o f  cube 1 .000 -0 .732

6 c o m e rs  o f  o c ta h e d ro n 0 .7 3 2 -0 .4 1 4

4 c o m ers  o f  t e t r a h e d r o n 0 .4 1 4 -0 .2 1 5

3 c o m ers  o f  t r i a n g l e 0 .2 2 5 -0 .1 5 5

2 l i n e a r 0 .1 5 5 -0 .0 0 0

F ig u re  I I -4 shows an e s t im a te  o f  th e  f r a c t i o n  p e rc e n ta g e  o f  :
bonds o

P a u l i n g 1' s  e m p ir ic a l  r u l e s  f o r  c r y s t a l s are  l i s t e d :
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1. The c o o rd in a t io n  number i s  de te rm in ed  by th e  geom etry 

r e q u i r e d  f o r  an ions  and c a t io n s  t o  remain i n  c o n t a c t .

2 . The e x i s t e n c e  o f  fa c e s  o r  edges common t o  two p o ly h e d ra  

d e c re a se s  th e  s t r u c t u r e ' s  s t a b i l i t y .

3. Charge n e u t r a l i t y  i s  n e c e s s a ry  f o r  th e  t o t a l i t y  o f  

bonds a s s o c ia t e d  w ith  each  an ion  and c a t io n .

4. In c r y s t a l s  c o n ta in in g  d i f f e r e n t  c a t io n s  th o s e  o f  

h ig h  v a le n c e  and low c o o r d in a t io n  number te n d  n o t  

to  s h a re  p o ly h e d ra l  e lem en ts  w i th  each o th e r .

5 .  The number o f  e s s e n t i a l l y  d i f f e r e n t  k inds  o f  con

s t i t u e n t s  tends  to  be s m a l l .

Z a c h a r ia s e n 's  r u l e s  f o r  oxide g l a s s e s  ( fo l lo w in g )  may be  com

p a re d  w ith  P a u l i n g 's  r u l e s :

1. Each oxygen ion  sh o u ld  be  l in k e d  t o  n o t  more th a n  

two c a t io n s .

2 .  The c o o rd in a t io n  number must be sm all  ( <  4 ) .

3 . Oxygen p o ly h e d ra  can s h a re  c o m e r s  b u t  n o t  edges 

o r  f a c e s .

4. At l e a s t  t h r e e  c o rn e rs  o f  each  po lyhedron  s h o u ld  be 

s h a re d .
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I t  i s  o f  i n t e r e s t  t o  n o te  t h a t  i n  th e  th e o ry  o f  g la s s  

fo rm a t io n ,  B. G. Warren d e p ic t s  a sodium s i l i c a t e  g la s s  as 

hav ing  a b a s i c  m a t r ix  o r  ch a in  o f  - S i - 0 -  com bina tions  w ith  th e  

sodium more o r  l e s s  i n  th e  open s p a c e s .  Hence, we may specu

l a t e  on th e  p o s s i b i l i t y  t h a t  sodium m ig ra te s  more f r e e l y  under 

such an arrangem ent.

Two f ig u r e s  a re  in c lu d e d  from K ingery which d e p ic t  a 

tw o-d im ensional c r y s t a l l i n e  l a t t i c e  compared w i th  th e  i r r e g u l a r  

g la s s y  netw ork . See F ig u re s  I 1-5 and I I - 6 .

A t h i r d  f i g u r e  from Kingery a t t r i b u t e d  to  Warren shows 

how sodium io n s  might f i t  i n t o  th e  openings in  th e  netw ork .

I t  i s  co n ce iv ab le  t h a t  a sm a ll  q u a n t i ty  o f  Na io n s  cou ld  f i t  

i n  w ith o u t  expanding  th e  b a s i c  ne tw ork , and th e  b in d in g  fo rc e s  

on th e  sodium m ight be very  lo o se .  I t  may be s i g n i f i c a n t  to  

de term ine  w hether  o r  n o t  a " g la s s "  type  s t r u c t u r e  i s  p o s s ib le  

f o r  such a n o n -ox ide  compound as s i l i c o n  n i t r i d e  i n  an amorphous 

s t a t e .

7. Accumulation L ayers ,  I n v e r s io n  L ayers ,  Channels

E a r l i e r  i n  t h i s  c h a p t e r ,  th e  e x i s t e n c e  o f  ene rgy  le v e ls  

in  th e  fo rb id d en  band (between th e  v a le n c e  band and th e  

conduction  band) was a t t r i b u t e d  to  t r a p p e d  c a r r i e r s  a t  the  

s u r f a c e  o f  the  sem ico n d u c to r .  Trapped c a r r i e r s  a l s o  re p re s e n t  

e l e c t r i c a l  charge  which i s  f ix e d  a t  th e  s u r f a c e  so long as the  

c a r r i e r s  remain im m obil ized  by th e  o c c u p a t io n  o f  such  energy
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s t a t e s .  I f ,  f o r  example, e l e c t r o n s  a r e  t r a p p e d ,  a n e g a t iv e  

charge  e x i s t s  a t  th e  s u r f a c e .  T h is  c h a rg e ,  i n  t u r n ,  p ro d u ces  a 

f i e l d  t h a t  a t t r a c t s  mobile c a r r i e r s  o f  th e  o p p o s i te  s i g n ,  

in  t h i s  case  h o l e s ,  to  th e  r e g io n  o f  t h e  s u r f a c e .

From a s i m p l i f i e d  v ie w p o in t ,  i f  a d d i t i o n a l  m obile c a r r i e r s  

a re  p r e s e n t  i n  any volume o f  th e  m a t e r i a l ,  th e se  c a r r i e r s  

a re  a b le  t o  conduct and resem ble  th e  c a r r i e r s  formed from 

group I I I  o r  group V s u b s t i t u t i o n  e le m e n ts .  I f  h o le s  a re  

a t t r a c t e d  t o  th e  s u r f a c e ,  and th e  m a te r i a l  i s  a l re a d y  "p"  

c o n d u c t iv i ty  ty p e ,  a l a y e r  o f  more h ig h ly  conductive  "p"  

m a te r i a l  o r  an accum ula tion  l a y e r  i s  formed.

I f ,  on th e  o th e r  hand, h o le s  a re  a t t r a c t e d  t o  th e  s u r f a c e  

o f  n o rm a lly  "n" type  m a te r i a l ,  th e  ex cess  h o le s  sup p ress  

th e  number o f  a v a i l a b l e  e l e c t r o n  c a r r i e r s  and the  r e g io n  

n e a r  th e  s u r f a c e  becomes le s s  c o n d u c t iv e .  I f  a d d i t io n a l  

e l e c t r o n s  a re  t r a p p e d ,  th e  number o f  m ob ile  h o le s  may become 

g r e a t e r  th an  th e  number o f  e l e c t r o n s  j u s t  under th e  s u r f a c e ,  and 

f o r  a s h o r t  d i s ta n c e  in t o  th e  s u r f a c e  th e  la y e r  may be "p"  

in  n a t u r e .  When t h i s  o c c u rs ,  i n v e r s i o n  i s  s a id  to  have ta k e n  

p l a c e ,  and th e  l a y e r  i s  known as an in v e r s i o n  la y e r .

The in v e r s io n  la y e rs  a re  u s u a l l y  q u i t e  t h i n  and have 

l i t t l e  e f f e c t  on th e  bu lk  c o n d u c t io n  o f  any d ev ice .  When 

an in v e r s i o n  l a y e r  b r id g e s  what would have been a normal 

j u n c t i o n ,  a "ch an n e l"  i s  s a id  t o  e x i s t .  An i l l u s t r a t i o n  o f  

an i n v e r s i o n  l a y e r ,  an accum ula tion  l a y e r ,  and a channe l i s  

p r e s e n te d  in  F igu re  I 1-7.
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I f  a channel b r id g e s  two ju n c t i o n s ,  as i n  a t r a n s i s t o r ,  

s e v e re  leakage can o c c u r  a long  t h i s  s u b - s u r f a c e .  The 

e x p l o i t a t i o n  o f  such c h a n n e ls ,  formed d e l i b e r a t e l y  w ith  

a p p l i e d  f i e l d s ,  c o n s t i t u t e s  th e  conduction  in  a f i e l d  e f f e c t  

t r a n s i s t o r .

When p o s i t i v e  ch a rg e  i s  t r a p p e d  a t  th e  s u r f a c e ,  th e  

same e v e n t  o c c u rs ,  b u t  w ith  e l e c t r o n s  drawn t o  th e  un d er

s u r f a c e ,  and the  g r e a t e s t  e f f e c t  on the  "p" r e g io n  und er-  

s u r f a c e .

Even in  a d io d e ,  channe ls  a re  u n d e s i r a b le .  D i r e c t  s u r 

fa c e  conduction  does n o t  o ccu r  u n le s s  th e  channe l ex ten d s  from 

th e  j u n c t io n  to  the  o p p o s i te  e l e c t r o d e ,  b u t  t h e  p -n  ju n c t io n  

a r e a  may be in c re a s e d .  The r e v e r s e  c u r re n t  le ak ag e  i s  p r o 

p o r t i o n a l  to  the  j u n c t i o n  a r e a ,  and would be in c r e a s e d  in  

such  a c a se .

For in t r o d u c to r y  p u rp o s e s ,  t r a p p e d  c a r r i e r s  a t  th e  

s u r f a c e  were d e p ic te d  as  a cause  o f  a t t r a c t i o n  o f  h o le s  o r  

e l e c t r o n s  to  th e  s u r f a c e .  Any o t h e r  form o f  ch arge  which 

can c r e a t e  a s u r f a c e  f i e l d ,  in c lu d in g  a p p l ie d  f i e l d s ,  can 

a t t r a c t  c a r r i e r s  and b r in g  about t h i s  mechanism, o r  a i d  o r  

oppose o th e r  f i e l d  p ro d u c in g  e f f e c t s  in  c r e a t i n g  accum ula tion  

o r  in v e r s i o n  l a y e r s .

When, f o r  exam ple, an oxide  s u r fa c e  i s  grown, a f ix e d  

i n t e r f a c e  charge i s  found  t o  e x i s t .  This charge i s  dependent 

on th e  o r i e n t a t i o n  o f  th e  s i l i c o n ,  th e  method o f  growth and 

th e  e x t e n t  o f  any p o s t  growth a n n ea l in g  o p e r a t io n s .  I t  i s
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ev id en t  t h a t  such charge  w i l l  p a r t i c i p a t e  i n  a t t r a c t i n g  

c a r r i e r s  w i th in  th e  s i l i c o n .  The work f u n c t io n  d i f f e r e n c e s  

in  s i l i c o n ,  any p r o t e c t i v e  l a y e r ,  and any su bsequen t l a y e r  

a lso  e f f e c t  th e  r e l a t i v e  a t t r a c t i o n  o f  c a r r i e r s .

17
8 . MOS Devices

In f i e l d  e f f e c t  t r a n s i s t o r s ,  th e  i n s u l a t i o n  s e p a ra te s  

the  g a te  e l e c t r o d e  from th e  s u r f a c e  o f  th e  sem iconduc to r .

The ga te  v o l ta g e  a p p l i e d  de term ines  th e  e x t e n t  o f  th e  in v e r s io n  

and the  r e s u l t i n g  channe l c o n s t i t u t e s  th e  norm al conduction  o f  

t h i s  d e v ic e .  The m e ta l-o x id e -se m ic o n d u c to r  (MOS) and m e ta l-  

in s u la to r - s e m ic o n d u c to r  sandwich make a  v e ry  good i n v e s t i g a 

t i v e  t o o l  f o r  many o f  th e  e f f e c t s  o f  i n v e r s i o n  l a y e r s .  These 

sandwiches a l s o  s e rv e  to  e x p la in  some o f  th e  mechanisms

t h a t  ta k e  p la c e  in v o lv in g  in v e r s io n .  The t r e a tm e n t  in  t h i s

18s e c t io n  r e f l e c t s  a r t i c l e s  and t a l k s  by G oe tzb e rg e r  and a

19review a r t i c l e  by Snow and Deal.

17MOS d ev ice s  a re  in t ro d u c e d  b o th  becau se  o f  t h e i r  e x t e n 
s iv e  use as a dev ice  f o r  f i lm  i n v e s t i g a t i o n s ,  and because th e  
MOS sandwich i s  th e  h e a r t  o f  one ty p e  o f  f i e l d - e f f e c t  t r a n s i s t o r .  
Many o f  th e  comments made about d io d e  p a s s i v a t i n g  la y e rs  w i l l  
a l s o  app ly  t o  th e s e  d e v ic e s .

18N i c o l l i a n ,  E.H. and A. G o e tz b e rg e r ,  " L a t e r a l  A.C. C u rre n t  
Flow Model f o r  M e ta l - In su la to r -S e m ic o n d u c to r  C a p a c i to r s . "  IEEE 
T ra n sa c t io n s  on E le c t r o n  D evices, Vol. ED-12, March 1965, 108-117.

19Snow, E.H. and B.E. Deal, " P o l a r i z a t i o n  E f f e c t s  in  
I n s u l a t i n g  Films on S i l i c o n  - A Review ,"  T ra n s a c t io n s  o f  th e  
M e ta l lu r g ic a l  S o c ie ty  o f  A1ME, Vol. 242, March 1968, 512-523.
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I f  a g a te  e l e c t r o d e  i s  v a r i e d  from a h igh  p o s i t i v e  p o te n 

t i a l  t o  a n e g a t iv e  p o t e n t i a l  o v e r  an "n" type  se m ico n d u c to r ,  

th e  fo l lo w in g  sequence (w ith  chang ing  v o l ta g e )  o c c u r s :  At a

h ig h  p o s i t i v e  p o t e n t i a l ,  e l e c t r o n s  a re  a t t r a c t e d  t o  th e  

s i l i c o n  s u r f a c e ,  and an accu m u la tio n  l a y e r  i s  formed. Under 

t h i s  c o n d i t io n  th e  c a p a c i ta n c e  m easured r e f l e c t s  o n ly  th e  ox ide  

l a y e r .  As th e  v o l tag e  i s  d e c re a se d ,  and f i n a l l y  made n e g a t iv e ,  

th e  s u r f a c e  becomes d e p le te d  and th e  n e a r  s u r f a c e  s i l i c o n  

approaches  th e  c h a r a c t e r i s t i c s  o f  an i n s u l a t o r .  The c a p a c i 

ta n c e  o f  th e  s i l i c o n  so d e p le te d  i s  i n  s e r i e s  w ith  t h e  normal 

i n s u l a t i o n  c a p a c i ta n c e .  The n e t  r e s u l t  i s  a d e c re a s in g  

c a p a c i t a n c e  u n t i l  f u l l  i n v e r s i o n  i s  reac h ed .

V arious  mechanisms a f f e c t i n g  charge  and p o l a r i z a t i o n  w i l l  

i n f lu e n c e  th e  shape o f  th e  v o l t a g e  v s . c a p a c i ty  c u rv e s .  As 

an exam ple, i t  i s  known t h a t  in  ox ide  f i lm s  sodium io n s  m ig ra te  

r e a d i l y  to  th e  oxide s i l i c o n  i n t e r f a c e  under th e  a p p l i c a t i o n  

o f  p o s i t i v e  b ia s  to  th e  g a te  e l e c t r o d e .  These p o s i t i v e  io n s  

w i l l  t e n d  t o  h o ld  a b u i l t - i n  accu m u la tio n  l a y e r  which w i l l  

p r e v e n t  in v e r s io n  (hence c a p a c i t a n c e  lo s s )  u n t i l  a v o l t a g e  i s  

reac h ed  t h a t  i s  more n e g a t iv e  th a n  i n  th e  case o f  th e  same 

d ev ice  p r i o r  to  the  m ig ra t io n  o f  th e  sodium.

A s i m i l a r  accum ula tion  e f f e c t  i s  evidenced w ith  p o l a r i 

z a t io n ,  and an o p p o s ite  ( d e p le t io n )  e f f e c t  i s  a t t r i b u t e d  t o  

t r a p p in g  o f  m a jo r i ty  c a r r i e r s  i n  th e  s i l i c o n  oxide i n t e r f a c e .



66

9, V oltage Breakdown

Voltage breakdown in  i n s u l a t i n g  l a y e r s  may be in f lu e n c e d

by a number o f  f a c t o r s  i n  t h i n  f i lm s .  Of p r im ary  im portance

a re  any d e f e c t s  o r  in h o m o g en e it ie s  i n  t h e  i n s u l a t i n g  f i lm .

Linder th e  h ig h  f i e l d s  en co u n te re d  i n  s e m ic o n d u c to rs :  p o r o s i t y ,

i m p u r i t i e s ,  s u r f a c e  i r r e g u l a r i t i e s ,  and s i m i l a r  o ccu rren ces  

in v o lv in g  v a r i a t i o n s  i n  d i e l e c t r i c  c o n s ta n t  can cause f i e l d  

c o n c e n t ra t io n s  t h a t  may g r e a t l y  s h o r te n  t h e  l i f e  o r  maximum 

v o l ta g e  t h a t  a f i lm  can w ith s ta n d .

The im portance  o f  th e s e  f a c t o r s  has  a  p ro found  in f lu e n c e

on th e  care and c o n d i t io n s  n e c e ssa ry  t o  p roduce  i n s u l a t i n g

la y e r s .  U l t r a  c l e a n l i n e s s  o f  every  v e s s e l ,  m a te r i a l  o r  

re a g e n t  i s  r e q u i r e d .  A g r a in  o f  d u s t ,  d i r t  o r  organism  o f  

m ic roscop ic  o r  su b -m ic ro s c o p ic  dim ension cou ld  be th e  d i r e c t  

cause o f  f a i l u r e  o f  an o th e rw ise  f l a w le s s  f i lm .

The n a tu re  o f  breakdown in  a s o l i d ,  a s id e  from th e  

above f e a t u r e s ,  i s  a  v e ry  complex phenomenon dependent on 

te m p e ra tu re ,  f i e l d  s t r e n g t h ,  th ic k n e s s  o f  sam ple , a r e a  o f  th e  

e l e c t r o d e s ,  th e  n a t u r e  o f  th e  e l e c t r o d e s ,  t im e ,  and p robab ly  

many o th e r  p a r a m e te r s .  Many i n v e s t i g a t o r s  b e l i e v e  th e  u l t i 

mate breakdown t o  be a  th e rm a l  phenomenon w i th  in c r e a s in g  

e l e c t r i c  f i e l d  u l t i m a t e l y  cau s in g  more c u r r e n t  to  flow  w ithou t 

f u r t h e r  in c r e a s e  i n  E. This  energy i s  d i s s i p a t e d  as therm al 

energy  and breakdown r e s u l t s  when th e  i n c r e a s e  i n  therm al 

energy lowers th e  r e s i s t a n c e  p r o g r e s s iv e ly  w ith  no f u r t h e r
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in c r e a s e  in  a p p l i e d  v o l ta g e .

A second  p o s s i b i l i t y  in v o lv e s  a sudden onrush o f  c u r r e n t

due t o  ava lanche  which may i n  t u r n  be caused  by in h e re n t  weak

s p o ts  o r  p e rhaps  may be j u s t  a  s t a t i s t i c a l  occurrence  f o r  a

g iven  r e l a t i v e l y  h ig h  f i e l d  th ro u g h  th e  i n s u l a t o r .  Breakdown

o f  t h i s  n a t u r e  i s  g e n e ra l ly  v e ry  l o c a l i z e d .  D if f e r in g  t h e o r i e s

e x p la in  why th e  m a te r i a l  r eac h es  th e  p o i n t  o f  d e g ra d a t io n .

20 21This m a te r i a l  i s  summarized by O'Dwyer and K lein  and w i l l

n o t  be r e p e a te d  h e r e .  Two p o in t s  a re  o f  i n t e r e s t ,  however.

F i r s t ,  th e  breakdown f i e l d  s t r e n g t h s  a re  much h ig h e r  i n  very  

t h i n  f i lm s .  This leads  to  th e  p r a c t i c e  o f  s t r e s s i n g  th e s e  

f i lm s  t o  a degree  which cou ld  n o t  be t o l e r a t e d  in  bu lk  i n s u 

l a t i n g  m a t e r i a l .  This leads  t o  th e  second  p o in t  o f  i n t e r e s t ,  

in  t h a t  i f  extrem e u n ifo rm ity  i s  n o t  a c h ie v e d ,  weak a r e a s  

w i l l  o ccu r  t h a t  w i l l  be s u b je c t  t o  ava lanche  o r  the rm al b r e a k 

down. Such n o n -u n ifo rm ity  c o u ld  o c c u r  as a  r e s u l t  o f  s u r 

face  p r e p a r a t i o n ,  o c c lu s io n  o f  i m p u r i t i e s ,  o r  la rg e  c r y s t a l l i t e  

s t r u c t u r e  fo rm a t io n .

10. C onduction i n  In s u la t in g  Films

The i n t e r e s t  i n  i n s u l a t i n g  f i lm s  in  t h i s  d i s s e r t a t i o n  

w i l l  be c o n f in e d  to  amorphous o r  n e a r l y  amorphous f i lm s .

20 O’Dwyer, J . J . ,  "Theory o f  D i e l e c t r i c  Breakdown i n  S o l i d s " ,  
J o u rn a l  o f  th e  E le c tro c h e m ic a l  S o c ie ty ,  Vol. 116, No. 2 ,  Febru
ary  1969, 239-241.

21K le in ,  N. " E l e c t r i c a l  Breakdown in  Thin D i e l e c t r i c  F i lm s ."
J o u r ,  o f  th e  E le c tro c h e m ic a l  S o c i e t y , V. 116, N. 7, J u ly  1969,963-972.
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C r y s t a l l i n e  f i lm s o r  p o l y c r y s t a l l i n e  f i lm s  w ith  l a rg e  c r y s t a l 

l i t e s  have o th e r  draw backs. I t  i s  advan tageous , how ever, t o  

s t a r t  from th e  concep t o f  a u n ifo rm  c r y s t a l l i n e  s t r u c t u r e  w ith  

i t s  d e f i n i t e  energy band  s t r u c t u r e ,  and s p e c u la te  on th e  

n a tu re  o f  energy bands when s h o r t - r a n g e  o rd e r  i s  s u b s t i t u t e d  

f o r  th e  i n f i n i t e  s e r i e s  o f  p o t e n t i a l  energy w e l l s  h y p o th e s iz e d

e a r l i e r  i n  t h i s  c h a p te r .  The c h i e f  d i f f e r e n c e ,  a c c o rd in g  t o  

22J o n s c h e r  , i s  the  ab sen ce  o f  w e l l  d e f in e d  v a le n c e  and 

co nduc tion  bands, and th e  s u b s t i t u t i o n  o f  l o c a l i z e d  conduc

t i o n  and t ra p p in g  s t a t e s ,  as shown in  Figure I I - 8 .

At room te m p e ra tu re ,  th e rm al a c t i v a t i o n ,  t o g e t h e r  w i th  

band bend ing  due to  h ig h  f i e l d  s t r e s s e s  combine t o  b r in g  

about a s e r i e s  o f  t r a n s i t i o n s  from nearby  energy  s t a t e s ,  each  o f  

which c o n s t i t u t e s  tu n n e l in g  o r  moving o f  ch a rg e .  F ig u re  I I - 9  

shows a p l o t  o f  the  lo g a r i th m ic  c u r r e n t  vs_. th e  sq u a re  ro o t
O

o f  th e  a p p l ie d  v o l ta g e  f o r  a 3800 A f i lm  o f  s i l i c o n  monoxide.

The m a jo r  s t r a i g h t  p o r t i o n  o f  t h e  curve f i t s  t h e  e q u a t io n s  

o f  P o o le -F ren k e l  e m is s io n  o r  S c h o ttk y  em iss io n .  The concern  

h e re  i s  w ith  the  approx im ate  f i lm  c o n d u c t iv i ty  b e h a v io r ,  and n o t  

w ith  th e  s p e c i f i c  mechanism o f  conduction  th ro u g h  th e  f i lm .

The f a c t  t h a t  c o n d u c t iv i t y  i n c r e a s e s  g r e a t ly  w i th  a p p l i e d  f i e l d  

h e lp s  t o  sup p o r t  a t h e s i s  t h a t  i n  a composite s t r u c t u r e  th e  

c u r r e n t  w i l l  tend  to  t a k e  a s h o r t  p a th  to  th e  s u r f a c e  i f  t h e r e  

e x i s t s  a  mechanism f o r  c o n d u c tio n  a long  the  s u r f a c e .

22 Jo n sc h e r ,  A.K. " E l e c t r o n i c  Conduction i n  D i e l e c t r i c  
F i lm s ,"  pages 3-42 i n  F re d r ic k  V ra tny ,  Thin F ilm  D i e l e c t r i c s , 
D i e l e c t r i c s  and I n s u l a t i o n  D iv . ,  E le c tro c h e m ic a l  S o c ie ty ,  New 
York, 1969.
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CHAPTER I I I  -  INSULATION PHYSICAL 
CONSTANTS AND COMPARISON WITH SILICON

I .  In t ro d u c t io n

I t  i s  the  p u rpose  o f  t h i s  c h a p te r  to  r e l a t e  and compare 

th e  p h y s ic a l  c h a r a c t e r i s t i c s  o f  the  most o f t e n  used  i n s u l a t i n g  

f i lm s  f o r  s i l i c o n  i n  l i g h t  o f  th e  very s t r i n g e n t  e l e c t r i c a l ,  

m echan ica l and ch em ica l re q u ire m en ts  imposed by th e  r e v e r s e  

b i a s e d  d iode . The u l t i m a t e  g o a l  o f  t h i s  com parison i s  t o  de

te rm in e  the  i m p l i c i t  o r  e x p l i c i t  e f f e c t  o f  th e s e  c h a r a c t e r i s t i c s  

on s u r f a c e  leak ag e .  I f ,  f o r  example, h igh  e l e c t r i c  f i e l d  causes 

breakdown o r  d e t e r i o r a t i o n ,  th e  o r ig i n a l  c o n d u c t iv i t y  changes. 

S i m i l a r l y ,g r e a t  m echan ica l  s t r e s s  can b r in g  about d i s r u p t i o n s  

which can a d v e rs e ly  e f f e c t  le a k a g e .  I t  w i l l  be shown t h a t  the  

s p e c i f i c  i n s u l a t i n g  m a t e r i a l  u sed  over s i l i c o n  has an e f f e c t  

on b o th  e l e c t r i c  f i e l d  s t r e n g t h  and m echanical s t r e s s .  S imi

l a r l y ,  o th e r  m a te r i a l s  p r o p e r t i e s  w i l l  be shown to  a f f e c t  u l t i 

mate dev ice  perfo rm ance .

To implement t h i s  i n v e s t i g a t i o n ,  v a r io u s  d a ta  were ga the red  

and compared in  t a b u l a r  form. These c o n s id e r a t io n s  le d  t o  the  

r e a l i z a t i o n  t h a t  f u r t h e r  e x p l o i t a t i o n  o f  some o f  th e s e  

c h a r a c t e r i s t i c s  c o u ld  e x te n d  th e  c a p a b i l i t i e s  o f  p ro c e s s in g  

sem iconducto r  d ev ice s  r e q u i r i n g  p a s s iv a t i n g  f i lm s  and cou ld  

le a d  to  fi lm s improved from a r e l i a b i l i t y  s t a n d p o i n t .  This 

concep t w i l l  be e x p lo re d  f u r t h e r  in  t h i s  c h a p te r  and i n  Chapter 

V.
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A s u b s t a n t i a l  p o r t i o n  o f  t h i s  c h a p te r  i s  devoted t o  com

p a r a t i v e  v a lu e s  o f  c o n s ta n t s ,  such  as d i e l e c t r i c  c o n s ta n t ,  

the rm al c o e f f i c i e n t  o f  expansion  o r  d e n s i t y .  This p roves  to  

be u s e f u l  in  p r e d i c t i n g  s t r e s s e s  and in  p o s t u l a t i n g  mechanisms 

which c o u ld  cause a change in  perfo rm ance  w hich , in  t u r n ,  cou ld  

cause a  s h i f t  i n  dev ice  perfo rm ance  to  s p e c i f i e d  read in g s  o r  a 

low ering  o f  th e  l i f e  o f  the  component.

A f u r t h e r  pu rpose  o f  t h i s  c h a p t e r  w i l l  be to  d is c u s s  th e  

way in  which d e v ic e  perform ance depends on p h y s ic a l  e f f e c t s  

in  th e  i n s u l a t i n g  f i lm  only (a s  d i f f e r e n t i a t e d  from r e l a t i v e  

p h y s ic a l  c o n s t a n t s ) .

2. V a r i a b i l i t y  o f  " P h y s ica l  C o n s ta n ts"

An in e s c a p a b le  consequence o f  any c o n s id e r a t io n  o f  c o n s ta n t s  

i s  th e  degree  to  which the  c o n s ta n t s  a re  a c t u a l l y  unchanging 

in  v a lu e .  This  i s  im portan t i n  any e l e c t r i c a l  m a te r i a l ,  b u t  

p a r t i c u l a r l y  im p o r ta n t  when th e  i n s u l a t i o n  p a r t i c i p a t e s  i n  th e  

s i t u a t i o n  e l e c t r o n i c s  (as in  i n s u l a t e d  g a te  f i e l d  e f f e c t  d e v i c e s ) ,  

and when s i z e s  a re  g r e a t ly  m in ia t u r i z e d .  D r i f t s  w ith  t im e  a re  

im p o r ta n t ,  becau se  such changes i n d i c a t e  a l t e r a t i o n  o f  th e  f i lm .  

V a r ia t io n  in  v a lu e  w ith  a p p l ie d  s t r e s s  such as v o l tag e  o r  

te m p e ra tu re  o c c u r ,  and the  e f f e c t  o f  such change shou ld  be  

co n s id e re d  i f  a v ery  a c c u ra te  p r e d i c t i o n  i s  to  be made. For 

o rd e r  o f  m agnitude c a l c u l a t i o n s ,  t h i s  i s  sometimes no t n e c e s s a r y .  

Also o f  g r e a t  consequence to  r e l i a b i l i t y  i s  t h a t  m inute change 

th a t  may o ccu r  as a r e s u l t  o f  changes in  th e  method o r  c o n d i -
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t i o n s  o f  f i lm  fo rm a t io n .

The im port o f  very  s l i g h t  changes in  one p r o p e r ty  i n  term s 

o f  p r o p e r t i e s  o f  i n t e r e s t  i n  e l e c t r o n i c  f i lm s  can e a s i l y  be 

deduced, a l though  th e  s p e c i f i c  i n t e r n a l  change c a n n o t .  For 

exam ple, a s l i g h t  change in  d e n s i t y  could  in v o lv e  one o r  more 

o f  s e v e r a l  mechanisms f o r  which p o s s i b l e  consequences i n  a 

dev ice  a re  l i s t e d :

P o s s ib le  Change Mechanism Consequence

1. Change in  p o r o s i t y

an d /o r

2,  Change in  s h o r t  range  
s t r u c t u r e

3. Change in  c r y s t a l l i n e  
s t r u c t u r e

(a) V a r ia t io n  o f  e l e c t r i c a l  r e 
s i s t i v i t y

(b) M o d if ic a t io n  o f  a l k a l i  io n  
m ig ra t io n

(c) Change in  e t c h  p r o p e r t i e s  
(hence a f f e c t s  p ro c e s s in g )

(d) A l t e r a t io n  o f  r a t e  o f  
accep tance  o f  H2 O by th e  
f i lm .  This may have f u r t h e r  
e f f e c t s  on f i lm  e l e c t r i c a l  
p r o p e r t i e s .

(a) I f  la rg e  p o l y c r y s t a l s  e x i s t ,  
a d r a s t i c  low ering  o f  
d i e l e c t r i c  s t r e n g t h  may 
occur.

(b) Etch p r o p e r t i e s  may be 
a l t e r e d

(c) Thermal c o n d u c t i v i t i e s  may 
s h i f t

Chemical r e d u c t io n  (a)
i . e . ,  SiO in  SiO? , o r
S i i n  SiO (b)

R e s i s t i v i t y  may be m od if ied

Might cause s h i f t  o f  a v a i l 
a b le  s u r f a c e  s t a t e s  a t  
l a y e r  o f  s i l i c o n .
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5. Chemical i n t e r a c t i o n  (a) C om plete ly  d i f f e r e n t  com
a t  l a y e r  i n t e r f a c e  pounds may be formed -

AI2 O3  + SiC>2 may form 
s i l a m i n i t e  o r  m u l l i t e

P h y s ic a l  c o n s ta n t s  a re  u s u a l ly  n o t  c o n s t a n t ,  as has been 

d is c u s se d  above, b u t  a l i s t i n g  o f  approx im ate  room tem pera tu re  

values  can s e rv e  a v e ry  c o n s t r u c t iv e  p u rp o se .

This t a b u l a t i o n ,  Table IV-1, i s  supp lem en ted  by a b i b l i o 

g ra p h ic a l  l i s t i n g  o f  th e  s p e c i f i c  s o u rc e s  o f  in fo rm a t io n  fo r  

t h i s  c h a r t .  With th e  e x ce p t io n  o f  s i l i c o n ,  th e  t a b l e  i s  d iv id e d  

fo r  each su b s ta n c e  t o  p ro v id e  some com parison  o f  th e  c r y s t a l 

l in e  form o f  th e  m a t e r i a l  w ith  th e  b u lk  a n d /o r  t h e  f i lm  form.

The bulk  form o f  s i l i c o n  d iox ide  i s  n o rm a l ly  v i t r e o u s  ( g l a s s } , 

and th e  b u lk  form o f  s i l i c o n  n i t r i d e  o r  aluminum oxide i s  

probab ly  p o l y c r y s t a l l i n e .  In some in s t a n c e s  more than  one 

value i s  l i s t e d ,  w ith  an a p p ro p r ia te  r e f e r e n c e .  This may 

re p re s e n t  a t r u e  d i f f e r e n c e  o f  v a lu e s  and c o n seq u en t ly  some 

change in  th e  p h y s ic a l  n a tu re  o r  chem ica l makeup o f  the  sam ple. 

This i s  n o t  t o t a l l y  unexpected  when we c o n s id e r  t h a t  the  p r o 

cesses  by which samples were p re p a re d  were o f t e n  d i f f e r e n t .

On th e  o th e r  hand , s m a l l  d i f f e r e n c e s  i n  v a lu e s  may r e s u l t  from 

d i f f e r e n c e s  i n  te c h n iq u e  used by v a r io u s  s c i e n t i s t s  i n  measuring 

th e se  c o n s t a n t s .  T h is  i n v e s t i g a t o r  d id  n o t  t r y  t o  ac t  as a 

r e f e r e e  i n  any o f  th e s e  d i f f e r e n c e s ,  n o r  was t h e r e  an a t tem p t 

made to  c r i t i c a l l y  examine the  e x a c t  te c h n iq u e s  o f  measurement. 

This t a b l e  i s  in t e n d e d  p r im a r i ly  to  g iv e  com parisons o f  v a lu e s ,  

such as th e  c o e f f i c i e n t s  o f  therm al e x p an s io n  o f  v i t r e o u s  s i l i c a
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v s .  t h a t  o f  c r y s t a l l i n e  q u a r t z .  Even more im p o rtan t  i s  th e  

q u e s t io n  as t o  w hether o r  n o t  th e  in v o lv e d  p ro p e r ty  o f  th e  p r o 

t e c t i v e  l a y e r  v a r i e s  markedly from s i l i c o n  and some i n t e r e s t  in  

w hether  th e  c o n s ta n t  i s  n u m e r ic a l ly  g r e a t e r  o r  l e s s  th a n  th e  

e q u i v a l e n t  c o n s ta n t  o f  s i l i c o n .  In  th o s e  in s ta n c e s  f o r  which 

an a b s o lu t e  f i g u r e  i s  r e q u i r e d  ( e . g .  d i e l e c t r i c  s t r e n g t h ,  

r e s i s t i v i t y ,  the rm al c o n d u c t iv i t y  o r  m e l t in g  p o in t )  th e  a g re e 

ment i s  s u f f i c i e n t  f o r  many p r a c t i c a l  r e l i a b i l i t y  p u rp o s e s .

The v a lu e s  shown f o r  s i l i c o n  i n  T ab le  I I I -1 a re  f o r  i n 

t r i n s i c  o r  v e ry  p u re ,  c r y s t a l l i n e  s i l i c o n .  I t  i s  a  well-know n 

f a c t  t h a t  c e r t a i n  im p u r i t i e s  (donor o r  a c c e p to r  e lem en ts )  can 

v i t a l l y  change th e  r e s i s t i v i t y .  O ther  p r o p e r t i e s  may a l s o  be 

e x p e c te d  t o  change w ith  th e s e  im p u r i t i e s  o r  "doping"  concen

t r a t i o n s ,  and in  f a c t  r a t h e r  s t r i k i n g  p r o p e r ty  changes w ith  

r e s p e c t  t o  l i g h t  ( i n f r a  red )  a b s o r p t io n  occur* b u t  a re  n o t  

c h a r t e d .

The te rm  "amorphous" f o r  p u rp o ses  o f  t h i s  t a b u l a t i o n  means 

p r i m a r i l y  "no long-range  s t r u c t u r e . "  P o l y c r y s t a l l i n e  form may 

w e l l  be in v o lv e d ,  p ro v id in g  on ly  t h a t  th e  c o n s t i t u e n t  t r u e
O

c r y s t a l s  do n o t  exceed , on th e  a v e ra g e ,  50 A in  s i z e .  In  

th e  case  o f  S i 0 2 we can e x te n d  amorphous to  a l s o  im ply  

" v i t r e o u s "  o r  "g la s s y "  a t  l e a s t  f o r  th o s e  f i lm s  p ro c e s s e d  a few 

hundred  d eg ree s  away from th e  s o f t e n i n g  p o in t  o f  S i0 2 . Whether 

th e  S i 0 2 f i lm s  formed by io n  bombardment a re  t r u l y  g l a s s  by

*Runyan, W.R., S i l i c o n  Sem iconductor  Technology. New York: 
McGraw-Hill, 1965, p .  195.



n a tu r e  i s  n o t  known, b u t  i t  cou ld  be p o s t u l a t e d  on th e  b a s i s  t h a t

Z a c h a r ia s e n 's  r u l e s  f o r  fo rm a tio n  o f  a g l a s s  a r e  s a t i s f i e d  by

SiC^ t h a t  th e  amorphous form could be g l a s s .  That t h i s  has a

s i g n i f i c a n c e  canno t now be d em onstra ted ,  b u t  many phenomena

which a re  connec ted  w ith  e l e c t r o n i c  b e h a v io r  a re  i n t im a te ly

t i e d  to  s t r u c t u r e  such as b in d in g  f o r c e s ,  e f f i c i e n c y  o f  p ack ing ,

e t c .  Q uartz  and amorphous s i l i c a  se rv e  as  an example o f  t h i s .

Ions w i l l  n o t  m ig ra te  th ro u g h  q u a r tz  c r y s t a l s ,  a l th o u g h  a

sm all  io n i c  c u r r e n t  occu rs  i n  one c r y s t a l  d i r e c t i o n  i f  ions  
2

a re  r e p la c e d .  On th e  o t h e r  hand, i n  amorphous s i l i c a ,  a l k a l i  

io n s  m ig ra te  r e a d i l y  th ro u g h  th e  la y e r s .  The i n t e r a c t i o n  o f  

io n  d r i f t  w ith  e l e c t r o n i c  b e h a v io r  o f  f i e l d  e f f e c t  d ev ice s  i s  

w e l l  known.

The e l e c t r i c  f i e l d  i n  th e  immediate v i c i n i t y  o f  a p -n  

j u n c t io n  i s  u s u a l ly  very  la rg e  when th e  j u n c t i o n  i s  n e g a t iv e ly  

b ia s e d .  T y p ic a l ly ,  i f  t h e  d e p le t io n  r e g io n  i s  .001" i n  e x te n t  

and a p o t e n t i a l  o f  1000  v o l t s  i s  a p p l ie d  a c ro s s  th e  j u n c t io n ,  

a f i e l d  o f  1000 v o l t s / m i l  o r  approx im ate ly  400,000 v o l t s /c m  

e x i s t s .  Even some o f  th e  b e t t e r  bu lk  ce ram ics  and a lm ost a l l  

o rg a n ic  i n s u l a t i o n  m a te r i a l s  f a i l  under such a f i e l d  s t r e n g t h .

The few e x c e p t io n s  -  f o r  example a te c h n iq u e  was developed  by
3

Brenneman and Gregov f o r  p roduc ing  epoxy f i lm s  w ith  a breakdown

2
P r iv a t e  Communication w ith  Dr. R.E. Doremus, G eneral 

E l e c t r i c  Company.
3
Brenneman, A.E. and Gregov, L .V ., "Epoxy D i e l e c t r i c  Films 

Produced by E le c t ro n  Bombardment," J o u rn a l  o f  th e  E le c tro c h e m ic a l  
S o c ie ty ,  Vol. 112, 12, December 1965, pp 1194-1197.
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s t r e n g t h  o f  10^ v/cm - s t i l l  have th e  d isad v an tag e  o f  th e  

p re s e n c e  o f  carbon  which i s  v e ry  l i k e l y  t o  " t r a c k 11 a  conduc

t i n g  p a th  i n  th e  even t o f  h ig h  leakage  c u r r e n t .  T h is  same com-
4

ment a p p l ie s  t o  s i l i c o n e  f i l m s .

3. The N a tu re  o f  th e  S i l i c o n - I n s u l a t i o n  I n t e r f a c e

One s h o u ld  be aware o f  t h e  very  s e n s i t i v e  n a tu r e  o f  th e  

s u r f a c e  w ith  which one i s  d e a l i n g .  R e c a p i tu la t in g  from 

C h ap te r  I I :  (1) Many energy  l e v e l s  e x i s t  between th e  v a le n c e

and co n d u c t io n  bands a t  a s i l i c o n -v a c u u m  s u r fa c e  due t o  th e  

a b ru p t  t e r m in a t io n  o f  th e  c r y s t a l l i n e  l a t t i c e  such as  th e  

Tamm S t a t e s .  (2) These ene rgy  l e v e l s  te n d  to  degrade  p e r f o r 

mance. (3) Most s u r fa c e  i n s u l a t i n g  c o a t in g s  te n d  t o  d im in ish  

th e  number o f  energy  l e v e l s  betw een th e  v a lence  and co n d u c t io n  

bands .  (4) Charge c o n c e n t r a t i o n  i n  th e  i n s u l a t i n g  c o a t in g  can 

induce  mobile c a r r i e r s  (h o le s  o r  e l e c t r o n s )  to  th e  s u r f a c e  

which change conduction .

The " i n t e r f a c e "  between s i l i c o n  and the  p r o t e c t i v e  f i lm ,  

w h e th e r  i t  i s  s i l i c o n  d io x id e  o r  s i l i c o n  n i t r i d e ,  h a s  a  bonding 

which does n o t  c o n s t i t u t e  a p e r f e c t  match in  term s o f  mechan

i c a l  o r  e l e c t r i c a l  p r o p e r t i e s .  For example, th e  c o e f f i c i e n t  

o f  th e rm a l  expans ion  f o r  s i l i c o n  i s  2 .3  x 10 ^ p e r  degree

C o n t i ,  M. and Tegagni, F . ,  " E l e c t r i c a l  P r o p e r t i e s  o f  
S i l i c o n e  Film s on S i l i c o n . "  J o u r n a l  o f  th e  E le c t ro c h e m ic a l  
S o c i e t y , Vol. 116, No. 3, March 1969, pp 377-380.
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C whereas t h a t  f o r  amorphous s i l i c o n  d io x id e  i s  0 .3  x 10 ^ 

p e r  degree C and f o r  c r y s t a l l i n e  s i l i c o n  d io x id e  9 x 10"^ o r  

14 x 10- ^ p e r  degree  C depending on th e  c r y s t a l  d i r e c t i o n .

One can see  t h a t  i f  t h i s  s t r u c t u r e  goes th ro u g h  tem pera tu re  

changes, s t r e s s e s  and s t r a i n s  a re  s e t  up , and i n  th e  long range  

t h i s  mechanism has th e  c a p a b i l i t y  o f  d i s r u p t i n g  bonds. The 

maximum s t r e s s  w i l l  o ccu r  a t  th e  i n t e r f a c e ,  and i t  i s  l o g i c a l  

to  assume t h a t  th e  a b ru p t  t e rm in a t io n  o f  th e  s i l i c o n  c r y s t a l  

w i l l  b r in g  abou t m ic ro sco p ic  a rea s  o f  bond w eakness .  I t  i s  

co nce ivab le  t h a t  a c leav ag e  between th e  two la y e r s  could  s t a r t  

a t  such a p o i n t .  Any such s e p a r a t io n  would in  i t s e l f  p ro v id e  

a low ering o f  d i e l e c t r i c  s t r e n g th  a long  th e  c le a v a g e ,  and 

would p ro v id e  a p a th  f o r  m ois tu re  o r  o t h e r  im p u r i t i e s  to  move 

r e l a t i v e l y  f r e e l y .

I t  w i l l  a l s o  be l o g i c a l  t h a t  e l e c t r i c  f i e l d s  o f  h igh  mag

n i tu d e  cou ld  produce i o n i z a t i o n  o f  m o is tu re  o r  o th e r  gases t h a t  

may be p r e s e n t  and th u s  f u r t h e r  in c r e a s e  th e  r a t e  o f  d e t e r 

i o r a t i o n .

4. The T ab le  o f  Comparative Values

Table I I I -1 d i s p la y s  th e  p h y s ic a l  p r o p e r t i e s  o f  s i l i c o n  

monoxide, s i l i c o n  d io x id e ,  s i l i c o n  n i t r i d e ,  and aluminum o x ide  

along w ith  s i l i c o n  f o r  com parative p u rp o s e s .  As has  been 

p re v io u s ly  s t a t e d ,  th e  numbers c h a r t e d  r e p r e s e n t  th e  va lue  o f  th e  

co n s tan t  a t  room te m p e ra tu re  u n le s s  o th e rw is e  n o te d ,  w ith  no
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a t tem p t t o  c o n s id e r  a  f u n c t i o n a l  r e l a t i o n s h i p  o f  c h a r t e d  v a lues  

w ith  te m p e ra tu re ,  m echan ica l s t r e s s ,  a p p l ie d  f i e l d ,  o r  w ith  

any o t h e r  f a c t o r s  which c o u ld ,  and in  p r a c t i c e  b r in g  about a 

change i n  t h e  m a te r i a l  p r o p e r t i e s  o f  th e se  l a y e r s .

5 .  C o e f f i c i e n t  o f  Thermal Expansion

A b r i e f  e a r l i e r  m ention o f  r e l a t i v e  th e rm a l c o e f f i c i e n t s  

o f  ex p an s io n  w i l l  be e x p lo re d  in  a more q u a n t i t a t i v e  manner.

In grown S i f^  s u r f a c e s  on sem iconduc to rs ;  an amorphous ox ide  

f i lm  i s  formed. Let us' ta k e  an example o f  a .025 cm t h i c k
O

s i l i c o n  w afe r  upon which th e  f i lm  th ic k n e s s  i s  5000 A. The 

te m p e ra tu re  o f  fo rm a t io n  i s  t y p i c a l l y  105,0°C. Hence, A T w i l l  

be app rox im ate ly  1000°C to  cool th e  w afer to  th e  te m p e ra tu re  

a t  which i t  w i l l  be u se d .  I t  i s  assumed f o r  s i m p l i c i t y  o f  

c a l c u l a t i o n  as a f i r s t  o r d e r  o f  approx im ation  t h a t  (X ( th e  

te m p e ra tu re  c o e f f i c i e n t  o f  ekpans ion )  i s  a co n s tan t , .

S ince  the  th i c k n e s s  o f  ox ide  i s  s e v e ra l  o r d e r s  o f  magni

tude  le s s  than  th e  t h i c k n e s s  o f  s i l i c o n ,  th e  o x id e  may be 

c o n s id e re d  to  in f lu e n c e  th e  t o t a l  l i n e a r  s h r in k in g  very  l i t t l e ;  

h en ce ,  th e  e lo n g a t io n  i s  ta k e n  to  be 2 .3  x 10 ^ in c h e s  p e r  

in ch  o f  le n g th  p e r  d eg ree  C en t ig rad e  change.

A  le n g th  = 2 .3  x 10"^ x 10^ [ b a s i s  1 in ch ]

This r e p re s e n ts  t o t a l  e l o n g a t io n  o f  s i l i c o n  p lu s  l a y e r ,  

b u t  i n  t h i s  c a l c u l a t i o n  th e  la y e r  only i s  c o n s id e re d  

below.
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Of . th i s  change in  le n g th ,  th e  S i0 2 te m p era tu re  s h r in k a g e  

would have acco u n ted  f o r  0 .3  x 10"^ in c h e s  p e r  in c h  o f  

l e n g th .  Had o n ly  t h i s  amount o f  s h r in k a g e  o c cu rred ,  t h e r e  

would be no n e t  s t r e s s  l e f t  i n  t h e  f i l m .  I t  i s  assumed t h a t  

s t r e s s  i s  p r o p o r t i o n a l  to  s t r a i n .  S h rinkage  above 0 .3  x 10- 6  

in c h es  p e r  in c h  o f  leng th  w i l l  p roduce  a p r o p o r t i o n a l  compres

s iv e  s t r e s s  i n  th e  oxide l a y e r .

le n g th ,  n e t  = 2 .3  x 10~3 - 0 .3  x 10- 3  

A  = 2 . 0  x 1 0 - 3  i n c h e s / in c h  

(which must r e s u l t  in  s t r e s s  in  th e  S i 0 2)

| g g |  = Young's Modulus

S t r e s s  _ iri6= 10.5 x 10
2 . 0  x 10- 3

3
S t r e s s  = 21 x 10 p s i

Hence, s t r e s s  = 21,000 p s i

R .J .  J a c c o d in e  and W.A. S c h le g e l3  measured th e  a c t u a l  s t r e s s  

under s i m i l a r  c o n d i t io n s  t o  be 45,000 p s i .

I t  i s  concluded  th a t  amorphous S i0 2 on s i l i c o n  formed a t  

h igh  te m p e ra tu re  and used a t  low te m p e ra tu re  i s  s a t i s f a c t o r y ,  

b u t  u n d e r  c o n s id e ra b le  s t r e s s .

5 R .J .  J a c c o d in e  and W.A. S c h le g e l ,  "Measurement o f  S t r a i n s  
a t  S i-S iO o I n t e r f a c e ,  Jo u rn a l  o f  A pp lied  P h y s i c s , .V ol. 37 , No. 6 , 
May 1966, pp 2429-2434.
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C r y s t a l l i n e  s i l i c o n  d io x id e ,  on t h e  o th e r  h an d ,  d i f f e r s  

g r e a t l y  from s i l i c o n  in  i t s  therm al c o e f f i c i e n t  expans ion .

F u r th e r ,  th e  n e t  r e s u l t i n g  i n s u l a t i n g  f i l m  would be  i n  te n s io n  

a f t e r  coo l in g .  N orm ally  we would no t  e x p e c t  to  d e p o s i t  

c r y s t a l l i n e  S i0 2 b u t  c o n t in u e d  exposure o f  amorphous f i lm s  to  

h ig h  tem p era tu re  m ight cause  d e v i t r i f i c a t i o n ,  s i m i l a r  to  fused  

q u a r t s  tubes  a f t e r  c o n t in u e d  use in  a r e f r a c t o r y  fu rn a c e .

Amorphous s i l i c o n  n i t r i d e ,  w ith  an oC o f  2^5 x 10- ^ , 

s h o u ld  r e s u l t  i n  a low s t r e s s  f i lm ,  b u t  un d er  t e n s i o n .  Alumi

num oxide sh o u ld  r e s u l t  in  h ig h e r  s t r e s s  f i lm  u n d e r  te n s io n .

The id e a  o f  combining f i lm s o f  d i f e r e n t  com position  to  

p roduce  low s t r e s s  i s  b e in g  exp lo red  by C.M. Drum and M.J.

Rand^. An i n t e r e s t i n g  p o s s i b i l i t y  e x i s t s  t h a t  i f  d u r in g  c o a t in g  

th e  s u r fa c e  only  were t o  be h e a te d  su d d en ly  w i th  p u l s e s  o f  

en e rg y .  The end  r e s u l t  would be a f i lm  w ith  i t s  own s t r e s s ,  

b u t  w ithou t th e  a d d i t i o n a l  s t r e s s  due t o  th e  s i l i c o n  expanding 

and su b se q u en tly  s h r in k in g .  This w i l l  be e x p lo re d  f u r t h e r  i n  

C hap te r  V.

6 . D ie l e c t r i c  C on s tan t  and D ie l e c t r i c  S t r e n g th

The d i e l e c t r i c  c o n s ta n t s  o f  s i l i c o n  and th e  i n s u l a t i n g  

la y e r s  e f f e c t  d e v ic e  perfo rm ance in  v a r io u s  ways. F i r s t ,  con

s i d e r  the  i n s u l a t i o n  o v e r  doped s i l i c o n  i n  th o s e  re g io n s  o f  a

6 C.M. Drum and M .J. Rand, "A Low -Stress  I n s u l a t i n g  Film 
on S i l i c o n  by Chemical Vapor D e p o s i t io n ,"  J o u r h a l  o f  Applied 
P h y s ic s , Vol. 39, No. 8 , August 1968, pp 4458-4459.
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w a fe r  where th e  s i l i c o n  i s  n o rm a l ly  c o n d u c t iv e .  The d i e l e c t r i c  

c o n s ta n t  o f  t h e  i n s u l a t o r  r e l a t i v e  t o  t h a t  o f  s i l i c o n  i s  un 

im p o r ta n t .  A very  low d i e l e c t r i c  c o n s ta n t  o f  th e  i n s u l a t o r  

w i l l  reduce th e  c a p a c i t iv e  c o u p l in g  o f  th e  co nduc ting  s i l i c o n  

t o  any n ea rb y  d e p o s i te d  w i r in g ,  p a r t i c u l a r l y  i f  t h e  w ir in g  i s  

v e ry  n e a r  th e  conduc ting  s i l i c o n .  A low d i e l e c t r i c  c o n s ta n t  

w i l l  a l s o  reduce  th e  f i e l d  c o n c e n t r a t i o n  above th e  d i e l e c t r i c  

f o r  f i e l d s  in d u c ed  between th e  s i l i c o n  and any co n d u c t in g  o b je c t  

above th e  l a y e r .  For t h i s  p u rp o se ,  s i l i c o n  d io x id e  K = 3 .7  o r  

s i l i c o n  monoxide K = 3+ would be th e  b e s t  o f  th e  t a b u l a r  v a lu e s .

On th e  o th e r  hand, on th e  s u r f a c e  n e a r  th e  d e p l e t i o n  r e g io n  

o f  a back b i a s e d  j u n c t i o n ,  t h e  u n d e r ly in g  s i l i c o n  i s  more o f  an 

i n s u l a t o r  th a n  a conduc to r  and s u r f a c e  i r r e g u l a r i t i e s  due t o  

p o l i s h i n g  o r  e tc h in g  may p e rm i t  th e  i n s u l a t o r  t o  e x te n d  i n t o  

t h e  s u r f a c e  o f  th e  s i l i c o n .  E tch p i t s  a re  a common o ccu rre n c e  

a t  s u r f a c e  d i s l o c a t i o n s .  A deep p o l i s h i n g  crack  m ight n o t  be 

removed by back  e tc h in g .  Any u n d is o lv e d  e a r l i e r  c o a t in g  would 

p roduce  th e  o p p o s i te  e f f e c t ,  t h a t  i s  a r a i s e d  mesa o r  n e e d le .

In  such a s i t u a t i o n  i t  i s  assumed t h a t  th e  sandwich e f f e c t  o f  

d i e l e c t r i c  m a te r i a l s  w ith  d i f f e r i n g  d i e l e c t r i c  c o n s ta n t s  w i l l  

cause  an i n t e n s i f i c a t i o n  o f  th e  f i e l d  i n  th e  m a te r i a l  w ith  th e  

low er d i e l e c t r i c  c o n s ta n t .  This i s  a  consequence o f  th e  con

t i n u i t y  o f  th e  D = kE v e c t o r  a c ro s s  a boundary p e r p e n d i c u la r  

t o  th e  f i e l d  d i r e c t i o n .

In  s i l i c o n  d iox ide  o r  s i l i c o n  monoxide a p o c k e t  as  d e s 

c r ib e d  above cou ld  r e s u l t  i n  a t h r e e f o l d  in c r e a s e  o f  th e
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e l e c t r i c  f i e l d ,  s i n c e  k f o r  s i l i c o n  = 12 and k f o r  SiC^ = 3 .7 .

The o r i g i n a l  f i e l d  may be a t  a v a lu e  o f  4 x 105  v o l t s /c m .  (As

developed e a r l i e r  i n  t h i s  p a p e r . )  There i s  ev e ry  in d i c a t i o n  

t h a t  th e  b a s i c  d i e l e c t r i c  s t r e n g th  w i l l  n o t  be exceeded ( t a b u 

l a r  v a lu e s  i n d i c a t e  s t r e n g t h  g r e a t e r  th a n  5 x 10^ v o l ts /cm )

b u t  th e  h ig h  f i e l d  may cause i o n i z a t i o n ,  io n  m ig ra t io n ,  o r

o th e r  deg rad in g  phenomena. As an example o f  such  o th e r  p o s s i 

b i l i t i e s ,  c o n s id e r  q u a r t z ,  which i s  i n  some forms p i e z o e l e c t r i c .  

Added e l e c t r i c a l  s t r e s s  could  cause added m echan ica l s t r e s s  

which was e a r l i e r  i n  t h i s  c h a p te r  shown to  be v e ry  h ig h .

To p r e v e n t  such a f i e l d  in c r e a s e  n e a r  a j u n c t io n ,  a h i g h e r  

d i e l e c t r i c  c o n s t a n t ,  k ,  would be d e s i r a b l e .  Hence, f o r  t h i s  

purpose  s i l i c o n  n i t r i d e  o r  aluminum oxide  would be i n d i c a t e d ,  

k f o r  s i l i c o n  i s  1 2 , f o r  s i l i c o n  n i t r i d e  1 0 , and f o r  aluminum 

oxide 10. The use o f  i n s u l a t i n g  l a y e r s  w ith  a d i e l e c t r i c  

co n s ta n t  h ig h e r  th a n  s i l i c o n  could  b r i n g  i n t o  p la y  ta n ta lu m  

oxide k = 20 o r  t i t a n iu m  d io x id e  k = 100. [These m a t e r i a l s  

a re  no t c h a r t e d . ]

I t  s h o u ld  be n o te d  t h a t  w ith  a k h ig h e r  th a n  s i l i c o n ,  th e  

com bination would be s u s c e p t i b l e  t o  any s p i r e s  o f  s i l i c o n  

ex ten d in g  i n t o  th e  i n s u l a t i n g  l a y e r .  This  would cause f i e l d  

c o n c e n t r a t io n  i n  th e  s i l i c o n .

The d i e l e c t r i c  s t r e n g t h  o f  ta n ta lu m  ox id e  (no t t a b u la te d )  

i s  known t o  be h ig h .  I n s o f a r  as r e l i a b i l i t y  i s  concerned , 

tan ta lu m  ox ide  as u t i l i z e d  in  e l e c t r o l y t i c  c a p a c i to r s  a l s o
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e n jo y s  a good r e p u t a t i o n  i n  m i l i t a r y  equ ipm ent.  T itan ium  d io x id e

in  r e l a t i v e l y  t h i c k  (0 . 1  in c h  f i lm ) has  a  d i e l e c t r i c  s t r e n g th
7

i n  th e  ne ighborhood o f  300,000 v o l t s / i n c h .

7. R e s i s t i v i t y

With th e  e x c e p t io n  o f  s i l i c o n ,  th e  low est v a lu e  l i s t e d  

in  th e  column o f  r e s i s t i v i t i e s  i s  s i l i c o n  n i t r i d e  w ith  a f i  o f
O

1210 (minimum). I f  we p o s t u l a t e  a 5000 A t h i c k  f i l m  over a

l i n e a r  ju n c t io n  f r o n ta g e  o f ,  s a y ,  0 .5  mm., we o b ta in  fo r  a

6 12 un ifo rm  f i e l d  s t r e n g t h  o f  10 v o l t s /c m  a  le ak ag e  o f  2 .5  x 10-

am peres. S ince  even  very  s e n s i t i v e  s i g n a l  d iodes  u s u a l ly  have

leakages  measured in  nanoamps, r e s i s t i v i t y  i s  n o t  a  m a t te r  o f

concern  in  th e  p r o t e c t i v e  l a y e r s .  In  t h e  s i l i c o n  i t s e l f ,  the
C

r e s i s t i v i t y  i s  l i s t e d  a t  2 .5  x 10"' and under th e  same c o n d i t io n s  

o f  f i e l d ,  a c u r r e n t  o f  s e v e r a l  microamperes i s  c a l c u l a t e d .  

F o r tu n a te ly ,  u n d e r  h ig h  f i e l d ,  the  r e s i s t i v i t y  o f  s i l i c o n  i n 

c r e a s e s .  (Runyon, p 172)

R e s i s t i v i t y  th ro u g h  th e  la y e r  may n o t  accoun t f o r  the  

e n t i r e  drop o f  v o l t a g e  i n  th e  d e p le t io n  r e g io n .  In  Chapter I 

a n o th e r  mechanism was p o s t u l a t e d .  The few th o u san d  Angstrom

u n i t s  o f  depth o f  th e  f i lm  i s  by f a r  a  s h o r t e r  d i s ta n c e  o f

-3 -3r e s i s t i v e  p a th  th a n  th e  2 x 10 to  3 x 10 cm along th e  to p  

s u r f a c e  o f  th e  i n s u l a t i n g  f i lm .  I f ,  how ever, t h e  s u r f a c e  r e s i s -

7
E n g le f ie ld ,  L o lin  G .,  Vivienne J .  Harwood and L.W. Toso,

"High Voltage Breakdown o f  T i t a n i a  in  V acuo." IEEE T rans
a c t io n s  on E le c t ro n  D e v ic e s , Vol. ED-14, No. 8 , August 1967; 
pp 443-449.
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t i v i t y  i s  f o r  any reason  low ered , th e  sh a re  o f  v o l t a g e  drop

a lo n g  th e  s u r f a c e  may be much l e s s  th a n  the  v o l t a g e  drop th ro u g h

th e  f i lm .  This i s  an im p o r ta n t  c a s e ,  s in c e  a v e ry  s i m i l a r

s i t u a t i o n  e x i s t s  when th e  f u l l  v o l t a g e  drop i s  a c r o s s  th e

f i l m .  This f u l l  v o l tag e  drop does o c c u r  a c ro ss  t h e  i n s u l a t i n g

l a y e r  in  th e  case  o f  i n t e r c o n n e c t in g  w i r in g ,  and i n  t h i s  c a s e ,

as  w e l l  as th e  case p o s t u l a t e d ,  even ex trem ely  h ig h  r e s i s -

12t i v i t i e s  ( i . e .  / °  = 10 ) may a l low  leakages  w e l l  above th o s e

o f  th e  r e v e r s e  b ia se d  j u n c t i o n .

8 . I n f lu e n c e  o f  M oisture

M ois tu re  has  a  p ro fo u n d  e f f e c t  on r e s i s t i v i t y .  A p e r f e c t  

s e a l  t o  ex c lu d e  a l l  w a te r  from a package  i s  s t i l l  a  g o a l  f o r  

f u t u r e  e l e c t r o n i c  d e v ic e s .  S em iconductor dev ices  a r e  s e a le d  in  

g l a s s ,  e n c a p s u la t in g  r e s i n  and m eta l cans . Water perm eates  

most r e s i n s  w i th  t im e. M eta l cans f o r  sem iconduc ting  d ev ice s  

must have p r o v i s io n  f o r  i n s u l a t i n g  le a d s  in to  th e  d e v ic e ,  which 

n o rm a l ly  a r e  g l a s s .

Water i s  absorbed in  g l a s s ,  w i th  two mechanisms a p p a re n t .
O

A. J e l l i  p o in t s  out t h i s  d i s t i n c t i o n .  Below 150°C, th e  s u r f a c e  

i s  in v o lv e d ,  and the  w a te r  i s  n o t  d i s s o c i a t e d .  Above 300°C 

th e  a d s o r p t io n  i s  chem ical and in v o lv e s  th e  bu lk  o f  th e  m a t e r i a l .  

S in c e  g la s s  i s  m anufactu red  and worked a t  te m p e ra tu re  above

g
J e l l i ,  A. " P h y s ic a l  and Chemical A dsorp tion  o f  Water by 

G la s s , "  P h y s ic s  and C hem istry  o f  G la s s e s ,  Vol. 8 , No. 5 ,  O ctober  
1967, A b s t r a c t  #590, p 71A.



300°C, i t  i s  n o t  un reaso n ab le  t o  e x p e c t  t h a t  o rd in a ry  g l a s s

co n ta in s  b u lk  m o is tu re  which can d i f f u s e  t o  th e  s u r f a c e .  The

e x p e r ie n c e  o f  R.P. M isra p ro v id e s  an example t h a t  he p e r s o n a l l y
9

en co u n te red  w ith  T.V. tu b e s .  In  t h i s  in s t a n c e  w ate r  c o n t in u e d  

to  d i f f u s e  from th e  g la s s  tu b es  e v e n t u a l l y  cau s in g  a d e t e r 

i o r a t i o n  in  th e  ca thode  ray  tube  barium  ox ide  e m i t t in g  s u r f a c e .  

G .J. Copley in  s t u d i e s  o f  s h e e t  g l a s s  d e te rm in ed  th e  gas came 

out in  two s t a g e s .  F i r s t  th e  s u r f a c e  w a te r ,  and th en  th e  d i f 

fused  b u lk  w a te r .  R.H. Doremus h as  d e te rm in ed  t h a t  th e  

q u a n t i ty  o f  w a te r  adsorbed  i s  r e l a t e d  t o  a f r e e  volume which 

i s  l e s s  th a n  th e  f r e e  volume d e f in e d  by th e  d i f f e r e n c e  o f  th e  

t h e o r e t i c a l  d e n s i ty  and a c tu a l  d e n s i t y  o f  fu sed  q u a r tz .  Doremus 

b e l ie v e s  th e  b u lk  w a te r  i s  m o le c u la r  in  form ( i . e .  n o t ' - i o n i z e d ) .

P o in t  by p o in t  th e  elem ents a re  i n f e r r e d :  (1) I f  g l a s s  i s

used , w a te r  vapor w i l l  be p r e s e n t ,  u n le s s  e x t r a o r d in a r y  p r e 

cau t io n s  a re  ta k e n ;  (2) Water vap o r  w i l l  c e r t a i n l y  be a d so rb ed  

in  s i l i c o n  d io x id e ,  a t  f i r s t  on t h e  s u r f a c e ,  then  more s lo w ly  

th roughou t i t s  b u lk ;  (3) Water v ap o r  has an e l e c t r i c a l  e f f e c t  

on pure  s i l i c o n .  The e f f e c t  o f  w a te r  on s i l i c o n  te rm in a te d  in  

an oxide l a y e r  may be le s s  when we c o n s id e r  on ly  th e  change in  

th e  number o f  s u r f a c e  s t a t e s  c r e a t e d  by th e  p re se n c e  o f  w a te r ;

g
Dr. Raj P. M isra ,  Lec tures i n  R e l i a b i l i t y  E n g in ee r in g ,  

Newark C o lleg e  o f  E ng in ee r in g .

^ C o p le y ,  G .J .  " I n t e r n a l  F r i c t i o n  S tu d ie s  o f  the  Dehy
d ra t io n  o f  S h ee t  G la s s ."  P hysics  and Chem istry  o f  G la s s e s ,
Vol. 8 , No. 1, February  1967, pp 38-44 .
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(4) W ater, in  g e n e r a l ,  makes s u r fa c e  co n d u c t io n  more f a v o r a b le ,  

p a r t i c u l a r l y  i n  th e  p re s e n c e  o f  any io n i z a b le  i m p u r i t i e s .  [This 

was dem onstra ted  by Lewis and B ohrer(R ef .  4 ,  C hap te r  I )  a t  l e a s t  

f o r  ceram ic s u b s t r a t e s . ] ;  (5) I t  i s  c o n ce iv ab le  t h a t  w a te r  makes 

b e t t e r  conducting  p a th s  th rough  s o l i d  i n s u l a t i n g  f i l m s ,  bu t 

t h i s  i s  no t  n e c e s s a ry  f o r  o u r  argument.

The mechanism j u s t i f i e d  by th e se  c o n d i t io n s  was d e s c r ib e d

b r i e f l y  in  C hap ter  I .  The leakage  p a th  i s  from "n1* o r  "p"

c a r r i e r  sem iconductor  b u lk  th ro u g h  th e  t h i n  f i l m  t o  th e  t h i n

f i l m  s u r f a c e ,  a long  th e  s u r f a c e ,  then  back th ro u g h  th e  t h i n  f i lm

t o  th e  o p p o s i te  c a r r i e r  sem iconducto r  b u lk .  There i s  n o th in g

t o  p r e v e n t  th e  e x te n s io n  o f  t h i s  mechanism t o  in c lu d e  th e

secondary  covering  m a te r i a l  (perhaps epoxy) which i s  bonded

t o  th e  upper s u r f a c e  o f  th e  p r im ary  p r o t e c t i v e  l a y e r  ( i n  t h i s

case  p robab ly  s i l i c o n  d io x id e ,  s i l i c o n  n i t r i d e  o r  aluminum

o x i d e ) . S ince many r e s i n s  have more o r  l e s s  a f f i n i t y  f o r  w a te r ,

12t h e  r e s i s t i v i t y  m ight be e x p e c te d  to  be much l e s s  th a n  10 ohm- 

cm, th e  minimum v a lu e  o f  th e s e  i n s u l a to r s  d i s p la y e d  in  th e  ta b u 

l a t i o n ,  Table I I I - l .

The conduction  under th e s e  c o n d i t io n s  w i l l  c o n s i s t  o f  

th e  back b ia s e d  b u lk  sem iconduc to r  ju n c t io n  flow  i n  p a r a l l e l  

w ith  th e  s e r i e s  com bination  o f  th e  i n s u l a t o r  s u r f a c e  flow and 

two th ic k n e s s e s  o f  i n s u l a t i o n .  Inc luded  i n  th e  i n s u l a t o r  s u r 

f a c e  flow th e re  may be t h r e e  d i s t i n c t  ty p es  o f  f low : (a) flow

in s i d e  th e  oxide ( o r  n i t r i d e )  l a y e r  o n ly ,  (b) flow th ro u g h  the
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o x id e ,  th e n c e  a long  th e  o x id e -sec o n d a ry  i n s u l a t i o n  s u r f a c e ,

and (c) f low  th ro u g h  th e  ox ide , th e n  i n t o  and a long  th e  secondary

i n s u l a t i o n .

Flow a long  th e  s u r fa c e  j u s t  i n s i d e  th e  s i l i c o n  may o ccu r  

i f  c a r r i e r s  a re  a t t r a c t e d  by s u r f a c e  ch a rg e .  F igu re  1 i l l u s 

t r a t e s  th e s e  v a r io u s  flow p a th s .  Each e lem en t o f  t h i s  flow 

a c t s  d i f f e r e n t l y .  The back b ia s e d  j u n c t io n  c u r r e n t  Io  o r  Ic o  

i s  e s s e n t i a l l y  a  c o n s ta n t ,  bu t  may be l a r g e r  under c e r t a i n  

c o n d i t io n s  i f  an in v e r s io n  l a y e r  has  s p re a d  th e  e f f e c t i v e  

j u n c t io n  a r e a .  The prim ary  p r o t e c t i v e  l a y e r  r e s i s t i v i t y  w i l l  

l i k e l y  have a complex c u r r e n t - v o l t a g e  r e l a t i o n s h i p  as n o te d  in  

C hapter I I .

S ince  th e  p r im ary  p r o t e c t i v e  la y e r s  may range in  th i c k n e s s
G

from 1000 t o  10,000 A, whereas t h e  d e p l e t io n  re g io n  w id th  m igh t
O

vary from 10,000 A to  s e v e ra l  hundred  th o u san d  angstrom u n i t s ,  

i t  i s  e a sy  to  v i s u a l i z e  a p ro d u c t iv e  c o n d u c t io n  mechanism 

in v o lv in g  th e  s u r f a c e  o f  th e  p r im ary  i n s u l a t i o n  o r  th e  b u lk  

o f  th e  seco n d ary  i n s u l a t i o n .  In  C hap te r  IV, a t  l e a s t  on 

s p e c i f i c  u n i t s ,  th e  secondary i n s u l a t i o n  i s  shown n o t  a l i k e l y  

dom inating  f a c t o r .

9. O p t i c a l  Index  o f  R e f ra c t io n ;  E le c t ro m a g n e t ic  A bsorp tion
C o e f f i c i e n t

The o p t i c a l  in d e x  o f  r e f r a c t i o n  o f  s i l i c o n  i s  c o n s id e ra b ly  

h ig h e r  th a n  t h a t  o f  th e  i n s u l a t i n g  c o a t in g s .  For S i ,  n  B 3 .5 ,  

whereas f o r  S i 02  n = 1.46 and a l s o  n = 1.65 and f o r
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Si_N. n = 1 .93 .  Under th e s e  c i rc u m s ta n c e s ,  th e  s i l i c o n -

i n s u l a t o r  boundary w i l l  r e f l e c t  a p o r t io n  o f  th e  r a d i a t i o n .

In  a d d i t io n  t o  th e  r e f l e c t i o n  due t o  d i f f e r e n c e  in  o p t i c a l  

in d e x  o f  r e f r a c t i o n ,  th e  e l e c t r o - m a g n e t i c  a b s o r p t io n  c o e f 

f i c i e n t  o f  i n t r i n s i c  s i l i c o n  a t  1 0 . 6  micron w ave leng ths  i s  

1 cm" 1 whereas f o r  th e  i n s u l a t i n g  l a y e r s ,  th e  c o e f f i c i e n t  i s  in
O

4 -1th e  neighborhood o f  10 cm . Hence, f o r  a 10,000 A f i l m ,  the  

r a d i a t i o n  w i l l  be ab so rb ed  p r im a r i ly  in  th e  i n s u l a t i n g  f i lm .

The r a d ia n t  energy  w i l l  drop t o  1 /e  o f  i t s  i n i t i a l  v a lu e  through 

th e  f i lm .  Then th e  f i lm  w i l l  g a in  even more ene rgy  beca u se  

o f  th e  r e f l e c t i o n  d i s c u s s e d  i n  th e  p rev io u s  p a ra g ra p h .  This 

o b s e rv a t io n  does n o t  r e l a t e  d i r e c t l y  to  f i lm  p e r fo rm a n ce ,  bu t  

s in c e  a  l a s e r  can d e l i v e r  v e ry  la rg e  power d e n s i t i e s  a t  

a  w avelength  o f  1 0 . 6  m ic ro n s ,  t h i s  i n v e s t i g a t o r  b e l i e v e s  t h a t  

t h e s e  c h a r a c t e r i s t i c s  w i l l  s e rv e  as an u n u s u a l ly  good i n v e s t i 

g a t iv e  t o o l ,  and pe rhaps  be v a lu a b le  in  m an u fac tu r in g  p ro c e s s e s .

At f re q u e n c ie s  o th e r  th a n  10.6 m icrons , th e  r a t i o  o f  

a b s o rp t io n  o f  ene rgy  i n  each  l a y e r  i s  l e s s .  For exam ple, in  the  

ran g e  o f  w avelengths  from one t o  th r e e  m ic ro n s ,  b o th  l a y e r s  a re  

r e l a t i v e l y  t r a n s p a r e n t .  In  th e  range o f  v i s i b l e  l i g h t ,  th e  

s i l i c o n  absorbs and th e  i n s u l a t i n g  f i lm  i s  r e l a t i v e l y  non

a b so rb in g .  I t  i s  w i th in  th e  rea lm  o f  p o s s i b i l i t y  t h a t  t h i s  l a s t  

case  might a l s o  be u s a b le .

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

beam w i l l  i l l u s t r a t e  th e  c a p a b i l i t y  o f  t h i s  t e c h n iq u e .  The 

c a l c u l a t i o n  i s  made on a "w o rs t  case"  b a s i s ,  i . e .  u s in g  th e



c o e f f i c i e n t  o f  h e a t  c o n d u c t iv i ty  o f  s i l i c o n ,  0 .3 4  c a l /c m -se c  °C, 

i n s t e a d  o f  t h a t  o f  s i l i c o n  d io x id e ,  .00457 c a l /c m -s e c  °C. S ince 

th e  the rm al ene rgy  i s  r e l e a s e d  p r im a r i ly  i n  th e  s i l i c o n  d io x id e ,  

th e  lower f i g u r e  sh o u ld  dom inate . As w i l l  be i l l u s t r a t e d  a f t e r  

th e  c a l c u l a t i o n ,  an in c r e a s e  i n  the rm al r a d i a n t  i n t e n s i t y  w i l l  

more than  compensate f o r  th e  r a p i d i t y  o f  h e a t  t r a n s f e r  in  th e

The fo l lo w in g  case  i s  assumed: A s i l i c o n  d i s c  o f  th ic k n e s s

0 .0 3  cm i s  c o a te d  w i th  a l a y e r  o f  s i l i c o n  d io x id e  o f  th ic k n e s s

10,000 A. I t  i s  d e s i r e d  t o  c a l c u l a t e  th e  e f f e c t  on th e  s i l i c o n  

in  th e  time i t  t a k e s  t o  e v a p o ra te  th e  s i l i c o n  d io x id e  from a 

s p o t  0 .15 cm i n  d ia m e te r ,  losing i n f r a - r e d  a b s o r p t io n  from a 

focused  100 w a t t  l a s e r  s o u rc e .

The energy  to  h e a t  th e  s i l i c o n  d io x id e  to  1700°C i s  rough ly :

The l a t e n t  h e a t  o f  v a p o r iz a t i o n  and fu s io n  combined a re  e s t i 

mated a t  700 ca l/gm .
_3

E evap-ss mass x 700 x 4 .18  = 13.6 x 10 J o u le s  
E T o ta l  25 19 x 10"3 J o u le s

s i l i c o n .

O

Area Thickness D ensity  Sp. h t .

E ( . 1 5 ) 2 TT x 10,000 x 10"8 x 
4

2 . 6  x 2

J o u le s /C a l Degrees R ise

x 4 .18 x (1700 -  1 0 0 )

25 5 x 10- ^ Jo u le s
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At a  r a t e  o f  100 jo u le s / s e c o n d  ( l a s e r  beam ), th e  energy i s  

absorbed a t  a  r a t e  o f  64 jo u l e s / s e c o n d  i n  th e  s i l i c o n  d io x id e ,  

i f  we assume th e  c o e f f i c i e n t  o f  a b s o rp t io n  i s  1 0 , 0 0 0  cm * as 

i s  th e  ca se  o f  s i l i c o n  n i t r i d e  o r  aluminum o x id e .

The d i f f e r e n c e  i n  th e  o p t i c a l  in d e x  o f  r e f r a c t i o n ,  n ,  o f  

a i r  compared to  s i l i c o n  d iox ide  and th e  d i f f e r e n c e  o f  n in  

s i l i c o n  d io x id e  compared to  s i l i c o n  a l s o  a f f e c t s  th e  r e l a t i v e  

d i s t r i b u t i o n  o f  e n e rg ie s  in  th e  l a s e r  beam. At th e  i n i t i a l  

a i r - S i 02  i n t e r f a c e ,  F r e s n e l ' s  Formula:

shows about a  3% l o s s .  This does n o t  a f f e c t  th e  r e l a t i v e  h e a t in g ,  

and i t  i s  assumed th e  beam co n ta in s  s l i g h t l y  more energy than  

100 w a t t s  t o  p ro v id e  100  w a tts  e n t e r in g  th e  s i l i c o n  d io x id e .

Between th e  s i l i c o n  d iox ide  and s i l i c o n ,  th e  c a l c u la t io n  

o f  r e f l e c t i o n  i s

:R = ( sis : O s ) 2 = • «  “  ' *
o

Of th e  34 w a t ts  n o t  absorbed i n  th e  10,000 A o f  s i l i c o n  

d io x id e ,  ro u g h ly  on ly  30 w atts  w i l l  be a v a i l a b l e  t o  p e n e t r a te  

th e  s i l i c o n .

The a b s o rp t io n  i n  th e  s i l i c o n  i s :

E Absorbed = 30 (1-e  ^ ( t h i c k n e s s ^ jo u le s /se c o n d  

= 30 ( l - e -1C *03^  ^  1 J / s e c .
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03S in ce  t h e  s i l i c o n  i s  ■ —r  = 300 t im e s  th e  th ic k n e s s  o f
10

S i0 2 » and th e  h e a t in g  r a t e  l / 6 4 t h  th e  h e a t in g  r a t e  o f  th e  s i l i c o n  

d io x i d e , th e  r a d i a n t  h e a t in g  r a t e  p e r  gram o f  m a te r ia l  i s  about

18 'b'OO th e  S*0 2 ' This  ^a c t o r  n e g l i g i b l e .
-3The t o t a l  t im e  invo lved  f o r  a b s o rb in g  19 x 10 j o u l e s

19 x io™3 .
in  t h e  s i l i c o n  d io x id e  i s  -----3 x 10- 4  seconds .

The o th e r  f a c t o r  to  c o n s id e r  i n  th e  s i l i c o n  i s  how much 

h e a t  con d u c ts  d u r in g  the  time o f  e v a p o r a t in g  th e  s u r fa c e  l a y e r .  

For a  v e ry  c rude  app rox im ation , c o n s id e r  a tem pera tu re  d i f 

f e r e n c e  o f  1600°C and a th i c k n e s s  about 1/2 th e  th ic k n e s s  o f  th e  

s i l i c o n  o r  .015 cm.

A Q  _ A T x K x a rea  ^ 1 6 0 0  x ( .3 4 )  (4 .18) x 1.78 x 10~2
A t i m e  “ th ic k n e s s  “ .015 cm

= 2700 jo u l .e s /s ec o n d

At t h i s  p o i n t ,  i t  appears  im p o s s ib le  t o  reach  th e  te m p e ra 

tu r e  o f  e v a p o ra t io n  due t o  th e  com peting mechanism o f  th e rm a l

co n d u c t io n .  The in p u t  energy i s  64 jo u le s / s e c o n d  and th e
/

lo s s  i s  2700 jo u l e s  p e r  second . However, as  emphasized e a r l i e r ,  

ou r  assumed c o n d i t io n s  were m odest compared t o  a v a i la b le  

a p p a r a tu s .  For example, a good le n s  c o u ld  c o n c e n tra te  a  beam 

to  o n e - te n th  o f  th e  d iam ete r  assum ed, p ro v id in g  a lo s s  o f

2700 7T o r  27 j o u l e s  p e r  second. S eco n d ly ,  more powerful l a s e r s
a < n  .....

a re  a v a i l a b l e ,  in c lu d in g  1KW i n d u s t r i a l  t o  10 KW e x p e r im e n ta l .

I f  t h a t  were n o t  enough, which in d e e d  i t  i s ,  we might ta k e  a
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more r e a l i s t i c  va lue  o f  th e rm a l c o n d u c t iv i t y ,  s in c e  th e  g r e a t e s t

amount o f  h e a t  g e n e ra t io n  i s  i n  s i l i c o n  d io x id e  which h as  a

low er c o n d u c t iv i t y .  Thus, we have t h r e e  f a c t o r s  o f  abou t 100

each  fa v o r in g  th e  proposed e v a p o r a t io n  o f  s i l i c o n  d io x id e .

T his  s h o u ld  su p p ly  a f a c t o r  o f  s a f e t y  o f  about 10,000.

A more c a r e f u l  exam ina tion  o f  th e  h e a t  t r a n s f e r  b a la n c e

i s  i n  o r d e r  f o r  a  fu tu re  c a l c u l a t i o n .  I t  was n o t  deemed

n e c e s s a r y  a t  t h i s  time becau se  o f  th e  h ig h  margin o f  p ro b a b le

s u c c e s s  n o te d  above. F u r th e r ,  even w ith  a  c rude ,  hand-ground

le n s  an 80 w a t t  l a s e r  beam was u t i l i z e d  by  t h i s  i n v e s t i g a t o r

t o  d i r e c t l y  sub lim e q u a r tz  i n t o  th e  a tm osphere .

R e tu rn in g  t o  the  o r i g i n a l  (w orst case )  c a l c u l a t i o n ,  th e

q u e s t io n  a r i s e s  as t o  the  te m p e ra tu re  th e  s i l i c o n  w i l l  a t t a i n

-4d u r in g  th e  3 x 10 seconds n e c e s s a ry  t o  evap o ra te  th e  

s i l i c o n  d io x id e .

A  Q = 2700 x 3 x 10 -4 71 jo u le s

17 c a l o r i e s

_2
w ith  a mass o f  s i l i c o n  o f :  M . = 1 .78  x 10 x .03 x 2 .3

1.25 x 10 -3

A T  x C x 1.25 x 10 v
-3 .17 c a l o r i e s

A T  = .17
.18 x 1.25 x 10“ 3

A = 750° !
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The same comments r e g a rd in g  improvement i f  th e  beam 

i n t e n s i t y  i s  in c re a s e d  a p p ly .  I f  t h e  r a t e  were in c r e a s e d  by 

a f a c t o r  o f  t e n  by red u c in g  th e  beam s i z e ,  o r  in c r e a s in g  

l a s e r  pow er, a A T  o f  75 c e n t ig r a d e  d eg rees  would e n su e .

T his  te c h n iq u e  which w i l l  be e x p lo re d  f u r t h e r  i n  C hap te r  

V s e rv e s  as a  p a r t i c u l a r l y  good example o f  i n t e r p l a y  o f  p h y s 

i c a l  c h a r a c t e r i s t i c s ,  and com para tive  d i f f e r e n c e s  o f  th e  

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

d iv e rg e n c e  o f  i n f r a r e d  a b s o r p t io n  c h a r a c t e r i s t i c s  p e rm i ts  

s e l e c t i v e l y  h e a t in g  one l a y e r .  The d i v e r s i t y  o f  o p t i c a l  index  

o f  r e f r a c t i o n  a id s  t h i s  cause  by r e f l e c t i n g  p a r t  o f  th e  

energy  a t  th e  i n t e r f a c e  o f  th e  two m a t e r i a l s .  The o r d e r  o f  

m agnitude d i f f e r e n c e  o f  th e rm a l  c o n d u c t iv i t y  h e lp s  c o n f in e  th e  

h e a t  t o  th e  s i l i c o n  d io x id e  l a y e r ,  b u t  th e  very  sm all  th i c k n e s s e s  

o f  th e  l a y e r s  s t i l l  p e rm i ts  a very  g r e a t  conductive  h e a t  flow 

in  a very  s h o r t  t im e. The s p e c i f i c  h e a t  was u t i l i z e d  t o  d e t e r 

mine te m p e ra tu re  r i s e s  and , i f  th e  c a l c u l a t i o n s  had been  

c o n t in u e d  t o  th e  p o in t  o f  d e te rm in in g  s t r e s s  i n  th e  s i l i c o n  due 

t o  te m p e ra tu re  g r a d ie n t ,  th e  th e rm a l  c o e f f i c i e n t  o f  e x p a n s io n ,  

Young1s '  modulus and s t r e n g t h  would have been in v o lv ed .

This same mode o f  h e a t in g  might v e ry  w ell  be u t i l i z e d  w ith  

a gaseous e t c h  w ith  much low er powers and no problems w i th  th e  

s i l i c o n .

10. D i f fu s io n  [ P a r t i c u l a r l y  A lk a l i  Ions)

The e v e r  p r e s e n t  sodium i o n ,  as w e l l  as most o t h e r  monovalent
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io n s  have been found to  d i f f u s e  r a p id ly  in  film s o f  s i l i c o n  

d io x id e . T his has had  a  d e le te r io u s  e f f e c t  on MOS d e v ic e s  and 

co u ld  c o n tr ib u te  to  in v e r s io n  la y e rs  o r  chan n e ls  in  c o n v e n tio n a l 

sem ico n d u c to rs . The d e s c r ip t io n  o f  in v e rs io n  la y e rs  and io n  

m ig ra tio n  has  been co v ered  in  d e t a i l  in  C hap ter I I .

S i l i c o n  n i t r i d e  h as  a d i f f u s io n  c o e f f i c i e n t  f o r  sodium  10 

o rd e rs  o f  m agnitude low er th a n  t h a t  o f  s i l i c o n  d io x id e .  Con

s id e r in g  th e  f a c t  t h a t  th e  f ie ld - in d u c e d  d if f u s io n  o f  sodium 

in  ox ide  la y e rs  ta k e s  p la c e  in  many seconds o r  s e v e r a l  m in u te s , 

i t  i s  ex p e c te d  th a t  th e  o c c u rre n c e  o f  troub lesom e q u a n t i t i e s  

o f  sodium  sh o u ld  n o t d i f f u s e  th ro u g h  s i l i c o n  n i t r i d e  u n t i l

l i t e r a l l y  y e a rs  o f  o p e ra t io n  w ith  v o lta g e  on. (One y e a r  i s
7

ap p ro x im ate ly  3 x 10 s e c o n d s .)

The s i l i c o n  n i t r i d e  r e s u l t i n g  from a p a r t i c u l a r  form ing 

p ro c e s s ,  o r  th e  f i n a l  s i l i c o n  n i t r i d e  a f t e r  in te rm e d ia te  

p ro c e s s e s  in v o lv in g  h ig h  te m p e ra tu re ,  does n o t in v a r ia b ly  

p o s se ss  s t r u c t u r e l e s s  p e r f e c t io n .  Im p u r i t ie s  in  th e  r e a c t a n t s ,  

v a r ia t io n s  in  p ro c e s s ,  and even s u b s t r a t e  c o n d itio n s  can a f f e c t  

th e  r e s u l t i n g  f ilm . T hat t h i s  change has a m easu reab le  e f f e c t  

on th e  p h y s ic a l  c h a r a c te r  o f  th e  f i lm  i s  perhaps b e s t  i l l u s 

t r a t e d  by a  diagram  drawn by D alton  and Drobek, F ig u re  I I I - 2 ,  

m easuring  r e l a t i v e  sodium  d i s t r i b u t i o n  in  ox ide and n i t r i d e  

f ilm s  (o f  v a r io u s  c r y s t a l l i n e  s iz e s )  r e s u l t in g  from th e  d i f 

fu s io n  o f  a  s u r fa c e  c o n c e n tr a t io n  o f  r a d io a c t iv e  sodium  in  th e s e  

f ilm s  f o r  22 hours a t  600°C.

The r e s u l t s  o f  i n t e r e s t  a re  a p p a re n t from t h i s  f ig u r e .
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Sodium d if fu s e s  much more r a p id ly  in  amorphous s i l i c o n  d io x id e  

th a n  in  amorphous s i l i c o n  n i t r i d e .  S econd ly , th e  c r y s t a l  s iz e  

o f  p o ly c r y s t a l l i n e  m a te r ia l  g r e a t ly  a f f e c t s  th e  d i f f u s io n  o f  

sodium  in  s i l i c o n  n i t r i d e .  T h is  i s  to  be e x p e c te d  s in c e  th e  

boundary  s u r fa c e s  betw een c r y s t a l l i n e  fa c e s  r e p r e s e n t  r e l a t i v e l y  

weak b in d in g  fo rc e s  w ith  c o rre sp o n d in g  space  f o r  m ig ra to ry  io n s .  

D zim iansk i1* d is c u s s e s  th e  s ig n i f ic a n c e  o f  i n t e r c r y s t a l l i n e  

fa c e s  in  p a s s iv a t in g  la y e r s .  He c i t e s  as a  background  exam ple 

th e  d i f f u s io n  o f  w a te r  a lo n g  a c r y s t a l - c r y s t a l  i n t e r f a c e  and 

i t s  im portance in  c o r ro s io n  tech n o lo g y .

Both o f  th e  above p o in ts  a re  im p o rta n t. The m ost obvious 

c o n c lu s io n  i s  t h a t  from  th e  s ta n d p o in t  o f  sodium  d i f f u s io n ,  

amorphous s i l i c o n  n i t r i d e  i s  by f a r  th e  b e s t  m a te r ia l  to  u se .

In  MIS film s t e s t e d  f o r  io n  flow  induced  by v o l ta g e ,  th e  t e s t s  

show th a t  t h i s  p rob lem  i s  in d e e d  m inim ized w ith  s i l i c o n  n i t r i d e .

What cannot be shown in  th e  c h a r t  o f  co m p ara tiv e  p r o p e r t i e s

o f  in s u la to r  and s i l i c o n  i s  th e  dependence o f  th e  p r o p e r t i e s  o f

a s in g le  type o f  f i lm  on th e  method and c o n d itio n s  o f  fo rm ing .

D alton  and D robek 's  d iagram  shows s i l i c o n  n i t r i d e  f ilm s  o f  many
0

c r y s t a l l i t e  s t r u c t u r e s ,  ra n g in g  from 100 A to  a p p a re n tly  amor

phous f i lm s . In  th e  accom panying a r t i c l e ,  D alton  and Drobek 

d is c u s s  th e  v a r io u s  methods th e y  used  fo r  p ro d u c in g  th e  f i lm s .

In  Table I I I - 1, th e  t a b u la r  v a lu es  o f  d i e l e c t r i c  c o n s ta n t

1 1D zim iansk i, J .W ., E .R . Pem sel, W.J. L y t le ,  and S.M. 
S k in n e r . " S i l ic o n  S u rfa c e  P a s s iv a t io n :  M a te r ia ls  and M icro
P r o p e r t i e s ,"  P h y sics  o f  F a i lu r e  i n  E le c t r o n ic s , Vol. 3 , Rome 
A ir  Development C e n te r .
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show f o r  s i l i c o n  n i t r i d e  in  p a r t i c u l a r  th e  d i s p a r i t y  o f  p h y s ic a l  

c o n s ta n ts  w ith  i n v e s t i g a t o r  and m ethod. In  C h ap te r I I  a very  

b r i e f  rev iew  o f  m ethods o f  f ilm  fo rm a tio n  i s  o u t l in e d .

11. S tru c tu r e

Most i n v e s t i g a t o r s  have g iven  v a lu e s  o f  d e n s i ty ,  d i e l e c t r i c  

c o n s ta n t , o r  in d ex  o f  r e f r a c t io n  to  p ro v id e  com parative  d a ta  

to  o th e r  f i lm s .  What t h i s  in fo rm a tio n  f a i l s  to  convey i s  w hether 

a low ering  o f  th e s e  v a lu e s  i s  due to  b a s ic  s t r u c t u r a l  changes 

such as s h o r t - r a n g e  p a c k in g , le n g th  o f  ch a in s  o f  m olecules and 

e v en tu a l m ic r o c r y s ta l l in e  s t r u c tu r e  o r  due to  p o r o s i ty  and 

d e fe c ts  in  th e  l a y e r s .  E l e c t r i c a l l y  t h i s  co u ld  p rove  im p o rta n t. 

P o ro s ity  im p lie s  " in n e r  s u r fa c e s "  and t h i s  i n v e s t i g a t o r  would 

expect th e se  in n e r  s u r f a c e s  to  ta k e  up m o is tu re  and behave as 

a wet s u r fa c e  ( i . e .  p o o r ly ) .  A d iagram  o f  th e  e l e c t r i c a l  

r e s is ta n c e  o f  SiC^ showing’ th re e  o rd e rs  o f  m agnitude change 

w ith  hum id ity  i s  d is p la y e d  by Grove and rep ro d u ced  in  F igure

I I I - 3 .

P o ro s i ty  may do more th an  supp ly  a " s u r f a c e "  e f f e c t  f o r  

in n e r  a d s o rp tio n  o f  t^O and o th e r  g a s e s .  The shape o f  th e  

in n e r  open ings may c o n t r ib u te  to  a b ru p t boundary  changes o f  

f i e l d  as co v ered  e a r l i e r  in  c o n ju n c tio n  w ith  e tc h  p i t s  in  s i l i 

con. The same re a s o n in g  would ag a in  a p p ly . I f  a v ery  high 

f i e l d  i s  p ro d u ced , even m om entarily  i n  a m icrospace  w ith  gases 

p r e s e n t ,  i t  i s  p o s tu la te d  th a t  io n iz a t io n  o c c u rs . This i n v e s t i 

g a to r  d id  n o t a tte m p t to  measure o r  o th e rw ise  j u s t i f y  th i s
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h y p o th e s is .  I o n iz a t io n ,  a t  th e  l e a s t ,  r e p re s e n ts  an en ergy  o f  

e x c i t a t i o n ,  and t h i s  en e rg y  may be a v a i la b le  f o r  any chem ical 

d e t e r io r a t io n  as a p p l ie s  to  th e  p a r t i c u l a r  s i t u a t i o n .  At w o rs t ,  

i o n iz a t io n  cou ld  r e p re s e n t  a  momentary co n d u c tin g  p a th ,  re d u c in g  

th e  e f f e c t iv e  depth o f  s o l i d  i n s u l a t i o n .  T h is ,  i n  e f f e c t ,  

would be an e x a c t r e v e r s a l  o f  th e  f i e l d  c o n c e n tra t io n .

O r ig in a l ly ,  th e  f i e l d  would c o n c e n tra te  on th e  " c a v i ty 11 which 

would th e n  m om entarily  conduct th ro u g h  io n i z a t io n .  The t o t a l  

f i e l d  would then  be a c ro s s  th e  s o l i d .  S ince th e  io n  flow  ( f o r  

D.C. a p p lie d )  would be te m p o ra ry , th e  ap p aren t b u lk  e f f e c t  o f  

many o f  th e se  m in ia tu re  p o re s  would be th a t  o f  p o l a r i z a t i o n .  

H ence, p o la r i z a t io n  o f  a th in  f i lm  may c o n s is t  o f  th e  u su a l 

p o la r i z a t io n  o f  th e  d i e l e c t r i c  ( i f  i t  o c c u rs ) ,  io n  m ig ra tio n  

( i f  i t  o c c u r s ) ,  tr a p p in g  o f  c a r r i e r s  a t  th e  i n t e r f a c e ,  and a 

p o la r i z a t io n  due to  io n i z a t io n  in  p ro p e r ly  shaped  p o re s .

Along a somewhat d i f f e r e n t  l i n e  o f  th o u g h t, an id e a l  

s t r u c t u r e  m ight be th e  u t i l i z a t i o n  o f  an i n s u l a to r  t h a t  con

t in u e s  th e  c r y s t a l l i n e  p a t t e r n  o f  th e  s i l i c o n .  Hu has  i n v e s t i 

g a te d  t h i s  p o s s i b i l i t y  f o r  th e  case  o f  c r y s t a l l i n e  s i l i c o n

and c r y s t a l l i n e  oC - Si^N^ w ith  th e  c o n c lu s io n  th a t  n o t

12a l l  a tom ic  sp ac in g s  can  be s im u lta n e o u s ly  m atched . In  any 

e v e n t ,  th e  b a s ic  c r y s t a l  sp a c in g s  f o r  th e  p redom inan t c r y s t a l  

form  a re  l i s t e d  in  th e  ta b le  o f  com parative  v a lu e s .

12Hu, S.M. " P ro p e r t ie s  o f  Amorphous S i l i c o n  N it r id e  F ilm s ,"  
J o u rn a l  o f  th e  E le c tro c h e m ic a l S o c ie ty ,  Vol. 113, No. 7 , J u ly  
1966, pp 693-698.



105

The s u b je c t  o f  m atch ing  o f  p r o p e r t i e s  can a ls o  in c lu d e  th e  

p o s s i b i l i t i e s  o f  u t i l i z i n g  s i l i c o n  as th e  i n s u l a t i n g  m a te r ia l .

The p h y s ic a l  m atch o f  doped s i l i c o n  and i n t r i n s i c  s i l i c o n  cou ld  

be v i r t u a l l y  p e r f e c t .  T h e o r e t ic a l ly  i t  i s  p o s s ib le  to  

e p i t a x i a l l y  d e p o s i t  s i l i c o n ,  th u s  p re s e rv in g  c r y s t a l l i n e  

s t r u c t u r e .  To d a te ,  how ever, such e p i t a x i a l  d e p o s i ts  have been 

o f  r e l a t i v e l y  h ig h  c o n d u c t iv i ty .  F u tu re  im provem ents may make 

such  a s t r u c tu r e  p r a c t i c a l .  The ta b u la te d  v a lu e  o f  d i e l e c t r i c  

s t r e n tg h ,  4 x 10^ v o lts /c m  i s  more th a n  ad eq u a te  f o r  most 

d e v ic e s . The r e s i s t i v i t y  o f  s in g le  c r y s ta l  s i l i c o n ,  2 .5  x 105 

ohm-cm, i s  f a r  to o  low, b u t  t h i s  does n o t ta k e  in to  accoun t 

th e  e f f e c t  th a t  f i e l d  has in  red u c in g  c a r r i e r s  m o b il i ty  and 

e f f e c t iv e l y  r a i s i n g  t h i s  v a lu e  a t .h ig h  f i e l d .  Runyan shows th i s  

as about a te n fo ld  e f f e c t .

The use o f  i n t r i n s i c  c r y s t a l l i n e  s i l i c o n  can n o t e a s i l y  

be v is u a l iz e d  as s u c c e s s f u l  i n  an IGFET o r  s im i l a r  d e v ic e .

The f i e l d  a t t r a c t i n g  m in o r ity  c a r r i e r s  to  th e  in t e r f a c e  o f  

doped s i l i c o n - i n t r i n s i c  s i l i c o n  would e n a b le  th e s e  c a r r i e r s  

to  co n tin u e  upward to  th e  a t t r a c t i n g  e l e c t r o d e .  T h is same 

e f f e c t  would o ccu r a t  th e  s u r fa c e  o f  a c o n v e n tio n a l t r a n s i s t o r  

to  some e x te n t .

An e l e c t r i c a l l y  more a t t r a c t i v e  m a te r ia l  m ight be

13amorphous s i l i c o n .  C h i t t i c k ,  e t  a l ,  r e p o r t  p r e p a r a t io n  o f

13C h i t t ic k ,  R .D ., J .H . A lexander, and H .F .S te r l in g .
"The P re p a ra t io n  and P r o p e r t ie s  o f  Amorphous S i l i c o n , "
J o u rn a l o f  th e  E le c tro c h e m ic a l S o c ie ty , V ol. 116, No. 1,
Jan u ary  1969, pp 77-81.
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f ilm s  w ith  a  r e s i s t i v i t y  o f  from 1 0 ^  to  2 .5  x 10*^ ohm-cm. 

I f  o th e r  p h y s ic a l  p r o p e r t i e s  were co m p a tib le  w ith  c r y s t a l l i n e  

s i l i c o n ,  a s u c c e s s f u l  d ev ice  cou ld  r e s u l t .  I t  i s  p o s s ib le  

t h i s  m a te r ia l  co u ld  be u sed  w ith  an in s u la te d  g a te  d e v ic e .



TABLE I I I - l  (6 Pages F ollow ing)

T a b u la tio n  o f  p h y s ic a l  c o n s ta n ts  o f  S i l i c o n ,  S i l ic o n  

Monoxide, S i l i c o n  D io x id e , S i l i c o n  N i t r i d e ,  and Aluminum 

Oxide.

The so u rc e s  f o r  th e se  v a lu es  a re  c o n ta in e d  in  r e f 

e ren c es  14 th ro u g h  54 a t  th e  end o f  t h i s  c h a p te r .
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C ry s ta l
System

L a t t ic e
C onstan t

H ardness
Moh

S i l i c o n
S i

S in g le
C ry s ta l

Diamond
L a t t i c e

( In te ra to m ic
s e p a ra t io n

(f7 )  2 .3 4  A

5 .430  A cube
edge @

7 (\<a

Amorphous 
Thin Film

C ry s ta l
(p o s s ib ly
e x i s t s )

7.09 A'

S i l i c o n
D ioxide

S i0„

Amorphous 
Thin F ilm , 

V itreo u s  
S i l i c a

C r y s ta l l in e  :ci 
Q uartz  (O ther 

fo rm s : /3- 
Q u a r tz , T r id i -  
m ite ,  C eo s ite )

H exagonal 4 .9  A

c = 5 .4  (32.;

5 -  7 (zo

S i l ic o n
N it r id e

S i3N4

Amorphous

C ry s ta l Hexagonal a = 7 .7  

c = 5 .6  (2f

>  9 (16>

Aluminum
Oxide

A12°3

Amorphous

C ry s ta l H exagonal

a = 4.76 

c = 14.00 (-4S)

9 (\<o
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S i l i c o n
S i

S i l ic o n
Monoxide

SiO

S i l ic o n
D ioxide

Si0„

S i l ic o n
N it r id e

S i 3N4

Aluminum
Oxide

A12 ° 3

S in g le
C ry s ta l

D ie l e c t r i c  
C onstan t 

k o r

12 0 
n .7 T 2 » :

Amorphous 
Thin Film

C ry s ta l 
(p o s s ib ly  
e x i s t s )

3 to  6 (22J 
( in c re a s e s  

w ith  
th ic k n e s s )

Amorphous 
Thin F ilm , 

V itreo u s 
S i l i c a

C r y s t a l l i n e : cC 
Q uartz (O th er 

fo rm s: /3 - 
Q u artz , T r id i -  
m ite , C e o s ite )

Amorphous

3 .7 (1  to

D ie le c t r ic  
S tre n g th  

E v o lts /c m

4 x 105 f o r  
avalanche

3 x 10 
(Z2\

>5 x 10° 
( th in  film )

105 bulk—
SiO

4 .4  ( X t o  
a x is )

6 .
4.

> 5.5  x 106

x

10

C ry s ta l

Amorphous

C ry s ta l

8.81
bu lk

8 .6  to  1 0 /6

9 .8  x 10 
bulk

R e s i s t i v i t y  
XL - cm

2 .5  x 10 
Thin f i lm  
Amorphous:

1010 to  2 .5  x

10

4 x 10

14

12

1 0 16 ( th in  
f ilm )  ( g

1 0 1 9 (v i t r e o u s )

10
&>}

14

10 12 

(2*

S u rfa c e  R e s is 
t i v i t y  

10^ - 1 0 7 ohm/ 
( g 5)sq u are

0

14
1 0 " ^ b u l k

10 16
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Thermal
C o e f f ic ie n t

o f
Expansion

Therm al S p e c if ic
C o n d u c tiv ity  Heat
ca l/c m -se c °C  cal/gm /°C

S i l ic o n
S i

S i l ic o n
Monoxide

SiO

S in g le
C ry s ta l

Amorphous 
Thin F ilm

C ry s ta l  
(P o s s ib ly  
e x i s t s )

2 .3 3  x 10 
a t  J300°K

-6

t  J 30C 0
0 . 0 7 2 -  0 .3 4 0 .18  (J9) 

0.168''

S i l i c o n
D ioxide

S i0„

Amorphous 
Thin Film  
V itreo u s  
S i l i c a

0 .3

0 .5  x 10

(9 to  14) x

10 -6 (31
C r y s t a l l i n e : 

oi Q uartz ' (O th er
fo rm s : / » -  -

Q u a rtz , T n d i -  v 
m ite , C e o s ite )  10 (46)

0 .00457  a t  
100 °C (a s 1 

0 .0049  a t  
100°C (» s

0 .0 1 3  to  
0 .0215  (33)
0 .0 1 3
0 .0 2 3  (46>

0.176 (27) 
0.22

0.188  (43

S i l ic o n
N i t r id e

S i3N4

Amorphous

C ry s ta l

2 .5  x 10“6 O.Qg8
(3$) (47)

0 .23

Aluminum
Oxide

A12°3

Amorphous

C ry s ta l

9 x 10 

(*)

-6

8 x 10
-6

.078  (p o ly -  
c r y s t a l l i j j e )

.103

0.185  (27

0 .18  (43



I l l

Si

Amorphous 
Thin Film

S ilic o n
Monoxide C ry s ta l  

SiO (p o s s ib ly  
e x i s t s )

Young's D iffu s io n
Modulus, E S tre n g th  C o e f f ic ie n t  f o r  

p s i  p s i  Sodium, cm ^/sec .

S il ic o n  S in g le  23 x 10^ 1 .7  x 10^
C ry s ta l  ©  max ©

S ilic o n
Dioxide

Amorphous 10.5 x 10 2 .0  x 10 1.6  x 10
Thin Film  (4 4 ) (9 th  e d .)  a t  400°C
V itre o u s  '  (3 ^  (525)

S i l i c a

S i0 2 C r y s t a l l i n e 11. 6 x 10 
Q uartz  (O ther 

fo rm s: / 3 - 
Q u a r tz , T r i d i -  

m i te ,  C e o s ite )

A12°3

Amorphous 22 x 10 7 .7  x 10 2.45 x 10
S il ic o n  (4©) (4 7 )  a t  400°C
N itr id e  ^  (5 ^

®*3^4 C ry s ta l

. .  . Amorphous 53 x 10^ 4 . O x  10"*Aluminum r
Oxide &  &

C ry s ta l  55 x 10^ 2 .2  x 10^
£ 4 )  max U 7 )

(w h isker)
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O p tic a l  Index  o f  
R e f ra c tio n

M eltin g  
P o in t 

D ensity  °C

S i l ic o n  S in g le
S i C rysta l

S i l i c o n
Monoxide

SiO

Amorphous 
Thin Film

C ry s ta l
(p o s s ib ly
e x i s t s )

F or A 
=  1-10  

i n  
m icrons

a t
Nan
l in e

in d ex  n 
3 .5 -3 .4

2 . 0

2 .3  (IT ) 1420°
2 . 3 2 ^ g )  @

2.15

©
P ro b ab ly

abou t
1700°

<3D

S i l i c o n
D ioxide

S i0„

Amorphous 
Thin Film 
V itre o u s  

S i l i c a

C r y s ta l l in e  oc 
Q u artz  (O ther 

fo rm s: /Q- 
Q u a rtz , T r id i -  
m i te ,  C eo s ite )

1 .43  -  1 .46 2 .£49 1710°@@ © ® ©
1 .54

S i l i c o n
N i t r id e

S i3N4

Amorphous

C ry s ta l

1 .93  a t  6000 A 
1 .9 8  to  2 .0 5  
1.95

Decomposes 
a t  about 
1900°

Aluminum
Oxide

A12°3

Amorphous

C ry s ta l

1 .5 9 ^ .1 .6 5  

1 .76  to  1.765

2 ^2 -3 .1

3 .97

2050°
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I n f r a r e d  Ab
s o r p t io n  Co
e f f i c i e n t  a t  / ) -

1 0 .5 / ( ; e l (cm~l) Chem ical R es is ta n ce

S i l i c o n  S in g le  
S i C ry s ta l (H igher f o r  "n 11 

o r  "p"  s i l i c o n )

Can be v ap o r e tc h e d  by 
HC1, C l2 , Br a t  h ig h

te m p e ra tu re . ( (9 ]

A tta ch ed  by 5% NaOH 
(b o il in g )

A tta ck ed  by HF and 
HN° 3  

In s o lu b le  i n  HF

S i l ic o n
Monoxide

SiO

Amorphous 
Thin Film

C ry s ta l
(p o s s ib ly
e x i s t s )

2 .3  x 10 
(2^ \

S o lu b le  i n  HF ®

S i l ic o n
D ioxide
S i0„

Amorphous 
Thin F ilm  

V itreo u s  
S i l i c a

C r y s ta l l in e  °< 
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more i n e r t .
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Oxide 2 .5  x 10^ in  a c id s  and a l k a l i
A12 0 3
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CHAPTER IV 

TESTING OF COMMERCIAL UNITS

1. P urpose

The t h e o r e t i c a l  and e m p ir ic a l  fo rm u la tio n s  in  C h ap te r 

I I  and th e  developm ent o f  p h y s ic a l  c o n s ta n ts  in  C hap ter I I I  

p ro v id e  in s ig h t  on th e  model o f  a p r a c t i c a l  sem iconducto r 

s u r f a c e .  In  th e  re g io n  o f  a d e p le t io n  la y e r  caused by a 

back b ia s e d  s i l i c o n  ju n c t io n ,  a p a s s iv a t in g  la y e r  p r o te c t s  

th e  s u r f a c e  from  co n ta m in a tio n , and a t  once low ers th e  

number o f  s u r fa c e  energy  s t a t e s .  The in t e r p la y  o f  conduc

t i v i t y  w ith  chang ing  very  la rg e  f i e l d s ,  th e  change o f  s u r fa c e  

c o n d it io n  w ith  io n  m ig ra tio n  and th e  e f f e c t  o f  m o is tu re  on 

s u r fa c e  c o n d u c t iv i ty  a l l  a c t  to  d e t r a c t  from  th e  p e r f e c t io n  

o f  a p r a c t i c a l  d e v ic e . O ther f a c t o r s  co v ered  in  e a r l i e r  

c h a p te rs  l ik e w ise  in f lu e n c e  th e  f i n a l  b e h a v io r .

A m ajo r g o a l o f  th i s  c h a p te r  i s  f u r t h e r  q u a n t iz a t io n  

o f  th e  mechanism o f  le ak ag e , p a r t i c u l a r l y  in  th o se  com m ercial 

u n i t s  w hich show o rd e rs  o f  m agnitude in c re a s e  in  leak ag e  u n d er 

a humid en v iro n m en t. By t e s t  o r  c o n s t r u c t io n  from p h y s ic a l  

d a ta ,  th e  r e l a t i v e  c o n tr ib u t io n s  o f  c u r r e n t  in  com pleting  

leakage p a th s  w i l l  be deduced. A f u r t h e r  o b je c t iv e  o f  t h i s  

c h a p te r  i s  th e  com parison o f  th e  p ack a g in g  and p a s s iv a t io n  

com binations u sed  in  th e  v a r io u s  u n i t s  t e s t e d  in s o f a r  as th e  

change i n  r e v e r s e  c u r re n t  le a k a g e .
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2 . SCRs as Diodes

A s e r i e s  o f  t e s t s  have been in  p ro g re s s  o v e r 7000 h o u rs  

on s e v e ra l  ty p e s  o f  s i l i c o n  c o n t r o l le d  r e c t i f i e r s  (SCR).

These t e s t s  w ere run  in  th e  r e l i a b i l i t y  la b o ra to ry  a t  NCE 

under c o n d it io n s  o b se rv ed  by th i s  i n v e s t i g a t o r .

The SCR u n i t s  were s to r e d  un d er c o n d i t io n s  which were 

desig n ed  to  a c c e le r a te  th e  f a i l u r e  mechanisms th a t  a re  

c h a r a c te r iz e d  by th e  A rrhen ius r a t e  e q u a tio n  o r  th e  E yring  

r a te  e q u a tio n  d e s c r ib e d  in  C hap ter I I .  I t  i s  reco g n ized  t h a t  

th e re  a re  ways in  which te m p e ra tu re  can i n h i b i t  f a i l u r e  ( e a r l i e r  

exam ples have been  g iv en ) and t h i s  s i t u a t i o n  i s  p o s s ib le  

f o r  a u n i t  e n c a p s u la te d  in  p l a s t i c .  I f  th e  e n c a p su la tin g  

p l a s t i c  i s  n o t co m p le te ly  cu red , th e r e  i s  a  p o s s i b i l i t y  t h a t  

e le v a te d  te m p e ra tu re  w i l l  h e lp  to  com plete  t h a t  cure w ith  a 

consequent im prov ing  o f  th e  e l e c t r i c a l  c h a r a c t e r i s t i c s  

and a d e c re a se  in  th e  p e rm e a b il i ty .  A c tu a l ly ,  com pletion  

o f  th e  cu re  may t i e  up c a t a ly s t  o r  h a rd e n e r  m olecu les which 

would co n ce iv ab ly  c o n ta in  io n iz a b le  m a te r i a l .  Some a d d i t io n a l  

comment w i l l  be made f u r th e r  a lo n g  i n  t h i s  c h a p te r  re g a rd in g  

th e  p o s s i b i l i t y  t h a t  th e  a p p l ic a t io n  o f  h u m id ity  could  

a f f e c t  th e  perfo rm ance d e t e r io r a t io n  in  an unexpec ted  d i 

r e c t io n .

Three models o f  s i l i c o n  c o n t r o l le d  r e c t i f i e r s  h e r e a f t e r
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d e s ig n a te d  as ty p e  T, ty p e  M and type  G* were p roduced  by 

th r e e  d i f f e r e n t  m a n u fa c tu re rs . Types T and M w ere oxide 

p a s s iv a te d ,  w ith  a p r o te c t iv e  epoxy e n c a p s u la tin g  package.

Type G was oxide p a s s iv a te d  w ith  a s i l i c o n e  b ased  r e s in  

package . No d a ta  as to  th e  e x a c t fo rm u la tio n  o f  r e s in  o r 

f i l l e r  was fu rn is h e d  by th e  m a n u fa c tu re rs , s in c e  t h i s  i s  

p r o p r ie t a r y  in fo rm a tio n . F ig u re  IV-1 i s  a  pho to g rap h  o f 

one o f  th e se  th r e e  ty p e s  o f  u n i t s .  I t  i s  d e l ib e r a t e ly  no t 

i d e n t i f i e d  as ty p e  T, M o r  G to  p re v e n t th e  p o s s ib le  

i d e n t i f i c a t i o n  o f  a g iv en  m an u fa c tu re r w ith  s p e c i f i c  d a ta .

These u n i t s  a re  n o t id e n t i c a l  u n i t s  in s o f a r  as  design  

i s  concerned . For exam ple, one u n i t  h a s  a d es ig n  forw ard 

c u r re n t  s e v e ra l  tim es t h a t  o f  a n o th e r . For t h i s  re a so n , the  

u n i t s  w i l l  be com pared w ith  t h e i r  own i n i t i a l  r e a d in g s ,  and 

o n ly  th e  r e l a t i v e  m agnitude o f  th e  change s h a l l  be compared.

There may be complex ways in  which s u r f a c e s  have some 

in f lu e n c e  in  th e  mechanism o f  th e  r e l a t i v e  i n j e c t i o n  

e f f i c i e n c i e s .  T his i s  n o t  a prim e c o n s id e ra t io n  o f  th i s  

d i s s e r t a t i o n .  On th e  o th e r  hand, some d a ta  a re  p re s e n te d  which 

a re  r e p r e s e n ta t iv e  o f  th e s e  u n i ts  as S C R 's. The pu rpose o f 

th e s e  d a ta  i s  to  show t h a t  w hatever change o ccu rs  has no t
i.

m o d ified  th e  t r i g g e r in g  v o lta g e .  This i n v e s t i g a t o r  p o s tu la te d  

t h a t  t h i s  s e rv e s  as ev id en ce  th a t  b u lk  p r o p e r t i e s  o f  th e

1Army C o n tra c t #DAAA-21-68-0-0500 -  P ro g re ss  R eports 1 
th r u  12. The d e s ig n a t io n  M, T and G u n i t s  i s  u s in g  th e  
d e s ig n a tio n  used  in  t h i s  r e p o r t .



F igu re  IV -1. P l a s t i c  Molded S i l i c o n  C o n tro l le d  
R e c t i f i e r .  This u n i t  was u sed  in  
te m p e ra tu re -h u m id ity  t e s t s .  Magni
f i c a t i o n  app rox im ate ly  lOx
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s i l i c o n  a re  n o t a l t e r e d  g r e a t ly  d u rin g  a c c e le r a te d  l i f e  

t e s t i n g .

An SCR w ith  no g a te  v o lta g e  a p p lie d  and a  low fo rw ard  

v o lta g e  s u p p lie d  a c ts  v e ry  much as a re v e r s e -b ia s e d  d io d e . 

T here a re  th r e e  ju n c tio n s  i n  an SCR and two o f  them a re  

fo rw ard  b ia s e d  when p o s i t i v e  v o lta g e  e x i s t s  betw een  th e  

anode and ca thode .

I f  th e  forw ard v o lta g e  g e ts  to o  h ig h , th e  in j e c t i o n  

e f f i c i e n c i e s  o f  th e  h o le s  th ro u g h  th e  upper "n "  r e g io n  and 

th e  e l e c t r o n s  through th e  low er "p"  reg io n  may in c re a s e  to  

th e  p o in t  t h a t  th e  u n i t  f i r e s .  At very  low fo rw ard  v o lta g e  

(sa y  o n ly  a few m i l l i v o l t s ) , th e  fo rw ard  b ia s e d  ju n c t io n s  

w i l l  c o n t r ib u te  m a te r ia l ly  to  th e  r e s i s t i v e  p a th .  An 

e x am in a tio n  o f  the  d iode e q u a tio n  h e lp s  to  v i s u a l i z e  what 

p ro b a b ly  happens.

W hile i t  cannot p ro p e r ly  be assumed th a t  a l l  th r e e  

ju n c t io n s  a re  i d e n t i c a l ,  th e  p u rp o se  fo r  which we use th e  

d io d e  e q u a tio n  i s  to  show th a t  th e  v o lta g e s  a c ro s s  th e  

fo rw ard  b ia s e d  diodes a re  on ly  a  sm a ll f r a c t io n  o f  th e  t o t a l  

v o l ta g e .  I f  I o f  th e  r e v e r s e  b ia s e d  diode w ere 20 tim es  th a t

o f  th e  I o f  th e  fo rw ard  d io d e s ,  p a r t i c u l a r ly  th e  g a te  d io d e , 

no g r e a t  d if f e re n c e  in  t h i s  co n c lu s io n  would r e s u l t .

The d iode eq u a tio n  i s :

eV

and kT & .026 e l e c t r o n  v o l t s  a t  room te m p e ra tu re s
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a t  v ery  low fo rw ard  v o lta g e s

I ! »  ■„ ( ‘ * 0 * ( w )  2 ! . ♦ • • • -  0

I f  V i s  somewhat l e s s  th a n  0 .026  v o l t s ,  th e  s o lu t io n  fo r

I w i l l  be a fo rw ard  c u r r e n t  o f  I . On th e  o th e r  h an d , i f  Vo

i s  n e g a t iv e ,  and r a th e r  l a r g e ,  I - I q . H ence, i f  th e  

e n t i r e  d ev ice  has an a p p l ie d  v o lta g e  o f  1 to  3 v o l t s ,  I w i l l  

be f lo w in g , and th e  r e v e r s e  b ia s e d  ju n c t io n  w i l l  c a r ry  most 

o f  th e  a p p l ie d  v o lta g e . To v e r i f y  t h i s  th e o ry  f o r  a  v ery  

sm a ll d io d e , a  s ig n a l  d io d e  was t e s t e d  under c o n d i t io n s  o f  

v e ry  low a p p lie d  v o lta g e  and th e  fo rw ard  d iode e q u a tio n  

e x p o n e n t ia l  e f f e c t  i s  e v id e n t  i n  F ig u re  IV -3 . A re a d in g  o f  

30 nano amps f o r  an a p p l ie d  v o lta g e  o f  0 .020 v o l t s  (F ig u re

IV -3) shows a c o n s id e ra b ly  l a r g e r  c u r re n t  th a n  th e  m easured 

le ak ag e  o f  th e  SCR u n i t s  t e s t e d  p r i o r  to  te m p e ra tu re -h u m id ity . 

T h is su p p o r ts  th e  e a r l i e r  c o n c lu s io n  th a t  o f  th e  4 v o l t s  

a p p l ie d  to  th e s e  u n i t s ,  e s s e n t i a l l y  a l l  o f  i t  can  be con

s id e r e d  to  be a p p lie d  t o  th e  r e v e r s e  b ia se d  ju n c t io n .

3. SCR A c c e le ra te d  L ife  T es ts

S e v e ra l m easurem ents were made on th e se  SC R 's. The one 

u sed  by t h i s  in v e s t ig a to r  i s  th e  r e v e r s e  c u r re n t  leak ag e  a t  

80% o f  th e  breakdown v o l ta g e .  R eadings were ta k e n  i n i t i a l l y ,  

th e n  a f t e r  each  250 hou rs  o f  a c c e le r a te d  t e s t i n g  up to  1000
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h o u r s ,  a t  1500 and 2000 hours  and , t h e r e a f t e r ,  each  1000 h o u rs .

The env ironm ent was 95% R.H. a t  6 5 °C.

The r e l a t i v e  c u r r e n t  v a lu e s  f o r  ty p e  A u n i t s  in c r e a s e d  

d r a s t i c a l l y  o v e r  th e  f i r s t  250 h o u r s .  Chart IV-1 i s  a  b a r  

graph o f  th e  average va lues  o f  th e  leakage  c u r r e n t .  The 

i n i t i a l  v a lu e  i s  c o n s i s t e n t  w ith  an I o f  a t y p i c a l  s i l i c o n  

d e v ic e .  C hart  IV-2 i s  a p l o t  o f  th e  s ta n d a rd  d e v ia t io n  o f  

leakage  c u r r e n t ,  and Chart IV-3 i s  a p l o t  o f  th e  g a te  . 

t r i g g e r  v o l t a g e .  Hie u n i fo rm i ty  o f  t h i s  l a t t e r  p l o t  on l i n e a r  

s c a l e  i s  th e  key to  th e  b e l i e f  t h a t  leakage d e g ra d a t io n  i s  due 

to  a  s u r f a c e  mechanism. The e x a c t  n a tu r e  o f  any such  s u r f a c e  

mechanism i s  ve ry  d i f f i c u l t  t o  p in p o i n t .  Some a t te m p ts  t o  

c o r r e l a t e  th e  change w ith  p h y s i c a l  p r o p e r t i e s  o f  th e  encapsu -  

l a n t  i s  c e r t a i n l y  a  w orthw hile  t a s k .

As an example o f  th e  b e h a v io r  o f  th e  c o n d u c t iv i t y  o f  a 

la m in a te d  p l a s t i c ,  which canno t be ta k en  as t o t a l l y  r e p r e 

s e n t a t i v e  o f  th e  case  o r  molded r e s i n  i n  th e  t e s t  u n i t s ,  a
2

f ig u r e  i s  rep roduced  from Mathes r e p o r t  on polym ers which 

shows th e  change in  volume and s u r f a c e  r e s i s t i v i t y  o f  a p a p e r  

base  p h e n o l ic  r e s i n  a f t e r  ag ing  a t  96% r e l a t i v e  h u m id i ty .

Comparing t h i s  ag ing  curve  to  F ig u re  IV-3 which shows th e  

change in  leakage  o f  type  A u n i t s ,  th e  fo llow ing  s t r i k i n g  

s i m i l a r i t i e s  a re  a p p a re n t .

2
M athes, K .N ., " E l e c t r i c a l  P r o p e r t i e s  o f  P o lym ers ,"

G eneral E l e c t r i c  Research and Development C en te r ,  G eneral Chem
i s t r y  L a b o ra to ry ,  Schenec tady , New York, Report Number 67-C- 
257, June  1957.
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During th e  f i r s t  500 h o u r s ,  th e  leak ag e  o f  ty p e  A u n i t s  

in c r e a s e s  by a f a c t o r  o f  400. During th e  f i r s t  20 days ,  th e  

volume r e s i s t i v i t y  o f  t h e  p a r t i c u l a r  la m in a te s  s t u d i e d  de

c r e a s e s  by a f a c t o r  o f  10,000. A f te r  1500 h o u r s ,  th e  "A" 

u n i t s  average c u r r e n t  changes very  l i t t l e .  S i m i l a r l y ,  a f t e r  

60 d ay s ,  the  volume r e s i s t i v i t y  o f  th e  la m in a te  changes a t  a 

much s low er  r a t e .

I f  the  p l a s t i c  leakage  i s  to  be e q u a te d  t o  a  p o s s ib le  

cause  o f  the  d iode  le a k a g e ,  then  a  mechanism must be p o s tu 

l a t e d  whereby an added t h r e e  magnitudes o f  r e v e r s e  c u r r e n t  can 

f low  in  the d i o d e - p l a s t i c  com bination . In  C hap te r  I I I ,  

a t t e n t i o n  was d ev o ted  t o  d e s c r ib in g  th e  c u r r e n t  p a th  through 

th e  p a s s iv a t in g  l a y e r ,  a long  the  s u r f a c e ,  and th e n  back 

th ro u g h  the  p a s s i v a t i n g  l a y e r  to  th e  o p p o s i te  c a r r i e r  r eg io n  

o f  sem iconduc to r .  Under c o n d i t io n s  o f  low s u r f a c e  r e s i s t a n c e ,  

i t  was deduced t h a t  a m a rg in a l  v o l ta g e  breakdown c o n d i t io n  

e x i s t e d ,  w ith  c o n s id e r a b ly  in c re a s e d  le a k a g e .  The s i t u a t i o n  

w i th  th e  e n c a p s u la t in g  p l a s t i c  i s  no t  to o  d i f f e r e n t .  In t h i s  

case  th e  leakage might a g a in  be s u r f a c e  le a k a g e ,  o r  more 

p r o p e r ly ,  i n t e r f a c e  leakage  between th e  p l a s t i c  and the  oxide 

c o a t in g .  I f  such  were th e  c a se ,  th e  p r e v io u s l y  p o s tu l a t e d  

mechanism could  acc o u n t f o r  th e  observed  in c r e a s e  i n  leakage . 

The p l a s t i c  s e rv e s  as a  p r o t e c t i v e  s h i e l d  when f i r s t  p la ced  in  

h u m id ity ,  and th e n  l a t e r ,  a  s a t u r a t i o n  a p p ro a c h e s ,  as  a sou rce  

o f  m o is tu re  t o  a c t i v a t e  th e  i n t e r f a c e  mechanism.
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To t e s t  w h e th e r  th e  p l a s t i c  i t s e l f  p ro v id e s  a  leakage  p a th  

such a p a th  i s  assumed, and p ro b ab le  flow  l i n e s  a r e  shown in  

F ig u re  IV-5.

I t  i s  a l s o  n e c e s s a ry  to  have an e s t im a te  o f  th e  r e s i s t i v i t y ,  

P  , o f  th e  epoxy r e s i n  a f t e r  exposure  t o  h u m id ity .  Measure

ments were made between le ad s  on 25 u n i t s  from which th e  

a c t i v e  p a r t  o f  th e  SCR had  been removed by g r in d i n g .  These 

re a d in g s  a re  t a b u l a t e d  i n  th e  appendix  t o  t h i s  d i s s e r t a t i o n .

The g r e a t e s t  leakage  t h a t  o ccu rre d  was 2 .6  nano amps f o r  an 

a p p l ie d  v o l ta g e  o f  4 v o l t s .  See F ig u re  IV-6 ; C hart  IV-4.

The r e s i s t i v i t y  was c a l c u l a t e d  u s in g  Smythe 4 .13[5 ]

[assuming tw o-d im ens iona l  f lo w ) :

R = 2 p  cosh - 1

where R = r e s i s t a n c e  measured
2 . 6  x 10

4

( th e  .32 ciji t o  c o n v e r t  to  r e s i s t a n c e / u n i t  depth)

D = d i s ta n c e  between c e n te r s  o f  le a d s

R^ = R  ̂ = r a d iu s  o f  le ad s

P  = r e s i s t i v i t y  o f  m a te r ia l  

D = .046 i n .

R̂  = R^ = .0 1 0  i n .

P  Q  1.02 x 10^ ohm-cm



135

PRIMARY FILM is 
COM&IPBRED INFlNlTES- 
MALLY THICK TO PROVIOE 
A “WORST* CASiE" y
CAUCUUATIOW

FLOW LINES ARE 
ASS>UIV\gp CIRCULAR.

DIFFERENTIAL element 
OF CONDUCTIVITY

ENTIRE “P” REOION
is> assumed at one
POTENTIAL '

REG. I ON
is  a s s u m e d  a t  o n e  
POTENTIAL

Fl<5. Tg~ - 5> ASSUMED FLOW THROU6H THE RE£»INl
IN As PL-A.&TIC E N C A P S U L A T E D  SC.R. UlslIT



136

,218

ACTIVE. ELEMENTS 
R.EfvrtOV'ETO a»Y 
<aRIMDlKI<& ■—■__

Q^-.ozcr-^Ch- .oz£-~C) .020" piam .eter

LEAD &PACI Nlgr

F-lg; TV. Co SCR UN1\~T. WITH AUL. ACTIN/E. ELEMESlTS 
REMOVED E>V g»RtNlPlN-l<=>.



137

NAnJOAMPS>
1.0©

1.0

0.5

2000 3000IO C Oo

H O U R S

CHART 35Z-4- AVERAGE LEA K A 6E  CURREN4'1,'
VS. TIME C>M HUMlPlTVli - 2£> £>CR. 
E P O X Y  L E A D  -  INI U S I I T 5

( F O R  D / V T A . ,  S E E  A P P E M D l X  3 E  - Co )



Using an e n la rg e d  s i l v e r  p a i n t e d  r e p l i c a  o f  t h e  l e a d  

s p a c in g  on T e le d e l to s  p a p e r ,  a r e s i s t i v i t y  was m easured to  be 

P  = 1 .2  x 1 0 9 -cm. The s m a l l e r  va lue  P  = 1 . 0 2  x 1 0 9 

was used  su b se q u e n t ly  s in c e  t h i s  would p rov ide  a  more c o n s e r 

v a t i v e  v a lu e .

The c o n t r i b u t i o n  o f  t h e  le a d s  was measured and th e  c u r r e n t  

was 2 .6  nano amperes. Using th e  e s t a b l i s h e d  r e s i s t i v i t y ,
g

P  = 1 . 0 2  x 10 , a s im u la t i o n  and c a l c u l a t i o n  i s  now made f o r

th e  leakage  i n  the  r e s i n  a c ro s s  th e  d e p le t io n  r e g io n .  A t y p i c a l

-4v a lu e  o f  1 . 6  x 10 cm f o r  th e  d e p le t io n  w id th  p ro v id e s

an approx im ate  p a th  le n g th  f o r  the . c u r r e n t  flow th ro u g h  th e

r e s i n  as shown in  F igure  IV -5. By a g a in  s im u la t in g  t h i s
>

c o n d i t io n  w i th  T e le d e l to s  p a p e r ,  a v a lu e  o f  a p p ro x im a te ly  2 

nano amperes was o b ta in e d .  E x p e r im e n ta l ly ,  th e  d im ensions  o f  

t h e  d e p l e c t i o n  l a y e r ,  th e  nn"  and th e  "p" re g io n s  c o u ld  n o t  be 

e s t a b l i s h e d  e x a c t ly .

A crude check, assuming c i r c u l a r  flow l in e s ,  a l low s  a 

s im p le  c a l c u l a t i o n  o f  th e  c u r r e n t  f low . For co n v en ien ce ,  

th e  d e p le t io n  reg io n  has been s t r a i g h te n e d  out and  can be 

v i s u a l i z e d  go ing  in t o  th e  p a p e r .  I f  th e  v a r i a b l e  o f  i n t e -
9

g r a t i o n  i s  x ,  th e  r e s i s t i v i t y  i s  1 . 0 2  x 10 cm, and th e  

d e p th ,  t ,  i s  0 .3  cm, th e  c o n d u c t iv i t y  i s  ( ta k in g  th e  upper 

l i m i t  as 1 f o r  c o n v e n ie n c e ) :
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S o lv in g ,  R = 1 .2  x 10 ohms

F our v o l t s  would r e s u l t  i n  on ly  a  few nano-amps o f  c u r r e n t .

Even i f  th e  e s t im a te  o f  th e  d e p l e t i o n  l a y e r  th i c k n e s s  i s  i n  e r r o r

by a  l a r g e  f a c t o r ,  th e  lo g a r i th m  would minimize th e  c u r r e n t

c a l c u l a t e d  th ro u g h  th e  p l a s t i c  t o  a few tim es t h a t  o r i g i n a l l y

c a l c u l a t e d .  I t  i s  d i f f i c u l t  t o  v i s u a l i z e  1000 tim es  t h i s

c u r r e n t  f lo w in g  by t h i s  t e c h n iq u e ,  u n le s s  th e  r e s i s t i v i t y  o f

th e  p l a s t i c  v a r i e s  c o n s id e ra b ly ,  and j u s t  happens t o  be  10^

ohm-cm l o c a l l y  a t  th e  j u n c t io n .  This i n v e s t i g a t o r  does n o t

b e l i e v e  t h a t  t h i s  i s  the  case  i n  th e s e  u n i t s .  Measurements

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

show s i m i l a r  leakage  w ith o u t  th e  p re s e n c e  o f  th e  e n c a p s u la t in g
2

r e s i n .  On th e  o th e r  hand, Mathes , page 18, s t a t e s  t h a t  sm all  

amounts o f  im p u r i ty  i n  a po lym er,  such  as c a t a l y s t  fragm ents  

can cause  an a p p re c ia b le  low ering  o f  r e s i s t a n c e .  I t  i s  n o t  

beyond q u e s t i o n  t h a t  th e  d r o p le t s  o r  p a r t i c l e s  o f  c a t a l y s t

-4could  be as la rg e  as th e  assumed d e p l e t io n  w id th ,  1 . 6  x 10 

cm.

The r e s i s t i v i t y  vs_. tim e cu rves  o f  p l a s t i c  s u b je c t e d  t o  

h um id ity  shown i n  F igure  IV-4 show change f o r  a p h e n o l ic  r e s i n ,  

b u t  th e  q u e s t io n  remains as t o  how c l o s e l y  epoxy case  o r  molded 

r e s in s  might fo l lo w  the  h u m id ity  r e s i s t a n c e  vs_. tim e c u rv e s .  

P o s s ib le  ev id en ce  in  t h i s  s i t u a t i o n  i s  o b ta in e d  from a t a b l e
3

p re p a re d  by H arp e r  . Two v a lu e s  o f  t h e  volume r e s i s t i v i t y  f o r

3
H a rp e r ,  C harles  A ., E l e c t r o n i c  Packaging w ith  R e s in s .  

McGraw-Hill, 1961, p 71. ’
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ep o x id ized  p o l y o l e f i n  a re  l i s t e d :  At room te m p e ra tu re ,  th e

i n i t i a l  r e a d in g  i s  2 .84  x 1015 ohm cm and a f t e r  7 days a t
IT

95% RH, a t  60°C, th e  read in g  i s  6 .48  x 10 . A qu ick  com

p a r i s o n  w i l l  show t h a t  the  la m in a te  curve  drops ap p ro x im a te ly  

t h i s  e x t e n t  i n  7 days . Perhaps more im p o r ta n t  i s  th e  f a c t  

t h a t  th e  te m p e ra tu re -h u m id i ty  c o n d i t io n s  c i t e d  fo r  t h i s  r e s i n  

alm ost e x a c t ly  approxim ate  th e  a c c e l e r a t e d  c o n d i t io n s  und er  

which th e  SCR's were t e s t e d .

To some e x t e n t ,  th e  case  a t  p o in t  i s  n o t  c o n c lu s iv e  b e 

cause o f  incom ple te  d a ta  on th e  e n c a p s u l a t i n g  r e s i n  and on 

th e  p a r t i c u l a r  p a s s iv a t in g  te c h n iq u e  u se d .  The r e s i n  d a t a  

c i t e d  by H arper  r e p r e s e n t s  r e s i n s  which a re  p robab ly  s i m i l a r  

to  th o se  u sed .  A d d i t io n a l  measurements a re  be ing  made a t  NCE 

by a n o th e r  i n v e s t i g a t o r  to  de te rm ine  r e s i s t i v i t y  and breakdown 

v o l t a g e .  The w r i t e r  o f  t h i s  d i s s e r t a t i o n  i s  no t d i r e c t l y  

in v o lv ed  in  t h i s  c u r r e n t  r e s e a r c h .  The new measurements most 

l i k e l y  w i l l  n o t  show minute inhom ogeniety  which cou ld  accoun t 

f o r  g r e a t e r  leakage  through th e  epoxy r e s i n .  Some f u r t h e r  

ev idence o f  th e  ty p e  o f  leakage w i l l  be i l l u s t r a t e d  l a t e r  by 

com parative  r e a d in g s  o f  I v s .  V f o r  ty p e  T u n i t s  compared to  

g la s s - e n c a s e d  u n i t s .

Type M u n i t s  r e a c t  to  th e  a c c e l e r a t e d  environm ent i n  a 

way which c o n ta in s  b o th  s i m i l a r i t i e s  and d i f f e r e n c e s  i n  com pari

son to  ty p e  T u n i t s .  Charts  IV-S, IV-6 , and IV-7 i l l u s t r a t e  

th e  change in  th e  average leakage  w ith  t im e ,  the  s ta n d a rd
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d e v i a t i o n  o f  t h i s  le a k a g e ,  and th e  g a te  t r i g g e r i n g  v o l t a g e .

There i s  some doubt as t o  th e  v a l i d i t y  o f  th e  250 hour re a d in g s  

f o r  rea so n s  n o t  im p o r tan t  t o  t h i s  d i s s e r t a t i o n .

The leakage  c u r r e n t  r i s e  w ith  time under t h e  a c c e l e r a t e d  

environm ent i s  much more r a p id  i n  th e  type M u n i t s  th an  in  

th e  ty p e  T u n i t s .  The p e rc e n ta g e  change, on th e  o th e r  hand ,  

i s  o f  th e  o r d e r  o f  m agnitude o f  1000 to  1 i n  b o th  c a s e s . The 

t im e  d i f f e r e n c e  to  a t t a i n  a c o n d i t io n  o f  s a t u r a t i o n  can be 

accommodated by the  model d e p ic te d  f o r  th e  type  T u n i t s .  I f  

th e  d i f f u s i v i t y  o f  m o is tu re  th ro u g h  th e  p l a s t i c  i s  v a r i a n t  in  

th e  two ty p e s ,  an e q u i l ib r iu m  m igh t be reached  more q u ic k ly  

i n  ty p e  M u n i t s .  F u r th e r ,  i f  th e  depth  o f  th e  a c t i v e  e lem ent 

from th e  s u r f a c e  i s  d i f f e r e n t  i n  th e  two c a s e s ,  one ty p e  w i l l  

s a t u r a t e  w ith  m ois tu re  e a r l i e r  th a n  th e  o th e r .  The p l a s t i c  

in v o lv e d  in  a t  l e a s t  one ty p e  ap p ea rs  to  be a f i l l e d  r e s i n .

Even very  t h i n  sc ra p in g s  have an opaque ap pea rance .  The f i l l e r  

cou ld  e a s i l y  account f o r  a  wide v a r i a t i o n  in  th e  p e r m e a b i l i ty  

by m o is tu re .  One f i l l e r - r e s i n  com bination can a l s o  v a ry  in  

volume r e s i s t i v i t y  from a n o th e r .

The ty p e  G u n i t s  r e p r e s e n t  a change in  th e  v a r i a t i o n s  o f  

r e v e r s e  c u r r e n t  leakage w i th  t im e .  From time 0 t o  4000 h o u r s ,  

th e  v a r i a t i o n  in  average  leak ag e  c u r r e n t  i s  on ly  3 to  1.

C harts  IV-8 , IV-9,and IV-10 r e p r e s e n t  the  average  le a k a g e ,  

s ta n d a r d  d e v ia t io n  o f  le a k a g e ,  and g a te  t r i g g e r  v o l ta g e  as a 

f u n c t io n  o f  tim e. I t  may a l s o  be n o te d  t h a t  th e  i n i t i a l  read in g s
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a re  many tim es  h ig h e r  th a n  t h a t  which would be exp ec ted  o f  a • 

comparable b u lk  d iode  w ith  no s u r f a c e  e f f e c t .

Although i n  t h i s  d i s s e r t a t i o n  no mechanism can be su p p o r te d  

w ith  s u f f i c i e n t  d a t a  to  form more th a n  an e s t im a te  as to  what 

might be d i f f e r e n t  i n  ty p e  G u n i t s ,  a  few p o s s i b i l i t i e s  a re  

l i s t e d  below. These may su g g es t  to  some f u tu r e  worker t e s t s  

t h a t  could  be perfo rm ed  w ith  s i m i l a r  u n i t s  t o  i s o l a t e  th e  cause 

o r  causes o f  th e  a p p a re n t  d i f f e r e n c e  i n  th e  ty p e  G u n i t s  com

p a red  to  T and M u n i t s .

1. The h ig h e r  i n i t i a l  read in g  m igh t be e x p la in e d  in  

p a r t  beca u se  ty p e  G u n i t s  a r e  made f o r  h ig h e r  

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

2. The la c k  o f  change o f  leakage  c u r r e n t  w ith  time 

may be th e  r e s u l t  o f  e n c a p s u la t in g  w ith  a d i f 

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

3. The sm a ll  change might a l s o  be a t t r i b u t a b l e  to  

some p re -e x p o s u re  to  h u m id ity ,  p ro v id in g  r e l a t i v e  

s a t u r a t i o n  p r i o r  to  our f i r s t  r e a d i n g s .

4. N i t r i d e  P a s s iv a te d  Diode T e s t in g

A q u a n t i t y  o f  app rox im ate ly  130 s ig n a l  d iodes  were fu rn i s h e d  

to  NCE by a government so u rce  f o r  s tu d y .  The p r im ary  i n t e r e s t  

in  th e se  d iodes  was th e  a d v e r t i s e d  s i l i c o n  n i t r i d e  p a s s iv a t i o n .

An unexpected  improvement in  th e  leak ag e  of. t h e s e  d iodes 

o ccu rred  when a  g la s s  o v e r - s e a l  was u sed  which a l s o  in c re a s e d
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th e  m echan ica l s t r e n g t h  o f  th e  d io d e .  When o r i g i n a l l y  r e c e iv e d ,  

th e  d iodes  were b e l i e v e d  to  be p l a s t i c  e n c a p s u la te d .  T h e i r  

ap p ea ran ce ,  F igure IV -7, resem bled  th e  p l a s t i c  SCR's, F ig u re  

IV - l .  The d a ta  s h e e t s  f o r  th e s e  u n i t s ,  r e c e iv e d  c o n s id e ra b ly  

l a t e r ,  c l e a r l y  s p e c i f y  th e  g l a s s  envelope. T h is  g la s s  has 

an im portance  a t  l e a s t  du r in g  th e  tim e in v o lv e d  in  th e  t e s t s ,  

and, as w i l l  be shown, no s i g n i f i c a n t  a c c e l e r a t e d  changes have 

o c c u r re d .  Had th e  package been  p l a s t i c ,  c o n s id e ra b le  p h y s ic a l  

in fo rm a t io n  might have r e s u l t e d  i n  th e  4000 h o u rs  in v o lv e d  in  

a c c e l e r a t e d  t e s t s .  These s ta te m e n ts  a re  no t  i n  any way i n 

ten d ed  to  d isp a rag e  t h e  e x c e l l e n t  l i f e  p r o b a b i l i t i e s  o f  th e  

s i l i c o n - n i t r i d e ,  g l a s s - e n c l o s e d  u n i t s ,  b u t  t o  p o in t  o u t  t h a t  

t h i s  s e r i e s  o f  t e s t s  i s  d e s ig n ed  bo th  to  a s c e r t a i n  th e  d u ra 

b i l i t y  o f  a p a r t i c u l a r  s t y l e  o f  p r o t e c t i o n  and a l s o  to  t r y  and 

shed  l i g h t  on th e  mechanism o f  u l t im a te  le a k a g e .

S ix  a s se m b l ie s ,  each  w ith  tw enty  diodes s o ld e r e d  to  a 

copper s t r i p ,  were coded by sp a c in g  o f  d iodes  t o  p e rm i t  i d e n t i 

f i c a t i o n  o f  an assembly as w e l l  as  an in d iv id u a l  d iode i n  t h a t  

assem bly . This arrangem ent m inim izes h a n d l in g  o f  i n d i v id u a l  

d iodes  w ith  the  p o s s i b i l i t y  o f  con tam ina tion  o f  th e  g l a s s .

The r e s id u e  l e f t  by such h a n d l in g  could form le ak ag e  p a th s  

around th e  o u ts id e  o f  th e  en v e lo p e ,  o r  could  cause  e t c h in g  o f  

th e  g la s s  s u r fa c e  as a r e s u l t  o f  o i l s  and ac ids .:from  th e  sk in . .  

I d e n t i f i c a t i o n  t a b s ,  a l th o u g h  u sed  in  th e  t e s t i n g  o f  g la s s  

p a s s iv a t e d  d io d e s ,  were n o t  used  w ith  th e se  s i g n a l  d io d e s .  The



F ig u re  IV-7. G lass Molded, N i t r i d e  P a s s iv a te d  
S ig n a l  D iodes .  M a g n if ic a t io n  

A pproxim ately  lOx
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t a b s  were t o l e r a t e d  on th e  g la s s  p a s s i v a t e d  d iodes  s in c e  an 

im portan t p a r t  o f  t h e  perform ance o f  th e  g l a s s  u n i t s  may be 

r e l a t e d  to  t h e i r  p h y s i c a l  appearance in c lu d in g  non-uniform  

a p p l i c a t io n  o f  th e  g l a s s  o v e r - s e a l .  Such i d e n t i f i c a t i o n  ta b s  

a re  l i k e l y  t o  be a s o u rc e  o f  o rg a n ic  co n tam in a tio n  from o u t -  

g a s s in g  o f  a d h e s iv e s  a t  h igh  te m p e ra tu re .

Unit number s i x  was connected  w i th  s i l v e r  s o ld e r  w ith  th e  

d iodes under w a te r  as  h e a t  p r o t e c t i o n .  This was no t th e  main 

purpose o f  th e  t e s t ,  b u t  t h i s  e x p e r im e n te r  was i n t e r e s t e d  in  

th e  p o s s i b i l i t i e s  o f  u s in g  w ater  immersion as a h e a t  s in k  

during  s o ld e r i n g  w ith  o r  w ithou t s u b se q u e n t  d e t e r i o r a t i o n  o f  

perform ance. S i l v e r  s o ld e r  has a s t r e n g t h  advantage over 

s o ld e r .  The rem ain ing  u n i t s  were s o ld e r e d  w ith  60-40 r o s in  

core  s o l d e r ,  and c le a n e d  in  s u c c e s s iv e  b a th s  o f  ace tone to  

remove the  unused  f lu x .

At zero  t im e ,  th e  in d iv id u a l  d io d e s  i n  each u n i t  o f  20 were 

measured f o r  le ak ag e  c u r r e n t  a t  a r e v e r s e  b ia s e d  v o ltag e  o f  

about 1/2 t h a t  r e q u i r e d  to  cause a v a la n c h e .  In  t h i s  c a s e ,  th e  

v o l ta g e  was 45 v o l t s .  A f te r  r e c o rd in g  th e  r e a d in g s ,  the  d io d e s  

in  u n i t s  3, 4 , 5 ,  and 6 were p la c e d  in  te m p e ra tu re  and h u m id i ty ,  

w hile  u n i t s  1 and 2 were kept a t  norm al room c o n d i t io n s .

Leakage c u r r e n t  was measured u t i l i z i n g  a .G e n e ra l  Radio 

E le c t ro m e te r ,  Model 1230A. As a p r e c a u t io n a r y  measure, s e v e r a l  

r e s i s t o r s  i n  s e r i e s  t o t a l l i n g  500,000 ohms w ere -p laced  in  th e  

c i r c u i t  in p u t  t o  th e  e l e c t ro m e te r  i n  th e  e v e n t  t h a t  a d iode
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s h o r te d .  S ince  th e  norm al s c a le  used  on th e  G.R. in s tru m en t
7

was 10  ohms, th e  500,000X1 in  s e r i e s  r e p r e s e n te d  only  a 

sm all  e r r o r  in  c a l c u l a t i n g  th e  leakage  c u r r e n t .  In  a p a r a l l e l  

program t e s t s  were made on s e v e ra l  g l a s s  p a s s iv a t e d  diodes
4

which had such a h ig h  leakage  t h a t  a r e s i s t a n c e  s c a le  o f  10 

ohms was r e q u i r e d .  T h is  produced a s e r io u s  e r r o r  in  the  m easu re

ment o f  th o se  u n i t s ,  g iv in g  a much more c o n s e rv a t iv e  e s t im a te  

o f  th e  c u r r e n t  t h a t  would have r e s u l t e d  w ith o u t  th e  s e r i e s  

r e s i s t o r s .  In any e v e n t ,  where p r e c i s e  v a lu e s  were r e q u i r e d ,  

th e  a c tu a l  r e s i s t a n c e  o f  th e  g la s s  p a s s i v a t e d  u n i t s  could  be 

c a l c u l a t e d  from th e  v o l t a g e  d iv i s i o n .  T h is ,  in  t u r n ,  could  

be u t i l i z e d  to  c a l c u l a t e  th e  expec ted  c u r r e n t  i f  th e  f u l l  

v o l ta g e  o f  th e  so u rce  was p la ced  a c ro s s  th e  d io d e s .

The 45 v o l t s  was s u p p l ie d  by a h ig h  v o l t a g e  power supp ly  

whose in p u t  to  th e  r e c t i f i e r s  was a d j u s t a b l e .  The c rude , u n 

r e g u la te d  v o l t a g e  th u s  o b ta in e d  was s e t  a c c u r a te l y  a t  45 v o l t s  

f o r  each re a d in g  by u s in g  a  10 tu rn  h e l i c a l  p o te n t io m e te r .

A Simpson VOM was used  to  measure th e  45 v o l t s  f o r  each s e t  o f  

r e a d i n g s .

Reverse c u r r e n t  le ak ag e  read in g s  were ta k e n  a t  0 h o u r s ,

500 h o u rs ,  1000 h o u r s ,  2500 h o u rs ,  and 4500.h o u r s .  The i n i t i a l  

v a lu e  on one d io d e  was e l im in a te d  from th e  s t a t i s t i c a l  t r e a t 

ment. Diode #15 in  u n i t  1 o f  the  d io d e s  had a leakage  o f  .15 

microam peres; w hereas th e  r e s t  ranged  from ...007 to  .034 m ic ro 

amperes. Diode #15 was n o t  used in  th e  f i r s t  average o r  su b se -
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q uen t summaries.

At th e  o u t s e t  o f  th e  t e s t ,  i t  was ex p e c te d  t h a t  th e  leakage 

would in c re a s e  in  th e  te m p e ra tu re -h u m id i ty  u n i t s  and remain 

f a i r l y  s t a b l e  in  th e  u n i t s  a t  normal room am bien t.  The p resence  

o f  th e  excess h u m id ity  p ro v id e d  a known d e g ra d a t io n  o f  the  f i lm  

p r o p e r t i e s .  The h e a t  sh o u ld  h av e ,  in  t u r n ,  a c c e l e r a t e d  the  

r a t e  o f  w a te r  t r a n s f e r  th ro u g h  th e  g la s s  o r  a long  any cracks  

o r  c r e v i c e s .  M oreover, th e  h e a t  shou ld  have b o o s te d  th e  r a t e  

by which any excess  m onovalent ions  p r e s e n t  i n  th e  s i l i c o n  

n i t r i d e ,  the  g l a s s ,  o r  th e  i n t e r f a c e  between th e  two, m ig ra ted  

to  th e  s u r fa c e  o f  t h e  s i l i c o n .  Higher te m p e ra tu re s  shou ld  

in c r e a s e  the  r a t e  o f  any o t h e r  chemical r e a c t i o n s .

One mechanism by which in c re a s e d  leak ag e  cou ld  o ccu r  in  a 

d iode  i f  we p o s t u l a t e  an in c r e a s e  o f  s u r f a c e  m onovalent ions 

i s  by th e  c r e a t io n  o f  an in v e r s io n  l a y e r  i n  th e  "p" re g io n  

which would in  e s se n c e  i n c r e a s e  the  "p -n"  c o n ta c t  a r e a .  This 

ty p e  o f  leakage would be c h a r a c t e r i z e d  by v e ry  l i t t l e  change o f  

le ak ag e  due to  t h i s  c o n t r i b u t i o n  w ith  v o l t a g e .  There i s  a sharp  

d i f f e r e n c e  in  th e  case  o f  an IGFET when compared to  a  diode o r  

c o n v e n t io n a l  t r a n s i s t o r .  In  th e  f i e l d  e f f e c t  t r a n s i s t o r  a 

s t r o n g  e l e c t r i c  f i e l d  e x i s t s  p e rp e n d ic u la r  to  th e  s u r f a c e ;  

whereas in  th e  b a c k -b ia s e d  d io d e ,  a s t ro n g  f i e l d  e x i s t s  p a r a l l e l  

to  th e  s u r f a c e .  See F ig u re  I v - 8 .

In  one r e s p e c t ,  a t  l e a s t ,  th e  u n i t s  were n o t  ex p ec ted  to  

d e t e r i o r a t e  in  te m p e ra tu re  h u m id ity ,  and t h a t  i s ,  th e  mode
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o f  c o n ta m in a t io n  by e lem en ts  o r i g i n a l l y  t o t a l l y  s e p a r a t e  from 

th e  d iode  p ackage .  This was due t o  th e  r e f lu x in g  o f  w a te r  

e v a p o ra te d  from th e  h u m i d i f i e r  and condensing on t h e  d io d e s .  

T h is  n o t  o n ly  d id  no t  add i m p u r i t i e s ,  b u t  l i k e l y  e x t r a c t e d  

s o lu b l e  s a l t s  ( i f  any) from th e  s u r f a c e  and n e a r  under  s u r f a c e  

o f  th e  g l a s s  e n c lo s u re .  T h is  a c t i o n  w i l l  l3ake p l a c e  in  any 

h u m id i ty  chamber in  which c o ld  u n i t s  a r e  r e i n s e r t e d  in t o  a  h o t ,  

humid a tm osphere .  I t  happened t o  be more a c c e n tu a te d  in  th e  

t e s t s  run  on th e s e  diodes s in c e  th e  chamber was an ad ap ted  

c o f f e e  p e r c o l a t o r ,  and c o n t in u a l  co n d en sa t io n  o f  vapor on th e  

t h i n  to p  w a l l  i s  to  be e x p e c te d .

The t e s t s  t o  d a te  co v e r  some 4500 h o u rs .  At t h i s  p o i n t ,  

i t  was hoped t h a t  th e re  would be some t r a c e  o f  th e  s e p a r a t io n  

o f  th e  c o n t r o l  u n i t s  from th e  te m p e ra tu re  hum id ity  u n i t s .  Bar 

c h a r t s ,  p l o t t e d  on a l i n e a r  s c a l e ,  show th e  v a r i a t i o n  o f  th e  

a r i t h m e t i c  mean c u r r e n t ,  T , w ith  45 v o l t s  r e v e r s e  b ia s  as a 

f u n c t io n  o f  t im e .  As o f  th e  i n i t i a l  r e a d in g s ,  th e  average  

c u r r e n t  o f  u n i t s  1 and 2 i s  1 1 . 1  nanoam peres, compared w ith  th e  

av e ra g e  o f  u n i t s  3, 4, 5 , and 6 o f  11 .4  nanoamperes.

The d a t a  f o r  t h i s  t e s t  s e r i e s  a re  p l o t t e d  in  C harts  IV-11 

and IV-12. Note t h a t  th e  c u r r e n t  s c a l e s  a re  l i n e a r  compared 

to  lo g a r i th m  s c a l e  f o r  th e  s i m i l a r  p l o t s  o f  p l a s t i c  imbedded 

u n i t s  ( e . g . ,  F ig u re  IV -2 ) . The m agnitude o f  change and th e  

c o r r e l a t i o n  o f  c o n t ro l  u n i t s  w ith  te m p era tu re  h u m id ity  u n i t s  i s  

d i s p la y e d  in  th e s e  f i g u r e s .
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The 500-hour r e a d in g s  showed an un ex p ec ted  drop to  7 .6  nano

amperes f o r  u n i t  1; whereas u n i t s  3 , 4 ,  5 and 6  remained a t

11.4  nanoamperes. At t h i s  p o in t ,  some s u s p ic io n  o f  m easuring 

tem pera tu re  e f f e c t s  caused  the  i n s t i t u t i o n  o f  tem pera tu re  

measurement d u r in g  a l l  f u r t h e r  r e a d in g s .  The s t r i k i n g  a s p e c t  

o f  th e  d a ta  was t h a t  th e  in d iv id u a l  d io d e  re a d in g s  during th e  

500-hour r e a d in g s  were f o r  85% o f  t h e  i n d i v i d u a l  read ings  

approx im ate ly  4 nanoamperes s m a l le r  th a n  th e  corresponding  

read in g  a t  z e ro  h o u r s .  As i t  has tu r n e d  o u t ,  no p o s i t i v e  

c o r r e l a t i o n  o f  te m p e ra tu re  a t  th e  t im e  o f  r e a d in g  could  be 

i n t e r p r e t e d  t o  be r e s p o n s ib le  f o r  t h e  in c rem en t drops o r  r i s e s  

i n  b locks  o f  r e a d i n g s ,  b u t  room te m p e ra tu re  w i l l  be reco rd ed  

and e v e n tu a l ly  c o n t r o l l e d .

The GR 1230A e l e c t r o m e te r  was checked by th e  use o f  a 

s ta n d a rd  r e s i s t o r  and th e  same v o l t a g e  so u rc e  used  to  back 

b ia s  the  u n i t s .  The read in g s  were c o n s i s t a n t  w ith  a f u r t h e r  

check u t i l i z i n g  an RCA e l e c t r o m e te r .  A lthough th e  o r ig i n a l  

purpose  o f  t h e s e  t e s t s  was to  i d e n t i f y  mechanisms o f  g ross  

change o f  le a k a g e ,  c a r e f u l  c a l i b r a t i o n  o f  th e  m e te r  o r  m e te rs  

used f o r  f u t u r e  re a d in g s  may re v e a l  some mechanism th a t  i s  

norm ally  swamped ou t by la rg e  leak ag es  i n  u n i t s  such as  th e  

SCR u n i t s  p r e v io u s l y  d is c u s s e d .  The very  f a c t  t h a t  th e  n i t r i d e -  

p a s s iv a t e d ,  g l a s s - e n c a s e d  u n i t s  do n o t  show a la rg e  change in  

leakage a f t e r  4500 h o u rs  o f  a c c e l e r a t e d  aging h ig h l ig h t s  th e s e  

s m a l le r  changes as tom orrow 's  r e l i a b i l i t y  conce rn .
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In  any e v e n t ,  th e  average  c u r r e n t  i n  th e  n i t r i d e  g l a s s -  

p r o t e c t e d  u n i t s  which were exposed to  te m p e ra tu re -h u m id i ty  

in c r e a s e d  from 1 1 .4  to  16 .9  nanoamperes o v e r  a  p e r io d  o f  4500 

h o u rs .  The c u r r e n t  in c r e a s e d  from 11.1 t o  19.1 nanoamperes 

(o v e r  t h i s  same p e r io d )  f o r  th e  c o n t ro l  u n i t s .

While th e  f i e l d  o f  r e l i a b i l i t y  has  p roduced  examples o f  

f a i l u r e  o r  d e t e r i o r a t i o n  mechanisms w hich d im in ish  in  r a t e  as 

th e  tem pera tu re  i s  r a i s e d  beyond a c e r t a i n  p o i n t ,  t h i s  was 

c e r t a i n l y  no t  t o  be ex p e c te d  o f  th e se  u n i t s .

Since the  d i f f e r e n c e  between th e  av e ra g e  c u r r e n t s  i s  

CA) sm all  and (B) i n  t h e  wrong (ap p a re n t)  d i r e c t i o n ,  a s t a 

t i s t i c a l  comparison was made. The s t a n d a r d  d e v i a t i o n  fo r  each 

u n i t  (o r  group o f  u n i t s )  was c a l c u la te d  and compared u t i l i z i n g  

th e  fo llow ing  fo rm u la  t o  check the  s i g n i f i c a n c e  o f  th e  d i f f e r 

en c e s  o f  th e  av e ra g e  c u r r e n t  between u n i t s  1 combined w ith  

la ck  o f  2, 3, 4 ,  5 ,  and 6 :

2
6 b

<fd \  N N,'b

Then 6 ^  i s  u sed  w ith  th e  a b s o lu te  v a lu e  o f  th e  d i f f e r e n c e  

betw een the means o f  p o p u la t io n  to  compare (a) and (b); i f  th e  

d i f f e r e n c e  3c -  3T, i s  g r e a t e r  th an  th e . .t h r e e  s ig m a -d if -
& D

f e r e n c e ,  the  p r o b a b i l i t y  t h a t  the  two p o p u la t io n s  a r e  the  same 

i s  l e s s  than  th e  p e r c e n ta g e  a rea  under th e  normal curve beyond
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th e  3 d ” l i m i t  (ap p ro x im a te ly  2%), i . e .

im p l ie s  v ery  s t r o n g ly  t h a t  th e  two p u p u la t io n s  a r e  d i f f e r e n t .

In  t h i s  c a s e ,  th e s e  com parisons were made i n i t i a l l y  and 

th en  re p e a te d  f o r  each  a d d i t i o n a l  r e a d in g .  Tab le  IV-1 

summarizes th e  r e s u l t s  to  d a t e .

Thus, th e re  i s  no s t r o n g  ev idence  t o  su p p o r t  th e  hypo th 

e s i s  t h a t  th e  u n i t s  i n  h u m id ity  had behaved any d i f f e r e n t l y  

th an  th e  u n i t s  a t  am bient c o n d i t i o n s .

I f  p o s i t i v e  re a s o n in g  cou ld  be advanced t h a t  u n i t s  1 and 

2 c o u ld  n o t  p h y s i c a l l y  change in  r e v e r s e  c u r r e n t  le a k a g e ,  

e i t h e r  more than  o r  l e s s  th a n  u n i t s  3, 4 ,  5 and 6 ( tem p era tu re -  

hum id ity  u n i t s ) , th e n  p e rhaps  th e  s t a t i s t i c s  cou ld  be b o l s t e r e d  

s u f f i c i e n t l y  a t  t h i s  s t a g e  t o  draw a c o n c lu s io n .  U n fo r tu n a te ly ,  

i t  i s  p o s s ib le  to  p ro v id e  re a so n in g  which would su p p o r t  g r e a t e r  

le akage  in  the  c o n t ro l  u n i t s  as w ell  as o t h e r  h y p o th eses  which 

would p r e d i c t  g r e a t e r  leakage  in  th e  u n i t s  exposed to  te m p era tu re  

h u m id ity .

For example, te m p e ra tu re  i s  known to  speed  chem ical r e 

a c t io n s  in  g e n e r a l ,  u s u a l l y  i n  accordance w ith  th e  A rrhen ius  

e q u a t io n :

Ea
”  k TRate oc e
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Time 

0  h o u rs  

1056 h o u rs  

2256 h o u rs  

4464 hours

I  =c

Table IV -1. S t a t i s t i c a l  Comparison o f  
T em peratu re-H um id ity  o f  T es t  U n its  and 
C on tro l  U n its  Reverse C u rren t  Leakages 
f o r  N i t r i d e  P a s s iv a te d  Diodes

11.1 11.4  .3

15.2 13.5 1 .7

15.4 14.2  1 .2

19.2 16 .9  2 .3

5 .2 8  5 .6  0.254

4 .9  3 .98  1 .9

10.2 10.26 0.45

5 .35  4 .2 9  2 .2

r e v e r s e  c u r r e n t  le a k a g e ,  a v e r a g e ,c o n t r o l  u n i t s ,  
nanoamperes

r e v e r s e  c u r r e n t  le a k a g e ,  a v e r a g e , t e s t  u n i t s ,  
nanoamperes

s ta n d a rd  d e v i a t i o n ,  r e v e r s e  c u r r e n t ,  c o n t r o l
u n i t s

s ta n d a rd  d e v i a t i o n ,  r e v e r s e  c u r r e n t ,  t e s t  u n i t s
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where E = some energy  o f  a c t i v a t i o n .  A s l i g h t  m o d i f ic a t io ncL

o f  t h i s  e q u a t io n  due to  E yring  i s :

_B_
kT

Rate oc T e

In s id e  la y e r s  a re  e lem en ts  which can cause d e g ra d a t io n  (such as 

p ro v id in g  monovalent i o n s ) .  The io n s  d i f f u s e  away from th e  

p o in t s  o f  c o n c e n t r a t io n  o f  co n tam in a tio n  and, a g a in ,  th e  d i f 

fu s io n  c o e f f i c i e n t  a c t s  i n  acco rdance  w ith  A r rh e n iu s '  e q u a t io n

C le a r ly ,  te m p era tu re  i s  l i k e l y  t o  in f lu e n c e  a  d ev ice  in  such a 

f a s h io n  to  e x p e d i te  d e t e r i o r a t i o n .

On th e  o th e r  hand, i t  has  been  mentioned e a r l i e r  t h a t  the  

p a r t i c u l a r  s e tu p  used o f f e r e d  th e  p o s s i b i l i t y  o f  r e f lu x i n g  

condensed w a te r  vapor o v e r  th e  u n i t s .  This can o ccu r  by 

d r ip p in g  from th e  l i d ,  o r  by co n d en sa t io n  on th e  u n i t s  a f t e r  the  

u n i t s  a r e  coo led  du r in g  an in s p e c t io n .  This r e f l u x i n g  can 

cause le a c h in g  o f  s o lu b le  compounds in  th e  s u r f a c e ,  in c lu d in g  

such m a t e r i a l s  as a l k a l i  s a l t s .  Over a long p e r io d  o f  t im e ,  

we would th e n  expect a l k a l i  io n s  t o  r e d i s t r i b u t e  them se lves  and, 

h ence ,  c r e a t e  g en e ra l  flow  tow ards  th e  o u t s id e  :of ' th e  u n i t ,  

p ro v id in g  few er ions  n e a r  th e  s i l i c o n  n i t r i d e ' - . s i l i c q n  t r a n s i t i o n .

Up to  4500 h o u rs ,  t h e r e  i s  no c l e a r  d i f f e r e n c e  between 

u n i t s  i n  te m p era tu re  h u m id i ty  and th o se  a t  am bient c o n d i t io n s .
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These t e s t s  a r e  be ing  c o n t in u e d ,  b u t  a d d i t i o n a l  t e s t s  were 

i n i t i a t e d .  U nits  were p la c e d  in  a  s e p a r a t e  hu m id ity  chamber 

and s u b j e c t e d  to  a 45 v o l t  Capproxim ately sq u a re )  waveform 

w ith  a  60 h e r t z  r e p e t i t i o n .  The te m p era tu re  i s  65°C.

Readings a re  t o  be ta k en  each 1000 h o u rs .

A t h i r d  e x p e r im en ta l  run  on th e  n i t r i d e  p r o t e c t e d  u n i t s  

in v o lv e s  d e l i b e r a t e l y  p la c in g  a  f i e l d  due to  an e x t e r n a l  

e l e c t r o d e  a t  500 v o l t s  wrapped around th e  g l a s s  (F ig u re  

IV-9) r a d i a l l y  i n t o  th e  g la s s  i n  one u n i t  o f  22 d io d e s  and 

ou t  o f  th e  g la s s  in  a second u n i t .  This f i e l d  i s  p e rh ap s  one 

p e r  c e n t  o f  th e  f i e l d  t h a t  causes  m ig ra t io n  o f  a l k a l i  io n s  

to  o c c u r  i n  an IGFET in  a few seco n d s ,  bu t  sh o u ld  cause  an 

e f f e c t  o v e r  a  p e r io d  o f  500 hours i f  m ig ra t io n s  from o u t s id e  

in  ( o r  v ic e  v e rs a )  i s  cau s in g  any in f lu e n c e  on. th e s e  u n i t s .  

This  lo n g e r  tim e p e r io d  sh o u ld  a l s o  h e lp  to  v e r i f y  w he ther  any 

v o l t a g e  ( f i e l d )  th r e s h o ld  e x i s t s  f o r  m ig ra t io n  o f  i o n s .  I f  

no a p p a re n t  e f f e c t  occu rs  o v e r  th e  f i r s t  1000  h o u r s ,  th e  

f i e l d  w i l l  be in c re a s e d ,  and a f t e r  2 0 0 0  hours in c r e a s e d  aga in  

i f  n e c e s s a ry .  T h e o r e t i c a l l y ,  i t  would be b e t t e r  t o  s t a r t  ou t 

w ith  a h ig h  v o l ta g e  i n i t i a l l y  (say  about 1 0 , 0 0 0  v o l t s )  b u t ,  

p r a c t i c a l l y ,  t h i s  would run  th e  r i s k  o f  d e s t ro y in g  th e  en

c a p s u la t i n g  epoxy r e s i n  which was used  to  h o ld  th e  m e ta l f o i l  

in  p la c e  o v e r  th e  g la s s  body o f  th e  d io d es .  The epoxy would 

s t a n d  th e  v o l t a g e ,  b u t  an a i r  bubb le  between th e  m e ta l  f o i l  

and a x i a l  l e a d  could  e a s i l y  be p r e s e n t .
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An ex am in a t io n  o f  p l o t s  o f  t h e  s t a n d a r d  d e v i a t io n ,  ^  , 

w ith  in c r e a s in g  t im e  does n o t  show a c l e a r  c u t  t r e n d .  See C hart  

IV-11. I f  a mode o f  leakage f a i l u r e  had  ta k e n  p la c e ,  a  s p re a d  

in  the  c u r r e n t  r e a d in g s  would be a n t i c i p a t e d .  S ince t h i s  

d id  n o t  t a k e  p la c e  in  an o b se rv a b le  f a s h io n ,  a d d i t io n a l  

a ssu ran ce  i s  p r e s e n t  t h a t  a f a i l u r e  t r e n d  was n o t  in  ev id en ce  

a f t e r  4500 h o u rs .

There i s  a g e n e r a l  in c re a s e  i n  back leakage  o f  th e s e  

s i l i c o n  p a s s i v a t e d ,  g la s s - e n c a s e d  d io d e s .  The in c re a s e  i s  

independen t o f  th e  tem pera tu re  and h u m id ity  c o n d i t io n s  o f  

s to r a g e ,  a t  l e a s t  i n s o f a r  as th o s e  l i m i t s  t o  which th e s e  u n i t s  

were t e s t e d .  This  w r i t e r  does n o t  a s c r ib e  any p a r t i c u l a r  

mechanism as th e  cause  f o r  t h i s  ch an g e . This  i s  no t due t o  

any la c k  o f  p o s s i b l e  p h y s ic a l  o c c u r re n c e s  which could  cause  

the  change in  l e a k a g e ,  bu t becau se  each o f  th e s e  would respond  

r a t e - w i s e  to  th e  h ig h e r  te m p e ra tu re  un d er  th e  humid c o n d i t io n s .

The d r i f t i n g  o f  both  the  a c c e l e r a t e d  u n i t s  and c o n t r o l  

u n i t s  l i m i t s  th e  u s e fu ln e s s  o f  com para tive  read in g s  o f  d iodes  

in  each o f  th e  two s e t s  such as th e  v a r i a t i o n s  o f  c u r r e n t  w ith  

a p p l ie d  v o l t a g e .  Such v o l tag e  r e a d in g s  were taken  a t  abou t 

th e  3600 h o u r  p o i n t  by which tim e  i t  was a p p a re n t  t h a t  c o n t ro l  

u n i t s  and a c c e l e r a t e d  u n i t s  were changing  t o g e th e r ,  a l th o u g h  

very  s l i g h t l y  i n  e x t e n t .

5. Comparison Between M anufactured Types
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With th e  g l a s s  p a s s i v a t e d  d io d e s ,  no c o n t ro l  s e t  was 

r e t a i n e d  because  o f  th e  l i m i t e d  q u a n t i t y  o f  d io d e s ,  and one 

d iode  was t e s t e d  p r i o r  to  hum id ity  t o  d e te rm in e  th e  r e l a t i o n  

o f  v o l ta g e  to  c u r r e n t  up t o  o n e -h a l f  breakdown v o l t a g e .  Two 

f a c t o r s  p re v e n te d  t h i s  from adding to  o u r  knowledge o f  th e  

change o r  c u r r e n t  p a th s  o r  elem ents w i th  a c c e l e r a t e d  e n v i ro n 

ment. F i r s t ,  th e  u n i t  so t e s t e d  s u f f e r e d  an a lm ost complete 

d e g re d a t io n  by th e  500-hour re a d in g .  Second, th e s e  u n i t s  

d i f f e r e d  from th e  n i t r i d e  p a s s iv a te d  u n i t s  i n  t h a t  those  u n i t s  

which d id  no t  degrade  m arkedly  a lso  d id  not*  i n  g e n e ra l ,  s h i f t  

upward in  le a k a g e .

D esp ite  th e  i n a b i l i t y  to  p in p o in t  th e  cause o f  th e  very  

sm a ll  change i n  leakage  i n  th e  s i l i c o n  n i t r i d e  p a s s iv a te d  

d io d e s ,  i t  i s  s t i l l  u s e f u l  to  d is p la y  on one curve  th e  c u r r e n t  

v o l ta g e  r e l a t i o n s h i p  o f  h igh  leakage epoxy u n i t s  compared 

w i th  n i t r i d e  p a s s i v a t e d  u n i t s  and g l a s s  p a s s iv a t e d  u n i t s .

S ince  th e  range o f  c o n d u c t iv i ty  i s  w id e ly  sp re a d  among th e  

ty p e s  o f  u n i t s ,  th e  v o l t a g e  and c u r r e n t  s c a l e s  a r e  a r b i t r a r y .

F ig u re  IV-10 d i s p la y s  one g la s s  p a s s iv a t e d  u n i t ,  one n i t r i d e  

p a s s iv a t e d  d io d e ,  and two s i l i c o n  c o n t r o l l e d  r e c t i f i e r s .

The two SCR's d em o n s tra te  a once r e p e a ta b le  n o n - l in e a r i ty  w ith  

in c re a s in g  v o l t a g e  which i s  approxim ated  by a  p iecew ise  l i n e a r  

cu rv e .  S ince  an SCR c o n ta in s  two fo rw ard  b i a s e d  ju n c t io n s  

w ith  v a r i a b le  i n j e c t i o n  e f f i c i e n c i e s ,  th e  h ig h e r  s lo p e  curve 

may r e p re s e n t  some phenomena connected  w ith  changing oC o f
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e i t h e r  o r  b o th  forw ard  ju n c t io n s  as th e  s u r f a c e  leakage  

i n c r e a s e s .  A nother p o s s i b i l i t y  i s  t h a t  th e  p a s s i v a t i n g  f i lm  

i s  app roach ing  a r e g io n  o f  a v a la n c h e ,  and t h a t  s lo p e  from 

th e  b re a k  p o in t  tow ard h ig h e r  v o l t a g e s  r e p r e s e n t s  th e  low er 

r e s i s t a n c e  o f  e s s e n t i a l l y  o n ly  t h e  p a th s  in  th e  r e s in - o x id e  

i n t e r f a c e .

An i n t e r e s t i n g  a s p e c t  o f  th e  v a r io u s  cu rves  i s  th e  

g r e a t e r  tendency  o f  th e  c u r r e n t - v o l t a g e  curves  t o  approach  the  

o r i g i n  i n  th e  epoxy u n i t s .  I t  s h o u ld  be n o te d  t h a t  i n  th e  

epoxy u n i t s  measured, th e  leak ag e  was th r e e  o r d e r s  o f  magnitude 

g r e a t e r  th a n  th e  leakage  c u r r e n t  o f  th e  same u n i t  p r i o r  to  

a c c e l e r a t e d  t e s t i n g .  With such an o c c u rre n c e ,  i t  i s  ex p ec ted  

t h a t  any normal back b i a s  leakage  would be c o m p le te ly  masked, 

and th e  cu rves  agree  w i th  t h i s  assum ption .

In  th e  case  o f  n i t r i d e  p a s s iv a t e d  u n i t s ,  t h e  leakage  

s c a r c e l y  changes a f t e r  te m p e ra tu re  hu m id ity ,  and an e x te n s io n  

o f  th e  v o I t a g e - c u r r e n t  curve to  th e  c u r r e n t  a x i s  g iv e s  a 

v e ry  c l e a r  in d i c a t i o n  o f  a c u r r e n t  i n t e r c e p t  which w i l l  p robab ly  

be very  c lo s e  to  the  b u lk  back b i a s  c u r r e n t  le a k a g e .  The zero 

v o l t a g e ,  ze ro  c u r r e n t  re a d in g  on each  o f  th e se ,  u n i t s  was, o f  

c o u r s e ,  n o t  used. The m agnitude o f  le ak ag e ,  n o t  g iv e n  h e r e ,  

was o f  th e  o rd e r  o f  th e  ex p e c te d  leakage f o r  a  s i l i c o n  d iode  

r e v e r s e  b ia s e d .

The v o l t a g e - c u r r e n t  cu rves  a r e  approxim ated..by a f i x e d  I 

c u r r e n t  w i th  a n e a r  l i n e a r  p o r t i o n  a d jo in in g  i f  th e  model o f
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th e  p r i o r  p a ra g ra p h  i s  c o r r e c t .  The l i n e a r  p o r t i o n  may be con

s id e r e d  r e s i s t i v e  in  n a t u r e ,  b u t  no supp lem en tary  d a t a  e x i s t s  

t h a t  p o i n t s  p a r t i c u l a r l y  t o  th e  mechanism. As an ed u ca ted  

g u e s s ,  i t  would p robab ly  be leak ag e  on th e  s u r f a c e  o f  th e  s i l i c o n  

n i t r i d e  and th rough  th e  n i t r i d e  a t  each  s id e  o f  th e  d e p le t io n  

l a y e r .  At th e  end o f  t h i s  c h a p t e r ,  a  s e c t io n  w i l l  be devo ted  

to  a d d i t i o n a l  t e s t s  t h a t  m igh t l e a d  to  c lu e s  r e g a rd in g  th e  

n a tu r e  o f  th e  leakage  in  th e s e  u n i t s .

6 . G lass  P a s s iv a te d  Diodes

Comparison has been made o f  r e s i n  molded u n i t s  w ith  n i t r i d e  

p a s s i v a t e d  u n i t s  and g la s s  p a s s i v a t e d  u n i t s ,  b u t  in d i v id u a l  

d i s c u s s io n  o f  th e  g la s s  p a s s i v a t e d  t e s t  u n i t s  i s  y e t  to  be made. 

The e n t i r e  t e s t  run o f  t h i s  ty p e  o f  d iode  u t i l i z e d  25 u n i t s .

No c o n t ro l  sample was w i th h e ld  as a  r e s u l t .  The sm a ll  sample 

was n o t  th e  main d i s t i n g u i s h i n g  f e a t u r e  o f  t h i s  ru n  o f  d io d e s .

Of th e  25 u n i t s ,  e ig h t  were b roken  o r  found broken  d u r in g  th e  

f i r s t  4000 hours  o f  ru n n in g .  The g e n e ra l  appearance o f  t h i s  

type  i s  i l l u s t r a t e d  in  F ig u re  IV-11 and the, remnants o f  a broken 

u n i t  in  F ig u re  IV -12. These u n i t s  were no t  c o n s t r u c t e d  w ith  

f u l l  p r o d u c t io n  to o l in g ,  and , as a  r e s u l t ,  m any ,.v is ib le  d e f e c t s  

o r  d i f f e r e n c e s  in  appearance r e s u l t e d .  The two c e n t r a l  u n i t s  

in  F ig u re  IV-11 i l l u s t r a t e  t h i s  v e ry  w e l l .  . The1'u n i t  on th e  

r i g h t  covers  an equal p o r t i o n  o f  th e  upper, and low er e l e c t r o d e ;  

w hereas th e  u n i t  in  th e  c e n t e r  o f  th e  f ig u r e  covers  a lm ost a l l



F ig u re  IV-11. Glass P a s s iv a te d  D iodes , Glass 
S e a le d .  Aluminum i d e n t i f i c a t i o n  ta g  i s  v i s i b l e  
in  lower l e f t  c o m e r .  M a g n if ic a t io n  a p p ro x i

m a te ly  10 x
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Figure  IV-12. S h a t t e r e d  Glass P a s s iv a te d  
Diode. M a g n if ic a t io n  A pproxim ately 10 x
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o f  t h e  bottom  e l e c t r o d e  and v e ry  l i t t l e  o f  th e  to p .  The to p  

edge o f  th e  g l a s s  on t h i s  u p p e r  u n i t  i s  ragged .

A more com plete l i s t  o f  v i s i b l e  d e f e c t s  appears i n  th e  

Appendix to  t h i s  d i s s e r t a t i o n .  Every u n i t  w ith  v i s i b l e  c rac k s  

f e l l  a p a r t  p h y s i c a l ly  du r in g  i n s p e c t i o n ,  assembly o f  th e  

sample u n i t ,  o r  p r i o r  to  th e  f i r s t  1 0 0 0  h o u rs  o f  a c c e l e r a t e d  

t e s t i n g .  O ther u n i t s  a l s o  c ra c k e d ,  some o f  which m ight be 

t r a c e a b l e  t o  v i s i b l e  d e fe c ts  n o te d  a t  th e  s t a r t  o f  t h i s  t e s t  

run . As n o te d  e a r l i e r ,  th e  t o t a l  l o s t  by c a t a s t r o p h ic  p h y s ic a l  

s e p a r a t i o n  was e i g h t .

Of th e  s u rv iv in g  u n i t s ,  an a d d i t i o n a l  seven u n i t s  de 

t e r i o r a t e d  so  b a d ly  in  le akage  t h a t  an in c r e a s e  o f  t h r e e  o rd e r s  

o f  m agn itude  o c c u rre d .  I t  i s  p o s t u l a t e d  t h a t  m o is tu re  has  

co m p le te ly  p e n e t r a t e d  th e se  u n i t s .

The te n  u n i t s  which d id  n o t  s h a t t e r  o r  s u f f e r  a th o u s a n d 

f o ld  change were very  w ell  behaved . The w orst case o f  th e  

te n  r e s u l t e d  in  change in  r e s i s t a n c e  o f  two to  one. S ix  u n i t s  

were v i r t u a l l y  unchanged in  l e a k a g e ,  and th r e e  s l i g h t l y  changed.

The e s s e n t i a l  d i f f e r e n c e  i n  th e  t e s t  performance o f  th e  

g la s s  p a s s i v a t e d  diodes and th e  type  T o r  M p l a s t i c  molded 

d iodes  i s  th e  f a c t  th a t  in  th e  case  o f  th e  g la s s  p a s s i v a t e d  

d io d e s ,  many o f  th e  u n i t s  which f a i l e d  o r  d e t e r io r a t e d  

have a s s ig n a b le  causes f o r  such  f a i l u r e .  There i s  a s t r i k i n g  

s i m i l a r i t y  i n  t h a t  some u n i t s  o f  each ty p e  d id  no t deg rad e  to  

any g r e a t  e x t e n t .
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Carry ing  t h i s  s i m i l a r i t y  to  th e  ex tre m e ,  a n o th e r  s p e c u la 

t i v e  model o f  f a i l u r e  i n  th e  epoxy u n i t s  i s  o u t l i n e d  f o r t h 

w ith .  G lass m old ing  o f  a  p r o t e c t i v e  case  i s  n o t  e n t i r e l y  

d i s s i m i l a r  t o  com press ion  o r  t r a n s f e r  m old ing  o f  a  r e s i n .  In 

b o th  c a s e s ,  a h o t ,  v is c o u s  m a te r i a l  i s  in v o lv e d ,  which must be 

fo r c e d  in to  th e  f i n a l l y  d e s i r e d  shape by com pression  o r  p re s s u re  

te c h n iq u e .  I f  a  f i l l e d  p l a s t i c  i s  in v o lv e d ,  as i s  b e l ie v e d  

to  be th e  case i n  t h e  ty p e s  o f  diodes t e s t e d  a t  NCE, any d e fe c ts  

which occur a re  l i k e l y  t o  be h idden d e f e c t s .  On th e  one hand, 

th e  c l a r i t y  o f  a  g l a s s  d iode  may be i l l u s t r a t e d  i n  F ig u re  IV-11 

in  which d e fe c t s  a r e  r e a d i l y  v i s i b l e .  This  i s  n o t  ap p aren t  

from F igure  IV -7, th e  n i t r i d e  p a s s iv a t e d  u n i t s ,  i n  which the  

g la s s  has been c o a te d  w ith  an opaque enamel. However, two o f  

th e s e  u n i t s  have been  examined a f t e r  removal o f  th e  enamel 

c o a t in g ,  and a c l e a r ,  b u b b le - f r e e ,  un iform  g l$ s s  m olding i s  

r e v e a le d ,  w e ll  bonded to  each te rm in a l .

No such e v id e n c e ,  p ro  o r  con, i s  i n s t a n t l y  v i s i b l e  in  th e  

molded p l a s t i c  u n i t s .  I t  i s  th e  ex p e r ien ce  o f  t h i s  w r i t e r ,  

however, t h a t  th e  u s u a l  i r r e g u l a r  shaped f i l l e r  p a r t i c l e s  o f  

p l a s t i c  tend  to  e n t r a i n  t i n y  amounts o f  a i r  i n  th e  f i n a l  r e s in  

m ix tu re .  Hence, m inor p o r o s i t y  i s  e x p e c te d ,  and. m a jo r  f law s ,  

such as might be v i s i b l e  in  g la s s  u n i t s ,  a re .  l i k e l y  t o  be 

obscu red .  The p re s e n c e  o f  mold r e le a s e  ( i f  u sed )  i n  th e  case o f  

a  r e s i n  e n c a p s u la t io n  i s  l i k e l y  to  i n c r e a s e - t h e - p r o b a b i l i t y  o f  

a  p a th  a l l  o f  th e  way i n t o  th e  s i l i c o n  ch ip  o f  th e  d io d e .
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The e x i s t e n c e  o f  m ajor p o r o s i t y  o r  f a u l t s  i n  g l a s s  o r  

p l a s t i c  p ro v id e s  a mechanism f o r  m o is tu r e  r e t e n t i o n  th rough  

a d s o rp t io n  t h a t  i s  c o n s id e r a b ly  f a s t e r  th an  th e  b u lk  a b s o rp t io n  

in  a  f l a w le s s  assembly.

7. Recommendations f o r  F u tu re  T e s ts

Through th e  h e lp  o f  C hap te rs  I I  and I I I ,  th e  t e s t s  in  t h i s  

c h a p te r  have p ro v id e d  a b e t t e r  u n d e rs ta n d in g  o f  h ig h  leakage  

u n i t s .  To g a in  a s i m i l a r  u n d e r s ta n d in g  o f  th e  mechanisms 

p r e s e n t  in  such low leakage  u n i t s  as  t h e  n i t r i d e  p a s s i v a t e d ,  

g l a s s - e n c a p s u l a t e d  u n i t s  w i l l  be o f  use  a t  such tim e as a 

d o u b lin g  o f  i n i t i a l  leakage i s  d e f in e d  a  f a i l u r e .

I d e a l l y ,  i t  would be d e s i r a b l e  t o  o b ta in  f u l l  p ro d u c t io n  

u n i t s  w ith  com binations o f  p r o t e c t i o n  v a r i a n t  from th o s e  t e s t e d  

p r e v io u s l y .  In  p a r t i c u l a r ,  t h e  fo l lo w in g  s t y l e s  a re  d e s i r e d :  

molded epoxy d iodes  w ith  a n i t r i d e  p a s s iv a t io n  and s i l i c o n  * 

d io x id e  p a s s iv a t e d  diodes i n  a  smooth, b u b b le - f r e e  g l a s s  encap 

s u l a t i o n .

V o l ta g e -c u r r e n t  curves  sh o u ld  be taken  a t  th e  s t a r t  o f  

each run  on a  sample o f  each ty p e  u n i t ;  The t e s t s  shou ld  

in c lu d e  low te m p era tu re  s to r a g e  to  minimize even th e  sm all 

d r i f t  o f  t h e  n i t r i d e  p a s s i v a t e d ,  g la s s - e n c lo s e d  u n i t s .

The u n i t s  shou ld  be o b ta in e d  in  s u f f i c i e n t  q u a n t i t y  to  

p e r m i t :  ( 1 ) one s e t  o f  u n i t s  s t o r e d  i n  a d e s s i c a t o r  a t  low

te m p e ra tu re  ( -  60°C), (2) one o r  more s e t s  o f  u n i t s  a t  room
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te m p e ra tu re ,  (3) s e v e r a l  s e t s  o f  u n i t s  under  te m p era tu re  

h u m id ity ,  and (4) s e v e r a l  s e t s  o f  u n i t s  a t  v a r io u s  tem pera

t u r e s  w ith  h u m id ity  low.

I f  th e  a x i s  i n t e r c e p t  o f  th e  v o l t a g e  c u r r e n t  p l o t  goes 

up w ith  tim e un d er  any o f  th e  above c o n d i t i o n s ,  an i n d i c a t i o n  

o f  s t r e t c h i n g  o f  th e  a p p a re n t  ju n c t io n  a r e a  i s  e v id e n t .  On 

th e  o th e r  hand , i f  t h e  s lo p e  o f  th e  1/R l i n e  i n c r e a s e s ,  th e  

occu rrence  o f  in c r e a s e d  leakage  i s  i n d i c a t e d .  I f  th e  l a t t e r  

even t  occu rs  when h u m id ity  i s  p r e s e n t ,  and does n o t  ta k e  p la c e  

when hum id ity  i s  a b s e n t ,  co n c lu s io n s  can be drawn as to  th e  

s u r f a c e  n a tu r e  o f  th e  in c re a s e d  le ak ag e .
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CHAPTER V

INFRA-RED INTERACTION WITH SILICON AND 
PASSIVATING LAYERS

1. I n t r o d u c t io n

In  C hap te r  I I I  th e  a b s o rp t io n  o f  energy  w ith  a wave

le n g th  o f  10.5 m icrons in  s i l i c o n  and th e  p r i n c i p a l  p r im ary  

i n s u l a t i n g  la y e r s  was d is c u s s e d .  The p u rp o se  o f  th e  i n t r o 

d u c t io n  a t  t h a t  p o in t  was t o  show th e  u s e fu ln e s s  o f  t h i s  

im p o r ta n t  phenomenon and th e  i n t e r p l a y  of. th e  o th e r  p h y s ic a l  

c o n s ta n t s  [ th e rm al c o n d u c t iv i ty ,  s p e c i f i c  h e a t ,  l a t e n t  h e a t  

o f  v a p o r i z a t i o n ,  m e lt in g  p o i n t ,  and o p t i c a l  index  o f  r e f r a c 

t i o n ]  . I t  i s  th e  purpose  o f  t h i s  c h a p te r  t o  more f u l l y  d is c u s s  

th e  p o t e n t i a l  u ses  o f  t h i s  phenomenon. The u l t im a te  i n t e r e s t  

i s  d ev ice  r e l i a b i l i t y .

2. I n s u l a t i n g  F ilm  Removal From S i l i c o n  S u b s t r a te

The s p e c i f i c  case  d i s c u s s e d  i n  C hap te r  I I I  was th e  removal 

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

f a c e .  This  i s  a  n e c e s s a ry  p ro c e d u re  i n  s i l i c o n  w afer 

p ro c e s s in g  to  p roduce  masks f o r  th e  d i f f u s i o n  o f  im p u r i t i e s  

i n t o  th e  s i l i c o n  w afe r  t o  p roduce  Mn" and "p 11 r e g io n s .  The 

p redom inan t te c h n iq u e  now b e in g  u t i l i z e d  in v o lv e s  chem ica l,  

e t c h in g .  Three d isad v an tag es  t o  th e  c u r r e n t  te ch n iq u e  a re  

( 1] s i l i c o n  n i t r i d e  i s  d i f f i c u l t  t o  e t c h ;  th o se  chem icals
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which w i l l  remove s i l i c o n  n i t r i d e  p la c e  s t r i n g e n t  requ irem en ts  

on th e  masking f i l m ,  and ( 2 ) e tc h in g  th ro u g h  a mask g e n e r a l ly  

u n d e rcu ts  th e  s u r f a c e  below . See F igure  V - l .  (3) The use 

o f  s t r o n g  a c id  e t c h e s  on i n s u l a t i n g  la y e r s  opens th e  p o s s i 

b i l i t y  f o r  a d s o rp t io n  o f  io n s  which w i l l  p rove  u n d e s i r a b l e  

i n  th e  com pleted u n i t .  Under some c i rc u m s ta n c e s ,  m inor 

p o r o s i t y  may o c c u r  and t h i s  e f f e c t  w i l l  be  a c c e n tu a te d .

The o r i g i n a l  ex p er im en ts  on f i lm  rem oval from a s i l i c o n

w a fe r  were made u t i l i z i n g  a  C02 Laser s p e c i f i c a l l y  c o n s t ru c te d
•

f o r  th e  purpose  o f  p ro d u c in g  in t e n s e  beams a t  a  w aveleng th  o f

10.5 m icrons. See F ig u re  V-2. This w ave leng th  r a d i a t i o n  

i s  absorbed  h e a v i ly  in  th e  s i l i c o n  d io x id e  and v e ry  l i t t l e  

i n  room te m p e ra tu re  s i l i c o n .  The f i r s t  ex p e r im en ts  were 

conducted  in  a norm al room atmosphere w i th  a  s t re a m  o f  Argon 

d i r e c t e d  on th e  w a fe r  t o  p r e v e n t  r e ~ o x id a t io n  o f  th e  s i l i c o n  

su r face ' .  As th e  f i lm  was moved (by hand) s lo w ly  th ro u g h  the  

beam focus p o i n t ,  a d e f i n i t e  t r a c k  appea red  which looked  l ik e  

an in d e n ta t i o n  o f  th e  s i l i c o n  s u r f a c e .  On th e  second  t r y ,  the  

w afe r  cracked . The p a r t i a l  success  o f  t h i s  experim en t i s  

a t t r i b u t e d  to  th e  slow movement and low power o f  th e  C02  Laser 

a t  t h a t  t im e. The rough c a l c u l a t i o n s  i n  C hap te r  I I I  show 

c l e a r l y  t h a t  a t  i n c r e a s e d  l a s e r  power, o n ly  a  sm a ll  f r a c t i o n  

o f  a second i s  in v o lv e d  in  th e  e v a p o ra t io n  p r o c e s s .  Continued

exposure  to  th e  beam w i l l  e v e n tu a l ly  h e a t  th e  s i l i c o n ,  i n  a l l
>

p r o b a b i l i t y  i n c r e a s in g  i t s  c o e f f i c i e n t  o f  a b s o r p t i o n ,  °<
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This  does n o t  pose  a  perm anent p roblem  s in c e  l a s e r s  can e a s i l y  

be p u l s e d  t o  g iv e  a b u r s t  o f  ene rgy  f o r  a s p e c i f i e d  p e r io d  

o f  t im e .

A second f a c t o r  might be  th e  h e a t  removal by c o n v e c t io n ,  

which was n o t  c o n s id e re d  i n  th e  c a l c u l a t i o n s  to  d a t e .  F u tu re  

e x p e r im en ts  a re  p lanned  w ith  th e  c o a te d  w afer  i n  a  vacuum.

The vacuum c o l l a r  has been f i t t e d  w i th  an e x t e r n a l - i n t e r n a l  

s l i d e  mechanism t h a t  w i l l  p e rm i t  m a n ip u la t in g  th e  sam ple from 

o u t s id e  th e  vacuum. A more i n t e n s e  beam and f a s t e r  movement 

w i l l  be employed. The use o f  a  vacuum in  th e  range o f  10- 5  

t o  1 0 - 6  w i l l  e l im in a te  h e a t  t r a n s f e r  by convec tion .

A r e l a t e d  p ro cess  u s in g  low er energy  le v e ls  i s  a l s o  

p o s t u l a t e d .  Using a gaseous e t c h  env ironm en t,  th e  s i l i c o n  

w a fe r  i s  h e a t e d  by r a d i a n t  ene rgy  o n ly  where i n s u l a t i o n  i s  t o  

be removed. The gaseous e t c h  may, o f  c o u rs e ,  be ad so rb ed  on 

th e  rem ain ing  i n s u l a t i n g  l a y e r .

The e l im i n a t io n  o f  a d so rb ed  o r  abso rbed  ions  would improve

th e  s u r f a c e  r e s i s t i v i t y  by a  g r e a t  f a c t o r .  A s t r i k i n g  example

o f  t h i s  i s  c i t e d  in  th e  Handbook o f  Chem istry  and P h y s ic s 1,

in  which fu s e d  q u a r tz  v a r i e s  from 2 x 10^ ohms p e r  s q u a re  

14t o  3 x 10 ohms p e r  s q u a re  depending  on c l e a n l i n e s s  and 

h u m id ity .  S in ce  su r fa c e  r e s i t i v i t y  i s  o f  prime im portance  in

Hlodgman, Charles  p.., Handbook o f  Chemistry and: P h y s ic s , 
40 th  E d i t io n .  . C level^ijd , O hio: Chemical Rubber P u b l is h in g
Company, 1959.
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th e  case o f  th e  s i l i c o n  d io x id e  p a s s i v a t e d ,  epoxy molded SCR's 

t e s t e d  in  C h ap te r  IV, th e  i n f r a - r e d  e v a p o r a t io n  te c h n iq u e  i s  

seen  to  be v a lu a b le .

3 . E vap o ra tiv e  C oa tings  by (X^ L aser

(a) S i l i c o n  N i t r i d e

• In  C h ap te r  I I  t h e  A rrhen ius  e q u a t io n  was shown to  

h o ld  f o r  a  wide range  o f  chem ical r e a c t i o n s .  I t  w i l l  be 

r e c a l l e d  t h a t  t h e  r a t e  o f  r e a c t io n  i s  p r o p o r t i o n a l  t o :

_ E_A
Rate = K e ^

where EA -  an a c t i v a t i o n  energy

This e q u a t io n  a p p l i e s  t o  m o le c u la r  d i s a s s o c i a t i o n  as 

w e l l  as m o le c u la r  fo rm a t io n .  I t  would be e x p e c te d  t h a t . a  

compound which decomposes th e rm a l ly  would p ro cee d  a t  some 

r a t e  governed by th e  te m p e ra tu re .  Such a  compound when 

h e a te d  c o n v e n t io n a l ly  by such te c h n iq u e s  as  e v a p o ra t io n  from 

a  f i la m e n t  o r  b o a t  would p ro b ab ly  be a t  a  very  h ig h  te m p era tu re  

f o r  a s u b s t a n t i a l  tim e b e fo re  re a c h in g  th e  e v a p o ra t io n  s t a g e .

U nder.such c i rc u m s ta n c e s ,  d e t e r i o r a t i o n  i s  l i k e l y  t o  occu r .

On th e  o t h e r  hand , i f  a  p a r t i c l e  o f  t h i s  s u b s ta n c e  i s  

s u b je c te d  t o  r a d i a n t  ene rgy  o f  extreme i n t e n s i t y ,  e v a p o ra t io n
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o ccu rs  a lm ost i n s t a n t l y  and th e  l ik e l ih o o d  o f  d eco m p o sitio n  i s  

d im in ish e d . F u tu re  ex p erim en ts  a re  p lanned  to  a tte m p t to  

e v a p o ra te  s i l i c o n  n i t r i d e  by t h i s  te c h n iq u e .

The im portance  to  th e  u l t im a te  e l e c t r o n ic s  package can 

be v ery  g r e a t .  I f  s i l i c o n  n i t r i d e  can be e v a p o ra te d  

s u c c e s s f u l ly ,  a sim p le  method w i l l  now e x i s t  f o r  d e p o s it in g  

s u c c e s s iv e  la y e rs  o f  s i l i c o n  n i t r i d e  and s i l i c o n  d io x id e .  Two 

m a te r ia l  so u rc e s  can be a l t e r n a t e l y  i r r a d i a t e d ,  and th e  

d e s i r e d  th ic k n e s s  o f  each  can be  d e p o s ite d  on th e  c o o le r  s i l i 

con s u b s t r a t e .  The p ro p o r tio n s  o f  each la y e r  can be a d ju s te d  

to  g iv e  a low s t r e s s  s i l i c o n - i n s u l a t o r  i n t e r f a c e .  T h is f i lm  

w ould b e - s u b je c t  to  l i t t l e  d i f f i c u l t y  w ith  sodium  m ig ra tio n .

T echniques now e x i s t  f o r  c o -d e p o s it in g  two m a te r i a l s ,  

b u t  th e  r e s u l t i n g  m ix tu re  w i l l  n o t have a l l  th e  d e s i r a b le  

f e a tu r e s  o f  th e  in d iv id u a l  f i lm s .  In  th e  in s ta n c e  o f  s i l i c o n  

n i t r i d e ,  even a s l i g h t  m ix tu re  o f  s i l i c o n  d io x id e  w i l l  g r e a t ly  

red u ce  th e  a b i l i t y  o f  th e  com posite f ilm  to  r e s i s t  d i f f u s io n .

F ig u re  V-3 shows how th e  CC  ̂ beam was in tro d u c e d  in t o  th e  

vacuum sy stem , and F ig u re  V-4 shows th e  c o n s tru c t io n  o f  th e  

sodium  c h lo r id e  o p t i c a l  window which has been u t i l i z e d .

(b) S i l ic o n  D ioxide

E xperim ents have been  conducted  a t  Newark C o llege  o f  

E n g in e e rin g  e v a p o ra tin g  s i l i c o n  d io x id e  in to  a s i l i c o n  w a fe r .

A th ic k  aluminum f o i l  h o ld e r  f o r  th e  s i l i c o n  was u t i l i z e d ,  which
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was b e n t o ver th e  edges o f  th e  s i l i c o n  w a fe r ,  th u s  p ro v id in g  

n o t  o n ly  s u p p o r t,  b u t  s h ie ld in g  under th e  fo ld e d  a re a  from 

th e  e v a p o ra te d  em anations o f  s i l i c o n  d io x id e .  T his s h ie ld in g  

i s  u s e fu l  f o r  d e te rm in a tio n  o f  f ilm  th ic k n e s s .  F ig u re  V-5 

shows a  diagram  o f  t h i s  h o ld e r .

The r e s u l t in g  f i lm  a f t e r  s e v e ra l  seco n d s o f  ev a p o ra tio n
0

was found to  be a p p ro x im a te ly  13,000 A th i c k  by d i r e c t l y  

w eigh ing  th e  f i lm . The r a t e  o f  d e p o s it was so  h ig h  th a t  th e  

f i lm  d id  n o t adhere  t o  th e  s i l i c o n  s u b s t r a t e .  T h in n e r, 

a d h e re n t f ilm s w ere found on th e  same p ie c e  o f  s i l i c o n ,  out 

o f  th e  d i r e c t  l i n e  o f  t r a v e l  o f  th e  main beam o f  s i l i c o n  d io x id e . 

The v ery  h igh  r a t e  o f  e v a p o ra tio n  has a r e l i a b i l i t y  s i g n i f i 

can ce . Any vacuum system  i s  s u b je c t  to  im p u r i t i e s ,  and th e  

s lo w e r  th a t  any e v a p o ra tio n  i s  c a r r ie d  o u t ,  th e  g r e a t e r  th e  

p r o b a b i l i t y  o f  a d s o rb t io n  and subsequen t c o v e rin g  o f  th e se  

im p u r i t ie s  on and in  th e  f i n a l  f i lm . The adherence  problem

can e a s i l y  be so lv e d  by re d u c in g  th e  s u b s t r a t e  t o  th e  tem pera-
2

tu r e  o f  l iq u id  n i t r o g e n .  F ig u re  V- 6  shows th e  d ish in g  o f  th e  

pow dered s i l i c o n  d io x id e  t h a t  l im ite d  th e  e x te n t  o f  s i l i c o n  

d io x id e  coverage . Between th e  a rea s  o f  p o o r  a d h es io n  and 

good adhesion  i s  a re g io n  in .w h ich  som eth ing  ak in  to  spokes 

o f  p o o r  adhesion  e x te n d  i n t o  th e  good a d h es io n  r e g io n . These 

sp o k e s , F igu re  V -7, a re  in d e n te d  a t  u n ifo rm  i n t e r v a l s ,  w ith  a

* ■ t

2
Sohn, K enneth , P r iv a te  Comm unication, Newark C o llege  o f  

E n g in e e r in g , S ep tem ber, 1969.
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F igu re  V-7. Photograph  o f  S i l i c o n  W afer C oated 
With S i0 2 E vap o ra ted  U t i l i z in g  a CO? L a se r . The 
h ig h l ig h te d  f i lm  i s  n o n -a d h e re n t. The spokes 
s e p a r a t in g  t h i s  re g io n  from a th in n e r  a d h e re n t 
f i lm  a re  c l e a r ly  v i s i b l e .  The re g io n  in  th e  
low er l e f t  o f  t h i s  f ig u re  was co v ered  by aluminum 

f o i l  d u rin g  e v a p o ra tio n .



s t ro n g  s u g g e s tio n  o f  a d i f f r a c t i o n  p a t t e r n .  A s p e c u la t iv e  

e x p la n a tio n  i s  t h a t  th e  sudden h e a t in g  o f  th e  s i l i c o n  d io x id e  

pow der by th e  c o n c e n tra te d  CC  ̂ l a s e r  beam r a i s e s  th e  tem pera

tu r e  to  th e  e v a p o ra tin g  p o in t  so  su d d en ly  t h a t  a  f a i r  p r o 

p o r t io n  o f  th e  m olecu les le a v e  w ith  an energy  (hence momentum) 

w ith in  a narrow  band. The d i f f r a c t i o n  m igh t th e n  be acco u n ted  

f o r  by th e  edge e f f e c t  which o ccu rs  a t  th e  so u rce  (F ig u re  V-6 ) .

A second  ex p e rim en t, run  w ith  a  q u a r tz  rod  in  p la c e  o f  th e  

s i l i c o n  d io x id e  powder, showed o n ly  s l i g h t  ev idence  o f  d i f 

f r a c t i o n  th ro u g h  a double s l i t  in  th e  p a th  o f  th e  s i l i c o n  

d io x id e .

P r io r  ex p erim en ts  w ith  e v a p o ra tio n  by l a s e r  w ere
3

conducted  by Hass and Ramsey w ith  t h e i r  p rim ary  i n t e r e s t  on 

c o a t in g s  f o r  o p t i c a l  d e v ic e s . T h e ir  p u b lish e d  r e s u l t s  were 

r e c e iv e d  a t  Newark C ollege o f  E n g in e e rin g  on Septem ber o f  1969, 

a f t e r  th e  i n i t i a l  experim en ts  had  been  com pleted  by t h i s  

i n v e s t i g a t o r .

4. Therm al D if fu s io n .

I f  th e  s i l i c o n  w afer i s  co o led  by a  h e a t  s in k ,  a  m oderate 

beam o f  i n f r a - r e d  w i l l  h e a t a s i l i c o n  d io x id e  co a ted  s u r fa c e  

w ith o u t e v a p o ra tin g  a  s i g n i f i c a n t  q u a n t i ty  o f  s i l i c a .  The 

e q u i l ib r iu m  s t a t e  w i l l  in v o lv e  a d d i t io n  o f  energy  by th e  l a s e r

3 • ■H ass, G. and J .B . Ramsey, "Vacuum D ep o sitio n  o f  D ie l e c t r i c
and S em iconductor Films by a C02 L a s e r .1* A pplied  O p tic s , V ol.
8 , No. 6 , June  1969, pp 1115-1118.
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beam in  an amount w hich d e c re a se s  w ith  d ep th  in t o  th e  la y e r .

H eat w i l l  be l o s t  due to  con d u c tio n  to  th e  s i l i c o n ,  and by 

co n v ec tio n  and r a d i a t i o n  a t  th e  s u r f a c e .  In  a vacuum th e  

co n v ec tio n  w i l l  be e l im in a te d .  A th e rm al g r a d ie n t  w i l l  be 

e s ta b l is h e d .w h ic h  w i l l  d e c re a se  from th e  o x id e  s u r fa c e  inw ard.

T his w i l l  h o ld  u n t i l  a  te m p e ra tu re  i s  re a c h e d  a t  which 

r a d ia t io n  i s  a m a jo r mode o f  h e a t  t r a n s f e r .

As has  been  n o te d  in  C hap ter I I ,  in  such  a s i t u a t i o n  

o f  te m p era tu re  g r a d ie n t ,  im p u r i t ie s  w i l l  d i f f u s e  in  such a 

manner th a t  l i g h t e r  m o lecu les  w i l l  move tow ards th e  h ig h e r  

te m p e ra tu re  r e g io n .  In  te rm s o f  in f lu e n c in g  d ev ice  

r e l i a b i l i t y ,  t h i s  may p e rm it th e  inducem ent o f  c e r t a in  

im p u r i t ie s  to  th e  s u r f a c e  where th e y  may th e n  be removed 

w ith  a very  l i g h t  e t c h ,  le a v in g  th e  rem a in d er o f  th e  th in  

f i lm  in s u la t io n  in  a much p u re r  s t a t e .

5 . Summation and P r o je c t io n

Device r e l i a b i l i t y  can be im proved by h ig h  r a t e  la s e r  

e v a p o ra tio n  o f  f i lm s ,  and by f ilm  rem oval which does n o t 

in v o lv e  chem ical e tc h  b a th s .  Experim ents have p roven  th e  

c a p a b i l i ty  o f  acc o m p lish in g  th e  e v a p o ra tio n , and c a lc u la t io n s  

a s s u re  th e  rem oval c a p a b i l i ty .

S h o rt- te rm  e v a p o ra tio n  by 10.5 m icron  l a s e r  beam may 

a l s o  prove u s e fu l  f o r  s i l i c o n  n i t r i d e  d e p o s i t io n s .  O ther 

l a s e r  f re q u e n c ie s  may open o th e r  d o o rs . For exam ple, h ig h e r
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f re q u e n c ie s  co u ld  be used  to  h e a t  th e  s i l i c o n  lo c a l ly ,  r a i s i n g  

th e  p o s s i b i l i t y  o f  m askless d i f f u s io n ,  w ith  a  sub seq u en t low erin g  

o f  th e  number o f  p ro c e ss in g  s te p s  and in c re a s in g  r e l i a b i l i t y .
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CHAPTER VI 

CONCLUSIONS

S u rfa c e  leak ag e  in  re v e rs e  b ia s e d ,  o x id e  p a s s iv a te d ,  epoxy- 

e n c a p su la te d  s i l i c o n  d iodes has b een  found to  in c re a s e  by a 

f a c to r  o f  3800 d u r in g  p ro lo n g ed  ex p o su re  t o  an environm ent o f  

65°C and 95 p e rc e n t  r e l a t i v e  h u m id ity . T h is  in v e s t ig a to r  

has i d e n t i f i e d  th e  p redom inan t mechanism t o  be  leakage th ro u g h

th e  p a s s iv a t in g  la y e r  in  a d i r e c t io n  norm al t o  th e  s u r f a c e ,

thence a lo n g  th e  e p o x y -s i l ic o n  d io x id e  i n t e r f a c e  over th e  

d e p le tio n  r e g io n ,  th e n  back th ro u g h  th e  o x id e  p a s s iv a t io n  t o  th e  

co nducting  s i l i c o n .

Leakage w ith in  th e  s i l i c o n  d io x id e  p a r a l l e l  to  th e  s u r f a c e  

was c a lc u la te d  w ith  th e  a id  o f  t a b le s  o f  com para tiv e  v a lu es  to  

be n e g l ig ib l e .  Leakage th rough  th e  epoxy was c a lc u la te d  on 

th e  b a s is  o f  r e s i s t i v i t y  m easurem ents o f  th e  a c tu a l  epoxy to  

be sm all com pared to  th e  above f a c t o r .

The av e rag e  le ak ag e  m easurem ents on g la s s  e n c a p su la te d ,

n i t r i d e  p a s s iv a te d  d io d e s  under th e  same a c c e le r a te d  e n v iro n 

ment as th e  epoxy, ox id e  p a s s iv a te d  d io d e s ,  showed a leakage  

in c re a se  by a  f a c t o r  o f  only  1 .7  a f t e r  4500 h o u rs .  I t  was 

no ted  t h a t  c o n t ro l  d io d es  (no t in  te m p e ra tu re -h u m id ity )  a ls o  

in c re a s e d  by t h i s  v e ry  sm a ll f a c t o r  o f  1 .7 .

The v e ry  la rg e  d i f f e re n c e  in  th e  r a t i o  o f  th e  0 hour to  

5000 h o u r leak ag e  o f  th e  two ty p e s  o f  p r o te c t iv e  s u r fa c e s  i s  

a t t r i b u t e d  to  m o is tu re  a b so rb tio n  i n . th e  e p o x y .r e s in .

As p a r t  o f  t h i s  d i s s e r t a t i o n ,  a ta b le  has  been c o n s tru c te d
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c o n ta in in g  p h y s ic a l  p r o p e r t i e s  o f  s i l i c o n ,  s i l i c o n  d io x id e , 

s i l i c o n  n i t r i d e ,  s i l i c o n  m onoxide, and aluminum o x id e . T h is 

t a b l e ,  in  a d d i t io n  to  b e in g  u sed  to  a s s i s t  in  d e te rm in in g  th e  

p redom inan t leakage mechanism was in s tru m e n ta l  i n  le a d in g  to  

t h e o r e t i c a l  and e x p e rim e n ta l r e s e a r c h  c o n c lu s io n s  in v o lv in g  

i n f r a - r e d  a b so rb tio n  o f  th e  i n s u l a t i n g  la y e r .  U sing a CO  ̂

L aser as an in f r a - r e d  s o u r c e :

1. Aluminum oxide and s i l i c o n  d io x id e  f i lm s  have been 

e v a p o ra te d  on s i l i c o n  s u b s t r a te s  by t h i s  te c h n iq u e .

2 . Such f ilm  e v a p o ra tio n s  a re  cap ab le  o f  d e p o s i t in g  

h ig h  p u r i ty  f ilm s  more s im ply  th an  can be  o b ta in e d  

from o th e r  te c h n iq u e s .  Such h ig h  p u r i t y  enhances 

r e l i a b i l i t y  o f  th e  d ev ice  b e in g  form ed.

3. I n s u la t iv e  f ilm s  can be removed from a lo c a l  s p o t 

on a s i l i c o n  c h ip ,  w ith  v e ry  l i t t l e  d is tu rb a n c e  

o f  th e  s i l i c o n  s u b s t r a t e .  E lim in a tio n  o f  e tc h in g  

compounds i s  a  d e f i n i t e  r e l i a b i l i t y  im provem ent.

4 . I t  i s  s p e c u la te d  t h a t  s i l i c o n  n i t r i d e  can be d e

p o s i te d  by t h i s  te c h n iq u e . S i l ic o n  n i t r i d e  n o rm ally  

decomposes a t  v e ry  h ig h  te m p e ra tu re s .

5 . A d d itio n a l p o s s i b i l i t i e s  f o r  r e l i a b i l i t y  and 

d ev ice  im provem ent u s in g  v a r ia t io n s  o f  t h i s  t e c h 

n iq u e  a re  d is c u s s e d  in  t h i s .d i s s e r t a t i o n .



I t  was co n cluded  t h a t  c o n s id e ra b le  in fo rm a tio n  o f  th e  

c o m p a ta b ili ty  o f  s i l i c o n ,  in s u la t io n  and d e v ic e  u se  cou ld  be 

e x t r a p o la te d  from  c o n s id e ra t io n s  o f  th e  ta b u la te d  p h y s ic a l  

p a ram e te r v a lu e s .  Examples a re  c o n ta in e d  w ith in  in v o lv in g  

m echanical and e l e c t r i c a l  s t r e s s ,  c a p a c i t iv e  c o u p lin g , and 

d i f f u s i v i t y  o f  io n s .  A f u r th e r  c o n c lu s io n  i s  t h a t  s t r u c tu r e  

w ith  la rg e  c r y s t a l l i t e s  i s  to  be av o id ed  i f  u l t r a  r e l i a b l e  

d ev ices  a re  t o  be p ro d u ced .
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APPENDIX I

IMPLEMENTATION - EQUIPMENT AND TECHNIQUES

1. I n t ro d u c t io n

In  e v e ry  p h y s ic a l  re s e a rc h  p r o j e c t ,  a  c e r t a in  number o f  

f ix tu r e s  and m easuring  d ev ices  m ust be  c o n s tru c te d .  T his 

p r o je c t  d i f f e r s  in  t h a t  a la rg e  num ber o f  u n d erg rad u a te  

s tu d e n ts  p a r t i c i p a t e d  in  th e  developm ent o f  equipm ent and 

m easuring te c h n iq u e s .  I t  i s  th e  p u rp o se  o f  t h i s  appendix  to  

d e sc r ib e  th e  e x te n t  o f  t h i s  p a r t i c i p a t i o n  and th e  equipm ent 

and te c h n iq u e s  in v o lv e d . A summary o f  p r o je c t s  and th e  

s tu d e n ts  in v o lv e d  i s  in c lu d e d  a t  th e  end o f  t h i s  appendix .

2. C02 L ase r

The i n f r a - r e d  ab so rb in g  p r o p e r t i e s  o f  s i l i c o n  and p r o 

t e c t iv e  c o a tin g s  f o r  a  w aveleng th  o f  10.5 m icrons have been 

l i s t e d  in  C h ap te r I I I  and d is c u s se d  in  f u r th e r  d e t a i l  in  

C hapter V. A t, o r  n e a r  t h i s  fre q u e n c y , th e  p r o te c t iv e  c o a t in g s  

are  very a b s o rb e n t,  w h ile  th e  s i l i c o n  i s  v i r t u a l l y  t r a n s p a r e n t .  

At h ig h e r  f r e q u e n c ie s ,  bo th  become t r a n s p a r e n t ,  u n t i l  th e  

v i s ib le  s p e c t r a  i s  re a c h e d , a t  w hich th e  s i l i c o n  abso rbs l i g h t ,  

w ith  th e  o x id es  t r a n s p a r e n t .  The p a r t i c u l a r  u s e fu ln e s s  o f  h ig h  

power d e n s i ty  a t  10 .5  m icrons h as  been  d is c u s s e d . I t  m ight be 

p o s s ib le  t o  g e n e ra te  h ig h  power d e n s i t i e s  and a t  t h i s  freq u en cy
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by an a rc  o r  o th e r  pow er s o u rc e , b u t p r a c t i c a l l y  sp eak in g  such  

so u rc e s  as e n v is io n e d  can n o t compete w ith  th e  l a s e r .  The 

beam from an a r c  so u rce  can n o t be c o n c e n tra te d  to  an a re a  s m a l le r  

th a n  th e  c ro ss  s e c t io n  o f  th e  a rc  w hereas th e  l a s e r  beam can 

be fo cused  to  a  f in e  p o in t .  F u r th e r ,  an a rc  s o u rc e  produces 

a  b ro ad  sp ec trum  o f  f r e q u e n c ie s ,  most o f  w hich w ould have to  

be d is c a rd e d  by r e f l e c t i o n  o r  a b s o rp tio n . To p ro v id e  th e  

end use power d e n s i ty  r e q u ir e d ,  an e x c e s s iv e  pow er in p u t would 

be n e c e s sa ry .

The CO2  l a s e r  c o n s tru c te d  i s  i l l u s t r a t e d  i n  F ig u re  A -l.

The two m eters le n g th  o f  glow d isc h a rg e  p ro v id e s  a c a p a b i l i ty  

f o r  power o f  a p p ro x im a te ly  150 w a t ts .  Crude m easurem ents to  

d a te  in d ic a te  a  r a d ia n t  power o u tp u t o f  a p p ro x im a te ly  80 w a t ts .  

The gas m an ifo ld  on th e  back  p ro v id e s  f o r  m ix tu re  and a d ju s t 

ment o f  p ro p o r tio n s  o f - Q ^ ,  Helium and N itro g e n . The m irro rs  

a re  mounted in s id e  th e  vacuum system  to  e l im in a te  th e  need f o r* I
B re w s te r 's  an g le  e x i t s  f o r  th e  beam. The m ir ro rs  a re  a d ju s ta b le  

by v i r tu e  o f  m e ta l b e llo w s co n n ec tin g  th e  m ir ro rs  t o  th e  f ix e d  

p o r t io n  o f  th e  vacuum sy stem . The m ir ro rs  a re  p h y s ic a l ly  

lo c a te d  about one fo o t from  th e  e n tra n c e  o f  th e  d isc h a rg e  tu b e  

in t o  th e  end e l e c t r o d e s .  T h is p ro v id e s  some i s o l a t i o n  from th e  

e x p ec ted  s p u t te r in g  a c t io n  a t  th e  e l e c t r o d e .  One end i s  

grounded , th e  o th e r  end i s  n e a r  ground. A r e s i s t i v e  netw ork in  

th e  power su p p ly  i s  u sed  to  b a lan ce  th e  d is c h a rg e  i n  th e  o th e r 

w ise  p a r a l l e l  glow s e c t io n s .
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F ig u re  A -l.  CO2  Laser C o n s tru c te d  f o r  

T h is P ro je c t .
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F ig u re  A-2 shows th e  c o n c e n tra t io n  o f  th e  i n f r a - r e d  en ergy  

by means o f  a  s in g le  c r y s t a l  o f  p o ta ss iu m  c h lo r id e  w hich has  

been ground i n t o  a len s  by th e  s tu d e n t s .

3. C lean Chamber

The d ev ice  f o r  m easuring  d u s t com pleted  as a s e n io r  

p r o j e c t  in v o lv e d  r e f l e c te d  l i g h t  and a ph o to  m u l t i p l i e r  tu b e  

and a m p l i f i e r .  The p r in c ip le  was so u n d , b u t th e  u n i t  in v o lv e d  

a p h o to  m u l t i p l i e r  b e lo n g in g  to  a n o th e r  la b o ra to ry  and co u ld  

n o t be p erm an en tly  r e ta in e d .  U lt im a te ly ,  a  s m a lle r  u n i t  can 

be c o n s tru c te d .  The c u r r e n t  c le a n  cham ber was p u rc h a se d  com

m e rc ia l ly  w ith  a  m atching g i f t  from th e  m a n u fa c tu re r , p ro v id in g  

two s e c t io n s  ( f o r  fo u r g love  p a r t s ) . I t  c o n ta in s  an in t e g r a l  

ny lon  s in k  and an e x i t  d i r e c t l y  to  th e  q u a r tz  tu b e  o f  th e  H evi- 

Duty tu b u la r  fu rn a c e . The a i r  i s  f i l t e r e d  in to  th e  chamber 

th ro u g h  a c h a rc o a l f i l t e r  th e n  th ro u g h  a  Cambridge a b s o lu te  

f i l t e r .

The a i r  in to  th e  room w hich c o n ta in s  th e  c le a n  chamber 

i s  f i l t e r e d  th ro u g h  th re e  e le m e n ts :  (a ) a p r e - f i l t e r ,  (b)

a 1 1 /2 "  th ic k  bed  o f  a c t iv a t e d  c h a rc o a l ,  and (c) a Mine S a fe ty  

A pp liance  a b s o lu te  f i l t e r .  I t  i s  in te n d e d  in  th e  f u tu r e  to  

add p r e - f i l t e r i n g  by means o f  an e l e c t r o s t a t i c  p r e c i p i t a t o r .

The u se  o f  th e  v a rio u s  ty p e s  o f  f i l t e r  complement one a n o th e r .  

The c h a rc o a l f i l t e r  removes o rg a n ic  vapo rs and in o rg a n ic  gases  

whose m o le c u la r  w eight d i f f e r s  a p p re c ia b ly  from a i r .  The
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F ig u re  A-2. C o n c e n tra tio n  o£ 10.5  Micron 
L aser Beam W ith a  KC1 Lens.
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a b s o lu te  f i l t e r  removes 99.8% o f  p a r t i c l e s  above th e  s iz e  o f  .3  

m ic ro n s , b u t does v e ry  l i t t l e  f i l t e r i n g  o f  s m a l le r  a e ro s o ls .

The e l e c t r o s t a t i c  f i l t e r ,  when added, w i l l  remove ap p rox im ate ly  

85% o f  a l l  s iz e  p a r t i c l e s ,  in c lu d in g  th e  v ery  sm a ll p a r t i c l e s  

m issed  by th e  a b s o lu te  f i l t e r .

The c le a n  room, a s id e  from  th e  c le a n  cham ber, i s  a lso  

u t i l i z e d  f o r  w eigh ing  on th e  Cohn M icro b a lan ce . T h is  b a lan ce  

i s  so  s e n s i t i v e  th a t  a p a r t i c l e  o f  d u s t s e t t l i n g  on one pan 

co u ld  s e r io u s ly  a l t e r  a re a d in g . The b a la n c e  i s  cap ab le  o f  

d e te c t in g  a d if f e r e n c e  in  w eigh t o f  0 . 1  m icrogram s, and as such 

i s  u s e fu l  in  w eigh ing  th e  v ery  th in  f ilm s  in v o lv e d  in  s i l i c o n  

p r o te c t iv e  la y e r s .

4. F ilm  T h ick n ess , D ie l e c t r i c  P ro p e r t ie s

The m icro b a lan ce  m entioned  in  th e  p re v io u s  p a rag rap h  i s  

s u i t a b l e  f o r  m easuring  th e  w eight change in  form ed o r  d e p o s ite d  

f i lm s .  In  th e  ca se  o f  grown s i l i c o n  d io x id e ,  f o r  exam ple, i t  

i s  n e c e ss a ry  to  weigh to  p r e c i s io n  to  d e te c t  o n ly  th e  oxygen 

ab so rb ed , s in c e  th e  s i l i c o n  i s  p re s e n t  b e fo re  and a f t e r  th e  

o x id a tio n  p ro c e s s .

Three o p t i c a l  te c h n iq u e s  were u t i l i z e d  in  a d d i t io n  to  

th e  w eigh ings. The f i r s t  u sed  a M ichelson in te r f e r o m e te r ,  

th e  second a d i r e c t  m easurem ent o^ a s te p  u s in g  a t i l t e d  

o p t i c a l  f l a t  ( F iz e a u 's  f r i n g e s ) ,  and a  t h i r d  method u t i l i z i n g  

Newtons R ings. F ig u re  A-3 i s  a  t r a c in g  o f  a p h o to g rap h  o f  such
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fr in ges a t a s te p .

R e la t iv e ly  s im p le  se tu p s  were u t i l i z e d  f o r  m easuring 

d i e l e c t r i c  s t r e n g th  and d i e l e c t r i c  c o n s ta n t .  In  essence  th e  

e le c tro d e s  w ere p o o ls  o f  mercury c o n ta in e d  by "0 " r in g s  w hich 

were clam ped on th e  o x id iz e d  s i l i c o n  c h ip . F ie ld  s t r e n g th s  

about o n e - f i f t h  o f  th e  l i t e r a t u r e  v a lu e s  were a t ta in e d  in  th e  

e a r ly  f i lm s .  Improvements in  th e  a i r  f i l t r a t i o n  system , as w e ll 

as u t i l i z a t i o n  o f  p r e -p o l is h e d  s i l i c o n  s u b s t r a t e s  and a  r a t h e r  

e la b o ra te  c le a n in g  c y c le  shou ld  r e s u l t  i n  m a te r ia l ly  im proved 

f ilm s .

5 . R.F. S p u t te r in g  Source

A r a d io  freq u en cy  g e n e ra to r  and an R .F . m atching netw ork  

fo r  v a r ia b le  loads i s  b e in g  c o n s tru c te d  f o r  use  in  R.F. 

s p u t te r in g  d e p o s i t io n s  and th e rm al deco m p o sitio n  d e p o s i t io n s .

A d esig n  p l a t e  pow er in p u t to  f i n a l  s ta g e  i s  1 KW and th e  

o p e ra tin g  freq u en cy  i s  13.560 M egacycles.

6 . W ater P u r i f i c a t i o n ;  Compressed A ir

The e x c e p tio n a l  r e a c t iv i t y  o f  an u l t r a - c l e a n  s i l i c o n  

s u r fa c e ,  la y e r  th ic k n e s s e s  o f  a few th o u san d  angstrom  u n i t s ,  

d e p le tio n  w id th s  o f  te n s  o f  th o u san d s o f  angstrom  u n i t s  and 

th e  s e n s i t i v i t y  o f  th e  f in a l  f i lm  t,o im p u r i t ie s  such as sodium  

and f a c to r s  which d ic ta t e  u l t r a - c l e a n l i n e s s ,  p a r t i c u l a r l y  in  

w a te r u t i l i z e d  in  e t c h ,  r in s in g  and o x id a tio n  o p e ra t io n s .
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In  one i n s t a l l a t i o n  v i s i t e d  by th i s  a u th o r  th e  fo llo w in g  

s te p s  were o b se rv ed :

1. The s t a r t i n g  w a te r  makeup was com m erical d e io n ized  

w ate r p ip e d  th ro u g h o u t th e  f a c to r y .

2 . The d e io n iz e d  w a te r  was d i s t i l l e d  in  a l l  s t a i n l e s s  

s t e e l  c o n ta in e r .

3. The d i s t i l l e d  w a te r  was passed, th ro u g h  a ch a rc o a l 

bed.

4. The w a te r  was th e n  p a sse d  th rough  an io n  exchange 

r e s in  b ed .

5 . The f i n a l  w a te r  was f i l t e r e d  and r e tu r n e d  to  s te p  

(2) above. As u se d , new house d e io n iz e d  w a te r  

would r e p la c e  th e  u n re tu m e d  f i n a l  p u re  w a te r .

The system  in  use a t  NCE in v o lv e d  th e  fo llo w in g  s t e p s :

1. Inpu t c h a rc o a l f i l t e r

2 . Commercial C a tio n  Exchange

3. Commercial ( s tro n g )  Anion Exchange

4 . B a c te r io lo g ic a l  F i l t e r ,  p o rc e la in ,  ( s t a i n l e s s  

s t e e l  c a s e ) .

5 . Mixed bed  io n  exchange u n i t  - P o ly v in y l c h lo r id e  s h e l l

6 . F in a l F i l t e r

7. PVC p ip e  and f i t t i n g s  to  clean  cham ber

I
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The NCE u n i t  exposes no s t a i n l e s s  s t e e l  to  th e  u l t r a  

p u re  w a te r ,  b u t a t  p re s e n t  h a s  a  s e r io u s  d e f ic ie n c y  in  t h a t  

r e c i r c u l a t i o n  i s  n o t em ployed. I t  i s  n e c e ss a ry  to  ru n  th e  w a te r  

f o r  s e v e r a l  m inu tes to  ac h ie v e  r e s i s t i v i t i e s  in  ex ce ss  o f  one 

o r  two megohm c e n t im e te rs .  A second  d isad v an tag e  o f  th e  NCE 

u n i t  i s  th e  r a p id  clogg ing  o f  th e  b a c t e r io l o g ic a l  f i l t e r .

T liis can o n ly  be overcome by f r e q u e n t changing  o f  t h i s  u n i t .  

P a r t i c l e s  th e  s i z e  o f  b a c t e r i a  ( s e v e r a l  m icrons in  d ia m e te r)  

o b v io u s ly  m ust be removed from  th e  sy stem  w hether o rg a n ic  o r  

in o rg a n ic  in  o r ig in .

The d i s t i l l a t i o n  s te p  m igh t remove many sm all p a r t i c l e s ,  

b u t  i t  sh o u ld  be  c le a r ly  u n d e rs to o d  t h a t  th e  s m a lle r  th e  

p a r t i c l e  th e  more e a s i l y  i t  m ight be e n t r a in e d  in  th e  r a p id ly -  

moving vapo r s tre a m  d u rin g  d i s t i l l a t i o n .  This w r i t e r  sp ecu 

l a t e s  t h a t  a  u s e fu l  a d d i t io n  to  a  d i s t i l l a t i o n  scheme would 

be an e l e c t r o s t a t i c  p r e c i p i t a t o r  in  th e  w a te r vapor s tre a m .

Simon and Calmon* a ls o  show a s t e r i l i z a t i o n  lamp in  th e  

c i r c u i t ,  w hich i s  p ro b ab ly  a  sound a d d i t io n .  F i l t r a t i o n  

removes o n ly  th o se  b a c t e r i a  coming in t o  th e  system  and has  no 

e f f e c t  on th e  b a c t e r i a  th a t  grow beyond th e  f i l t e r .  A side 

from  th e  e f f e c t  o f  a p a r t i c l e  t h i s  s i z e  on th e  f i n a l  m ic ro 

c i r c u i t ,  i t  i s  n o t d i f f i c u l t  to  e n v is io n  a masking o f  io n  

exchange e f f i c i e n c y  i f  l iv in g  organ ism s a re  allow ed  to

^Simon, G .P. and C, Calmon, " U ltra p u re  W ater f o r  th e  
S em iconducto r and M ic ro c irc u its  I n d u s t r i e s . "  S o lid  S ta te  
T echno logy , F ebruary  1968, pp 21-30 .
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m u ltip ly  on th e  r e s in  s u r f a c e .

A com pressed a i r  c le a n in g  u n i t  to  p ro v id e  u l t r a - c l e a n  com

p re s s e d  a i r  i s  n e a r  co m p le tio n . The com pressed a i r  can be used 

to  blow o f f  ex cess  w a te r ,  which can remove p a r t i c u l a t e  m a te r ia l  

as w e ll as d is s o lv e d  m a te r ia l  which m ight p r e c i p i t a t e  o r 

c r y s t a l l i z e  on th e  s u b s t r a t e  p r i o r  to  f i n a l  p ro c e s s in g .  The 

fo llo w in g  u n i t s  a re  i n s t a l l e d :

1. W ater s e p a r a to r

2. Commercial o i l  s e p a r a to r  and f i l t e r

3. S ix  fo o t long  c h a rc o a l bed

4. S ix  fo o t long  m o le c u la r  s ie v e  bed

A f in a l  b a c t e r io l o g ic a l  f i l t e r  and m icroporous m e ta l f i l t e r  

w i l l  com plete t h i s  sy stem .



T ab le  A -l.  U ndergraduate P r o je c t s  R e la ted  
to  R e l i a b i l i t y  R esearch  on 

S u rfa c e s

P r o je c t S tu d e n ts  In v o lv ed

CO2 L aser S. H o fra , R. A g ru s ti 
R. Snow

C lean Chamber - 
F i l t r a t i o n  and 

Measurement

G. Luzniak

F ilm -T h ick n ess
M easurement

H. O rlovsky

F ilm  - D ie l e c t r i c  
P r o p e r t ie s  M easured

R. Z a g ie r

R .F. Source f o r  
S p u t te r in g  ( P a r t i a l l y  

Com plete)

L. S k a r in

W ater P u r i f i c a t i o n  
System

A. Simons

Type P r o je c t

S e n io r  P r o je c t

S e n io r  P r o je c t

S e n io r  P r o je c t

S e n io r  P r o je c t

S e n io r  P r o je c t

0E0 Support



APPENDIX II

DATA

In  t h i s  s e c t io n  th e  raw d a ta  a p p ly in g  to  C h ap te r IV 

m easurem ents a re  ta b u la te d .

One n o ta b le  e x c e p tio n  i s  th a t  d a ta  le a d in g  to  C harts  

IV-1 th ro u g h  IV -9. T his d a ta  has been p re v io u s ly  p u b lis h e d  

in  P ro g re ss  R e p o rts , numbers one th rough  tw e lv e , f o r  c o n tra c t  

number DAAA-68-C-0500 betw een th e  F oundation  f o r  th e  Advance

ment o f  G raduate S tudy  in  E n g in ee rin g  (Newark C o lleg e  o f  

E n g in ee rin g ) and P ic a tin n y  A rsen a l LRPL, D over, New J e r s e y .

U nless o th e rw ise  n o te d ,  a l l  c u r r e n t  re a d in g s  w ere taken  

w ith  a G eneral Radio e le c t r o m e te r ,  Model 12304.



APPENDIX - II  - 1

N i t r i d e  P a s s iv a te d  Diodes under  65°C T em perature ,
95% R e la t iv e  H um idity , Except f o r  U nits  1 and 2 
Which Were M ain ta ined  Under Room Ambient C o n d it io n s .  

S ix  Pages o f  Data Follow.

(See C harts  IV -11, IV-12)
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APPENDIX - II - 2

G lass P a s s iv a te d  Diodes. A ll  Units S u b je c te d  to  
Tem preature Humidity A f te r  Nov. 26 Reading 

A ll Readings i n  Microamps
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APPENDIX - II - 3

C urren t vs_. V oltage Curves f o r  N i t r i d e  
P a s s iv a te d  Diodes Under Reverse B ia s .



A -  II  - 3
C u rre n t  v s .  Voltage Curves f o r  N i t r i d e  P a s s iv a te d  

Diodes Under Reverse Bias

Diode #1

0 m amps

0.0045

0.0065

0.009

0.014

a t

a t

a t

a t

a t

0 V o lts  

13 V o lts  

24 V o lts  

32 V o lts  

45 V o lts

Diode #2

.019 V amps a t  45 V o lts

.013 .5  a t  36 V o lts

.008 .5  a t  24 V o lts

.006 .5  a t  16 V o lts

.003 .5  a t  6 V o lts

0 a t  0 V o lts

See F igure  IV -10, p 167
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APPENDIX -  I I  - 4

N i t r i d e  P a s s iv a te d  Diodes. These Diodes were Sub
j e c t e d  t o  a d d i t i o n a l  s t r e s s e s  as d e s c r ib e d  i n  C hapter 
IV - (7 Pages F o l lo w in g ) .  (See t e x t ,  pp 162-165)

Time
(Hours) Date

0 May 25 (1969)

240 June  4

744 June 29

1320 J u l y  23

2376 S e p t .  5
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U nit #2*. C o n tro l  Unit

Diode
No.

May 25 
T = 2 5 .2°C 

45 V olts  
i  (y amp.)

J u ly  23 
T = 23 

45 V olts  
i  (y amp.)

S e p t . 5 
T = 2 2 .2°C 

45 V olts  
RCA Micro-Ammeter

1 .009 .0092 .013

2 .0088 ( a f t e r  bend) .0087 .0135

3 .0072 .0074 . 0 1 1

4 .0165 .015 . 0 2 0

5 .0068 .0072 . 0 1 0

6 .0095 .0092 . 0 1 2 2

7 .080 .080 .090

8 . 0 1 0 . 0 1 0 .014

9 .014 .013 .017

10 .008 .0078 .0118

11 .0056 .0054 .0091

12 .0175 .019 . 0 2 0

13 .026 .0235 .028

14 .013 .013 .0162

15 .0157 .015 .023

16 .0069 .0065 . 0 1 2

17 .003 .0038 .0084

18 . 0 2 1 .019 .0255

19 .009 .009 .015

20 . 0 1 0 .0084 .0159

21 . 0 1 2 .0105 .0165

22 .0105
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Unit #3 . S i l ic o n  N itr id e  P a ssiv a ted  D iodes, Subjected
to  a tem perature o f  65°C, r e la t iv e  hum idity approxi
m ately 90%' and a p u lsa tin g  re v e r se  v o lta g e  o f  45 V o lts .

S ep t .  5
May 25 22.2°C

Diode T = 2 5 . 1°C 45 V o lts
No. i  (y amps.) RCA Micro-Ammeter

1 .010 .0196

2 .011 Between .090 -  .100

3 .0152 .0272

4 .017 .0216

5 .0155 .0295

6 .0145 .028

7 .0095 .016

8 .007 .0164

9 .0105 .037

10 .0063 .0185

11 .0125 .0172

12 '.0094 .018

13 .0105 .0242

14 . 0 1 0  .018

15 .0102 .025

16 .0132 .025

17 . 0 1 1  .0161

18 .013 .0292

19 .0115 .025

20 .0105 .026

21 .0115 .021

22 .018 .028
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U nit #4*. S i l ic o n  N itr a te  P a ssiva ted  D iodes, Subjected
to  a temperature o f  6 5 °C, r e la t iv e  hum idity ap p roxi
m ately  90% and a p u ls a t in g  rev erse  v o lta g e  o f  45 v o l t s .

S e p t .  5
May 25 T = 22.5°C

Diode T = 26.3°C 45 V o lts
No. i  (y amps.) RCA Micro-Ammeter

1 .017 .031

2 .018 .035

3 .007 .019

4 .0095 .026

5 .013 . 0 2 1

6 .0165 .0242

7 .0185 .036

8 .016 .033

9 .0135 .026

10 .0215 .0462

11 . 0 1 0 2 . 0 2 2

12 .0153 .024

13 .0195 .038

14 .013 .025

15 .0265 .023

16 .0137 . 0 2 0

17 .029 .035

18 .018 .034

19 .0092 .019

20 .0135 .036

21 .007 .014

22 .007 .014
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Unit #5*. S i l ic o n  N itr id e  P a ss iv a ted  D iodes, Subjected
to  a tem perature o f  65°C, r e la t iv e  hum idity approxi
m ately 90% and a p u lsa tin g  rev erse  v o lta g e  o f  45 v o l t s .

S e p t . 5
Diode May 25 T = 22.2°C

No. T = 24° C 45 V olts

1 .0078 .020

2 .007 .021

3 .0058 .0202

4 .0078 .022

5 .0105 .029

6 .021 .033

7* .0105 .019

8 .016 . 0 2 2

9 .083 .016

10 .012 .024

11 .026 .029

12 .030 .016

13 .0105 .019

14* .020 .028

15* .013 .0262

16* .0115 .024

17 .0115 .0273

18 .0125 .020

19 .011 .024

20 .015 .022

21 .035 .056

22 .015 .028

*N ote : On S a tu rd a y ,  May 24, i t  was n o te d  t h a t  th e  co a t in g s  on
s e v e r a l  d iodes  o f  t h i s  u n i t  were w r in k le d ,  exposing th e  
g l a s s  u n d e rn e a th .
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U nit #6 *. S i l i c o n  N i t r i d e  P a s s iv a te d  Diodes. T h is  p a r t i c u l a r  
u n i t  was s u b je c te d  to  a  400 v o l t  s t r e s s  r a d i a l l y  inw ard tow ard 
th e  le a d  a x i s .  Aged a t  60°C, w ith  no d e l i b e r a t e  h u m id ity  con

d i t i o n .

Measurement a f t e r  wrap-

May 25 
Diode 26°C

No. i  (y amps.)

1 .0125
2 .0094
3 .0105
4 .0084
5 .008
6  .0115
7 .011
8 .0115
9 .009

10 .0105
11 .012
12 .0215
13 .0115
14 .029
15 .0115
16 .0138
17 .017
18 .0145
19 .0135
2 0  . 0 1 0 2
2 1  .008
22 .0115

ig w ith  t i n  f o i l  to  
p ro v id e  f i e l d  

25 °C
i  (y amps.)_______

.0155

.013

.0141

.0138

.0119

.015

.0148

.0150

.0130

.0145

.0155

.0255

.0149

.030

.0150

.0174

.0200

.0180

.0155

.0140

.012

.0145

S e p t . 5 
22.5°C 

J u ly  23 45 V o lts

.0158 .015

.0135 .0125

.0145 .014

.013 .013

.0123 .0125

.015 .0157

.015 .0143

.015 .015

.0132 .013

.015 .014

.016 .0157

.0238 .024

.0145 .0144

.029 .0295

.0155 .015

.017 .017

.0195 . 0 2 0

.0178 .0178

.0158 .0155

.0135 .0137

.0116 .0115

.014 .014
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Unit #7*. S i l i c o n N i t r i d e  P a s s iv a te d  D iodes. C ontro l U n i t .

Diode
No.

May 25 
T = 27°C 
y amps.

J u ly  23 
T = 2 2 .8 °C 

45 V olts 
y amps.

S e p t .  5 
T = 22.8°C 

45 V o lts  
y amps.

S e p t . 5 
D u p lica te  S e t  

o f  R eadings. 
However ta k en  
w ith  RCA Micro 

Ammeter

1 .013 .0 1 0 .014 .015

2 .0068 .0064 . 0 1 0 .0 1 1

3 .0095 .0085 .0125 .0135

4 .0115 . 0 1 0 .01425 .015

5 .0145 .0125 .0175 .018

6 .0105 .0095 .0142 .014

7 .023 .0205 .0265 .025

8 . 0 1 1 .0125 .0135 .0142

9 .0125 .0135 .0155 .0158

10 .0084 .0105 . 0 1 2 2 .0123

11 .0087 .0 1 1 . 0 1 2 1 .0123

12 . 0 1 1 .0 1 2 .0133 .014

13 .0064 .0084 . 0 1 0 . 0 1 2

14 . 0 1 0 2 . 0 1 2 2 .013 .0142

15 .0105 .0 1 2 2 .0133 .015

16 .0185 .0195 . 0 2 0 .0 2 1

17 .0115 .0115 .0138 .015

18 .0066 .0096 . 0 1 0 2 . 0 1 2

19 .0125 .014 .0145 .016

20 .0088 .0115 . 0 1 2 .0135
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A - II  -  5

V isu a l  I n s p e c t io n  R eport 
G lass  P a s s iv a te d  Diodes

#69 P u l le d  on l e a d s ,  u n i t  s e p a r a te d  i n t o  two p i e c e s .

#89 Very s t r a i g h t  c rac k  (a long  a x i s )  i n  g l a s s !

i ■«. J

#92 G lass a p p a r e n t ly  n o t  com ple te ly  bonded t o  m e ta l  e l e c 
t r o d e s  o r  s t u d s .

riHR- • HaIf-moon s e c t i o n  appears  
milky

#84 Bond looks very  smooth i n  a r e a  o f  j u n c t i o n ,  b u t  one 
g la s s  end t e rm in a t io n  i s  rough.

#77 S u rface  o f  g la s s  ch ipped  n e a r  numbered end

# 8 8  G lass o f f  c e n t e r

Also e x t r a  p ie c e  o f  g la s s  
abou t h e re

#85 O.K.
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#91

G lass  s u r fa c e  in d e n te d  and 
b l a c k .  D eposits  on in d e n 

t a t i o n .

#87

Half-moon s e c t i o n  c l e a r .  
T h is  p a r t  appears  m ilk y .

#80 Looks good - -  very  s l i g h t l y  o f f  c e n te r .

#73 Cracked Glass — a l s o  r e d  f l e c k  o f  m a te r ia l  on s u r 
f a c e  o f  g la s s .

#74 O.K. But s u r fa c e  o f  g la s s  i s  rough on s p o t s .

#72 O.K. But e l e c t r o d e  n e a r e s t  number i s  d i f f u s e ,  th e
o t h e r  p o l i s h e d .

#76 G lass appears  to  c o n ta in  a b u b b le .

#67 O.K.

#71 G lass  rough. Appears to  have one la rg e  m u l t i - s h a p e d  
bubb le  running a long  ju n c t io n

# 6 8  Rough g la s s

J U M O T I O K J

€3-
C i

#78 Cracked G lass .
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#70 Cracked G la s s .

#81 O.K.

#90 Large bubble  on g l a s s .  Rough g la s s  c r e v a s s e  reac h ed  
in to  j u n c t io n  t h r u  g l a s s .

#86  O.K. Two rough  s p o t s .

#82 Glass o f f  c e n t e r  and rough , bu t s e a l  looks  good.

#75 O.K.
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APPENDIX - II - 6

LEAKAGE CURRENT, EPOXY HEADERS

Leakage c u r r e n t  nanoam peres , in  25 epoxy h e a d e r s , rem aining 

a f t e r  a c t iv e  SCR e lem en ts  had  been removed by f i l i n g .  [See 

F ig u re  IV-6 ] .

Time shown i s  a f t e r  exposu re  to  65°C, 95% R e la t iv e  Humidity.

0 Hours

0 . 0 1 0 . 0 1 0.25 0 . 2 0 0 .0 8 0 . 0 1 0 . 2 0 0 .08 0 . 0 2 0.16
0 . 2 0 0.09 0 . 0 1 0 . 0 1 0 . 2 0 0.14 0 . 0 1 0.25 0 . 0 1 0 . 0 1
0 . 2 0 0 . 0 1 0 . 0 1 0 .04 0.25

0 . 2 0 1.50 1 . 0 0 1.30

1000 Hours 

0 . 2 0  1 . 1 0  0 . 2 0 1 . 1 0 0 . 2 0 1.40
1.50 0 . 0 1 4.00 0 . 2 0 2 . 0 0  1 . 0 0  1 . 0 0 1.50 1.60 0 . 1 0
1.90 0.90 0 . 0 1 2 . 0 0 1 . 1 0

0 . 1 0 1 . 2 0 1 . 0 0 0 . 1 0

2000 Hours 

1.20 0 .30 1.30 0.50 0 .30 1.30
0.50 1.60 0.50 1 . 2 0 1 . 2 0  0 . 1 0  0 . 0 1 1.80 0.60 1.30
0 .70 0 . 0 1 1.40 0.50 0 .90

0 . 1 0 1.40 0 . 1 0 2 . 1 0

3000 Hours 

0 .90  0 .01 0.20 1.40 1.60 0 . 0 1
0 . 0 1 1.70 0.05 2 . 0 0 0 . 03  . 2 .70 0 .04 1.70 2 .60 0 . 0 1
2 . 0 0 0 . 2 0 0.60 0 . 1 0 0.90
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