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EFFECT OF  MECHANICAL 

STRAIN ON p-n 

JUNCTIONS 

Jimmie J. Wortman 

ABSTRACT 

A t h e o r y  is  d e v e l o p e d   f o r   t h e   e f f e c t   o f   m e c h a n i c a l   s t r a i n  on t h e  

e l ec t r i ca l  c h a r a c t e r i s t i c s   o f  germanium  and s i l i c o n  p -n   j unc t ion   dev ices .  

The  model i s  based  on t h e   d e f o r m a t i o n   p o t e n t i a l   t h e o r y   o f   s e m i c o n d u c t o r s  

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

Changes i n   t h e   m i n o r i t y  car r ie r  d e n s i t i e s  are found   t o   cause   t he   ma jo r  

c h a n g e s   i n   t h e  e l ec t r i ca l  c h a r a c t e r i s t i c s .  The changes   i n   t he   ene rgy  

s t r u c t u r e   a n d   h e n c e   t h e   m i n o r i t y  carr ier  d e n s i t i e s  are shown to   depend  

upon t h e   t y p e   o f  stress a p p l i e d ,   w i t h   a n i s o t r o p i c  stresses c a u s i n g   l a r g e r  

c h a n g e s   t h a n   h y d r o s t a t i c  stresses. Equat ions  which are based   on   the   energy  

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

a n d   t r a n s i s t o r s   u n d e r  stress. 

The r e s u l t s   o f   a n   e x p e r i m e n t a l   i n v e s t i g a t i o n  are r e p o r t e d .   E x p e r i -  

ments were c a r r i e d   o u t  on mesa d i o d e s ,   p l a n a r   d i o d e s   a n d   t r a n s i s t o r s .  The 

t h e o r y  i s  compared   w i th   t he   expe r imen ta l   da t a   and  i s  found t o   b e   i n  good 

agreement  . 
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Chapter  I 

INTRODUCTION 

It has   been  known f o r  some time t h a t   l a r g e   m e c h a n i c a l  stresses 

(- lo8  - 10" dynes/cm ) have a s i g n i f i c a n t   e f f e c t  upon t h e  e l ec t r i ca l  

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

o f   h y d r o s t a t i c   p r e s s u r e  upon  diodes [l]. It was found   t ha t   t he   ma jo r  

e f f e c t   o f  a h y d r o s t a t i c   p r e s s u r e  i s  to   change   the   band   gap   of   the  semi- 

c o n d u c t o r .   R e c e n t   e x p e r i m e n t a l   i n v e s t i g a t i o n s   h a v e  shown t h a t   a n i s o t r o p i c  

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

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

d i f f e r e n t   [ 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , 1 0 ] .   F o r   e x a m p l e ,   i n  Ge d i o d e s   h y d r o s t a t i c  

p r e s s u r e   c a u s e s   t h e  reverse s a t u r a t i o n   c u r r e n t   t o   d e c r e a s e   w h i l e   a n i s o t r o p i c  

s t ress  c a u s e s  i t  t o   i n c r e a s e .  

2 

A mode l   based   upon   pu re ly   hydros t a t i c   e f f ec t s  i s  n o t   a d e q u a t e   t o  

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

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

g e n e r a t i o n - r e c o m b i n a t i o n   l e v e l s  as a consequence   of   s t ra in   [6] .   Another  

model   has   been  proposed  in   which  the phenomenon i s  a t t r i b u t e d   t o   s t r a i n  

induced   changes   in  t h e  m i n o r i t y   c a r r i e r   l i f e t i m e  [ 7 ] .  None of t h e s e  

t h e o r i e s  are a b l e   t o   e x p l a i n   t h e  many f a c e t s  of t h e  phenomenon. 

It i s  t h e   p u r p o s e   o f   t h i s   w o r k   t o  show t h a t   t h e  phenomenon is  

e x p l a i n e d   b y   s t r a i n - i n d u c e d   c h a n g e s   i n   t h e   e n e r g y   b a n d   s t r u c t u r e  of t h e  

1 



semiconductor .  A t h e o r e t i c a l   m o d e l  is  developed  which i s  based   on   t he  

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

Analytical e x p r e s s i o n s  are developed fo r  t h e   c u r r e n t   a n d   v o l t a g e s  as a 

f u n c t i o n  of a g e n e r a l  e l a s t i c  s t r a i n   f o r   d i o d e s   a n d   t r a n s i s t o r s .   E x p e r i -  

mental   measurements   have  been made  on a v a r i e t y   o f   s i l i c o n  p -n   j unc t ion  

d e v i c e s .   T h e s e   r e s u l t s   a n d   t h e   r e s u l t s  of o t h e r   w o r k e r s   i n   t h e   f i e l d  are 

compared   wi th   the   theory .  The t h e o r y  i s  i n  good q u a l i t a t i v e   a g r e e m e n t  

w i t h   t h e   e x p e r i m e n t a l  r e s u l t s .  
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Chapter  I1 

ENERGY BAND STRUCTURE AND DEFORMATION  POTENTIAL 
THEORY OF Ge AND S i  

2 .1   Energy  Band S t r u c t u r e  

Germanium a n d   s i l i c o n   f o r m   s i n g l e   c r y s t a l s  w i t h  the  diamond  cubic  

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

c r y s t a l   l a t t i c e   i m p o s e   c e r t a i n   q u a n t u m   m e c h a n i c a l   r e s t r i c t i o n s  on  the 

e n e r g y   t h a t   e l e c t r o n s   i n   t h e  c r y s t a l  can  have [ll]. A s  i s  t h e   c a s e   f o r  

a l l  semiconductors ,   germanium  and   s i l i con   each   have  a f o r b i d d e n   e n e r g y  

r ange   ( ene rgy   gap )   s epa ra t ing   t he   va l ence  levels  and   t he   conduc t ion  levels.  

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

p r o p e r t i e s   w h i c h   t h e y   p o s s e s s .  A s  w i l l  b e   d i s c u s s e d  l a t e r ,  a mechan ica l  

d e f o r m a t i o n   o f   t h e   c r y s t a l  l a t t i c e  changes   the   forb idden   gap   and   thereby  

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

It i s  convenient ,   f rom  quantum  mechanica l   cons idera t ions ,   to   descr ibe  

t h e   e n e r g y   b a n d s   i n  terms o f  momentum space   (k - space ) .  The energy   bands   o f  

germanium  and   s i l i con  are f u n c t i o n s   o f   p o s i t i o n   i n   k - s p a c e .  The maximum 

v a l e n c e   l e v e l s   a n d   t h e  minimum conduc t ion  levels are of  i n t e r e s t   h e r e  

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

a d i s c u s s i o n  of  t h e   u n s t r a i n e d   e n e r g y   s t r u c t u r e  of  G e  and   S i .  The maximum 

v a l e n c e  levels  o c c u r  a t  k = (000) and   t he  minimum conduc t ion  levels occur  

i n  t h e  <111> and <loo> d i r e c t i o n s   f o r  ge rman ium  and   s i l i con   r e spec t ive ly .  
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F i g u r e s  1 and 2 are s k e t c h e s   o f   t h e   b a n d   s t r u c t u r e   o f   g e r m a n i u m   a n d   s i l i c o n  

as a f u n c t i o n   o f  k f o r   t h e  all> and <100> d i r e c t i o n s  [12] .  The n o t a t i o n  

u s e d   t o   i n d i c a t e   e n e r g y   s u r f a c e s   a n d   k - s p a c e   p o i n t s  are those   adap ted   f rom 

g roup   t heo ry  [13].  

Germanium has   e igh t   conduc t ion   min ima   wh ich  l i e  i n   t h e  <111> 

d i r e c t i o n s   a n d  are l o c a t e d  a t  t h e  L p o i n t ,  k = IIa (ill), where a i s  t h e  1 

l a t t i c e  s p a c i n g .   S i l i c o n   h a s  s i x  conduc t ion   min ima   wh ich   occu r   i n   t he  

<loo> d i r e c t i o n s   a n d  are l o c a t e d  a t  k = 1.7TTa (100) which i s  approx ima te ly  

85% o f   t h e   d i s t a n c e   f r o m  k = (000) t o  k = 2IIa (100) o r   t h e  X p o i n t .  The 

c o n d u c t i o n   e l e c t r o n s  are l o c a t e d  a t  these   conduct ion   min ima.  The name 

"many va l ley"  semiconductor  i s  somet imes   g iven   to   germanium  and   s i l i con   and  

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

k - s p a c e   d i r e c t i o n .   U s i n g   t h i s   m o d e l ,   n - t y p e  Ge  i s  a < 1 1 1 > v a l l e y  material 

a n d   n - t y p e   s i l i c o n  i s  a <loo> v a l l e y  material. 

-1 

-1 

-1 
1 

l o c a t e d  

i e n c e .  

view o f  

The maximum v a l e n c e   l e v e l s ,   f o r   b o t h   g e r m a n i u m   a n d   s i l i c o n  are 

a t  k = (000) and are a s s igned   an   ene rgy   va lue   o f   ze ro   fo r   conven-  

The F$5 level  i s  d e g e n e r a t e   i n   e n e r g y .   F i g u r e  3 shows  an  expanded 

t h e   l e v e l s   i n   S i  [ 1 4 ] .  A s  c a n   b e   s e e n ,   t h e r e  i s  a s l i g h t   s e p a r a t i o n  

i n   e n e r g y   o f   t h e s e   b a n d s  a t  k = (000) w h i c h   r e s u l t s   f r o m   t h e  two a n g u l a r  

momentum quantum  numbers j = 3 / 2  and j = 1 /2 .  The r' ( j  = 3/2)  level  i s  

i t s e l f   d e g e n e r a t e  a t  k = (000) and i s  s l i g h t l y   s p l i t   f o r  k # (000) d u e   t o  

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

f o r   t h e  r&(j = 3/2)  level  the   uppe r   o f   t he   bands  i s  s l i g h t l y   d i f f e r e n t   i n  

shape   f rom  tha t   o f   the   lower   band   and  as a r e s u l t   t h e   e f f e c t i v e  masses are 

d i f f e r e n t   f o r   t h e  two. The upper   band  gives  r ise t o   t h e   s o - c a l l e d  ''heavy" 

ho le s   and   t he   l ower   band   t he   " l i gh t "   ho le s .   In   non-degene ra t e  material t h e  

rG5(j  = 1 / 2 )  level  i s  u s u a l l y   n e g l e c t e d  when pe r fo rming   ho le   popu la t ion  

25 
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j = 3 1 2  

j = 1 1 2  

Band 

Fig.  3 .  Tie Valence Bands o f   S i l i c o n   n e a r  = 0. 

c a l c u l a t i o n s   s i n c e  i t  i s  s e p a r a t e d   i n   e n e r g y   f r o m   t h e  j = 3 1 2  bands ,   This  

assumption i s  qu i t e   good   fo r   ge rman ium  wh i l e   i n  some cases i t  may n o t   b e  a 

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

The poin ts   in   k -space   where   the   conduct ion   band   min ima  and   va lence  

band maxima o c c u r  are ca l l ed   band   edge   po in t s .   I n   t he   ca se   o f   t he   conduc-  

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

t o   t h e   b a n d   e d g e   p o i n t s ,   c o n s t a n t   e n e r g y   s u r f a c e s  are f o u n d   t o   b e   e l l i p s o i d s  
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of   r evo lu t ion   abou t   t he   band   edge   po in t s .   F igu re  4 i s  a s k e t c h   o f   t h e  m u l t i -  

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

1 

F i g  4 .  Mul t i -va l l ey   Ene rgy   Su r faces   fo r   t he   Conduc t ion  Band o f   n - type  
S i l i c o n .  

C o n s t a n t   e n e r g y   s u r f a c e s   i n   t h e   v a l e n c e   b a n d  are much more  complicat-  

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

s u r f a c e s  were s p h e r i c a l .  Of l a t e ,  exper iment   and   theory   have  shown t h a t  

t h e   s u r f a c e s  are warped   sphe res .   F igu re  5 i s  a s k e t c h   o f   t h e   c r o s s -  

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

s i l i c o n .  A s  shown,   the   heavy   and   l igh t   ho le  surfaces are q u i t e   d i f f e r e n t .  

7 



[ i i o  1 Heavy 

I 
[ooi] - I 

\ 
\ 
\ 

/ \ 
\ 

I 
[iii 3 "-2 

\ 

/ 

I 

\ 

/ 

\ / 

I 
1 

F ig .   5 .   Cross- , sec t ion   of   the   Valence  Band Energy   Sur faces  a Cons tan t  
D i s t ance   Be low  the   Or ig in .  

2 . 2  Defo rma t ion   Po ten t i a l   Theory  

A s  o n e   m i g h t   e x p e c t ,   i f   t h e   c r y s t a l  i s  mechanica l ly   deformed  the  

p e r i o d i c i t y  of t h e  l a t t i c e  w i l l  be   a l t e r ed   and   hence   t he   ene rgy   bands  w i l l  

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

in   1950   t o   exp la in   mob i l i t y   [15 ] .   In   1955 ,   Her r ing   and   Vog t  [16] expanded 

t h e  B a r d e e n - S h o c k l e y   t h e o r y   i n   f o r m u l a t i n g   t h e i r   t r a n s p o r t   t h e o r y   o f  

8 
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many-va l ley   semiconductors .  The d e f o r m a t i o n   p o t e n t i a l   c o e f f i c i e n t s ,  []IS as 

i n t r o d u c e d  by Herr ing  and  Vogt  are d e f i n e d   b y  

6 
E = Eo + C [ I s  es 

s=l 

where E i s  t h e   e n e r g y  a t  the   band   edge   po in t ,  E i s  t h e   u n s t r a i n e d   e n e r g y ,  

and e are the   s t r a in   componen t s   i ndexed   i n   t he   u sua l   manner  (see Appendix 

A) a n d   r e f e r r e d   t o   t h e   c r y s t a l l o g r a p h i c  axes. Equat ion  2.1 h a s   s i n c e   b e e n  

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

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

s t r a i n  on the   conduc t ion   and   va l ence   bands   o f   ge rman ium  and   s i l i con .  

0 

S 

2.2.1  Valence  Bands  of  G e  and S i  

Kle iner   and   Roth   [17]   have   der ived   the   Hami l tonian ,  H ,  from sym- 

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

e s ( s  = l , 2 , . . . 6 ) y  on t h e  va lence   band   edge:  

H = H + D ( e  + e + e3> + 7 D ~ [ ( J ~  - + J ~ )  el + c . p .  I 2 2 
0 d l  2 

+ 7 D;[+(J J + J J e4 + c . p .  I 2 
Y Z  Z Y  

where   t he  D's are t h e   d e f o r m a t i o n   p o t e n t i a l   c o e f f i c i e n t s ,   t h e  J ' s  are t h e  

4 X 4 angu la r   momentummat r i ces   o f   t he   ho le   fo r  j = 312, 

s t r a i n   H a m i l t o n i a n ;  D i s  t h e   s h i f t   p e r   u n i t   d i l a t a t i o n  

w h i l e  2 DU i s  the   sp l i t t i ng   o f   t he   band   edge   i nduced   by  

d 

and Ho i s  t h e   z e r o  

of   the   band   edge ,  

u n i a x i a l   s h e a r  

s t r a i n   a l o n g   t h e  [OOl] axis,  2DL g i v e s   t h e   s p l i t t i n g   s i m i l a r l y   f o r   t h e  [111] 

axis ,  F ina l ly ,   "c .   p .   means  c y c l i c  pe rmuta t ions   o f  x, y ,   and z r e f e r r i n g  

t o   t h e   c r y s t a l l o g r a p h i c  axes. 

II 
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For a C a r t e s i a n   c o o r d i n a t e   s y s t e m ,   t h e   c o n v e n t i o n a l   r e p r e s e n t a t i o n  

f o r  t h e  a n g u l a r  momenta f o r  j = 3 / 2  are 1181 

0 -1 

0 

S u b s t i t u t i n g  E q .  ( 2 . 3 )   i n t o   ( 2 . 2 )   g i v e s  

R5 - i R  R3 '- i R  

R1 . - R2 0 

4 6 

H - H o -  - 0 R1 - R2 

R3 - i R  -R5 - i R  6 4 

w h e r e  

R = D ( e  + e + e 3 ) ;  

2 1 

2 1  

2 1  

1 d l  2 

R2 3 u 3  2 1  = - D ( e  - -[e + e , ] ) ;  

R3 = 7 Du(? J3) (el  - e2> ; 

R6 = 7 DL(? J3) e6;  

R = -  

R = - D/(-$3) 2 1  
4 3 u 2  e4' 

R3 - i R  

- R  + i R 4  

R1 + R 

5 

2 
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The a l l o w e d   e n e r g y  leve ls  are f o u n d   b y   d e t e r m i n i n g   t h e   e i g e n v a l u e s  

of  t h e   H a m i l t o n i a n   ( d i a g o n a l i z i n g   t h e   H a m i l t o n i a n ) .   M a t h e m a t i c a l l y   t h i s  i s  

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

t h e   H a m i l t o n i a n   a n d   e q u a t i n g   t h e   d e t e r m i n a t e  of t h e  new matrix t o  

z e r o ,  i . e .  H - Sij  E = 0. D i a g o n a l i z i n g   t h e   H a m i l t o n i a n   f o r   t h e   e n e r g y  

g i v e s  

E = E  + R 1 + ( R  + R 3 + R  + R 5 + R 6 )  2  2  2  2  2 112 
0 2 4 

or 

From  Eq. (2.5) i t  i s  s e e n   t h a t   t h e r e  i s  n o t   o n l y  a s h i f t   o f   t h e  level  due 

t o  Dd b u t   a l s o  a s p l i t t i n g  of t h e   l e v e 1 , d u e   t o  DU and DL, which  removes  the 

degene racy .   The   s epa ra t ion   i n   ene rgy  i s  twice t h e   s q u a r e   r o o t  term o f  

Eq. ( 2 . 5 ) .   I f   t h e   n e t   s t r a i n s   m u l t i p l y i n g  D are c o m p r e s s i o n a l   s t r a i n s   t h e n  

t h e  + s i g n   o f  Eq. (2 .5)   cor responds   to   the   heavy   ho le   band   and   the  - s i g n  

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

o r d e r i n g  of the   bands  i s  r eve r sed .   Fo r   conven ience  of n o t a t i o n ,  l e t  t h e  

heavy  hole   band  be Evl a n d   t h e   l i g h t   h o l e   b a n d   b e  Ev2. From Eq. (2 .5)   the  

c h a n g e s   i n   t h e s e  levels  fo r  c o m p r e s s i o n a l   s t r a i n  are 

U 

2 2  
AE = ~ ~ e +  { ( T u U >  ( e : + e 2 + e  - e e  - e  e - e e )  2 

v l  2 3  1 2  1 3  2 3  
(2.6a) 
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and 

2  2 mv2 = Dd e - c<, (e: + e ;  + e - e e - e e - e2e3) 
2 
3 1 2 .  1 3  

(2.6b) 

F o r   t h e   s a k e  of c o m p l e t e n e s s   t h e   c h a n g e   i n   t h e   s p l i t - o f f   b a n d  

r25 

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

1 ( j  = 3/21 ,  Ev3, is  mv3 = D e. F i g u r e  6 i s  a s k e t c h   o f   t h e   b a n d s   f o r  
d 

f YV3 
F i g .  6.  The S p l i t   V a l e n c e  Bands of S i l i c o n  f o r  a Compress iona l   S t r e s s .  

12 



I 

2.2.2  Conduction Band o f  G e  

The e f f e c t   o f   s t r a i n  on   the   conduct ion   band   of  G e  h a s   a l r e a d y   b e e n  

m e n t i o n e d   i n  Sect. 2 .2 .   For   the  band  edge  point  a t  k = iTa (111) t h e   s h i f t  
-1 

i n   e n e r g y  i s  

6 
mc, = CIS es Y 

s=l 

where E i s  u s e d   t o   d e n o t e   t h e   c o n d u c t i o n  minimum a t  k = TIa (111). 

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

c o n s t a n t s  t o  two f o r  germanium,  [Iu  and  [Id  [16].   Equation  (2.1)  reduces 

t o  

- 1  
c l  

where e = e + e2 4- e The o the r   s even   band   edge   po in t s   i n   t he  <111> 

di rec t ions   can   be   ob ta ined   by   symmet ry   and  will b e   s t a t e d   i n   c o m p l e t e  

form l a t e r .  

1 3' 

2.2.3  Conduct ion Band o f  S i  

The e f f e c t s   o f   s t r a i n  on the   conduc t ion   band   min ima   o f   s i l i con  are 

cons iderably   more   compl ica ted ,   due   main ly  to t h e   f a c t   t h a t   t h e  minima are 

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

e f f e c t   o f   s h i f t i n g   t h e   b a n d   e d g e   p o i n t   i n   k - s p a c e .   H e n s e l   a n d  Hasegawa 

[19,20] have   de r ived   t he   Hami l ton ian  as a f u n c t i o n   o f   t h e  wave v e c t o r  k 

a n d   s t r a i n  e f o r   t h e   b a n d   e d g e   p o i n t   l y i n g   a l o n g   t h e  [ loo ]  a x i s .  The 

Hamil tonian  i s  g iven   by  

S 



w h e r e  m and m are the e f f e c t i v e  masses a l o n g   t h e  [ l o o ]  and i t s  t r a n s v e r s e  

d i r e c t i o n s   r e s p e c t i v e l y ,  V and N are band  parameters ,  K i s  t h e  [ loo ]  

component  of  the wave v e c t o r  k as measured  from  the  symmetry  point 

It 1 

X 
- 

x p x  - - - [2na - kx]) and [I: i s  a n   a d d i t i o n a l   d e f o r m a t i o n   p o t e n t i a l  
-1 

c o e f f i c i e n t   i n t r o d u c e d  as a r e s u l t  o f  sxynmetry a n a l y s i s .  

D i a g o n a l i z i n g  t h e  H a m i l t o n i a n   a n d   s e t t i n g  k = k = 0 (Eq.  2.8) 
Y z 

g i v e s  

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

s t r a i n   b e   z e r o .   E q u a t i o n   ( 2 . 9 )   t h e n   r e d u c e s   t o  

(2.10) 

T h i s  now d e s c r i b e s   t h e   u n s t r a i n e d   e n e r g y  as a f u n c t i o n   o f  K . R e f e r r i n g   t o  

F i g .   2 ,   t h i s   d e s c r i b e s   t h e   e n e r g y   b a n d s   a n d  A/ w h e r e  t h e  p o s i t i v e   s i g n  

of Eq. ( 2 . 1 0 )   c o r r e s p o n d s   t o   t h e  A/ b a n d   a n d   t h e   n e g a t i v e   s i g n   c o r r e s p o n d s  

t o  t h e  nl band. The band  edge   po in t  K is  f o u n d   b y   d i f f e r e n t i a t i n g  Eq. 

(2.10) w i t h   r e s p e c t  to K a n d   e q u a t i n g   t h e   r e s u l t   t o   z e r o ,  i.e. t he   no rma l  

p r o c e d u r e   f o r   d e t e r m i n i n g   t h e   s t a t i o n a r y   p o i n t s  of a func t ion .   Pe r fo rming  

X 

2 

2 

0 

X 
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t h i s   o p e r a t i o n   g i v e s  

= - m l l  I V  I . (2.11) 

T h e   b a n d   e d g e   p o i n t   u n d e r   z e r o   s t r a i n   c o n d i t i o n s  i s  k = 0.85(2IIa ). 

S o l v i n g   f o r  K~ g i v e s  

-1 
0 

= - 0.15(2Ra ) . -1 
KO 

(2.12) 

T h e   e n e r g y   v a l u e   s e p a r a t i n g   t h e  two levels (% and A/) a t  t h e   p o i n t  K~ 

as de termined   by  t h e  p lus   and   minus   s ign  of Eq. (2.10) i s  

2 

AE = 2m v2 . II (2.13) 

R e t u r n i n g   t o  Eq. ( 2 . 9 ) ,   t h e  same procedure as t h a t  j u s t   i l l u s t r a t e d  

can   be   used   to   de te rmine  t h e  conduct ion   band  minimum and  the  band  edge 

p o i n t   f o r  a g e n e r a l   s t r a i n .   T a k i n g  t h e  d e r i v a t i v e  of Eq. ( 2 . 9 )   w i t h   r e s p e c t  

to K X  a n d   e q u a t i n g   t h e   r e s u l t   t o   z e r o   g i v e s '  

o r  

(2 .14)  

(2 .15)  

where  (K ) is  t h e   b a n d   e d g e   p o i n t   u n d e r   s t r a i n .  The band  edge   po in t ,  

(Kx)min 9 

a n d   o f   t h e   s h e a r   s t r a i n  e Hense l ,  e t .  a l .  [19]   have   g iven   es t imated  

v a l u e s   o f  LIE as 0.5 ev and [I: as 5 . 7  ev. F i g u r e  7 i s  a p l o t  o f  ( K  ) 

as a f u n c t i o n   o f  e and   has   been   ca l cu la t ed   u s ing   t he   above   va lues   o f  4 

DE and [I;, w h e r e  (kx)min = - [2Ra - (Kxlmin 1. N o t e   t h a t   i n c r e a s e s  

X min 
i s  a f u n c t i o n   o f   t h e   s h e a r   d e f o r m a t i o n   p o t e n t i a l   c o e f f i c i e n t  [I: 

4' 

x min 

-1 



1.00 

0.90  

0.85 

U. 8 

1 I I I I I I I 

Fig .  7 .  V a r i a t i o n  of  t h e  Band  Edge P o i n t  as Measured   f rom  the   Or ig in   i n   t he  
[ l o o ] - d i r e c t i o n   w i t h   R e s p e c t  t o  t h e   S h e a r   S t r a i n  e 

4' 

w i t h   s h e a r   s t r a i n   u n t i l  i t  r eaches   t he   symmet ry   po in t  X where i t  assumes a 

v a l u e  of 2 n a   f o r   l a r g e r   s t r a i n s .  Once (k ) r e a c h e s  X i t  can   no   l onge r  

i n c r e a s e   d u e   t o   s y m m e t r y   r e s t r i c t i o n s ,  i .e .  

e q u a l  t o  z e r o   o t h e r w i s e  ( K  ) would  be  imaginary.  The s t r a i n  level a t  

which ( K ~ ) ~ ~ ~  = 0 i s  

1 
-1 

x min 1 
2 

(Kx)min m u s t   b e   g r e a t e r   t h a n   o r  

X min 
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(2.16) 

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

S u b s t i t u t i n g  Eq. ( 2 . 1 5 )   i n t o  Eq. (2 .9 )   and   eva lua t ing  a t  the   band  

e d g e   p o i n t   g i v e s  

(2.17) 

The p o s i t i v e   a n d   n e g a t i v e   s i g n s   o f  Eq. (2 .17 )   g ive   t he   ene rgy  of  t h e  A/ 
2 

and A, b a n d s   r e s p e c t i v e l y  a t  the band  edge   po in t  as a - f u n c t i o n   o f   s t r a i n .  

I n   o r d e r   t o   r e d u c e  t h e  n o t a t i o n ,  l e t  Eci be t h e  energy   of  t h e  conduct ion 

band minimum w h e r e  i = 1, 2,  3 .  Here 1, 2 ,  3 r e p r e s e n t  t h e  [ l o o ] ,  [OlO], 

[ O O l ]   d i r e c t i o n s   r e s p e c t i v e l y .  The [ l o o ]  v a l l e y  minimum i s  then 

(2 .18)  

The above   equa t ion  i s  g o o d   f o r   s t r a i n s  less t h a n   t h a t   r e q u i r e d   t o   s h i f t  

the band  edge   po in t  t o  '' 'L1 7 i . e .  1e41' E / ( 2 [ ] : ) .  F o r   s t r a i n   a b o v e   t h e  

c r i t i c a l  v a l u e  ( K  ) i s  e q u a l   t o   z e r o .  I n  t h i s  case t h e   e n e r g y  i s  
X min 

o b t a i n e d   d i r e c t l y   f r o m  Eq. (2.9)  and i s  

The magni tude   o f   the   energy  i s  n o t   i m p o r t a n t   h e r e   b u t   r a t h e r   t h e  

c h a n g e   i n   t h e   e n e r g y   w i t h   s t r a i n .  The c h a n g e   i n  E w i t h   s t r a i n  i s  as 

f o l l o w s :  

cl 



( 2 . 2 0 )  

2 . 2 . 4  D e f o r m a t i o n   P o t e n t i a l   C o e f f i c i e n t s  

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

r e t i c a l l y   b y   K l e i n m a n ,  e t .  a1 [ 2 1 ,  22, 231. H i s  c a l c u l a t i o n s  are f o r   p u r e  

( n o   i m p u r i t i e s )  G e  a n d   S i   a n d  are based  upon a k n o w l e d g e   o f   t h e   e l e c t r o n i c  

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

t a k e n   f r o m   p i e z o r e s i s t a n c e   a n d   c y c l o t r o n   r e s o n a n c e   e x p e r i m e n t s .   T a b l e  I 

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

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

change   wi th   doping   and   type   o f   impur i ty .  Mason and  Bateman  [24, 251 and 

Csavinsky  and  Einspruch [ 2 6 ]  h a v e   m e a s u r e d   t h e   c h a n g e   i n   t h e   e l a s t i c  

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

have   been   ab le   t o  estimate t h e   d e f o r m a t i o n   p o t e n t i a l s   f r o m   t h e i r  measure- 

m e n t s ,   a n d   t h e y   f i n d   t h a t  t h e  s h e a r   d e f o r m a t i o n   p o t e n t i a l  ( D l )  i n c r e a s e s  

wi th   i nc reased   dop ing .   Tab le  I1 s h o w s   t h e   r e s u l t s   o f   t h e i r   m e a s u r e m e n t s .  

A s  shown i n   T a b l e  11, it n a y   b e   p o s s i b l e   t h a t  D l  varies c o n s i d e r a b l y .   T h i s  

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

j u n c t i o n   p a r a m e t e r s .  

U 

U 
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Table  I 

D e f o r m a t i o n   P o t e n t i a l   C o e f f i c i e n t s   ( e v / u n i t   d i l a t i o n )   f o r  
G e  a n d   S i .   ( K l e i n m a n ' s   t h e o r e t i c a l   v a l u e s  are shown 

i n   b r a c k e t s  , ) 

S i  

[-2.091 

2.  04a,  [3.74] 

2.  68a,  [4.23] 

[-4.991 

1lC, 8 .3  , [ 9 . 5 7 ]  
d 

5 . 7  

-1.44', [-0.301 

f 

Ge 

[-2.09 ] 

3.15 , [3 .74]  

6.06 , [ 3 . 6 ]  

[ - lo .   161  

19.   2e ,   [11.4]  

b 

b 

4.82', [4 .27 ] 
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Tab le  I1 

V a l u e s   o f   t h e   S h e a r   D e f o r m a t i o n   P o t e n t i a l   C o e f f i c i e n t  D l  for 
Boron Doped S i  as a Func t ion  of Doping  Concentratio: 

1.4 x 10 
16  8.5 

b 

2.5 x 10 18 30a 

3 .2  x 10 18 5.8 
b 

1 .0  x 10 

1.1 x 10 

19 

20 

13' 

11; 8 b 

a. W. P. Mason and T. B. Ba teman,   "Ul t rasonic   At tenuat ion   and  
Veloc i ty   Changes   in  Doped n - t y p e  Germanium a n d   p - t y p e   S i l i c o n   a n d   t h e i r  
u s e   i n   D e t e r m i n i n g   a n   I n t r i n s i c   E l e c t r o n   a n d   H o l e   S c a t t e r i n g  Time", Phys. 
Rev. L e t t e r s  l 0 ,  151, 1 March  1963. 

b. P. Csavinsky  and Norman G. E inspruch ,   "Effec t   o f   Doping  on t h e  
E l a s t i c  Cons tan t s   o f   S i l i con" ,   Phys .  Rev. 132, 2434  (1963). 

c. W. P. Mason and T. B.  Bateman,   "Ultrasonic  Wave P r o p a g a t i o n   i n  
Doped n-Germanium and  p-Si l icon" ,   Phys .  Rev. 1 3 4 ,  A1387 (1964). 

2 . 2 . 5  Summary 

The e f f e c t s   o f   s t r a i n  on the   conduct ion   min ima  and   va lence  maxima 

o f  Ge a n d   S i   h a v e   b e e n   t r e a t e d .  T h e s e  ca l cu la t ions   have   been   based  on t h e  

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

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

change   i n   ene rgy   o f  t h e  va l ence   and   conduc t ion   band   edge   po in t s   w i th  

c o m p r e s s i o n a l   s t r a i n :  



Valence Band of G e  and S i  

m v l = ~ d e + { ( - ~ )  2  2 ( e : + e  2 + e  2 - e e  - e l e 3 - e e )  
3 u  2 3 1 2   2 3  

A E ~ ~ = D ~ ~ - E ( ~ D ~ )  ( e : + e 2 + e   - e e  - e e  - e e l  2  2  2  2 
3 1 2  1 3  2 3  

(2.21) 

(2.22) 

+ (- D / >  (e + e: + e6> 1 2 2 2  2 1 / 2  
3 u  4 

where Evl  i s  t h e  "heavy" hole   band   and  Ev2 i s  t h e   " l i g h t "   h o l e   b a n d .  

where E i s  the   conduc t ion  minimum i n   t h e  [111] and [!Ti] d i r e c t i o n s ,  

i s  t h e  minimum i n   t h e   [ l i i ]   a n d   [ i l l ]   d i r e c t i o n s ,  Ec3  i s  t h e  minimum i n  

t h e   [ l i l ]   a n d   [ i l i ]   d i r e c t i o n s ,  Ec4 i s  t h e  minimum i n   t h e   [ l l i ]   a n d   [ T i l ]  

c l  Ec 2 

d i r e c t i o n s .  

Conduction Band of  S i  

(2.27) 

21 



where E is  t h e   c o n d u c t i o n  minimum i n   t h e  [ loo]  and  [TOO] d i r e c t i o n s ,  

i s  the   conduc t ion  minimum i n   t h e  [OlO] and [OiO] d i r e c t i o n s ,  i s  t h e  

minimum i n   t h e  [OOl ] and [OOi] d i r e c t i o n s .  

c l  Ec2 

Ec 3 

R e f e r r i n g   t o   t h e  s e t  of   Eqs .   (2 .23) ,   (2 .24) ,   (2 .25) ,   (2 .26)   and  

t o   t h e  s e t  (2 .27) ,   (2 .28) ,   (2 .29)  i t  i s  s e e n   t h a t   f o r  a g e n e r a l   s t r a i n  some 

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

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

h i g h e r   m i n i m a .   L i k e w i s e   t h e   v a l e n c e   1 e v e l s . s h i f t  r e la t ive  t o   e a c h   o t h e r  

as shown by Eqs. (2 .21 )   and   (2 .22 ) .   Aga in   t he   ho le s  w i l l  p o p u l a t e   t h e  

h i g h e r   e n e r g y  level .  The  band  gap E is d e f i n e d  as t h e   d i f f e r e n c e   i n  

ene rgy   be tween   t he   l owes t   conduc t ionmin imumand   t he   h ighes t   va l ence  maximum. 

F o r   h y d r o s t a t i c   p r e s s u r e  a l l  of  t he   conduc t ion  levels  s h i f t   t h e  same amount. 

L i k e w i s e   t h e   v a l e n c e  levels  s h i f t   t o g e t h e r .  The s h i f t   o f  E w i t h   s t r a i n  i s  

t h e n   s i m p l y   t h e   c h a n g e   i n   t h e   c o n d u c t i o n  levels  minus   t he   change   i n   t he  

g 

g 

v a l e n c e  levels .  
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Chapter  I I1 

EFFECT  OF  STRAIN ON JUNCTION  PARAMETERS 

3 . 1  Carrier C o n c e n t r a t i o n  

C h a n g e s   i n . t h e   e n e r g y  levels, as d i s c u s s e d   i n   C h a p t e r  11, cause  

c h a n g e s   i n   t h e  carrier concen t r a t ions .   Fo r   non-degene ra t e  material f o r  

which Maxwell-Boltzmannstatistics a p p l y ,   t h e   d e n s i t y  of e l e c t r o n s  n 

a s s o c i a t e d   w i t h   a n   e l l i p s o i d a l   e n e r g y   s u r f a c e  a t  a band  edge  point  i s  [27]  

n = 2(2ITkT/?i ) m exp [- (Ec - EF) /kT] 2 3 / 2   3 / 2  
C 

(3 .1 )  

where m i s  t h e   e f f e c t i v e  mass of  t h e   e n e r g y   s u r f a c e ,  E i s  t h e   e n e r g y   o f  

t he   band   edge   po in t ,   and  E i s  the   Fermi  level .  I f   t h e r e  are v e l l i p s o i d a l  

C C 

F 

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

=*IJ L kT ' 

(Ec2 - EF) + m3/2  exp  [- I + a . *  + m 3 l 2  exp[ -  kT E c ~  - E F l l  . 
c 2  kT cv 

(3.2) 

The conduc t ion   band   o f   S i   has  s i x  ene rgy   min ima   i n   t he  <loo> d i r e c t i o n s   i n  

k - s p a c e   w i t h   e q u a l   e f f e c t i v e  masses w h i l e  G e  h a s   e i g h t   m i n i m a   i n   t h e  <111> 

d i r e c t i o n s   w i t h   e q u a l   e f f e c t i v e  masses. Pa i r s   o f   ene rgy   min ima  are always 

a f f e c t e d   i n   t h e  same manner  by stress so t h a t   o n l y   t h r e e   m i n i m a   n e e d   b e  



c o n s i d e r e d  f o r  S i  ( [ l oo ] ,  [OlO], and [ O O l ]  d i r e c t i o n s )   a n d   f o u r  f o r  Ge 

([ill], [lii],  [lil], and  [lli] d i r e c t i o n s ) .   R e f e r r i n g  t o  Eq. (3 .2 ) ,   t he  

d e n s i t y  of e l e c t r o n s   d e p e n d s   o n   t h e  effective mass, t h e   e n e r g y  of t h e   p a r t i c -  

u l a r   c o n d u c t i o n  levels and   the   Fermi   energy  of  t h e   c r y s t a l .  The e f fec ts  of 

s t r a i n  on   t he   conduc t ion   min ima   have   a l r eady   been   t r ea t ed .  It  shou ld   be  

n o t e d   t h a t   t h e   e n e r g y  terms e n t e r   i n t o   t h e   d e n s i t y   r e l a t i o n s h i p  as a n  

e x p o n e n t i a l   w h i l e   t h e  e f fec t ive  mass e n t e r s  as a 3/2  power.  The e f fec t ive  

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

i t  w i l l  be   a s sumed   t ha t  i t  r e m a i n s   c o n s t a n t .  The v a l i d i t y   o f   t h i s   a s s u m p t i o n  

i s  d i s c u s s e d   i n   d e t a i l   i n   A p p e n d i x  B. 

C 

Assuming  then   tha t  m i s  c o n s t a n t   a n d  is  t h e  same f o r   e a c h   e n e r g y  
C 

minimum, t h e   d e n s i t y   o f   e l e c t r o n s   u n d e r   s t r a i n e d   c o n d i t i o n s   f o r   b o t h   S i  

and  Ge c a n   b e   w r i t t e n  as 

-F 1 @%l %V n = n exp [F] y (exp [- -1 + - - + exp [ -  " 3 3  
0 kT  kT (3.3) 

where v = 3 f o r   S i   a n d  4 f o r  Ge, n i s  t h e   e l e c t r o n   d e n s i t y   i n   t h e   u n s t r a i n e d  

c o n d i t i o n ,  i s  t h e   c h a n g e   i n   F e r m i  level,  a n d   t h e  @Et's are the   changes  

in   t he   ene rgy   min ima   o f   t he   conduc t ion  levels u n d e r   s t r a i n .  

0 

F 

The e q u a t i o n  fo r  t h e   h o l e   d e n s i t y   d i f f e r s   s l i g h t l y   f r o m   t h a t   f o r  

e l e c t r o n s   d u e   t o   t h e   d e g e n e r a c y  of t h e   v a l e n c e   b a n d  levels a t  k = (000). 

The h o l e   d e n s i t y ,   p ,  i s  

2nkT 3 / 2  
p = 2(-) {m:{2 e x p  [- (EF - Evl)  I 

n2 kT 
(3.4) 

+ m 3 l 2  exp  [- 1 + mv3 exp  [- 
(EF - Ev2)  3/2  (EF - Ev3) 

v 2  kT kT 
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I 

where E and E are t h e   e n e r g i e s   o f   t h e  r&,(j = 312) levels (heavy  and 

l i g h t   h o l e   b a n d s )   a n d  E i s  t h e  e n e r g y   o f   t h e  j = 1 1 2   l e v e l .  It w i l l  be  

a s s u m e d   h e r e   t h a t   t h e  j = 112 level can   be   neglec ted   compared   to   the  j = 312 

v l   v 2  

v3 

level  because  i t  h a s  a smaller e f f e c t i v e  mass and i s  lower   i n   ene rgy .  The 

t h i r d  term i n  Eq. (3.4) i s  the reby   neg lec t ed .   (Th i s  i s  a good  assumption 

f o r  G e  w h i l e   f o r   s i l i c o n   t h e   e r r o r   i n  p w i l l  be less than  20%.) 

I n   t h e   u n s t r a i n e d  case E and E are e q u a l  so t h a t   a n  e f fec t ive  v l   v 2  
9; 

mass m c a n   b e   d e f i n e d   f o r   t h e   c o m b i n a t i o n   o f   t h e  two levels as fo l lows  V 

T h i s  i s  t h e   n o r m a l   h o l e   e f f e c t i v e  mass. Again i t  w i l l  be   a s sumed   t ha t   t he  

e f f e c t i v e  mass of  t h e   i n d i v i d u a l  levels do n o t   c h a n g e   w i t h   s t r a i n   ( s e e  

Appendix B ) .  The h o l e   d e n s i t y   u n d e r   s t r a i n   b e c o m e s  

where p i s  t h e   h o l e   d e n s i t y   w i t h   z e r o   s t r a i n .  
0 

Equat ions   (3 .3)   and   (3 .6)  are v a l i d   f o r   e i t h e r  p- o r  n - type  

material .  I n   n o n - d e g e n e r a t e   n - t y p e  material, w i t h   z e r o   a p p l i e d  s t ress ,  

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

L ikewise ,   i n   non-degene ra t e   p - type  material t h e   h o l e   d e n s i t y  i s  approx i -  

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

i m p u r i t y  s ta tes  i n  G e  a n d   S i  are n o t   c o m p l e t e l y  known. F o r   h y d r o s t a t i c  

s tress,  e x p e r i m e n t   h a s  shown t h a t   t h e   c h a n g e s   i n   i m p u r i t y   i o n i z a t i o n  

ene rgy  are negl ig ib le   compared   wi th   band   gap   changes  [ 2 8 ] .  Hal l  h a s  



I 

shown t h a t   i o n i z a t i o n   e n e r g y   d e c r e a s e s   w i t h   s t r a i n   f o r   l a r g e  <111> u n i a x i a l  

stresses i n  A1 and  In   doped Ge [29].  Kohm [30] h a s   a l s o   g i v e n  a t h e o r e t i c a l  

d i s c u s s i o n   i n   w h i c h  i t  i s  s u g g e s t e d   t h a t   t h e   c h a n g e   i n   i o n i z a t i o n   e n e r g y  i s  

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

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

c e n t r a t i o n  i s  i n d e p e n d e n t   o f   s t r a i n .  

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

F e r m i   l e v e l   m u s t   a l s o   s h i f t .   T h i s   c a n   b e   s e e n   f o r   p - t y p e  material by 

s e t t i n g  E q .  ( 3 . 6 )   e q u a l   t o   t h e   a c c e p t o r   d e n s i t y  Na. S i n c e   t h e   i o n i z a t i o n  

energy   has   been   assumed  to   be   independent  of stress,  t h e   h o l e   d e n s i t y  

r e m a i n s   c o n s t a n t ,   a n d  

S u b s t i t u t i n g  Eq. ( 3 . 7 )   i n t o  Eq .  ( 3 . 3 )   a n d   s o l v i n g   f o r   t h e   m i n o r i t y   c a r r i e r  

c o n c e n t r a t i o n   g i v e s  

where n is  t h e   m i n o r i t y  carr ier  c o n c e n t r a t i o n  w i t h   s t r a i n   a n d  n i s  t h e  
P PO 

u n s t r a i n e d   m i n o r i t y  car r ie r  c o n c e n t r a t i o n .   I f  a similar c a l c u l a t i o n  i s  

made f o r   n - t y p e  material, it i s  f o u n d   t h a t   t h e  same e x p r e s s i o n   r e s u l t s   f o r  

pn'pno so t h a t   t h e   m i n o r i t y  carrier d e n s i t y   c a n   b e   w r i t t e n   i n   g e n e r a l  as 

26 
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L (3 .9)  

+ exp[-  - kT 

The f a c t o r  y (e) g i v e s   t h e   r a t i o   o f   m i n o r i t y  carr ier  d e n s i t y   u n d e r   s t r a i n  

t o   m i n o r i t y  carr ier  d e n s i t y   w i t h   z e r o   a p p l i e d   s t r a i n .   F o r   h y d r o s t a t i c  

V 

stress E q .  ( 3 . 9 )   r e d u c e s   t o  

F i g u r e s  8 and 9 are  p l o t s  of y ( e )   f o r   S i   a n d  G e  r e s p e c t i v e l y  as a f u n c t i o n  

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

V 

stresses were c a l c u l a t e d  as shown in   Appendix  A. The e x p e r i m e n t a l   v a l u e s  

o f   t h e   d e f o r m a t i o n   p o t e n t i a l s  as shown i n   T a b l e  I and I1 were u s e d   i n   t h e  

c a l c u l a t i o n s .   N o t e   i n   F i g s .  8 and 9 t h a t   h y d r o s t a t i c  s t ress  c a u s e s   t h e  

m i n o r i t y  car r ie r  c o n c e n t r a t i o n   f o r  G e  t o   d e c r e a s e   w h i l e  it c a u s e s   t h e  

m i n o r i t y   c a r r i e r   c o n c e n t r a t i o n   o f   S i   t o   i n c r e a s e .   A l s o  y ( e )  i s  more 

s e n s i t i v e   t o  <loo> u n i a x i a l  stresses i n   S i   w h i l e  <111> un iax ia l .  stresses 

V 

c a u s e   l a r g e r   c h a n g e s  i n  G e .  

The a b o v e   t r e a t m e n t   o f   t h e   e f f e c t   o f   s t r a i n  on c a r r i e r   c o n c e n t r a t i o n  

is  based  on two a s s u m p t i o n s   ( 1 )   n o   c h a n g e   i n   e f f e c t i v e  mass w i t h   s t r a i n   a n d  

(2)  n o   c h a n g e   i n   i o n i z a t i o n   e n e r g y   w i t h   s t r a i n .  

The pn product   (pn  = n . )  i s  a n   i m p o r t a n t   p a r a m e t e r   i n   s e m i c o n d u c t o r  2 
1 

t heo ry   because  a t  e q u i l i b r i u m  i t  r e m a i n s   c o n s t a n t   w i t h   p o s i t i o n   i n  p-n 

j u n c t i o n   d e v i c e s .  It does   however   change   wi th   s t ra in .   This   can   be   seen  

by   fo rming   t he  pn product   f rom Eqs. (3.3)  and  (3.6) 

L 
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Fig .  8. R a t i o   o f   S t r e s s e d   t o   U n s t r e s s e d   M i n o r i t y  Carrier D e n s i t y   f o r  G e  as 
a Func t ion  of  S t r e s s   f o r   H y d r o s t a t i c ,  [lOO], [110], and [111] 
U n i a x i a l   S t r e s s .  
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F ig .  9 .  R a t i o  o f  S t r e s s e d  t o  U n s t r e s s e d   M i n o r i t y  Carrier Dens i ty ,   r , ( e ) ,  
f o r  S i  as a Func t ion  o f  [loo], [ l l O ] ,  [111] a n d   H y d r o s t a t i c  
S t r e s s .  

2 
i 0 0  

n = pn = p n y,(e) . 

R e w r i t i n g  E q ,  (3.11) g i v e s  

(3.11) 

( 3 . 1 2 )  

where n is  t h e   i n t r i n s i c   c a r r i e r   c o n c e n t r a t i o n   u n d e r   s t r a i n   a n d  n i s  t h e  i i o  

i n t r i n s i c  car r ie r  c o n c e n t r a t i o n   w i t h   z e r o   s t r a i n .  



3 . 2  E f f e c t   o f   S t r a i n  on the   " Idea l "   Cur ren t   Componen t s   o f   p -n   Junc t ions  

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

j u n c t i o n s  as p r e d i c t e d  by the   Shockley   model .  Generation-recombination 

c u r r e n t s  are d i s c u s s e d   i n   t h e   f o l l o w i n g   s e c t i o n .  The  p-n junc t ion   mode l  

t o   b e   d i s c u s s e d  i s  shown i n   F i g .  10, where + i s  t h e   t o t a l   j u n c t i o n  area, 

A and A are t h e   s t r e s s e d  areas a t  t h e   e d g e s   o f   t h e   d e p l e t i o n   r e g i o n  

on t h e  n and p s i d e s   r e s p e c t i v e l y ,  W and  W are t h e   r e s p e c t i v e   w i d t h s  

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

c u r r e n t s  are 

sn  SP 

'n' p ,  d 

( 3 . 1 3 )  

( 3 . 1 4 )  

where D and D are t h e   h o l e   a n d   e l e c t r o n   d i f f u s i o n   c o e f f i c i e n t ,  L and L 
P  n P n 

are t h e   h o l e   a n d   e l e c t r o n   d i f f u s i o n   l e n g t h s ,   ' p   a n d  n are  t h e   e q u i l i b r i u m  

m i n o r i t y  carr ier  d e n s i t i e s  a t  t h e   e d g e s   o f   t h e   d e p l e t i o n   r e g i o n  on t h e  n 

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

Under stress t h e r e  are two r e g i o n s   o f   t h e   j u n c t i o n   w h i c h   m u s t   b e  

n P 

cons ide red .  The c u r r e n t   i n   t h e   u n s t r e s s e d  area i s  g i v e n   b y   r e p l a c i n g  

w i t h  + - Asn i n  Eq. ( 3 . 1 3 )  and  % - A i n  Eq. ( 3 . 1 4 ) .  The c u r r e n t  

t h r o u g h   t h e   s t r e s s e d  areas will be   modi f ied   by   the  stress induced  changes 

i n   t h e   p a r a m e t e r s .  As  shown i n   F i g s .  8 and  9 ,  t h e   m i n o r i t y  carr ier  concen- 

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

a s s u m e d   h e r e   t h a t   c h a n g e s   i n   t h e   o t h e r   p a r a m e t e r s  are neg l ig ib l e   compared  

t o   c h a n g e s   i n   m i n o r i t y  carrier d e n s i t i e s .   T h i s   a s s u m p t i o n  is d i s c u s s e d   i n  

Appendix C. 

4r 
SP 
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wn 

X 

F i g .  10. S t r e s s e d  p-n Junct ion  Model .  

T a k i n g   i n t o   a c c o u n t   t h e   s t r e s s e d   a n d   u n s t r e s s e d   r e g i o n s ,   t h e  

e q u a t i o n   f o r   t h e   " i d e a l "   c o m p o n e n t  o f  d i o d e   c u r r e n t   c a n   b e   w r i t t e n :  

(3.15) 



where I i s  t h e   " i d e a l "   d i o d e   c u r r e n t ,  I i s  t h e  reverse s a t u r a t i o n   c u r r e n t ,  

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

r eg ion   on   t he  n and p s i d e s   r e s p e c t i v e l y ,   a n d  

I S 

n P 

qATDpPno W n 

P P 
I =  
PO L c o t h ( r )  , 

( 3 . 1 6 )  
qA D n W T n PO - c o t h ( L  -E ) . 

'no - Ln n 

D e f i n i n g   a n   e f f e c t i v e   r a t i o   o f   m i n o r i t y  car r ie r  d e n s i t i e s  as, 

Eq. (3.15) r e d u c e s   t o  

4r - Asn A 
I S  

s n  ._ + - Yv(en) + Ino 4r PO AT AT 

AT - A A 
= I  { (3.17) 

Two s p e c i a l  cases are o f   i n t e r e s t .  The f i r s t   o c c u r s  when t h e  stress 

i s  symmetric a c r o s s   t h e   j u n c t i o n ,  so  t h a t  Asn = A = As,  and 
S P  

F,(ep> = 7,(en) = 7 p *  Then 

A T - A  A 
- + 1 I[ S S 

Is - ['Po no f - r-,(e)I 
AT  AT 

o r  

A T - A  A 

Is - ' so '  AT 
+ - \ T p l  , - S S 

( 3 . 1 8 )  

( 3 . 1 9 )  

where I i s  t h e   u n s t r a i n e d   s a t u r a t i o n   c u r r e n t .  
so 

F o r   h y d r o s t a t i c   p r e s s u r e   t h e   s t r e s s e d  area i s  e q u a l   t o   t h e   t o t a l  
aE 

area and y ( e )  = exp[- $1. The r e v e r s e   s a t u r a t i o n   c u r r e n t  i s  then  
V 

, , ,, ,. , . . __ .. . . ....... - .. 1 



I 

(3 .20)  

aE 
For $ << 1, t h i s  may b e   w r i t t e n  as 

OE - R 
I = - L k T  1 (3.21) 

S 

where A I  i s  t h e   c h a n g e   i n   s a t u r a t i o n   c u r r e n t   f o r  a change  in   band  gap of 

. T h i s   e q u a t i o n   a g r e e s   w i t h   t h e  r e s u l t s  o b t a i n e d  by Hall, e t .  al .[31].  

S 

'5 
The dependence,   on  temperature ,  o f  t h e   c u r r e n t   t h r o u g h  a s t r e s s e d  

d i o d e   c a n   b e   d e s c r i b e d .   R e f e r r i n g   t o  Eqs. (3.16)  and- ( 3 . 1 7 )  , y ( e  ) and 

Y (e as wel l  as t h e   d i f f u s i o n   c o e f f i c i e n t ,   t h e   d i f f u s i o n   l e n g t h s ,   a n d   t h e  

m i n o r i t y   c a r r i e r   d e n s i t i e s  are tempera ture   dependent .   For  small tempera- 

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

7 (e ) and 7 ( e  ) need   be   cons idered .  The carrier d e n s i t i e s  p and n are 

p r o p o r t i o n a l   t o   e x p [ -  [ 3 2 ] .  F o r   l a r g e   s t r a i n s ,  ~ ~ ( e )  Q exp[ -  

where OE i s  o f  c o u r s e   s t r a i n   d e p e n d e n t .   F o r   t h e  case where  the s t ress  i s  

symmetric a c r o s s   t h e   j u n c t i o n   a n d  

- 
v n  

V P  

v n   V P  E @ E p  

kT kT 

g 

As - - r v ( 4  >> 
AT *T 

AT - A 
S 

( v a l i d  a t  h i g h  stress o r  when t h e   e n t i r e   j u n c t i o n  i s  s t r e s s e d ) ,  

If g >> 1 

(3.22) 

(3.23) 
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and when $ << -1, 

( 3 . 2 4 )  

As shown i n   t h e   a b o v e   e q u a t i o n s   t h e   s l o p e  of Q n I  vs T depends  upon  the 

s t ress  th rough  @E . @E i s  n e g a t i v e   f o r   u n i a x i a l   c o m p r e s s i v e  stresses.  
g g 

T h e r e f o r e   t h e   s l o p e   o f  Qn I vs T d e c r e a s e s   w i t h   i n c r e a s i n g  stress. 

The e f f e c t   o f  a l a r g e  s t ress  a p p l i e d   t o  a small area of  a p-n 

j u n c t i o n  i s  t o  c a u s e   t h e   " i d e a l "   o r   d i f f u s i o n   c u r r e n t   t h r o u g h   t h e  small 

area t o  i n c r e a s e .   F o r   h i g h  stress l e v e l s   t h e   c u r r e n t   t h r o u g h   t h e   s t r e s s e d  

area can become much l a r g e r   t h a n   t h a t   t h r o u g h   t h e   u n s t r e s s e d  area,  hence 

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

3 . 3  E f f e c t  of S t r a i n  on the  Space  Charge  Generat ion-Recombinat ion  Current  
i n  p-n J u n c t i o n s  

S p a c e   c h a r g e   g e n e r a t i o n - r e c o m b i n a t i o n .   c u r r e n t   c a n   b e   i m p o r t a n t   i n  

p-n j u n c t i o n s   ( p a r t i c u l a r l y   i n   s i l i c o n )  [33]. T h i s   c u r r e n t   a d d s   t o   t h e  

" i d e a l "   o r   d i f f u s i o n   c u r r e n t   w h i c h  i s  p red ic t ed   by   t he   Shock ley   t heo ry .  

Mechan ica l   s t r a in   can   cause  a c h a n g e   i n   g e n e r a t i o n - r e c o m b i n a t i o n   c u r r e n t s   i n  

two ways. F i r s t ,   s t r a i n   c a n   c a u s e   t h e   g e n e r a t i o n - r e c o m b i n a t i o n   c u r r e n t   t o  

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

l o c a t e d   i n   o r   n e a r   t h e   s p a c e   c h a r g e   r e g i o n  of  a p -n   j unc t ion .  The second 

way s t r a i n   c a n   c h a n g e   t h e   g e n e r a t i o n - r e c o m b i n a t i o n   c u r r e n t  i s  t o   s h i f t   t h e  

r e l a t ive  p o s i t i o n   o f   t h e   e n e r g y   o f   t h e   t r a p  levels w i t h   r e s p e c t   t o   t h e   c o n -  

duc t ion   and   va l ence  levels.  

Rindner ,  e t .  a l .  [ 5 , 6 ]  h a v e   s u g g e s t e d   t h a t   t h e   f i r s t   e f f e c t ,   c r e a t i o n  

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

f o r   l a r g e   c h a n g e s   o b s e r v e d   i n   t h e  e lec t r ica l  c h a r a c t e r i s t i c s  of  p-n j u n c t i o n  
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d e v i c e s  when s u b j e c t e d   t o   s t r a i n s .   T h e y   a r g u e   t h a t   t h e   t r a p  levels r e s u l t  

as a c o n s e q u e n c e   o f   d i s l o c a t i o n s   i n t r o d u c e d   i n   t h e  c rys ta l  b y   s t r a i n .  As 

t o   w h e t h e r   o r   n o t   d i s l o c a t i o n s   c a n   b e   c a u s e d   b y   s t r a i n ,  a t  room t empera tu re ,  

i s  s u b j e c t  t o  c o n t r o v e r s y  [ 3 4 , 3 5 ] .  If d i s l o c a t i o n s  are c r e a t e d   b y   s t r a i n  

they   would   be   expec ted   to   remain  when t h e   s t r a i n  i s  r emoved- -no t   r eve r s ib l e .  

Rindner  and  Tramposch [ 3 4 ]  have  performed  experiments  on  germanium 

in   wh ich  a diamond  needle  was u s e d   t o   i n d e n t   t h e   s a m p l e  a t  and  below room 

tempera tu re .  The  sample was t h e n   a n n e a l e d   a n d   e t c h e d   t o   e x h i b i t   t h e   p r e s e n c e  

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

i n   t h e   v i c i n i t y   o f   t h e   i n d e n t i o n .   C r a i g   a n d  Pugh [U.] have  performed similar 

expe r imen t s  on germanium  wi th   the   except ion   of   the   annea l ing   cyc le .  They 

f o u n d   t h a t   n o   d i s l o c a t i o n s  were formed.   They  conclude  that   Rindner   and 

Tramposch a c t u a l l y   i n t r o d u c e d   t h e   d i s l o c a t i o n s   d u r i n g   t h e   a n n e a l i n g   c y c l e .  

It i s  t h e   o p i n i o n   o f   t h i s   a u t h o r   t h a t   C r a i g   a n d  Pugh are c o r r e c t   i n   t h e i r  

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

i s  n e g l i g i b l e .  Even i f  i t  were p o s s i b l e   t o   p r o d u c e   t h e   g e n e r a t i o n - r e c o m b i -  

n a t i o n   c e n t e r s ,  a mode l   based   on   t h i s   e f f ec t  w i l l  n o t   b e g i n  t o  e x p l a i n   t h e  

many f a c e t s   o f   t h e  phenomenon t h a t   h a v e   b e e n   o b s e r v e d .  

The second   a spec t   o f   gene ra t ion - recombina t ion   cu r ren t s   ( change   i n   t he  

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

va lence   bands )   can   be   impor t an t .  The f o l l o w i n g   d i s c u s s i o n  t reats  t h i s  

problem.  Hauser [ 3 6 ]  h a s   d e r i v e d   a n   a p p r o x i m a t e   t h e o r e t i c a l   e x p r e s s i o n   f o r  

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

o f  D r .  Hauser ' s   work  i s  g iven   i n   Append ix  E.  The s p a c e   c h a r g e   g e n e r a t i o n -  

r e c o m b i n a t i o n   c u r r e n t ,  Ju, i s  g iven   by :  
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qn, W [exp{qV-/kT) - 11 2 

(3.25) 

where W i s  t h e   w i d t h  of  t h e   s p a c e   c h a r g e   r e g i o n ,  V i s  t h e   a p p l i e d   v o l t a g e ,  

‘no i s  t h e   l i f e t i m e   f o r   e l e c t r o n s   i n j e c t e d   i n t o   h i g h l y   p - t y p e  material, and 

T i s  t h e   l i f e t i m e   f o r   h o l e s   i n j e c t e d   i n t o   h i g h l y   n - t y p e  material. The 

h o l e   a n d   e l e c t r o n   d e n s i t i e s  p and n are g i v e n  by [33]  

a 

PO 

1 1 

P 1  = n exp(Et  - Ei) /kT 

n = n exp(Ei - E t )  /kT 

i 

1 i 

(3.26) 

(3 .27)  

where E t  i s  t h e   e n e r g y   o f   t h e   t r a p   l e v e l   a n d  E i s  t h e   e n e r g y  of t h e   i n t r i n -  

s i c  F e r m i  l e v e l .  The w i d t h   o f   t h e   s p a c e   c h a r g e   r e g i o n ,  W ,  i s  a f u n c t i o n  of 

i 

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

w = wo (1 - Va/V0) 1 / 2  , (3.28) 

where W i s  t h e   w i d t h   w i t h   z e r o   a p p l i e d   v o l t a g e   a n d  V is  t h e   b u i l t - i n  

j u n c t i o n   p o t e n t i a l .  

0 0 

To see how the   gene ra t ion - recombina t ion   cu r ren t   changes   w i th  

m e c h a n i c a l   s t r a i n ,   e a c h   p a r a m e t e r   i n  E q .  (3 .25)  i s  ana lyzed .  The i n t r i n s i c  

car r ie r  d e n s i t y   h a s   a l r e a d y   b e e n   d i s c u s s e d   i n   S e c t .  3.1. Again i t  w i l l  be 

a s sumed   t ha t  T and T are s t r a i n   i n d e p e n d e n t  (see Appendix c). The 

b u i l t - i n   p o t e n t i a l  i s  r e l a t e d   t o   t h e   i n t r i n s i c  carr ier  c o n c e n t r a t i o n   b y  

no P O  

(3 .29)  

L 

S i n c e   c h a n g e s   i n  V are l o g a r i t h m i c a l l y   r e l a t e d   t o   c h a n g e s   i n   n 2  i t  w i l l  be  

a s sumed   t ha t  V and  hence W are i n d e p e n d e n t   o f   s t r a i n  when compared t o   c h a n g e s  

0 i’ 

0 

i n  n 
i‘ 



This  leaves o n l y  p and n t o   b e   d i s c u s s e d .  They are r e l a t e d   t o   t h e  1 1 
e n e r g y   o f   t h e   t r a p  level  as shown by Eqs. (3 .26)   and   (3 .27) .   Unfor tuna te ly  

t h e r e  i s  n o   i n f o r m a t i o n   a v a i l a b l e  on t h e   e f f e c t  of s t r a i n  on E I n   t h e  

a b s e n c e   o f   t h i s   i n f o r m a t i o n  i t  i s  n o t   p o s s i b l e   t o   p r e d i c t  how J varies U 

w i t h   s t r a i n   i n   t h e  reverse b i a s e d   a n d  low f o r w a r d   b i a s e d   r e g i o n s .  

t '  

F o r   l a r g e   f o r w a r d   b i a s e s  J i s  independen t   o f  p and n For t h i s  
U 1 1' 

case J i s  given  by  (see  Appendix E ) :  U 

- - 1  

J u - z  + T  exp  {qVa/2kT] 
no PO 

S u b s t i t u t i n g  Eq. (3.12) i n t o  Eq. (3.30) o n e   f i n d s  

o r  

(3 .30)  

( 3 . 3 1 )  

( 3 . 3 2 )  

where J (0) i s  t h e   u n s t r a i n e d   g e n e r a t i o n - r e c o m b i n a t i o n   c u r r e n t .  A s  shown 

by   t he   above   equa t ions ,   t he   gene ra t ion - recombina t ion   cu r ren t  i s  n o t  as 

s t r a i n   s e n s i t i v e  as t h e   i d e a l   c u r r e n t .  

U 

T a k i n g   i n t o   a c c o u n t   t h e   s t r e s s e d   a n d   u n s t r e s s e d   r e g i o n s  as was 

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

I U  =p- *  + .ir,c.,] Iu(o)  
*T AT . (3 .33)  

It s h o u l d   b e   n o t e d   t h a t  i t  i s  t h e   s t r a i n   i n   t h e   j u n c t i o n   t h a t  i s  impor t an t  

h e r e  as o p p o s e d   t o   t h e   s t r a i n  a t  t h e   e d g e   o f   t h e   d e p l e t i o n   r e g i o n   i n   t h e  

i d e a l   c u r r e n t .  
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3.4 E f f e c t   o f   S t r e s s   o n   T r a n s i s t o r   C h a r a c t e r i s t i c s  

A p - n - p   j u n c t i o n   t r a n s i s t o r   m o d e l  i s  cons ide red .  The e q u a t i o n s  

f o r   t h e   e l e c t r o n   a n d   h o l e   c o m p o n e n t s  of  emitter c u r r e n t  are [32]  

and 

n e  p 3 

(3.34)  

(3.35) 

where K K 2 ,  and  K are f u n c t i o n s   o f   t h e   d e v i c e   d i m e n s i o n s   a n d  material 

c o n s t a n t s ,  n and p are t h e   m i n o r i t y   c a r r i e r   d e n s i t i e s   i n   t h e  emitter and 

b a s e   r e s p e c t i v e l y ,  Veb i s  t h e   e m i t t e r - b a s e   v o l t a g e ,   a n d  V i s  t h e   c o l l e c t o r -  

b a s e   v o l t a g e .  The m i n o r i t y  carrier d e n s i t i e s  are shown e x p l i c i t l y   t o  

i n d i c a t e   t h e   d e p e n d e n c e   o f  I and I on stress. Under  normal  forward 

b i a s   t r a n s i s t o r   o p e r a t i o n ,  qVeb/kT >> 1 and qV /kT >> 1. Us ing   t hese  

r e s t r i c t i o n s ,   t h e  emitter c u r r e n t s   u n d e r  stress c o n d i t i o n s  similar t o  

t h o s e   d i s c u s s e d   f o r   t h e  p-n j u n c t i o n  are 

1’ 3 

P n 

cb 

Pe  ne 

cb 

Ib = I + Ir = Ine + 9 1  n e  Pe ’ (3.38) 



c 

s i n c e  I t h e   t o t a l   r e c o m b i n a t i o n   c u r r e n t   ( b u l k   a n d   s u r f a c e ) ,  i s  propor-  

t i o n a l   t o  I Combining  Eqs. ( 3 . 3 6 )  , ( 3 . 3 7 )  and ( 3 . 3 8 )  g i v e s   f o r   t h e  

emitter c u r r e n t ,  I = I pe + Ine; b a s e   c u r r e n t ;   a n d   c o l l e c t o r   c u r r e n t ,  

r '  

Pe 

e 

IC - - Ie - Ib: 

'"eb 
I C = exp [ T I ( '  - + Bb Tv(eb) 1 

The fo rward   g rounded   base   cu r ren t   ga in  Q i s  

( 3 . 4 1 )  

( 3 . 4 2 )  

It h a s  been  assumed i n   t h e   p r e c e d i n g   e q u a t i o n s   t h a t   t h e   e m i t t e r - b a s e  

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

r e g i o n  i s  small c o m p a r e d   w i t h   t h e   t o t a l   j u n c t i o n  area the re   can   be  a s i g n i f i -  

c a n t   b a s e   s p r e a d i n g   r e s i s t a n c e   a s s o c i a t e d   w i t h   t h e   s t r e s s e d  area. I n   t h i s  

case   the   equat ions   becomes:  
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(3.44) 

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

t h e   s t r e s s e d  area: 

b s  

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

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

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

e q u a t i o n   m u s t   b e   s o l v e d   f o r  I * however ,   t he   ma jo r   f ea tu re s  are  t h e  same 

as be fo re .   Changes   i n  R have   been   neg lec t ed   he re .  The e f f e c t   o f   l a r g e  

s t r a i n s  on c o n d u c t i v i t y  are d i scussed   i n   Append ix  D, 

b s  ' 

A l l  o f   t h e   e q u a t i o n s   d e v e l o p e d   f o r   p - n - p   t r a n s i s t o r s  w i l l  h o l d   f o r  

n - p - n   t r a n s i s t o r s   i f  n and p are i n t e r c h a n g e d   e a c h  time they   appea r .  

A s  an example of t h e   t r a n s i s t o r   t h e o r y ,   c o n s i d e r  a s i l i c o n   p - n - p  

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

AT = 5 X 10 cm 

I = 5 X 10 amp 

-5 2 

- 15 

- 3  
PO 

Ino/Ipo = 10  

e = 2 x 

Phase = 2 ohm-cm 

I 



L e t   t h e  stress b e   a p p l i e d   o v e r  a c i r c l e  o f   d i a m e t e r  d = 3.56 x 10 cm. 

T h e   s p r e a d i n g   r e s i s t a n c e  of a f l a t   c i r c u l a r  area i s  

-4 

R = - = 2800 ohms . ’base 
2d 

Case I. L e t   t h e  stress b e   a p p l i e d   i n   t h e  [ill] d i r e c t i o n  to  b o t h  

s i d e s   o f   t h e   e m i t t e r - b a s e   j u n c t i o n ,  e = e A = A = 10 cm . -7 2 
e b y   s n  SP F i g u r e  

11 i s  a p l o t   o f   b a s e   c u r r e n t  I as a f u n c t i o n   o f   e m i t t e r - b a s e   v o l t a g e  V b eb 

f o r   s e v e r a l  stress levels. F i g u r e   1 2  i s  a p l o t   o f   c o l l e c t o r   c u r r e n t  as a 

f u n c t i o n   o f  V f o r   t h e  same stress l e v e l s .  As shown by  the curves, bo th  

$, and I are changed   by   severa l   o rders   o f   magni tude   for  small changes   in  

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

shown by   the   convergence   o f  I and I t o w a r d   t h e i r   u n s t r e s s e d   v a l u e   f o r  

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

has   been   neglec ted .  It w o u l d   r e d u c e   t h e   r e s i s t a n c e   a n d   t h e r e b y   c u t  down 

on  the rate a t  w h i c h   t h e   s t r e s s e d   c u r v e s   c o n v e r g e   t o   t h e   u n s t r e s s e d  curves. 

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

t o   t h e i r   u n s t r e s s e d  values. N o t e   t h a t  a i s  n o t  affected by  the stress 

when b o t h   s i d e s   o f   t h e   e m i t t e r - b a s e   j u n c t i o n  are s t r e s s e d  E q .  ( 3 .42 ) .  

e b  

C 

b C 

Case 11. Assume t h e  same c o n d i t i o n s  as b e f o r e   e x c e p t   t h a t   o n l y   t h e  

emitter s i d e   o f   t h e   e m i t t e r - b a s e   j u n c t i o n  i s  s t r e s s e d  e >> eb. F i g u r e  13 

i s  a p l o t   o f  Ib and I as a f u n c t i o n   o f  V f o r  several stress c o n d i t i o n s .  

N o t e   t h a t  I i s  no t   changed   by   t he  stress w h i l e  I i s  changed.  This  means 

t h a t  Q i s  c h a n g e d .   I n   t h i s  case, where e > Ino/I t h e   b a s e   c u r r e n t  i s  

n o t  as s e n s i t i v e   t o  stress as it was f o r   t h e   p r e v i o u s  case. 

e 

C e b  

C b 

PO ’ 
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0 0.2 0.8 1.0 

Fig. 11. Effect  of  Stress on Transistor  Base  Current for a  Symmetrically 
Stressed  Emitter-base  Junction. 
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I 

0 0.2 0.4 0.6 0.8 I .o 
v, b (volts) 

Fig.  12. E f f e c t   o f   S t r e s s  on C o l l e c t o r   C u r r e n t   f o r  a Symmetr ical ly  
S t r e s s e d   E m i t t e r - b a s e   J u n c t i o n .  

43 
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0 0.2 0.4 0.6 0.8 1.0 
V,b (volts) 

Fig. 13. Collector  and  Base  Current  as a Function  of  Emitter-base 
Voltage  for  Several  Stress  Levels in the Emitter Only. 
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In   F ig .  14, Ic/Ico i s  p l o t t e d  as a f u n c t i o n   o f  stress f o r   c o n s t a n t  

emi t te r  c u r r e n t   a n d   f o r   c o n s t a n t   b a s e   c u r r e n t ,   w h e r e  I i s  t h e   c o l l e c t o r  

c u r r e n t   w i t h   n o  stress. S p r e a d i n g   r e s i s t a n c e  was n e g l e c t e d   i n   t h e s e   c a l c u -  

l a t i o n s .  As shown,   changes  in  I /I are larger when t h e   b a s e   c u r r e n t  i s  

h e l d   c o n s t a n t  as compared t o  h o l d i n g   t h e  emitter c u r r e n t   c o n s t a n t .  

c o  

c co 

Case 111. Assume t h a t   t h e  stress i s  a p p l i e d   o n l y   t o   t h e   b a s e   s i d e  

of t h e   e m i t t e r - b a s e   j u n c t i o n  (e << eb). U s i n g   t h e   a s s u m e d   t r a n s i s t o r  

p a r a m e t e r s   i n  Eqs .  ( 3 . 4 2 )  and ( 3 . 4 4 )  i t  can   be  shown t h a t  a and I w i l l  

r ema in   approx ima te ly   cons t an t .   However ,   i n   dev ices   where  9 i s  v e r y  small 

compared t o  I / I  (Ge fo r   example )   t he   base   cu r ren t   can   change   s ign i f i -  

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

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

e 

b 

no PO 

no PO 

These  examples are n o t   i n t e n d e d   t o   b e  a c o m p l e t e   a n a l y s i s  of t he  

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

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

45 



I 

IO' ' 
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K 
H 
0 

10-3 

10-4 

10-5 

I I I I 

A ( I e  constant) 

8 ( T b  constant ) 

0 2 4 6 8 IO 

c ( 1Olo dynes/crn2 
F i g .  14. E f f e c t   o f   S t r e s s  on   Norma l i zed   Co l l ec to r   Cur ren t   fo r   Cons tan t  

Emit ter  C u r r e n t   a n d   f o r   C o n s t a n t  Base C u r r e n t .   S t r e s s e d   o n l y  
i n   t h e  emitter. 
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Chapter  I V  

EXPERIMENTAL 

4.1 I n t r o d u c t i o n  

A v a r i e t y  of  experimental   measurements   have  been made both   on  

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

o f   l a r g e   a n i s o t r o p i c  stresses on t h 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   o f   t h e  

dev ices .   Whi l e   mos t   o f   t he  t es t  d e v i c e s  were f a b r i c a t e d   i n   t h e   l a b o r a -  

t o r y ,  some were obta ined   f rom  commerc ia l   sources ,  The d e v i c e s   f a b r i c a t e d  

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

made wh ich   wou ld   de l inea te   t he   e f f ec t   on   t he   p i ezo junc t ion  phenomenon o f  

such   parameters  as c r y s t a l   o r i e n t a t i o n ,   j u n c t i o n   d e p t h ,  material r e s i s t i v i t y .  

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

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

4 . 2  Exper imenta l   Appara tus  

h e x p e r i m e n t a l  t e s t  s t a t i o n  was b u i l t   a n d   c a l i b r a t e d .  The pr imary 

p u r p o s e   o f   t h i s   a p p a r a t u s  was t o   a p p l y  a known mechanical  s tress t o  a semi- 

c o n d u c t o r   j u n c t i o n   d e v i c e   a n d   t o   m e a s u r e   t h e   a p p r o p r i a t e  e l ec t r i ca l  

pa rame te r s   unde r   va r ious  stress c o n d i t i o n s .  To o b t a i n   t h e   l a r g e   m e c h a n i c a l  

stress n e c e s s a r y   t o   c h a n g e   t h 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  of t h e   d e v i c e s ,  
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F i g .  16.  Pho tograph   o f   Expe r imen ta l   S t r e s s ing  Device. 

x -y   s t age .  Due t o   t h e  small s i z e   o f   t h e   d e v i c e s   u n d e r  tes t  i t  was n e c e s s a r y  

to   pe r fo rm  the   a l ignmen t   be tween   t he   dev ice   and   need le   unde r  a microscope.  

The e l ec t r i ca l  c u r r e n t ,   v o l t a g e   a n d   c u r r e n t - v o l t a g e   c h a r a c t e r i s t i c s  

as a f u n c t i o n   o f  stress were t h e   p a r a m e t e r s   o f   i n t e r e s t .  The c u r r e n t   r a n g e  

o f   i n t e r e s t   c o v e r e d   a b o u t   f o u r   t o   e i g h t   o r d e r s  of  magnitude. Most of t h e  

d a t a   t a k e n  on t h e   d e v i c e s  were r e c o r d e d   d i r e c t l y  on  an x - y  r e c o r d e r .   I n  

o r d e r   t o   c o v e r   t h e   l a r g e   c u r r e n t   r a n g e  a c i r c u i t  was cons t ruc t ed   wh ich  

a l lowed  t h e  x - y   r e c o r d e r   t o   p l o t   t h e   n a t u r a l   l o g a r i t h m  of c u r r e n t  as a 

f u n c t i o n   o f   e i t h e r   v o l t a g e   o r   s o l e n o i d   c u r r e n t .  An " idea l "   d iode   (one   i n  

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

t h e   v o l t a g e   a c r o s s   t h e   j u n c t i o n )  was used as the   l oga r i thm  e l emen t .  The 

d iode   u sed  was t h e   e m i t t e r - b a s e   j u n c t i o n   o f  a Texas   Ins t rument  2N1711 p l a n a r  

t r a n s i s t o r   i n   w h i c h   t h e   b a s e   a n d   c o l l e c t o r   l e a d s  were connec ted   t oge the r .  

F i g u r e s  1 7  and 18 are schemat ic   d rawings  of  the tes t  a r rangement   used   for  

measu r ing   t he  I-V c h a r a c t e r i s t i c s  of d i o d e s   a n d   t r a n s i s t o r s   u n d e r   s t r e s s e d  

c o n d i t i o n s .  
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+ 1.5 v , 

2000 Mohm 

R e f e r e n c e  

y Axis 

4 - (b 4) 
100 kohm 

S amp le  
Diode 

S t r e s s  2 'd x Axis 

1500 Mohm 

X- Y 
Recorder 
(Vd vs. 

Pnld) 

F i g .  1 7 .  Schematic of  Diode Test  C i r c u i t .  

F ig .  18. Schematic o f  T r a n s i s t o r   T e s t   C i r c u i t .  
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4 . 3  Mesa Diodes 

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

l i t h o g r a p h i c   t e c h n i q u e s .   F i g u r e  19  is  a s k e t c h   o f   t h e  mesa s t r u c t u r e   t h a t  

was used.  Diodes were formed  on a v a r i e t y  of d i f f e r e n t   s i l i c o n   w a f e r s   i n  

w h i c h   t h e   r e s i s t i v i t y ,   j u n c t i o n   d e p t h   a n d   o r i e n t a t i o n  were var ied.   Mechani-  

ca l  stress was a p p l i e d   t o   t h e   d i o d e s   b y  a s t ee l  p o s t   ( a   n e e d l e  whose r a d i u s  

o f   c u r v a t u r e  was much g r e a t e r   t h a n   t h e   d i a m e t e r  of t h e   d i o d e ) .  The s tee l  

p o s t  was a l s o   u s e d   t o  make e l e c t r i c a l  c o n t a c t   t o   o n e   s i d e  of the   d iode .  

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

a mesa d i o d e   f o r   d i f f e r e n t  stress l e v e l s  i s  shown i n   F i g .  20. The d iode  

was f a b r i c a t e d  on a 0.01 ohm-cm c r y s t a l   w i t h  a (100) o r i e n t a t i o n .  The 

j u n c t i o n   d e p t h  was approx ima te ly  3 microns   and   the   d iode   d iameter  was 42 

microns.  

Fo rce  
I 

luminum 

t y p e  

E l e c t r o l e s s  

P l a t i n g  
-Nickel  

F i g .  19. Ske tch  of  Mesa D i o d e   S t r u c t u r e .  
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Fig. 20. Current vs Forward  Voltage  Characteristics of a  Mesa  Diode  Under 
Various  Stress  Levels. 



There are several s i g n i f i c a n t   f e a t u r e s   o f   t h e   c h a r a c t e r i s t i c s  as 

shown i n   F i g .  20.  For vo l t ages   be low 0.3 v o l t s ,  a l l  o f   t h e   c u r v e s   h a v e  

t h e  same s l o p e ,  qV/kT, where  kT 2: 0.026 ev a t  room tempera ture .   For   low 

s t ress  levels and   vo l t ages   above  0.3 v o l t s   t h e   s l o p e s o f   t h e   c u r v e s  are 

f u n c t i o n s   o f  stress. I n   t h e  l a t te r  case where   the  stress is  z e r o ,   t h e  

s l o p e  i s  a p p r o x i m a t e l y  qV/2kT. As stress i s  i n c r e a s e d   t h e   s l o p e s   a g a i n  

approach  a c o n s t a n t   o f  qV/kT. 

The c h a n g e   i n   t h e   s l o p e   o f   t h e  I - V  c h a r a c t e r i s t i c s   c a n   r e s u l t   f r o m  

e i t h e r   t h e   " i d e a l "   o r   g e n e r a t i o n - r e c o m b i n a t i o n   c o m p o n e n t s   o r   b o t h .   C o n s i d e r -  

i n g   f i r s t   t h e   " i d e a l "   c o m p o n e n t ,   t h e   s l o p e   o f   t h e  I - V  c h a r a c t e r i s t i c s   c a n  

change  from qV/kT a t  low i n j e c t i o n  levels  t o  a qV/2kT a t  h i g h   i n j e c t i o n  

l e v e l s .  The v o l t a g e  a t  w h i c h   h i g h   i n j e c t i o n   t a k e s   p l a c e   f o r  0 .01  ohm-cm 

c r y s t a l   r e s i s t i v i t y  i s  approx ima te ly   0 .65   vo l t s .   S ince   t he   s lope   change   i n  

t h e   d i o d e   o c c u r s  a t  a p p r o x i m a t e l y   0 . 3   v o l t s ,   h i g h   i n j e c t i o n   c a n   b e   e l i m i n a t e d .  

Turn ing   t o   t he   gene ra t ion - recombina t ion   componen t   o f   cu r ren t  i t  i s  seen  f rom 

E q .  ( 3 . 2 5 ) ,   n e g l e c t i n g   t h e   c h a n g e   i n   j u n c t i o n   w i d t h  as a f u n c t i o n   o f   v o l t a g e ,  

t h e  Iu can  have a s lope  change  f rom qV/kT a t  low v o l t a g e s   t o  a qV/2kT a t  

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

From Chapter  I11 i t  i s  s e e n   t h a t   t h e   " i d e a l "   c o m p o n e n t   i n c r e a s e s   i n  

m a g n i t u d e   i n   p r o p o r t i o n   t o  y (e) w i t h   i n c r e a s i n g  stress a n d   t h a t   t h e   g e n e r a t i o n -  

r e c o m b i n a t i o n   c o m p o n e n t   i n c r e a s e s   i n   p r o p o r t i o n   t o   w i t h   i n c r e a s i n g  

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

than   t he   gene ra t ion - recombina t ion   componen t .   I n   l i gh t   o f   t he   above   d i scuss ion ,  

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

t hen  as stress i s  increased   the   " idea l"   component   becomes   increas ingly   impor-  

t a n t   a n d  a t  h i g h e r  stress levels t h e   " i d e a l "   c o m p o n e n t   d o m i n a t e s   t h e   t o t a l  

V 
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c u r r e n t .  The  " ideal"   component   has   the qV/kT s l o p e .  The t h e o r y  i s  t h e r e f o r e  

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

C u r r e n t - s t r e s s   c h a r a c t e r i s t i c s   o f   t h e   d i o d e   j u s t   d i s c u s s e d   f o r  several 

v o l t a g e s  are shown i n   F i g .  21. These   curves  are e s s e n t i a l l y  y ( e )   s i n c e  

y,(e) 2: I ( e ) / I ( o ) .  Compar ing   the   da ta   in   F ig .  21  w i t h   t h a t  shown i n   F i g .  9 

f o r  y (e)   which was c a l c u l a t e d   t h e o r e t i c a l l y  i t  i s  s e e n   t h a t   t h e r e  i s  

e x c e l l e n t   a g r e e m e n t .  A l a r g e  number of   samples  were t e s t e d   i n   o r d e r   t o  

de t e rmine   expe r imen ta l ly   t he   pa rame te r  y ( e )  as a f u n c t i o n   o f  stress. 

Cont rary   to   the   above   good  agreement   wi th   the   theore t ica l   dependence   of  

y ( e )  on s t ress ,  i t  was f o u n d   e x p e r i m e n t a l l y   t h a t  y ( e )   had   t he  same g e n e r a l  

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

f o r c e   r e q u i r e d   t o   g i v e   t h e  same v a l u e   o f  y ( e )  was lower   than   the   theo-  

r e t i c a l  v a l u e   a n d   v a r i e d   f r o m  sample  t o   s a m p l e .   T h i s   v a r i a t i o n  was found 

wi thsa rnp le smade  on t h e  same c r y s t a l  a t  t h e  same time a n d   s t r e s s e d   w i t h  

t h e  same n e e d l e .   F i g u r e  22 s h o w s   a n   e x a m p l e   o f   t h i s   v a r i a t i o n   f o r  two 

d i o d e s  on t h e  same c r y s t a l .  

V 

V 

V 

V V 

V 

The l a r g e   v a r i a t i o n   i n  y ( e )  as a f u n c t i o n   o f  s t ress  i s  e x p e c t e d  
V 

s i n c e  y ( e )  i s  e x p o n e n t i a l l y   r e l a t e d   t o  s t ress .  The nominal stress i n   t h e  

p r e s e n t   e x p e r i m e n t s  was ca l cu la t ed   f rom  measu remen t s   o f   fo rce   and   d iode  

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

f r o m   s a m p l e   t o   s a m p l e .   T h i s   p r o b a b l y   r e s u l t s   f r o m   v a r i a t i o n s   i n   t h e  area 

ove r   wh ich   t he   fo rce  a c t s ,  Th i s  i s  b e l i e v e d   t o   r e s u l t   f r o m  a non-uniform 

o r   rough   su r f ace   on   t he   d iode   and   f rom  the   non- l inea r i ty   o f  y ( e )  vs e .  

S i n c e   t h e   j u n c t i o n s  are v e r y   c l o s e   t o   t h e   s u r f a c e   o f   t h e   d i o d e  (0.5 - 10 

m i c r o n s ) ,  a rough  diode  surface  would  cause  uneven stress t o   b e  s e t  up i n  

t h e   j u n c t i o n .  
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F i g .  21. Current  as  a  Function of Stress  at  Several  Voltage  Levels for 
the  Diode  Characteristics  Shown in Fig. 20. 

55 



l o2  
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10 

1 

F i g ,  22.  y (e)  as a F u n c t i o n   o f   S t r e s s   f o r  Two Diodes Made on t h e  Same 
(I 'll) Wafer. 

A ser ies  o f  tes ts  was made t o   d e t e r m i n e   t h e   e f f e c t   o f   c r y s t a l   o r i e n -  

t a t i o n  on t h e  phenomenon. F i g u r e  23 i s  a t y p i c a l   p l o t  o f  y ( e )   f o r   t h r e e  

d i f f e r e n t   c r y s t a l   o r i e n t a t i o n s .  A s  shown i n   t h e   f i g u r e ,   t h e   o r i e n t a t i o n s  

i n   o r d e r  of  d e c r e a s i n g   s e n s i t i v i t y  are <loo>, <110>, and <111>. Th i s  i s  

i n   a g r e e m e n t   w i t h   t h e   t h e o r y  as shown i n  F ig .  9 i n   w h i c h   t h e   t h e o r e t i c a l  

v a l u e s   o f  y ( e )  are p l o t t e d .  
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F ig .  23. y ( e )  as a Func t ion   o f  Stress f o r  a [ loo] ,  [110], and [ill] 
d i a x i a l  S t r e s s .  

Experiments  were p e r f o r m e d   t o   d e t e r m i n e   t h e   e f f e c t   o f   j u n c t i o n  

dep th   on   t he  phenomenon. It was f o u n d   t h a t   t h e   s h a l l o w e r   t h e   j u n c t i o n   d e p t h  

t h e   m o r e   s e n s i t i v e   t h e   d e v i c e s  are t o  stress. F i g u r e s  24 and 25 show t h e  
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F i g .  2 4 .  I-V Characteristics of a Mesa Diode  Under  Varying  Stress  Condi- 
tions. The Junction  Depth Was 0.6~ and  the  Orientation Was a 
(111) Plane. 
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Fig. 25.  I - V  C h a r a c t e r i s t i c s  of a Mesa Diode  Under  Varying  Stress  Condi- 
t i o n s .  The Junc t ion   Dep th  w a s  2 . 5 ~  a n d   t h e   O r i e n t a t i o n  Was a 
(111)   P lane .  
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I - V  c h a r a c t e r i s t i c s  a t  several stress levels f o r  a 0 .6   and  a 2.5 micron 

j u n c t i o n   r e s p e c t i v e l y .   T h e r e  are two r e a s o n s  why stress s e n s i t i v i t y  

i n c r e a s e s   w i t h   d e c r e a s i n g   j u n c t i o n   d e p t h .   F i r s t ,   f o r   s h a l l o w   j u n c t i o n s  

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

T h i s  i s  d u e   t o   l a r g e r   m i n o r i t y  car r ie r  d e n s i t y   g r a d i e n t s  (see Eqs.  (E.2) 

and ( E . 3 )  of  Appendix E ) .  The c l o s e r   t h e   j u n c t i o n  i s  t o   t h e   s u r f a c e   t h e  

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

The s e c o n d   r e a s o n   f o r   i n c r e a s e d  s t ress  s e n s i t i v i t y  i s  t h a t   t h e   c l o s e r   t h e  

j u n c t i o n  i s  t o   t h e   s u r f a c e   t h e   m o r e   n o n u n i f o r m   t h e  stress i s  i n   t h e   j u n c t i o n  

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

4 . 4  Planar   Diodes 

Diodes of t h e   p l a n a r   t y p e  were f a b r i c a t e d .   F i g u r e  26 is a s k e t c h  

o f   t h e   p l a n a r   s t r u c t u r e .   A g a i n  a s t ee l  n e e d l e  was u s e d   t o   a p p l y   t h e  

mechan ica l  s t ress  a n d   t o  make e l ec t r i ca l  c o n t a c t   t o   o n e   s i d e  o f  t h e   j u n c t i o n .  

F i g u r e  27 i s  a t y p i c a l   p l o t   o f   d i o d e   c u r r e n t   v e r s u s   f o r w a r d   v o l t a g e   f o r  

s e v e r a l   s t r e s s   l e v e l s .  The s a m p l e   c r y s t a l  was 1 ohm-cm w i t h  a (111) 

o r i e n t a t i o n .  As  was t h e   c a s e   f o r  mesa d i o d e s ,   t h e   s l o p e s o f   t h e   c u r v e s   f o r  

p l a n a r s  are stress s e n s i t i v e  a t  low stress levels.  It  a p p e a r s   t h a t   t h e  

t o t a l   d i o d e   c u r r e n t   i n   t h i s   c a s e  i s  a l m o s t  a l l  " i d e a l "  as ev idenced   by   t he  

s l o p e  o f  approx ima te ly  qV/kT a n d   t h e  many o r d e r s   o f   m a g n i t u d e   o f   c u r r e n t  

ove r   wh ich   t he   s lope  i s  c o n s t a n t .  The e f f e c t   o f   s p r e a d i n g   r e s i s t a n c e   c a n  

be   s een   by   t he   t u rnove r  of t h e   c u r v e s  a t  t h e   h i g h e r   v o l t a g e   l e v e l s .   F i g u r e  

28  shows t h e   c u r r e n t  vs s t r e s s  c h a r a c t e r i s t i c s   f o r  several v o l t a g e  levels.  

The c h a r a c t e r i s t i c s  are e s s e n t i a l l y   t h e  same as t h o s e   f o r  mesa d i o d e s .  
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F i g .  26 .  S c h e m a t i c   o f   P l a n a r   D i o d e   S t r u c t u r e -  

4.5 T r a n s i s t o r s  

The t r a n s i s t o r s   u s e d   i n   t h e   p r e s e n t   e x p e r i m e n t s   h a v e  a l l  been   of   the  

p l ana r   t ype .  A v a r i e t y  o f  dev ices   have   been   t e s t ed   w i th   t he  a i m  of  e x h i b i t i n g  

t h e  many f a c e t s  of the   p iezojunct ionphenomenon i s  m u l t i - j u n c t i o n   d e v i c e s .  

No a t t e m p t s  were made t o  c o m p a r e   q u a n t i t a t i v e l y   t h e   d a t a   o n   t r a n s i s t o r s  

w i t h   t h e   t h e o r y   d u e   t o   t h e  extreme d i f f i c u l t y   o f   d e t e r m i n i n g   t h e  stress and 

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

b e   a p p l i e d   t o  a number   o f   loca t ions  on t h e   s t r u c t u r e   o f   p l a n a r   t r a n s i s t o r -  

emit ter ,  e m i t t e r - b a s e   j u n c t i o n   w h e r e   t h e   j u n c t i o n  comes t o   t h e   s u r f a c e ,   b a s e ,  

b a s e - c o l l e c t o r   j u n c t i o n   w h e r e  i t  comes t o   t h e   s u r f a c e ,   a n d   t h e   c o l l e c t o r .   I n  

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

i n   o r d e r   t o  a l t e r  t h 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 .  
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F i g .  27. I-V Characteristics of a Planar  Diode  Under  SeveralNominal  Stress 
Conditions. 
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Fig .  28. Current vs Nominal  Stress  for  a (111) Plane  Planar  Diode for 
Several  Voltage  Levels. 



The m o s t   i n t e r e s t i n g   r e s u l t s   h a v e   b e e n   o b t a i n e d  on t r a n s i s t o r s   i n  

which stress was a p p l i e d   e i t h e r   d i r e c t l y   o n   t h e   e m i t t e r - b a s e   j u n c t i o n   o r  

n e a r   t h e   e m i t t e r - b a s e   j u n c t i o n  on t h e  emitter s i d e .  The l a t te r  can  be  done 

i n  two ways. The f i r s t  method i s  t o   p l a c e   t h e   i n d e n t o r   v e r y   c l o s e   t o   t h e  

j u n c t i o n   w h e r e   t h e   j u n c t i o n  comes t o   t h e  surface. The second i s  t o   a p p l y  

t h e   i n d e n t o r   a n y w h e r e   i n   t h e  emitter r e g i o n .  The stress produced  by a 

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

t h e   i n d e n t o r .  When t h e   i n d e n t o r  i s  p l aced   on   t he  emitter t h e r e  i s  some 

s t ress  on t h e   b a s e   s i d e   o f   t h e   j u n c t i o n ;   h o w e v e r ,   t h e  stress on   t he  emitter 

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

e f f e c t .  

The e f f e c t  o f  s t ress  o n   t h e   c o l l e c t o r   c u r r e n t   w i t h   e i t h e r  emitter 

c u r r e n t   c o n s t a n t   o r   b a s e   c u r r e n t   c o n s t a n t   f o r  a 2N1958 n - p - n   t r a n s i s t o r  i s  

shown i n   F i g .  29. The s t ress  was a p p l i e d   t o   t h e  emitter by a 0 .7  m i l  

s a p p h i r e   n e e d l e .  A s  shown i n   F i g .  29 t h e   c o l l e c t o r   c u r r e n t  i s  more s e n s i -  

t i v e   t o  s t ress  w i t h   b a s e   c u r r e n t   h e l d   c o n s t a n t   t h a n  i t  i s  w i t h  emitter 

c u r r e n t   h e l d   c o n s t a n t .  By comparing  Fig.  29 w i t h   F i g .  14 which was c a l c u -  

l a t e d   t h e o r e t i c a l l y  i t  i s  s e e n   t h a t   t h e   e x p e r i m e n t a l  resul ts  are in   good 

q u a l i t a t i v e   a g r e e m e n t   w i t h   t h e   t h e o r y .  

F i g u r e  30 i s  a p l o t  of  I as a f u n c t i o n  of  V f o r  several stress 
C e b  

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

I n   t h i s   c a s e   t h e  stress was a p p l i e d   t o   t h e  emitter w i t h  a 3 m i l  s t ee l  n e e d l e .  

The e f f e c t  of stress o n   t h e   b a s e   c u r r e n t   w i t h   c o l l e c t o r   c u r r e n t   a n d  emitter- 

b a s e   v o l t a g e   h e l d   c o n s t a n t  i s  shown i n   F i g ,  31. The t r a n s i s t o r  was a 2N2102 

n -p -n   dev ice   w i th  stress a p p l i e d   b y  a 0.7 m i l  s a p p h i r e   n e e d l e .  The b a s e  

c u r r e n t  of  an  n-p-n 2N2102 t r a n s i s t o r  as a f u n c t i o n   o f   e m i t t e r - b a s e   v o l t a g e  
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F i g .  2 9 .  Ratio of  S t r e s s e d   t o   U n s t r e s s e d   C o l l e c t o r   C u r r e n t  of a 2N1958 
n - p - n   T r a n s i s t o r   w i t h  Base Cur ren t  Held Constan t   and   wi th  
Emitter Curren t   Held   Cons tan t .  
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F i g .  30. C o l l e c t o r   C u r r e n t  as a Func t ion   o f  E m i t t e r  Base V o l t a g e   f o r  
Cons tan t  Base C u r r e n t   a n d   S e v e r a l   S t r e s s   L e v e l s   i n   a n   n - p - n  
S i l i c o n   T r a n s i s t o r   S t r e s s e d  i n  t h e  Emitter Area w i t h  a S t e e l  
Needle .  
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Fig .   31 .  Base C u r r e n t  as a Func t ion  o f  S t r e s s   w i t h   t h e  Emitter-Base Voltage 
Held   Cons tan t  for an  n-p-n 2N2102 T r a n s i s t o r   S t r e s s e d   i n   t h e  
E m i t t e r  Area w i t h  a Sapphi re   Needle .  

f o r   s e v e r a l  stress levels  i s  shown i n   F i g .   3 2 .   I n   t h i s   c a s e   t h e  emitter-  

b a s e   j u n c t i o n  was s t r e s s e d   w h e r e  i t  comes t o   t h e   s u r f a c e   w i t h  a 3 m i l  

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

and   the  stress was a p p l i e d   t h r o u g h   t h e   o x i d e .  
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F i g .  3 2 .  Base Cur ren t  as a Funct ion  of  Emit ter  Base Vol tage  for Three 
S t r e s s   L e v e l s   i n   a n   n - p - n   S i l i c o n   T r a n s i s t o r .  The t r a n s i s t o r  
was s t r e s s e d  on t h e  emitter b a s e   j u n c t i o n   w i t h  a 3 mil S a p p h i r e  
n e e d l e .  
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S t r e s s   a p p l i e d   o n   t h e   b a s e   s i d e   o f   t h e   e m i t t e r - b a s e   j u n c t i o n   h a s  a 

much smaller e f f e c t  o n   t h 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   o f   m o s t   t r a n s i s t o r s .  

It was found  however   tha t   in  some power t r a n s i s t o r s  a stress on   t he   base  

s i d e   o f   t h e   e - b   j u n c t i o n   c a u s e s   t h e   b a s e   c u r r e n t   t o   d e c r e a s e .   F i g u r e  33 

i s  a p l o t   o f   b a s e   c u r r e n t  as a f u n c t i o n  of  e m i t t e r - b a s e   v o l t a g e   f o r   c o n s t a n t  

emitter c u r r e n t   a n d  several stress levels.  T h i s   d e v i c e  was an  n-p-n power 

t r a n s i s t o r   m a n u f a c t u r e d   b y   S o l i d   S t a t e   P r o d u c t s   I n c .  The s t ress  was a p p l i e d  

w i t h  a 0 . 7  m i l  s a p p h i r e   n e e d l e   n e a r   t h e   e m i t t e r - b a s e   j u n c t i o n  on   the   base  

s i d e .  A s  shown i n   t h e   f i g u r e   t h e   b a s e   c u r r e n t   c a n   b e  made t o   d e c r e a s e   a n d  

go   nega t ive  a t  low v o l t a g e s   a n d   h i g h  s t ress  levels .  Th i s   means   t ha t   t he  

c o l l e c t o r - b a s e   p o t e n t i a l   h a s   b e e n   l o w e r e d  by t h e  s t ress  t o   t h e   p o i n t   t h a t  

t h e   c o l l e c t o r   l e a k a g e  i s  l a r g e r   t h a n   t h e  emitter c u r r e n t .   S t r e s s   a p p l i e d  

o n   t h e   c o l l e c t o r   s i d e   o f   t h e   b a s e - c o l l e c t o r   j u n c t i o n  was found  to   have  

l i t t l e  o r   n o   e f f e c t   o n   t r a n s i s t o r   c h a r a c t e r i s t i c s .  
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F ig .  3 3 .  Base C u r r e n t  o f  a S i l i c o n   T r a n s i s t o r  as a Func t ion  o f  Emitter- 
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Chapter  V 

DISCUSSION AND SUMMARY 

A t h e o r y   o f   t h e  e f fec t  o f  a g e n e r a l   s t r a i n   o n   t h e   e l e c t r i c a l   c h a r a c -  

terist ics o f  p-n j u n c t i o n s  i s  developed.  The model i s  based  on  the  defor-  

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

b a n d   s t r u c t u r e   w i t h   s t r a i n .  The energy   band   s t ruc ture   o f   germanium  and  

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

developed .   Energy   band   changes   wi th   s t ra in  are i n c o r p o r a t e d   i n t o   t h e  

c u r r e n t - v o l t a g e  p-n j u n c t i o n   e q u a t i o n s .   E q u a t i o n s  are developed  which 

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

u n d e r   s t r a i n .  The d i o d e   a n d   t r a n s i s t o r   m o d e l  as deve loped   has   neg lec t ed  

t h e   e f f e c t s   o f   s t r a i n  on s u c h   j u n c t i o n  parameters as e f f e c t i v e  mass, 

m o b i l i t y   a n d  car r ie r  l i f e t i m e .  

Compar ing   the   theore t ica l   model   wi th   exper imenta l   da ta  i t  shows 

t h a t   t h e r e  i s  good  agreement .   Quant i ta t ive   compar isons   have   no t   been  made 

i n  cases where  the stress was a p p l i e d   b y   a n   i n d e n t o r   p o i n t .  When stress 

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

t h e   s t r a i n   t e n s o r ,   i n   w h i c h   a c c u r a c y  i s  needed, i s  d i f f i c u l t :   i f   n o t  impos- 

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

demons t r a t ed   by   t he   expe r imen ta l   da t a ,   t he   t heo ry   can   be   u sed   t o   p red ic t  

t h 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   o f   d i o d e s   a n d   t r a n s i s t o r s   u n d e r   s t r a i n .  A s  

a n   e x a m p l e ,   t h e o r y   p r e d i c t e d   t h a t  a [loo] o r i e n t e d   j u n c t i o n   i n   s i l i c o n   w o u l d  



b e   m o r e   s e n s i t i v e   t o   s t r a i n   t h a n  a [110] o r  [111] o r i e n t a t i o n   a n d  a [110] 

o r i e n t a t i o n   w o u l d   b e   m o r e   s e n s i t i v e   t h a n  a [ill] o r i e n t a t i o n .   T h i s  w a s  

f o u n d   t o   b e   c o r r e c t   e x p e r i m e n t a l l y .   T h e o r y   p r s d i c t s   t h a t  a [111] o r i e n t a -  

t i o n  i s  more s e n s i t i v e   i n  germanium  than a [110] o r  [ loo]  o r i e n t a t i o n   a n d  

a [110] i s  more s e n s i t i v e   t h a n  a [ loo]  o r i e n t a t i o n .   R i n d n e r  e t  a l . ,  [6]  

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

The p r e s e n t   t h e o r y   e x p l a i n s   t h e  many f a c e t s   o f   t h e   p i e z o j u n c t i o n  

phenomenon as obse rved   i n   s i l i con   and   ge rman ium  p -n   j unc t ion   dev ices .  

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

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

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

w h e t h e r   t h e   c u r r e n t   i n  a d iode  i s  " i d e a l "   o r   d u e   t o   g e n e r a t i o n - r e c o m b i n a t i o n ,  

a mechan ica l  stress c a n   b e   a p p l i e d   t o   t h e   j u n c t i o n   w h i c h  w i l l  c a u s e   t h e  

" idea l "   componen t   t o   be   ampl i f i ed   more   t han   t he   gene ra t ion - recombina t ion  

component. Also i t  h a s   b e e n   t h e   p r a c t i c e   t o  t e s t  semiconductor   devices  

b e f o r e   l e a d   a t t a c h m e n t   a n d   e n c a p s u l a t i o n   b y   p l a c i n g  small metal  probes  on 

t h e   v a r i o u s   c o n t a c t  areas. One o f   t h e s e  areas i s  o f t e n  a t r a n s i s t o r  emit ter .  

It i s  v e r y   l i k e l y   t h a t   d e v i c e   c h a r a c t e r i s t i c s   t h u s   o b s e r v e d   c a n   b e   v e r y  

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

t h e   p r o b e s .  
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Appendix A 

NOTATION  USED  TO  REPRESENT  STRESS AND STRAIN AND 
CALCULATIONS FOR SEVERAL  CRYSTAL  ORIENTATIONS 

I n  a l l  c a s e s   t h e  s t ress  a n d   s t r a i n  are r e f e r r e d   t o   t h e   c r y s t a l  axes; 

x = 1 , 2 , 3   r e f e r   t o   t h e  [lOO], [OlO] and [OOl] d i r e c t i o n s   r e s p e c t i v e l y .  Ten- 

s i o n a l  stresses a n d   s t r a i n s  are p o s i t i v e   a n d   c o m p r e s s i o n a l  are n e g a t i v e .  

The mechan ica l  s tress,  u ,  i s  r e p r e s e n t e d  as f o l l o w s :  

u = c o n v e n t i o n a l  s tress ; a,B = x ,  y ,  z 

u = t e n s o r  s t ress  ; i, j = 1 , 2 , 3  

u = e n g i n e e r i n g  s t ress  ; r = 1 , 2 , 3 , 4 , 5 , 6  

i j  

r 

where CJ - and u = u The c o n v e n t i o n a l ,   t e n s o r   a n d   e n g i n e e r i n g  

s t resses  are r e l a t e d  as follows: 
aB - “m i j  j i’ 

P r i n c i p a l   S h e a r  

“ = u  - xx 11 - “1 x y  1 2  6 u = u  = u  

“ = u  = “  
Y Y  22 2 x2 13 5 

0 = u  = u  

u = u  =cJ z z  33 3 ‘ Y Z  = “23 = ‘4  

The h y d r o s t a t i c  s tress,  P, i s  d e f i n e d   i n  terms o f   t h e   p r i n c i p a l  stresses as 

P = ( D l  + u2  + 03)/3 

The m e c h a n i c a l   s t r a i n  i s  r e p r e s e n t e d  as 
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e = c o n v e n t i o n a l   s t r a i n  ; a,B = z , y , z  

E = t e n s o r   s t r a i n  ; i, j = 1,2,3 

e = e n g i n e e r i n g   s t r a i n  ; r = 1,2,3,4,5,6 

aB 

i j  

r 

where e = e and E = The c o n v e n t i o n a l  , t e n s o r   a n d   e n g i n e e r i n g  

s t r a i n s  are r e l a t e d   t o   e a c h   o t h e r   i n   t h e   f o l l o w i n g   m a n n e r :  
aB Boc i j  

P r i n c i p a l   S h e a r  

e xx = '11 = e 1 

YY 22 2 

e z z  = €33  = e 3 

e = 2c12 - e6 

e = 2c13 - e5 

e = 2~~~ - e4 

XY 
- 

e = E  = e  
XZ 

- 

YZ 
- 

The h y d r o s t a t i c   s t r a i n ,  e ,  i s  d e f i n e d  as 

e = e  + e  + e  
1 2 3  

For   t he   ca se   o f   cub ic   symmet ry ,   t he   eng inee r ing  stress i s  r e l a t e d  

t o   s t r a i n  by Hook's g e n e r a l i z e d  law 

ul 

0 2 

3 U 

u4 

U 5 

'6 

C 11 1 2  1 2  

1 2  11 1 2  

1 2  1 2  11 

0 0 0 

C C 

C C C 

C C C 

0 0 0 

0 0 0 

0 0 

0 0 

0 0 

0 
c44 

0 

0 0 

c44 

0 

0 

0 

0 

0 

c44 

X 

el 

e 
2 

3 

4 

5 

6 

e 

e 

e 

e 

Y 

an d 
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I -  
S 11 

1 2  

12 

0 

0 

0 

S 

S 

S 12 12 S 0 

0 

0 

sll s12 

S S 1 2  11 

0 0 

0 0 0 

0 0 0 

s44 

S 44 

0 

0 

0 

x 

- 
O 1  

O 2  

O 3  

a4 
Y 

u 5 

' 6  - "I 

where   t he   c ' s   and  s ' s  are t h e   s t i f f n e s s   a n d   c o m p l i a n c e   c o e f f i c i e n t   f o r   t h e  

c r y s t a l .  

When a g e n e r a l  s t ress  i s  a p p l i e d   t o  a c r y s t a l ,  i t  i s  a lways   poss ib l e  

to   choose  a r e c t a n g u l a r   c o o r d i n a t e   s y s t e m   ( n o t   n e c e s s a r i l y   t h e   c r y s t a l   a x e s )  

s u c h  t h a t  there  i s  z e r o   s h e a r  s t ress  a n d   t h r e e   p r i n c i p a l   s t r e s s e s .   L e t  

t h e   p r i n c i p a l  s t ress  sys t em  have   t he   coord ina te s  x / ,  y', z ' ,  t h e   s h e a r  

stresses are then  0 = u = u = 0. The p r i n c i p a l  stresses are 

r e l a t e d   t o   t h e   c r y s t a l  axes b y   t h e   f o l l o w i n g   e q u a t i o n .  
X Y  x 2  Y Z  

where Q,m,n are t h e   d i r e c t i o n   c o s i n e s   d e f i n e d   b y   t h e   f o l l o w i n g   t r a n s f o r m a t i o n .  
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It i s  of p r a c t i c a l   i n t e r e s t   h e r e   t o   d e t e r m i n e   t h e   s t r a i n   c o m p o n e n t s  

f o r   h y d r o s t a t i c ,   u n i a x i a l  [ loo] ,  u n i a x i a l  [ O l l ]  a n d   u n i a x i a l  [lll] stresses.  

F o r   t h e   h y d r o s t a t i c   c a s e ,  

o1 = o2 = o3 = -P 

and 

a 4 = a  5 = a g = O .  

S o l v i n g   f o r   t h e   s t r a i n s   y i e l d s  

e = e  = e  - 
1 2 3 - - ( s 4 4  + 2 S l 2 P  , 

e 4 = e  
= e  = O .  

5 6 

Consider  a u n i a x i a l   c o m p r e s s i o n a l  s t ress  of  magnitude T a p p l i e d  

a l o n g   t h e  [111] d i r e c t i o n .   I n   t h i s  case 1 = 7% = a = 1/ 6 ,  fo r   wh ich  1 1 1 

0 = a2 - a3 - o4 - a5 = O6 = - T/3 , 1 
- - - 

and 

e 1 = e = e = - T ( s l l  + 2s12)/3 , 

e4 = e5 = e6 = - T s44 /3  . 
2 3 

Next c o n s i d e r  a un iax ia l   compress ion  s t ress  of magnitude T a p p l i e d   a l o n g   t h e  

[ O l l ]  d i r e c t i o n .   I n   t h i s   c a s e  P = 0,  ml = d f i ,  nl = 1/ f i  fo r   wh ich  1 

and 

e = -s12T , e2  = e = - T ( s l l  + s12)/2 , 1 3 



e4 = - T e 5 = e  = O .  6 

Finally  consider  a  uniaxial  compression  stress of magnitude T 

applied  along the [ loo]  direction.  This  gives 1 = 1 , m = 0 

for which 

1 1 , n 1 = 0  

an d 

e = -sll T e = e = -s12 T 1 2 3 
= e   = e  = O .  

e4 5 6 
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Appendix B 

EFFECT OF  STRAIN ON THE EFFECTIVE MASS 

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

There i s  l i t t l e  e x p e r i m e n t a l   i n f o r m a t i o n   a v a i l a b l e  on t h e   e f f e c t   o f  

l a r g e   s t r a i n s   ( e  > 1%) o n   t h e   e f f e c t i v e  mass. Cyclo t ron   resonance   measure-  

m e n t s   o f   t h e   e f f e c t i v e  mass have  been made  on s i l i c o n   s u b j e c t e d   t o   u n i a x i a l  

stress i n   w h i c h   t h e   s t r a i n  levels were less than  1% [ 1 9 , 2 0 , 3 7 ] .  I n   t h e s e  

e x p e r i m e n t s   t h e   e f f e c t i v e  mass was found to change  only a few p e r c e n t .  

Hasegawa [ 3 8 ]  and  Hensel  and  Hasegawa [19 ]  h a v e   d e r i v e d   t h e o r e t i c a l  expres- 

s i o n s   f o r   t h e   e f f e c t i v e  mass o f  some o f   t h e   e n e r g y   l e v e l s   i n   s i l i c o n  as a 

f u n c t i o n   o f  some p a r t i c u l a r  stresses.  By u s i n g   t h e   r e s u l t s   o f   t h e i r  work 

i t  can  be shown t h a t   s t r a i n   i n   t h e   r a n g e   o f   i n t e r e s t   h e r e  ( e s  < 5%) 

produces a n e g l i g i b l e   c h a n g e   i n   t h e   e f f e c t i v e  mass o f  s i l i c o n  when compared 

to c h a n g e s   i n  ca r r i e r  c o n c e n t r a t i o n .  

S 

B . 2  E f f e c t i v e  Mass o f   H o l e s   i n   S i l i c o n  

The shape of the   ene rgy   bands  a t  the   band   edge   po in t s   de t e rmines   t he  

e f f e c t i v e  mass, i . e . ,  

yi 1 a2E(k)  -1 
mij = Ti I?'akiakj 

' 
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where m" i s  t h e   e f f e c t i v e  mass t e n s o r   a n d  i and j are t h e   k - d i r e c t i o n s .   I n  
-L 

i j  

t h e   c a s e   o f   s p h e r i c a l   b a n d s ,  E a [k: + k2 + k3]/m , t h e   e f f e c t i v e  mass, m", 2 2 YC 
-1. 

i s  i n d e p e n d e n t   o f   d i r e c t i o n .   S u c h  i s  t h e  case f o r   t h e   s p l i t - o f f   h o l e   b a n d  

(Ev3) i n   s i l i c o n   a n d  germanium. The l i g h t   h o l e   b a n d  (E ) can   be   approxi -  

m a t e d   t o   w i t h i n  a few p e r c e n t   b y  a s p h e r e  [ll]. The heavy  hole   band (E ) 

i s  a warped   sphere .  It can   a l so   be   approx ima ted   w i th  less accuracy  as a 

s p h e r e   w i t h  a r a d i u s   e q u a l   t o   t h e   a v e r a g e   r a d i u s  of  the   warped   sphere  [ll] 

v2 

v l  

As d i s c u s s e d   i n   C h a p t e r  11, when t h e   c r y s t a l  i s  m e c h a n i c a l l y   s t r a i n e d  

the   degene racy   o f   t he  r&(j = 3 1 2 )  i s  removed.   S t ra in   causes   the   warped  

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

conduc t ion   bands   o f   S i   and  Ge [38]. Hasegawa [ 3 8 ]  has   deve loped  a t h e o r e t -  

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

and  the  magni tude  of  a un iax ia l   compress ion  stress a p p l i e d   a l o n g   t h e  d O O >  

a x e s   o f   t h e  c r y s t a l :  

Evl  = (A - 7 BZ)k + (A + BZ)k 1 2 2 
IJ 1 '  

where k is p a r a l l e l   t o   t h e  <loo> d i r e c t i o n   a n d  k i s  p e r p e n d i c u l a r   t o   t h e  
11 1 

<loo> d i r e c t i o n ,  A and B are cons t an t s   wh ich   can   be   de t e rmined   expe r imen ta l ly  

and Z i s  the   deg ree   o f   mix ing   be tween   t he   heavy   ho le   band   and   t he   sp l i t -o f f  

band  and i s  given  by 

1 z = -(1 + 1 - 9x 
2 2 1 1 2  ) (B - 3) 

(1 - 2x + 9x ) 

el DU x = - ,  
6 

6 i s  t h e   s e p a r a t i o n   b e t w e e n   t h e   h e a v y   h o l e   b a n d   a n d   t h e   s p l i t - o f f   b a n d  

( s e e   F i g .  3). 



S o l v i n g  Eqs. (B. 1) and ( B . 2 )  f o r   t h e   c o m p o n e n t s   o f   t h e   e f f e c t i v e  

mass t e n s o r   g i v e s  

and 

2 
'-= A + B Z .  
2ml 

A " d e n s i t y   o f  s ta tes  e f f e c t i v e  mass", m can now b e   d e f i n e d   i n   t h e  
C Y  

same manner as i s  done   for   the   conduct ion   band ,  i. e .  

Hensel  and  Feber [ 3 7 ]  have   de t e rmined   expe r imen ta l   va lues   o f  A ,  B y  and D 

as f o l l o w s :  

U 

A = - 4 .28  ti /2m0 , 

B = - 0 . 7 5  ti /2mo , 

DU = 2.04   ev  . 

2 

2 

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

f u n c t i o n  o f  s t r a i n  shows t h a t  m changes less than  1% f o r   s t r e s s  levels  
C 

c h a n g e s   i n   t h e   c a r r i e r   c o n c e n t r a t i o n   f o r   t h e  same stress. 

The e f f e c t i v e  mass can   a l so   be   ob ta ined   f rom  the   t heo ry   o f   Hasegawa  

[ 3 8 ]  as a f u n c t i o n   o f   o t h e r   u n i a x i a l  s tresses ([Oll] and [ill]). Changes 

i n   t h e   d e n s i t y   o f  s ta tes  e f f e c t i v e  mass f o r   t h e s e   d i r e c t i o n s  are a l s o   f o u n d  

t o   b e   v e r y  small. 
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B.3  E f f e c t i v e  Mass o f   E l e c t r o n s   i n   S i l i c o n  

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

Chapter  11, Eq. ( 2 . 8 ) .  D i a g o n a l i z i n g   t h e   H a m i l t o n i a n   g i v e s  

The band   edge   po in t   a long   t he  [ loo ]  axis  h a s   a l r e a d y   b e e n  shown t o  be 

l o c a t e d  a t  

(B. l o )  

5 k = 0 ,  

R k Z = O .  

2 2  
Y 

2 2  

I t  can  be  seen  from Eq. ( B . 9 )  t h a t   c o n s t a n t   e n e r g y   s u r f a c e s  are n o t  

e l l i p s o i d s  o r  s p h e r e s   i n   k - s p a c e  when t h e r e  is a n   a p p l i e d   s t r a i n .   I f   o n e  

w a n t s  t h e   d e n s i t y   o f   s t a t e s   e x a c t l y ,  i t  would  be  necessary to 

u s e  E q .  ( B . 9 )  f o r  E ( k )  i n   t h e   d e n s i t y   o f  s ta tes  r e l a t i o n s h i p .  To do t h i s  

w o u l d   r e q u i r e   c c n s i d e r a b l e   e f f o r t   w h i c h  i s  probably   unwarranted .  An a p p r o x i -  

mate approach i s  t o  expand E ( k )  i n  a Tay lo r  series abou t   t he   band   edge   po in t .  

Pe r fo rming   t h i s   expans ion   t o   s econd   o rde r   powers   i n  k y i e l d s ;  
n 

where 6 represents  t h e   s h i f t   o f   t h e   b a n d   e d g e   a n d  e 
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(B. 12)  

Th i S oach   has  b een  t a k  .en  by  Hensel  and Ha  

a is  g iven   approx ima te ly   by  

se gawa [19]t and t h  ley f i n d   t h a t  

(B. 13)  

A n  a n a l y s i s   o f  Eq .  ( B . l O )  shows t h a t  as e 4 "t m 2 r 1 ; ,  ( K x l r n i n 4  0 .  

This   means   t ha t  E ( L )  becomes  independent   of  K t o   s econd   o rde r   powers   i n  

K f o r   t h e   s t r a i n   l e v e l .   T h e r e f o r e   o n e   w o u l d   n o t   e x p e c t  Eq. ( B . l l )  t o   h o l d  

n e a r   t h i s   s t r a i n   l e v e l .   F o r   s t r a i n s   b e l o w   t h e   a b o v e   c r i t i c a l   v a l u e  Eq.  ( B . l l )  

i s  e x p e c t e d   t o   b e  a good  approximation.  

X 

X 

T a k i n g   t h e   d e r i v a t i v e s   o f  Eq .  (B. 11) and   so lv ing   fo r   t he   componen t s  

o f   t h e   e f f e c t i v e  mass t e n s o r   y i e l d s ;  

1 

m 
-1. 

- - 

i j  I "4 I 

0 

as e x p e c t e d   t h e r e  are terms i n   t h e   t e n s o r   w h i c h  are n o n - z e r o   f o r   t h e   o f f  

d i agona l   e l emen t s .   Th i s  i s  h a n d l e d   i n   t h e   u s u a l   m a n n e r   ( d i a g o n a l i z i n g   t h e  

t e n s o r )   w h i c h   y i e l d s  



1 

mkl  

- =  
J- 0 -  0 1 

m2 (e 1 

0 0 -  1 
m3 (e 

0 

where k and  1 are d i f f e r e n t   f r o m  i and j and  are u s e d   t o  show t h a t   t h e  new 

c o o r d i n a t e   s y s t e m  i s  d i f f e r e n t   f r o m   t h e   o l d  x, y ,  z sys tem.  

The i n v e r s e   d e n s i t y   o f  s ta tes  e f fec t ive  mass i s  

Rewr i t ing  E q .  ( B . 1 6 )  i n  terms o f   t h e   s t r a i n   g i v e s  

(B.  16)  

(B. 17) 

where m''(o) i s  t h e   u n s t r a i n e d   e f f e c t i v e  mass. U s i n g   t h e   e x p e r i m e n t a l   v a l u e  

[19] cimo = 1 6 . 4  a n d   s u b s t i t u t i n g   i n t o  E q .  (B. 17) t h e   v a l u e s   o f   t h e   o t h e r  

band   pa rame te r   g ives  

-5. 

C 

1 

(1 - 520 e4) (1 - 268 e4) 2 2 (B. 18) 

R e f e r r i n g   t o  E q .  (B.17) i t  is s e e n   t h a t   t h e r e  are  two s i n g u l a r i t i e s  

i n   t h e   e f f e c t i v e  mass e q u a t i o n .   T h i s  i s  n o t   u n e x p e c t e d   s i n c e   t h e   e n e r g y  was 

expanded  in  a Tay lo r  series and   accoun t s   on ly   fo r   s econd   o rde r   power   i n  E. 

I t  i s  s e e n   t h a t ,   i n   f a c t ,   i f   t h e   s h e a r   s t r a i n  i s  less t h a n   a b o u t  2 p e r c e n t ,  
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t h e r e  i s  a n e g l i g i b l e   e f f e c t  on t h e   e f f e c t i v e  mass. I n   t h e  case of   hydro-  

s t a t i c  p r e s s u r e s   t h e   s h e a r  i s  ze ro   and   hence   t he  e f fec t ive  mass i s  indepen- 

d e n t   o f   s t r a i n .  

B. 4 Summary 

The a b o v e   t r e a t m e n t   o f   t h e   v a r i a t i o n   o f   e f f e c t i v e  mass w i t h   s t r a i n  

f o r   s i l i c o n  i s  by  no  means  complete. It d o e s   h o w e v e r   i n d i c a t e   t h a t   f o r  

s t r a i n   l e v e l s   b e l o w  a few p e r c e n t , e f f e c t i v e  mass changes are n e g l i g i b l e .  

Although no t rea tment   has   been   g iven   for   germanium,  i t  i s  e x p e c t e d   t h a t  

germanium w i l l  b e h a v e   s i m i l a r l y   t o   s i l i c o n .  More i m p o r t a n t   t h a n   t h e  

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

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

stress i n d i c a t e   t h a t   e f f e c t i v e  mass v a r i a t i o n s  are a t  l eas t  second   o rde r  

when compared t o  carrier d e n s i t y   v a r i a t i o n s .  





Appendix C 

EFFECT  OF  STRAIN ON THE MINORITY CARRIER LIFETIME, 
CARRIER MOBILITIES, DIFFUSION CONSTANTS AND 

DIFFUSION LENGTHS 

C .  1 M i n o r i t y  Carrier L i f e t i m e  
9; 

The m i n o r i t y   c a r r i e r  l i fe t ime o f  a semiconductor ,   based  on a s i n g l e  

t r a p   l e v e l   l o c a t e d   i n   t h e   f o r b i d d e n   b a n d   [ 3 3 ] ,  i s  g iven  by [39]  

where n and p are t h e   r e s p e c t i v e   e l e c t r o n   a n d   h o l e   c o n c e n t r a t i o n s   i n   t h e  

p a r t i c u l a r   s e m i c o n d u c t o r .  T and T~~ are' t h e   l i f e t i m e s   o f   h o l e s   a n d  

e l e c t r o n s   i n   h i g h l y   n -   a n d   p - t y p e  materials r e s p e c t i v e l y .   B o t h  T and 
PO 

PO 

1 1 'no 

Eq. ( C .  1) are g iven  by [33] .  

are  i n v e r s e l y   p r o p o r t i o n a l   t o   t h e   t r a p   d e n s i t y   [ 3 9 ] .  n and p i n  

n l  = n i exp[ (Ei - Et)/kT] , 

where E i s  t h e   e n e r g y  of t h e   t r a p  level  and E i s  t h e   e n e r g y   o f   t h e   i n t r i n -  

s i c  Fe rmi   l eve l .  

t i 

9; 
The p r e s e n t   t r e a t m e n t   o f   m i n o r i t y  carr ier  l i f e t i m e  i s  c l o s e l y  

r e l a t e d   t o   t h e   t r e a t m e n t   o f   g e n e r a t i o n   r e c o m b i n a t i o n   c u r r e n t   g i v e n   i n  
Appendix E .  



It i s  seen  f rom Eq. ( C . 1 )  t h a t  i f  t h e  material i s  h i g h l y   n -   o r   p - t y p e ,  

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

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

S e c t .  3 . 3 ;  n a m e l y ,   t h e   d e n s i t y   o f   g e n e r a t i o n - r e c o m b i n a t i o n s   c e n t e r s  i s  n o t  

c h a n g e d   b y   s t r a i n .  The c a p t u r e   c r o s s   s e c t i o n  i s  assumed  to   remain   cons tan t .  

The l i f e t i m e s ,   a n d   w h i c h   a p p e a r   i n   t h e   t h e o r y   o f   t h e   " i d e a l "   j u n c t i o n  

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

on t h e  p s i d e   o f   t h e   j u n c t i o n   a n d   o f   t h e   h o l e s  a t  t h e   e d g e   o f   t h e   d e p l e t i o n  

r eg ion   on   t he  n s i d e   o f   t h e   j u n c t i o n   r e s p e c t i v e l y .  It w i l l  be   assumed  for  

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

i s  doped  heavi ly   enough so  t h a t   t h e   l i f e t i m e s  are independen t   o f   t he  car r ie r  

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

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

t h e   t h e o r y   o f   g e n e r a t i o n - r e c o m b i n a t i o n   c u r r e n t s  (see Appendix.E  and  Sect .  

PO 

'n P' 

1' 

3 . 3 ) .  

Matukura [ 4 0 ]  h a s   m e a s u r e d   t h e   l i f e t i m e   o f   m i n o r i t y  carriers i n  

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

d e c r e a s e d  10 t o  3 0  p e r c e n t   f o r   t h e   s t r e s s e d   d i o d e s .   I n   h i s   e x p e r i m e n t s  a 

diamond  needle  was u s e d   t o   i n t r o d u c e  a h igh  stress level  o v e r  a small 

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

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

Fo l lowing   t he   cu r ren t   pu l se ,   t he   decay  time was measured. The u n s t r a i n e d  

l i fe t ime was found   t o   be  0 . 3  p-seconds .   Assuming  tha t   the   change   in   the  

decay t i m e  w i t h   t h e   a p p l i c a t i o n   o f   s t r a i n  i s  due t o  a change   i n   t he  

l i f e t i m e  of c a r r i e r s   i n   t h e   s t r a i n e d  area only,   i t :  i s  f o u n d   t h a t   t h e   l i f e t i m e  

i n   t h e   s t r a i n e d  material i s  r e d u c e d   t o   p - s e c o n d s !   P h y s i c a l l y ,   t h i s  



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

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

C. 2 M o b i l i t y  

Much w o r k   h a s   b e e n   d o n e   o n   t h e   p i e z o r e s i s t a n c e   p r o p e r t i e s   o f  

germanium  and   s i l i con   [41 ,42 ,43 ,44 ,45 ,46] .   This  work, however,   has 

b e e n   c o n c e r n e d   m a i n l y   w i t h   l o w   s t r a i n ,  i .e . ,  s t r a i n  levels  low  compared 

t o   t h e  levels o f   i n t e r e s t   h e r e .  The p i e z o r e s i s t a n c e   e f f e c t   i n   m a n y - v a l l e y  

semiconduc to r s   (n - type  G e  a n d   S i )  i s  e x p l a i n e d   b y   t h e   d e f o r m a t i o n   p o t e n t i a l  

t heo ry   [41 ,42 ] .  The m a j o r   e f f e c t   h a s   b e e n   f o u n d   t o   r e s u l t   f r o m   t h e  

re la t ive  p o p u l a t i o n   a n d   d e p o p u l a t i o n   o f   t h e   v a l l e y s   i n   t h e   c o n d u c t i o n  

b a n d   w i t h   s t r a i n  as d i s c u s s e d   i n   C h a p t e r s  I1 and 111. 

For low s t r a i n  levels ,  t h e  relative c h a n g e   i n   t h e   r e s i s t i v i t y   o f  

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

The p r o p o r t i o n a l i t y   c o n s t a n t   o r   e l a s t o r e s i s , t a n c e   c o e f f i c i e n t  i s  on t h e  

o r d e r   o f  1 7 5  f o r   e x t r i n s i c   s i l i c o n   a n d  -150 f o r   e x t r i n s i c  germanium [43] 

F o r   s i l i c o n   t h i s   g i v e s  

&L - 1 7 5  S 
CI 

where p i s  t h e   m o b i l i t y   o f   t h e   m a j o r i t y  carriers and S i s  t h e   s t r a i n .  

The r e l a t ive  c h a n g e   i n   m o b i l i t y  i s  s e e n   t o   h a v e  a small e f f e c t  compared t o  

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

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

w i l l  be   a s sumed   t ha t   changes   i n   t he   minor i ty  carr ier  m o b i l i t y  are of t h e  

same o r d e r  of magni tude as t h a t   f o r   m a j o r i t y  carriers. T h i s  i s  p robab ly  



a g o o d   a s s u m p t i o n   s i n c e   t h e   m a j o r i t y  carrier mob i l i t y   changes   ma in ly   due   t o  

r e l a t i v e   c h a n g e s   i n   t h e   d e n s i t y   o f  carriers a t  the   band   edge   po in t s   wh i l e  

f o r   m i n o r i t y  carriers t h e   d e n s i t y   o f   t h e  carriers are small t o   b e g i n   w i t h  

and  therefore   would  have less i n f l u e n c e  on t h e   m o b i l i t y .  

It s h o u l d   a l s o   b e   n o t e d   t h a t   t h e  re la t ive  c h a n g e   i n   r e s i s t a n c e  

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

b e c a u s e   r e l a t i v e l y  small c h a n g e s   i n   t h e   e n e r g y  levels  c a u s e  a l l  t h e   m a j o r i t y  

c a r r i e r s   t o   o c c u p y   c e r t a i n   v a l l e y s   w h i l e   l e a v i n g   t h e   o t h e r  va l leys  empty. 

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

t h e   m o b i l i t y .  

C. 3 D i f f u s i o n   C o e f f i c i e n t s  

The m i n o r i t y  carr ier  d i f f u s i o n   c o e f f i c i e n t s  are d i r e c t l y   p r o p o r t i o n a l  

t o   t h e   m i n o r i t y  car r ie r  m o b i l i t i e s  ( D  = pkT/q). As d i s c u s s e d   i n   S e c t .  C.2 

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

t.0 s t r a i n - - e s p e c i a l l y  when compared   t o   minor i ty  car r ie r  dens i ty   changes .  

Changes i n   t h e   d i f f u s i o n   c o e f f i c i e n t s   w i t h   s t r a i n  are  t h e r e f o r e   e x p e c t e d  t o  be 

n e g i i g i b l e .  

C. 4 Dif fus ion   Leng th  

The d i f f u s i o n   l e n g t h s  L and Ln are p r o p o r t i o n a l   t o   t h e   s q u a r e   r o o t  
P 

of  IJ- T and p T r e s p e c t i v e l y .   C h a n g e s   w i t h   s t r a i n   o f   b o t h   m o b i l i t y   a n d  

l i f e t ime   have   been   d i scussed   above   and  i t  was conc luded   t ha t   t he   changes  

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

due t o   t h e   c h a n g i n g   e n e r g y  levels which  produce a “ q u a s i e l e c t r i c ”   f i e l d  

P P   n n  



a c t i n g  o n   t h e   m i n o r i t y  carrier [ 4 7 ] .  T h i s   m e a n s   t h a t   a n   e f f e c t i v e  

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

The " q u a s i e l e c t r i c "   f i e l d  w i l l  have  an e f f ec t  similar t o  a b u i l t - i n  

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

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

w i l l  be   neg lec t ed   compared   t o   t he   exponen t i a l   changes   o f   t he   minor i ty  

c a r r i e r   d e n s i t y .  

. 





Appendix D 

EFFECT OF LARGE STRAINS ON CONDUCTIVITY 

Mos t   o f   t he   p i ezo res i s t ance   work   wh ich  was c i t e d   i n   A p p e n d i x  C 

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

o f   s t r a i n .   A g a i n   t h i s   w o r k   h a s   b e e n   f o r   l o w   s t r a i n   l e v e l s   i n   e x t r i n s i c  

material s u c h   t h a t   t h e  car r ie r  d e n s i t y  was de te rmined   by   t he   impur i ty  

d e n s i t y   a n d  was i n d e p e n d e n t   o f   s t r a i n .  A s  p o i n t e d   o u t   i n   C h a p t e r  111, 

t h e   m i n o r i t y   c a r r i e r   d e n s i t y   i n   e x t r i n s i c  material  can  change  by several 

o r d e r s  of m a g n i t u d e   f o r   l a r g e   s t r a i n   l e v e l s .  Also i n   i n t r i n s i c  material  

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

F o r   t h e   p r e s e n t   p u r p o s e s  i t  w i l l  b e   a s s u m e d   t h a t   m o b i l i t y  i s  indepen- 

d e n t   o f   s t r a i n .  The c o n d u c t i v i t y  is  

For   t he   ca se  of  i n t r i n s i c  material  (n 2 p )   t h e   c o n d u c t i v i t y   e x p r e s s i o n  

r e d u c e s   t o  

0 = nq(pn + pp) . 

From Eqs. ( 3 . 1 1 )  and ( 3 . 1 2 )  
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The c o n d u c t i v i t y   t h e n   r e d u c e s   t o  

o r  

S i n c e  y (e )   can   change   by   o rders  of  m a g n i t u d e   w i t h   h i g h   s t r a i n   l e v e l s ,   t h e  

c o n d u c t i v i t y  of  i n t r i n s i c  material  can   a l so   change  by o r d e r s  of  magnitude. 

v 

I n  t h e   c a s e  of e x t r i n s i c  material ,  p - type   fo r   example ,   t he   ho le  

d e n s i t y  i s  a p p r o x i m a t e l y   e q u a l   t o  N S u b s t i t u t i n g   t h i s   i n t o  Eqs .  ( D . l )  A' 

and ( D . 3 )  g i v e s  

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

when n 2  y ( e )   a p p r o a c h e s   t h e  same o r d e r  of magnitude as N i o  v A' 

Large   changes   i n   t he   conduc t iv i ty  of n e a r   i n t r i n s i c  germanium  have 

b e e n   o b s e r v e d   f o r   l a r g e   s t r a i n   l e v e l s   b y  Graham, Jones   and   Hol land  [ 4 8 ] .  

I n   t h e i r   e x p e r i m e n t s   v e r y   l a r g e   s t r a i n s  were s e t  up in   the  sample  by  shock 

waves . 
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Appendix E 

SPACE CHARGE GENERATION-RECOMBINATION 
CURRENT I N  P-N  JUNCTIONS 

Space   cha rge   gene ra t ion - recombina t ion   cu r ren t   can   be   impor t an t   i n  

p - n   j u n c t i o n s   ( p a r t i c u l a r l y   i n   s i l i c o n )  [ 3 3 ] .  T h i s   c u r r e n t   a d d s   t o   t h e  

" i d e a l "   o r   d i f f u s i o n   c u r r e n t   w h i c h  i s  p red ic t ed   by   t he   Shock ley   t heo ry .  

I n  a p-n j u n c t i o n   i n   w h i c h   t h e r e  i s  a s i n g l e   t r a p  level l o c a t e d   i n   t h e  

f o r b i d d e n   b a n d ,   t h e   s t e a d y  s t a t e  r ecombina t ion  ra te  U f o r   h o l e s   o r   e l e c t r o n s  

i s  [ 3 3 ] .  

pn - n 2 
i u =  

Tno(P + P,) + Tpo(n + nl)  , 

where p i s  t h e   d e n s i t y   o f   h o l e s   i n   t h e   v a l e n c e   b a n d  when the  Fermi level 

f a l l s  a t  t h e   t r a p  level ,  nl i s  t h e   d e n s i t y   o f   e l e c t r o n s   i n   t h e   c o n d u c t i o n  

band when t h e   F e r m i   l e v e l   f a l l s  a t  t h e   t r a p  level ,  i s  t h e   l i f e t i m e   f o r  

e l e c t r o n s   i n j e c t e d   i n t o   h i g h l y   p - t y p e  material, and r i s  t h e   l i f e t i m e   f o r  

h o l e s   i n j e c t e d   i n t o   h i g h l y   n - t y p e  material. Hauser [ 3 4 , 4 9 ]  h a s   t r e a t e d   t h i s  

p rob lem  and   has   ob ta ined   an   approx ima te   so lu t ion   fo r   t he   gene ra t ion -  

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

1 

'no 

PO 

The h o l e   a n d   e l e c t r o n   c u r r e n t s  are given  by 

J = WpPE - P 
qDpdp/dx 
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and 

'n n (E. 3)  = q p  nE + qDndn/dx , 

where E i s  t h e  e l e c t r i c  f i e l d  a t  x. The c o n t i n u i t y   e q u a t i o n s   f o r   s t e a d y  

s ta te  are 

and 

F igure  34 i s  a s k e t c h   o f   t h e   j u n c t i o n   w h i c h   s h o w s   t h e  two r e g i o n s  

(n  and  p)   and  the  space  charge  region  where  the  width  of   the space cha rge  

r e g i o n  i s  W. I n t e g r a t i n g  E q s .   ( E . 4 )  and (E .5 )  o v e r   t h e   s p a c e   c h a r g e   r e g i o n  

g i v e s  

J (W) = J ( 0 )  - q Io U dx 
W 

P P 

and  

J (0) = Jn(W) + q -To U dx 
W 

n (E. 7 )  

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

a n d   t h e   e l e c t r o n   c u r r e n t   d e n s i t y  a t  a n y   p o i n t  x, for example x = 0.  

T h i s   g i v e s  

J = Jn(0)  + Jp(o)  = Jn ( 0 )  + J (W) + q J! U dx 
P 

o r  

J = J  + J u ,  I 



Space  Charge  Region 

r"7 

x = o  x = w  

F i g .  3 4 .  Generat ion-Recombinat ion  Junct ion  Model .  

where J i s  t h e   " i d e a l "  o r  d i f f u s i o n   c u r r e n t   d e n s i t y   a n d  J i s  t h e   g e n e r a t i o n -  

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

I U 

(E. 10) 

I n   t h e   s p a c e   c h a r g e   r e g i o n  J and Jn are small compared t o   t h e   d r i f t  
P 

a n d   d i f f u s i o n  terms which   reduces  Eqs.  (E .2)  and ( E . 3 )  t o :  

(E. 11) 
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and 

-pnnE 2: Dndn/dx . (E. 12 )  

U s i n g   E i n s t e i n ' s   r e l a t i o n  (D = pkT/q)   and  solving  Eqs.  (E.ll) and  (E.12) 

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

p = C1 exp[-qV/kT] 

and 

n = C 2  exp[qV/kt]  . 

It can  be shown t h a t  [ 4 9 ]  

pn = n exp[  qVa/kT] , 2 
i 

(E. 13) 

(E. 14) 

(E. 15)  

where V i s  t h e   a p p l i e d   j u n c t i o n   v o l t a g e .  a 

S u b s t i t u t i n g   E q s .  (E. 1) and   (E .15 )   i n to  Eq. (E. 10) g i v e s  

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

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

impor t an t  cases can   be   ana lyzed   however .   F i r s t ,   cons ide r   t he  case f o r  

l a r g e   r e v e r s e   b i a s   s u c h   t h a t  qV /kT << 1. I n   t h i s  case p << p and n << n 

I n t e g r a t i n g  Eq. (E .16 )  g i v e s  

a 1 1' 

(E. 17)  

The w i d t h   o f   t h e   s p a c e   c h a r g e   r e g i o n  W i n  Eq. (E.17) i s  a f u n c t i o n   o f   t h e  

a p p l i e d   v o l t a g e  V a'  



F o r   t h e  case of a s t e p   j u n c t i o n  

w = W0(1 - va/vo> 1 / 2  y (E. 18)  

where Wo i s  t h e   w i d t h   o f   t h e   s p a c e   c h a r g e   r e g i o n   w i t h   z e r o   a p p l i e d   v o l t a g e  

and Vo i s  t h e   b u i l t - i n   j u n c t i o n   p o t e n t i a l .  

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

qVa/kT >> 1, f o r   w h i c h  

p X n = n exp{qVa/2kT} , i (E. 19)  

where p >> p1 and n >> n U n d e r   t h e s e   c o n d i t i o n s   t h e   g e n e r a t i o n - r e c o m b i n a t i o n  

c u r r e n t   d e n s i t y  becomes 

1' 

9 n i  

Ju T + T  
- - W exp{qVa/2kT} . 

no PO 
(E. 20) 

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

The t h i r d  case which  can  be  solved i s  t h e  small f o r w a r d   b i a s   c a s e  

s u c h   t h a t  p << pl  and n << n fo r   wh ich  1 

(E.  21) 

The a b o v e   t h r e e   s p e c i a l  cases are o f   p a r t i c u l a r   i n t e r e s t ;  however, 

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

a p p l i e d   v o l t a g e .   A l t h o u g h  Eq. (E .16 )   canno t   be   so lved   i n   gene ra l ,  limits 

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

i n t e g r a l  term o f  Eq. (E.16) 

(E.  22) 

"_ ." " ." ". . . . 
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where 

(E. 23) 

and 

n = n exp  (-qV/kT) (E. 24) n 

where p aqd n are t h e   h o l e   a n d   e l e c t r o n   d e n s i t i e s   i n   t h e   j u n c t i o n  a t  t h e  

p o i n t   w h e r e   t h e   v o l t a g e  i s  V and p and n are t h e   d e n s i t i e s  on t h e   n - s i d e  

of  t h e   j u n c t i o n .  The f u n c t i o n   f ( V )   h a s  a minimum v a l u e   f o r  some v a l u e   o f  

v o l t a g e  V. The  minimum can   be   found   i n   t he   u sua l   manner ,  i. e. 

n  n 

a f  (v) = o =  av ‘no ’n kT 
exp{qV/kT) - T n p, exp  (-qV/kT) 

PO n  kT 

o r  

The re fo re  

no PO no  PO no  PO 

o r  

f ( V )  2 ( T ~ ~ P ~  + -c n + n exp{qVa/2kT) 
PO 1 PO no i 

S u b s t i t u t i n g  Eq. (E .  27) i n t o  (E. 16) a n d   i n t e g r a t i n g   g i v e s  

(E. 25) 

(E. 26) 

(E. 27) 

(E. 28) 

(E. 29) 
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An i n s p e c t i o n   o f  Eq. (E .29 )   shows   t ha t   fo r   l a rge  reverse b i a s   t h e  

l i m i t  i s ,  i n   f a c t ,   e q u a l   t o   t h e  exact va lue   found  ear l ier ,  Eq. (E. 1 7 ) .  

For l a r g e   f o r w a r d   b i a s  Eq. (E.29)  becomes 

By comparing Eq. (E. 29) w i t h   t h e  exact v a l u e   g i v e n   i n  Eq. (E.20),  i t  i s  

f o u n d   t h a t   i f  Go i s  r e p l a c e d   b y  (T + T ) t h e n   t h e  two e q u a t i o n s  PO no 

g i v e   t h e  same v a l u e .  A s  an   approx ima t ion   t he   r ecombina t ion -gene ra t ion  

c u r r e n t   d e n s i t y  i s  e q u a l   t o   t h e   l i m i t i n g   v a l u e   g i v e n   i n  Eq. (E.29)   with 

q ni  W[exp{qVa/kT) - 11 2 

Ju 2 ( T  + T o )  ni  exp{qVa/2kT} ’ (E.  31) 

(TnoPL + 7 n + 
P O  1 hnoP1 + ‘c n 1 

no  

PO 1 

C o m p a r i n g   t h e   r a t i o  (.c + .c ) /  (T T )‘I2 w e  see t h a t  if T = PO no PO no  PO no 

t h e n   t h e   r a t i o  i s  e q u a l   t o  2. I f  however .c = 10‘ t h e   r a t i o  i s  e q u a l   t o  

1 1 / f i  = 3.  The e r r o r   i n t r o d u c e d  by  m a k i n g   t h e   s u b s t i t u t i o n   i n  E q .  (E.30) i s  

no PO 

t h e n   e x p e c t e d   t o   b e  less t h a n  a f a c t o r   o f  2 f o r  T = and less than  
PO ’no 
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