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A B S T R A C T

C H A R A C T E R I Z A T I O N  O F  M IC R O W A V E  TR A N SIS T O R S

By

M a r v i n  H a r t  W hi te ,  P h .  D.

The Ohio  S t a t e  U n i v e r s i t y ,  1969 

P r o f e s s o r  M a r l i n  O. T h u r s t o n ,  A d v i s o r

In t h i s  t h e s i s ,  the  m i c r o w a v e  t r a n s i s t o r  i s  c h a r a c t e r i z e d  by  a  s m a l l -  

s i g n a l  l u m p e d  T - e q u i v a l e n t  c i r c u i t  t h r o u g h  w h ic h  the  s m a l l - s i g n a l  

s c a t t e r i n g  p a r a m e t e r s ,  o r  s - p a r a m e t e r s ,  a r e  d e r i v e d  in  t e r m s  of the  

p h y s i c a l  d e v i c e  p a r a m e t e r s .  T h e  s - p a r a m e t e r s  d e s c r i b e  th e  t r a n s m i s ­

s io n  and  r e f l e c t i o n  of p o w e r  in to  a n d  ou t  of th e  m i c r o w a v e  t r a n s i s t o r .  

M e a s u r e m e n t s  a r e  c a r r i e d  ou t  w i th  t h e  t r a n s i s t o r  e m b e d d e d  in  a 

c o a x i a l  t r a n s m i s s i o n  l ine  s y s t e m  of  c h a r a c t e r i s t i c  i m p e d a n c e  Z ^ .  T h e  

b e h a v i o r  of t h e s e  s - p a r a m e t e r s  v e r s u s  f r e q u e n c y  f o r  a  c o m m o n -  

e m i t t e r  s t a g e  i s  p r e d i c t e d  and  v e r i f i e d  w i th  e x p e r i m e n t a l  s i l i c o n  

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

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

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

r e l a t e d  to th e  p h y s i c a l  d e v i c e  p a r a m e t e r s .  T h i s  w o r k  i s ,  in the  

a u t h o r ' s  opin ion ,  the  f i r s t  r e p o r t e d  a t t e m p t  to  c h a r a c t e r i z e ,  bo th

1



2

a n a l y t i c a l l y  and  p h y s i c a l l y ,  the  s m a l l - s i g n a l  p r o p e r t i e s  of the  

m i c r o w a v e  t r a n s i s t o r .

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

t r a n s i s t o r  p r o v i d e s  a n  a d e q u a t e  m o d e l  to e x p la in  the  f r e q u e n c y  v a r i a ­

t io n  of t h e  s - p a r a m e t e r s .  T h e  inpu t  an d  output  of the  m i c r o w a v e  

t r a n s i s t o r  m a y  be c h a r a c t e r i z e d  by  a  s e r i e s  R LC  and  p a r a l l e l  

e q u i v a l e n t  c i r c u i t ,  r e s p e c t i v e l y .  T h i s  w a s  s u b s t a n t i a t e d  by  s~ 

p a r a m e t e r  m e a s u r e m e n t s  in  the  f r e q u e n c y  r a n g e  f r o m  1 . 0 to 6 . 0 

GHz.  T h e  m i c r o w a v e  t r a n s i s t o r  w as  m o u n te d  on a  m i c r o s t r i p  l ine  

c o n f i g u r a t i o n  th a t  c o n s i s t e d  of a  s t r i p  c o n d u c t o r  p a r a l l e l  to a g r o u n d  

p l a n e .  M e a s u r e m e n t s  w e r e  p e r f o r m e d  w i th  a  H e w l e t t - P a c k a r d  

8 4 1 OA N e t w o r k  A n a l y z e r  s y s t e m .

T h e  s i l i c o n  m i c r o w a v e  t r a n s i s t o r  w as  d e s i g n e d  to m a x i m i z e  the  

t r a n s d u c e r  G a n d  m a x i m u m  u n i l a t e r a l  U(MAG) p o w e r  g a in s .  A 

c o m b i n a t i o n  of a s m a l l - s i g n a l  l u m p e d  T - e q u i v a l e n t  c i r c u i t  and  

c o m p u t e r - g e n e r a t e d  c u r v e s  of s u b s u r f a c e  s h e e t  r e s i s t a n c e ,  R 

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

(x = 2000 A, x  = 3000 A) a n d  n a r r o w  e m i t t e r  s t r i p s  (h = 1 .5  
E C

m i c r o m e t e r s )  p r o v i d e d  t y p i c a l  f g r e a t e r  t h a n  4 GHz a n d  f
T IVLA..X

g r e a t e r  th a n  6 GHz. T h e  s h a l l o w  d i f f u s io n  p r o f i l e s  m i n i m i z e d  the

p r o d u c t  of the  s u b s u r f a c e  s h e e t  r e s i s t a n c e ,  R , and  the  b a s e -  
c  s s

c o l l e c t o r  c a p a c i t a n c e / a r e a ,  C , f o r  a  s p e c i f i e d  c o l l e c t o r
cl



r e s i s t i v i t y  ( e . g . ,  1 to 3 o h m - c m ) .  T h e s e  d i f f u s i o n  p r o f i l e s  p r o v i d e d  

s t e e p  i m p u r i t y  g r a d i e n t s  a t  th e  e m i t t e r  an d  c o l l e c t o r  j u n c t i o n s .  T h e s e  

g r a d i e n t s  r e d u c e d  the  n e u t r a l  c a p a c i t a n c e  of t h e  e m i t t e r - b a s e  ju n c t io n  

and  b a s e  w iden ing  of the  c o l l e c t o r  j u n c t i o n .

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

th in  p h o t o r e s i s t  to p r i n t  th e  m i c r o m e t e r  e m i t t e r  s t r i p s .  L o w  t e m p e r a ­

t u r e  e m i t t e r  d i f fu s io n s  w e r e  r e q u i r e d  to m i n i m i z e  th e  b a s e  p u s h - o u t  

o r  e m i t t e r - d i p  e f fe c t  and  to p r e v e n t  a  h ig h  i n c i d e n c e  of e m i t t e r -  

c o l l e c t o r  s h o r t s .  A (100) o r i e n t a t i o n  w a s  s e l e c t e d  f o r  th e  s i l i c o n  

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

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

m e n t  of t h e  c o n ta c t  m e t a l l i z a t i o n  m a s k  f o r  t h e  e m i t t e r  s t r i p s .  F i n a l l y ,  

the  m o l y b d e n u m - g o l d  m e t a l l i z a t i o n  s y s t e m  w a s  s e l e c t e d  to r e p l a c e  the  

c o n v e n t io n a l  a l u m i n u m  c o n t a c t  m e t a l l i z a t i o n .  T h e  a l u m i n u m  m e t a l ­

l i z a t i o n  r e s u l t e d  in  a  l a r g e  n u m b e r  of e m i t t e r - b a s e  s h o r t s ,  w h ic h  w as  

a t t r i b u t e d  to a l u m i n u m  m i g r a t i o n  a l o n g  the  Si-SiO i n t e r f a c e  a t  low 

t e m p e r a t u r e s .

A s  a r e s u l t  of th e  i n v e s t i g a t i o n s  p e r f o r m e d  f o r  t h i s  t h e s i s ,  it  is  

c o n c lu d e d  th a t  th e  m i c r o w a v e  p e r f o r m a n c e  of the  t r a n s i s t o r  a m p l i f i e r  

i s  l i m i t e d  by the  b a s e  c o n t a c t  r e s i s t a n c e  and  th e  e m i t t e r  l e a d  i n d u c t ­

a n c e .  T h e  d e v e l o p m e n t  of t e c h n i q u e s  to  m i n i m i z e  t h e  c o n t a c t



r e s i s t a n c e ,  s u c h  a s  h ig h  s u r f a c e  c o n c e n t r a t i o n  d i f f u s io n s  a n d  s u r f a c e

p r e p a r a t i o n  of the  s e m i c o n d u c t o r ,  a r e  i m p o r t a n t  to i n c r e a s e  the

f . , ,  of th e  t r a n s i s t o r .  T h e  e m i t t e r  l e a d  i n d u c t a n c e  m a y  be r e d u c e d  
MAX

by the  u s e  of b e a m - l e a d  t e c h n o lo g y .  It i s  a n t i c i p a t e d  th a t ,  t h r o u g h  

t h e s e  d e v e l o p m e n t s ,  the  S i l i c o n  m i c r o w a v e  t r a n s i s t o r  w i l l  p r o v i d e  

d i r e c t  s i g n a l  a m p l i f i c a t i o n  i n  the  X - b a n d  m i c r o w a v e  r e g io n .



C H A P T E R  I

IN T R O D U C T IO N

1. 1 H i s t o r i c a l  R ev iew

In  D e c e m b e r ,  1947, W a l t e r  B r a t t a i n  and  J o h n  B a r d e e n  of th e  B e l l  

T e l e p h o n e  L a b o r a t o r i e s  b u i l t  the  f i r s t  p r a c t i c a l  t r a n s i s t o r ,  w h ic h  w a s  

a n n o u n c e d  f o r m a l l y  in  Ju ly ,  1948.  ̂ T h e i r  d e v i c e  w a s  a  p o i n t - c o n t a c t  

s t r u c t u r e  t h a t  u s e d  two m e t a l  " c a t ' s  w h i s k e r s "  in  c o n t a c t  w i th  a  p o l y ­

c r y s t a l l i n e  s l a b  of g e r m a n i u m .  T h i s  e l e c t r o n i c  d e v ic e ,  w h ic h  w a s  

e v e n t u a l l y  to  r e p l a c e  the  v a c u u m  tu b e  in  e l e c t r o n i c  c o m m u n i c a t i o n  s y s ­

t e m s ,  w a s  th e  c u l m i n a t i o n  of s t u d i e s  an d  e x p e r i m e n t s  t h a t  h a d  l a s t e d  

f o r  a l m o s t  t e n  y e a r s .  T h e i r  g r o u p  l e a d e r ,  W i l l i a m  Shock ley ,  p r e ­

d i c t e d ,  in  1949, t h a t  the  p o i n t - c o n t a c t  t r a n s i s t o r  w o u ld  b e  r e p l a c e d  by

2
t h e  j u n c t i o n  t r a n s i s t o r .  T h i s  d e v ic e  w a s  d e m o n s t r a t e d  a s  e a r l y  a s  

3
1951. (In 1956, the  t r i o  of B a r d e e n ,  B r a t t a i n ,  an d  S h o c k le y  w a s  

a w a r d e d  the  N o b e l  P r i z e  f o r  i t s  a c h i e v e m e n t s .  ) I n  t h e  tw o  d e c a d e s

^J .  B a r d e e n  and  W. B r a t t a i n ,  P h y s .  R e v . , 7 4 , 230 (1948).

2 W. Shock ley ,  B e l l  Sys t .  T e c h .  J .  , 28, 435 (1949) .

^W. S hock ley ,  M. S p a r k s ,  an d  G. K. T e a l ,  P h y s .  R e v .  , 83 , 151 (1951) .

5
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fo l lo w in g  th e  a n n o u n c e m e n t  of the  t r a n s i s t o r ,  t h e r e  w e r e  m a n y  c o n t r i ­

b u t io n s  to  t h e  g r o w t h  of the  h ig h  f r e q u e n c y  t r a n s i s t o r  t e chno logy .

F i g u r e  1 i l l u s t r a t e s  th e  c r o s s - s e c t i o n a l  v i e w s  of t h e  p r i n c i p a l  h igh  

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

In  t h e  p o i n t - c o n t a c t  t r a n s i s t o r * ,  t h e  b o u n d a r y - l a y e r  of  a  r e v e r s e -  

b i a s e d  p o i n t - c o n t a c t  c o l l e c t o r  w a s  t h e  c u r r e n t  pa th ,  w h ic h  w a s  c o n ­

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

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

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

4 5s i s t o r  s t r u c t u r e  w a s  th e  a l l o y - j u n c t i o n  d e v i c e  ’ , i n  w h ic h  d o ts  of i m ­

p u r i t y  e l e m e n t s  w e r e  a l l o y e d  on  e i t h e r  s id e  of a  g e r m a n i u m  o r  s i l i c o n  

w a f e r .  T h e s e  t r a n s i s t o r s ,  b e c a u s e  of t h e i r  l a r g e  b a s e  w id th s ,  w e r e  

l i m i t e d  to  t h e  a u d io  f r e q u e n c y  r a n g e .  A n o t h e r  t e c h n i q u e  of t r a n s i s t o r  

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

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

3
the  m e l t .  T h e  t r a n s i s t o r s  w e r e  t h e n  c u t  f r o m  the  c r y s t a l  in  a  d i r e c ­

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

l a y e r .  T h r o u g h  c a r e f u l  c o n t r o l  of t h e  c r y s t a l  p u l l ing ,  i t  w as  p o s s i b l e  

to  o b t a i n  t h i n  b a s e  w id th s  w i th  t r a n s i s t o r  a m p l i f i c a t i o n  in  th e  m e g a h e r t z

4 R. R. L aw ,  e t .  a l .  , P r o c .  I R E ,  40 ,  1352 (1952).

5 J.  S. Saby ,  P r o c .  I R E ,  40,  1358 (1952).
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P O IN T  CO NTACT

GROWN JUNCTIONA L L O Y E D  JU N C T IO N

MICROALLOY  
SURFACE B A R R IE R

GROWN JU N C TIO N  TE TR O D E

N P IN  OR P N IP  IN T R IN S IC  B A R R IE R  
S T R U C T U R E S

M IC R O A LLO Y M ESA D IF F U S E D  BASE

j 1---- t L t J p I
N e p i t a x i a l ' '?

P L A N A R  D O U B L E -D IF F U S E D  
S T R U C T U R E

P L A N A R  E P IT A X IA L  D O U B L E -D IF F U S E D  
S T R U C T U R E

S9446A-VB-I

F i g u r e  1 . E v o l u t i o n  of High  F r e q u e n c y  T r a n s i s t o r  T e c h n o l o g y



r e g io n .  A m o d i f i c a t i o n  of t h i s  g r o w n  j u n c t i o n  d e v i c e  w a s  t h e  j u n c t i o n  

t e t r o d e ^ ,  i n  w h ic h  a n  a p p r o p r i a t e l y  b i a s e d  s e c o n d  b a s e  e l e c t r o d e  r e ­

s t r i c t e d  the  c u r r e n t  pa th .  T h e s e  d e v i c e s  w e r e  c h a r a c t e r i z e d  b y  low 

t r a n s v e r s e  b a s e  r e s i s t a n c e  and  d e m o n s t r a t e d  s i g n a l  a m p l i f i c a t i o n  in  

the  low V H F  r a n g e  (30 to  300 MHz).

7 8
T h e  m i c r o a l l o y  s u r f a c e - b a r r i e r  t r a n s i s t o r  ’ w a s  th e  nex t  s i g n i f i ­

c a n t  f a b r i c a t i o n  t e c h n i q u e  i n  t h e  d e v e l o p m e n t  of  h ig h  f r e q u e n c y  t r a n ­

s i s t o r s .  T h e  e l e c t r o - c h e m i c a l  " j e t  e t c h i n g "  of t h i n  b a s e  r e g i o n s  p r o ­

v id e d  s ig n a l  a m p l i f i c a t i o n  i n  th e  V H F b an d .  T h e  m i c r o a l l o y  t e c h n i q u e

w a s  f u r t h e r  e x t e n d e d  to  r e a l i z e  t h e  a l l o y e d  e m i t t e r ,  d i f f u s e d - b a s e ,

9 10m e s a  d r i f t - f i e l d  t r a n s i s t o r  ’ , w h ic h  p r o v i d e d  o s c i l l a t o r s  t h r o u g h o u t

t h e  V H F b an d .  A m o d i f i c a t i o n  of th e  d i f f u s e d - b a s e  t r a n s i s t o r  w a s  the  

i n t r i n s i c - b a r r i e r  t r a n s i s t o r ^ ,  w h i c h  h a d  a n  a d d i t i o n a l  h ig h  r e s i s t i v i t y  

( i n t r i n s i c )  r e g i o n  a d j a c e n t  to  th e  c o l l e c t o r  to  r e d u c e  th e  c o l l e c t o r  c a ­

p a c i t a n c e .  T h e s e  N P IN  an d  P N I P  s t r u c t u r e s  w e r e  c a p a b l e  of s i g n a l

6 R. L. W a l l a c e ,  e t .  a l . , P r o c .  I R E ,  40,  1395 (1952).

7 W. E. B r a d l e y ,  P r o c .  IR E ,  41, 1702 (1953).
g

A. D. R i t t m a n n ,  e t .  a l . , I R E  T r a n s ,  on E l e c t r o n  D e v i c e s , E D - 5 ,  49 
(1958).

^H. K r o e m e r ,  A r c h .  E l e k t , U b e r t r a n g u n g ,  J3, 223; 363; 449 (1954).

1 °C .  A. L e e ,  B e l l  Sys t .  T e c h .  J .  , 35, 23 (1956).

1 1 J .  M. E a r l y ,  B e l l  Sys t .  T e c h .  J .  , 33, 517 (1954).
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a m p l i f i c a t i o n  t h r o u g h  th e  VHF b a n d  and  o s c i l l a t i o n s  i n  t h e  low  U H F  

r a n g e  (300 t o  3000 MHz).

In  I9 6 0 ,  th e  p l a n a r  p r o c e s s ,  w h ic h  e m p l o y e d  o x i d e - m a s k i n g  and

d i f f u s io n  t e c h n o l o g i e s ,  w a s  i n t r o d u c e d  to  th e  s c i e n t i f i c  a n d  e n g i n e e r i n g  

12c o m m u n i t y .  T h e  r e s u l t a n t  p l a n a r  d o u b l e - d i f f u s e d  s i l i c o n  t r a n s i s t o r s

p r o v i d e d  s ig n a l  a m p l i f i c a t i o n  in  th e  low U H F  r a n g e  a n d  o s c i l l a t i o n s  in

th e  m i c r o w a v e  r e g i o n  (L -b a n d ;  1000 to  2000 MHz; 1 to  2 GHz) .  In  1962,

13th e  d e v e l o p m e n t  of a  s i l i c o n  e p i t a x i a l  g r o w t h  p r o c e s s  r e d u c e d  th e

c o l l e c t o r  s e r i e s  r e s i s t a n c e ,  w h ic h  e x t e n d e d  th e  f r e q u e n c y  r e s p o n s e  of

th e  t r a n s i s t o r s .  B y  the  l a t e  1 9 6 0 ' s ,  m i c r o w a v e  t r a n s i s t o r s  h a d  b e e n

f a b r i c a t e d  t h a t  w e r e  c a p a b l e  of a m p l i f i c a t i o n  in  th e  C - b a n d  (4. 0 to

7. 0 GHz) and  o s c i l l a t i o n  i n  the  low  X - b a n d  r a n g e  (7. 0 to  12. 4 GHz) .  In

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

s e v e r a l  m i l s  to  a  few th o u s a n d  a n g s t r o m s  t h r o u g h  t h e  c l o s e  c o n t r o l  of

14s h a l l o w  d i f f u s io n s .  In  a d d i t io n ,  the  w id th  of t h e  e m i t t e r  s t r i p  h a d

1 2J .  A. H o e r n i ,  I R E  T r a n s ,  on  E l e c t r o n  D e v i c e s ,  E D - 8 , 178 (1961).  
T h i s  w o r k  w a s  o r i g i n a l l y  p r e s e n t e d  a t  th e  f a l l  m e e t i n g  of t h e  I n t e r n a ­
t i o n a l  E l e c t r o n  D e v ic e  C o n f e r e n c e  in  O c t o b e r ,  I9 6 0 ,  W a s h in g to n ,  D. C.
13 M an y  w o r k e r s  w e r e  r e s p o n s i b l e  f o r  th e  i m p r o v e m e n t s  i n  s i l i c o n  
e p i t a x i a l  g r o w t h  t e c h n o lo g y .  See ,  f o r  e x a m p l e ,  J .  S i g l e r  an d  S. B. 
W a t e l s k i ,  So l id  S ta te  J . , 2, 33 (1961) . '
14

M a n y  w o r k e r s  a r e  r e s p o n s i b l e  f o r  th e  i m p r o v e m e n t s  i n  d i f f u s io n  
t e c h n o l o g y .  A r e c e n t  r e p o r t  i s ,  R. M. M c L o u s k i ,  NASA C o n t r a c t o r  
R e p o r t ,  NASA C R - 5 9 7  (1966).
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d e c r e a s e d  f r o m  s e v e r a l  m i l s  to  a  few  m i c r o m e t e r s  b y  i m p r o v e d  p h o t o -

15l i t h o g r a p h i c  t e c h n o l o g y .  T h e  o v e r a l l  r e s u l t  of t h e s e  p r o c e s s  i m ­

p r o v e m e n t s  h a s  b e e n  a n  i n c r e a s e  in  t h e  c u r r e n t - g a i n  b a n d w id th  p r o d u c t ,  

f^,, a n d  th e  m a x i m u m  f r e q u e n c y  of o s c i l l a t i o n ,  a s  s h o w n  in

F i g u r e  2.

A s  th e  f r e q u e n c y  r e s p o n s e  of th e  t r a n s i s t o r  i n c r e a s e d  d u r i n g  t h e  two

d e c a d e s  i l l u s t r a t e d  in  F i g u r e  2, th e  s m a l l - s i g n a l  e q u i v a l e n t  c i r c u i t

r e p r e s e n t a t i o n  of th e  t r a n s i s t o r  h a d  to  b e  a l t e r e d .  T h e  f i r s t  m o d e l  of

the  t r a n s i s t o r  w a s  t h e  T - e q u i v a l e n t  c i r c u i t ,  w h ic h  w a s  d e v e lo p e d  f o r

the  p o i n t - c o n t a c t  t r a n s i s t o r .  ^  T h e  t h r e e  e l e m e n t s  of  the  T - e q u i v a l e n t

c i r c u i t ,  e x c l u d i n g  th e  c u r r e n t  ga in ,  w e r e  e s s e n t i a l l y  in d e p e n d e n t  of

f r e q u e n c y ,  up  t o  s e v e r a l  m e g a h e r t z ,  f o r  th e  p o i n t - c o n t a c t  t r a n s i s t o r ;

h o w e v e r ,  t h i s  w a s  no t  t h e  c a s e  f o r  th e  j u n c t i o n  t r a n s i s t o r .  T h e  T -

e q u iv a l e n t  c i r c u i t  w a s  m o d i f i e d  f o r  t h e  j u n c t i o n  t r a n s i s t o r  by  in c lu d in g

17th e  e f f e c t s  of b a s e  r e s i s t a n c e  t h r o u g h  b a s e - w i d t h  m o d u l a t i o n  and  t h e

18c o l l e c t o r  c a p a c i t a n c e ,  C . T h e  f r e q u e n c y  v a r i a t i o n  of the  c o m m o n -  

b a s e  s h o r t - c i r c u i t  c u r r e n t  ga in ,  oi(oo), w a s  i n t r o d u c e d  t h r o u g h  a n

15 M a n y  w o r k e r s  a r e  r e s p o n s i b l e  f o r  th e  i m p r o v e m e n t s  i n  p h o t o l i t h o ­
g r a p h i c  t e c h n o l o g y .  A r e c e n t  r e p o r t  i s ,  C. J .  T a y l o r ,  NASA C o n ­
t r a c t o r  R e p o r t , NASA C R - 5 9 7  (1966).
1 /

R. M. R y d e r  and  R. J .  K i r c h e r ,  B e l l  S y s t .  T e c h .  J .  , 28 , 370 (1949).  

1 7 J .  M. E a r l y ,  P r o c .  I R E ,  40,  1401 (1952) .

1 8 J . M .  E a r l y ,  B e l l  S y s t .  T e c h .  J .  , 32, 1271 (1953).
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12

19
e q u iv a l e n t  s i n g l e - p o l e  f u n c t io n  t h a t  d e f in e d  th e  s o - c a l l e d  " a l p h a  c u t ­

off f r e q u e n c y " ,  a> . T h e  p r i n c i p a l  d i s a d v a n t a g e  of th e  T - e q u i v a l e n t  

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

b e t w e e n  in p u t  and  ou tpu t  p o r t s .  T h u s ,  th e  c o n v e n t i o n a l  T - e q u i v a l e n t

20
c i r c u i t  w a s  m o d i f i e d  to  th e  hybr id-7r  m o d e l  , w h i c h  n e g l e c t e d  th e  i n ­

t e r n a l  f e e d b a c k  i n  the  c o m m o n - e m i t t e r  s t a g e  and  a t t r i b u t e d  th e  e n t i r e  

f e e d b a c k  of the  a m p l i f i e r  to  the  c o l l e c t o r - b a s e  c a p a c i t a n c e .

With  th e  a d v e n t  of th e  d i f f u s e d - b a s e  t r a n s i s t o r  and  i t s  h ig h  i n t e r n a l  

e l e c t r i c  f i e ld s ,  t h e  c a r r i e r  t r a n s i t  t i m e s  in  th e  b a s e  r e g i o n  w e r e  s i g ­

n i f i c a n t ly  r e d u c e d ;  h o w e v e r ,  th e  p h a s e  c h a r a c t e r i s t i c s  of th e  c u r r e n t  

ga in ,  a(oi)), w e r e  a l t e r e d  by  t h e s e  e l e c t r i c  f i e l d s .  T h e  v a r i a t i o n  of

c u r r e n t  g a in  and  p h a s e  w i th  f r e q u e n c y  w a s  d e s c r i b e d  w i th  a  s i n g l e - p o l e

21n e t w o r k  t h a t  i n c o r p o r a t e d  a  l i n e a r  e x c e s s  p h a s e  sh i f t .  T he  T -

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

e l e c t r i c  f i e ld  in  t h e  b a s e  r e g io n ,  d e p l e t i o n - l a y e r  c a p a c i t a n c e  of th e

e m i t t e r - b a s e  j u n c t i o n  and  s e r i e s  r e s i s t a n c e s  in  th e  e m i t t e r  and  c o l l e c -

22t o r  l e g s  of t h e  e q u iv a l e n t  c i r c u i t .  T h i s  a n a l y s i s  w a s  p e r f o r m e d  w i th

1 9 R. L. P r i t c h a r d ,  P r o c .  IR E ,  40,  1476 (1952).
20

L.  J.  G ia c o le t t o ,  R CA  R e v i e w , 15, 506 (1954).

21D. E. T h o m a s  an d  J .  E .  M ol l ,  P r o c .  IR E ,  46,  1177 (1958).
22

R. P .  A b r a h a m ,  IR E  T r a n s ,  on  E l e c t r o n  D e v i c e s ,  E D - 7 ,  59 ( I960) .
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th e  h - p a r a m e t e r  r e p r e s e n t a t i o n  f o r  the  V H F - U H F  f r e q u e n c y  r a n g e .

23 24T h e  h y b r i d - 7r h a s  a l s o  b e e n  e m p l o y e d  ’ t o  d e s c r i b e  th e  U H F  t r a n ­

s i s t o r  w i th  the  u s e  of th e  y - p a r a m e t e r  r e p r e s e n t a t i o n .

1. 2 Scope  of T h e s i s

A l th o u g h  m i c r o w a v e  and  U H F  t r a n s i s t o r s  h a v e  b e e n  a v a i l a b l e  c o m ­

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

a c t e r i z e  t h e s e  d e v i c e s  in  t e r m s  of t h e i r  s m a l l - s i g n a l  p r o p e r t i e s .  One 

of th e  p r i n c i p a l  p r o b l e m s ,  u n t i l  r e c e n t l y ,  h a s  b e e n  th e  d i f f i c u l ty  in  

c a r r y i n g  ou t  th e  m e a s u r e m e n t s .  F o r m e r l y ,  the  y - ( a d m i t t a n c e )  p a r a ­

m e t e r s  w e r e  e m p lo y e d  to  d e s c r i b e  the  V H F - U H F  p e r f o r m a n c e  of t r a n ­

s i s t o r s ;  h o w e v e r ,  th e  n e c e s s a r y  s h o r t - c i r c u i t  c o n d i t i o n s  f o r  t h e s e  

p a r a m e t e r s  w e r e  d i f f i cu l t  to  r e a l i z e .  In  a d d i t i o n  to  th e  p r o b l e m  of 

t e r m i n a t i o n s ,  th e  t r a n s i s t o r  w ou ld  f r e q u e n t l y  b r e a k  in to  o s c i l l a t i o n s  

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

and  r e n d e r  any  m e a s u r e m e n t s  i m p o s s i b l e .  W ith  y -  an d  h - p a r a m e t e r  

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

w ave  and  U H F  t r a n s i s t o r s  a c c u r a t e l y .  A m e t h o d  of  c i r c u m v e n t i n g  t h i s

23
G. J o h n s o n ,  S o l id - S ta t e  C o m m u n i c a t i o n s , Chpt .  4, E d .  by 

J . R .  M i l l e r  (New Y o rk :  M c G r a w - H i l l ,  1966).
24

W e s t i n g h o u s e  Staff  of S c ie n c e  and  T e c h n o lo g y ,  I n t e g r a t e d  
E l e c t r o n i c  S y s t e m s , Chpt.  6 , (New Y o rk :  P r e n t i c e - H a l l ,  1970).
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25p r o b l e m  h a s  b e e n  th e  u s e  of s c a t t e r i n g ,  o r  s - p a r a m e t e r s .  T h e s e  

s - p a r a m e t e r s  d e s c r i b e  t h e  t r a n s m i s s i o n  and  r e f l e c t i o n  of p o w e r  in to  

and  out of  a  m i c r o w a v e  n e t w o r k  s u c h  a s  a  t r a n s i s t o r .  T h e  m e a s u r e ­

m e n t s  a r e  c a r r i e d  ou t  w i th  t h e  t r a n s i s t o r  e m b e d d e d  in  a  c o a x i a l  t r a n s ­

m i s s i o n  l in e  s y s t e m  of c h a r a c t e r i s t i c  i m p e d a n c e  Z ^ ,  A n  i m p o r t a n t  

a d v a n t a g e  of th e  s - p a r a m e t e r  c h a r a c t e r i z a t i o n  d e r i v e s  f r o m  the  f a c t  

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

do not v a r y  in  m a g n i t u d e  a t  v a r i o u s  p o in t s  a long  a  l o s s l e s s  t r a n s ­

m i s s i o n  l in e .  T h i s  e n a b l e s  th e  s - p a r a m e t e r s  to  be  m e a s u r e d  a t  d i s ­

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

t r a n s i s t o r .  ^

In  t h i s  t h e s i s ,  t h e  s m a l l - s i g n a l  T - e q u i v a l e n t  c i r c u i t  of th e  t r a n ­

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

t a n c e s ,  s e r i e s  an d  c o n t a c t  r e s i s t a n c e s  in  th e  e m i t t e r  and  c o l l e c t o r  l e g s  

of the  c i r c u i t ,  an d  p a r a s i t i c  c a p a c i t a n c e s  to  c h a r a c t e r i z e  t h e  s m a l l -  

s i g n a l  p r o p e r t i e s  of t h e  m i c r o w a v e  t r a n s i s t o r .  T h e  b a s e - c h a r g i n g  c i r ­

c u i t  t i m e  c o n s t a n t ,  r ^ ^ c » i s a n a l y z e d  w i th  r e s p e c t  to  th e  g e o m e t r y  of

K. K u r o k a w a ,  I E E E  T r a n s ,  on  M i c r o w a v e  T h e o r y  a n d  T e c h n i q u e s , 
M T T - 1 3 ,  194 (1965).
26 Y. S a to d a  an d  G . E .  B o d w ay ,  I E E E  J .  of S o l i d - S t a t e  C i r c u i t s ,  S C -3 ,  
250 (1968).

^ R .  W. A n d e r s o n ,  H e w l e t t  P a c k a r d  J .  , 18, 13 (1967).



t h e  m i c r o w a v e  t r a n s i s t o r  ( C h a p t e r  III). T h e  s - p a r a m e t e r s  a r e  d e r i v e d  

f r o m  th e  m o d i f i e d  T - e q u i v a l e n t  c i r c u i t  to  r e l a t e  t h e  d e v ic e  p a r a m e t e r s  

to  th e  m i c r o w a v e  p e r f o r m a n c e  of t h e  t r a n s i s t o r .  T h e  b e h a v i o r  of t h e s e  

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

d i c t e d  ( C h a p t e r  IV) an d  v e r i f i e d  w i th  e x p e r i m e n t a l  s i l i c o n  b i p o l a r  

m i c r o w a v e  t r a n s i s t o r s  ( C h a p t e r  VI). T h e  d e s i g n  an d  f a b r i c a t i o n  of th e  

e x p e r i m e n t a l  m i c r o w a v e  t r a n s i s t o r s  ( C h a p t e r  V) an d  th e  s - p a r a m e t e r  

m e a s u r e m e n t  t e c h n i q u e s  ( C h a p t e r  VI) a r e  d e s c r i b e d  i n  d e t a i l .  The  

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

f o r m a n c e  a r e  d i s c u s s e d  i n  C h a p t e r  II. T h i s  w o r k  i s ,  i n  th e  a u t h o r ' s  

op in ion ,  t h e  f i r s t  r e p o r t e d  a t t e m p t  to  c h a r a c t e r i z e ,  b o th  a n a l y t i c a l l y  

a nd  p h y s i c a l l y ,  th e  s m a l l - s i g n a l  p r o p e r t i e s  of th e  m i c r o w a v e  

t r a n s i s t o r .



C H A P T E R  II

P H Y S IC S  O F  M IC R O W A V E  T R A N S IS T O R  O P E R A T I O N

2. 1 I n t r o d u c t i o n  ( C a r r i e r  I n j e c t i o n  L e v e l )

T h e  l e v e l  of c a r r i e r  i n j e c t i o n  in f l u e n c e s  t h e  p e r f o r m a n c e  of the

m i c r o w a v e  t r a n s i s t o r .  In  p r a c t i c e ,  th e  m i c r o w a v e  t r a n s i s t o r  i s  b i a s e d

a t  a  c u r r e n t  d e n s i t y  t h a t  m a x i m i z e s  th e  t r a n s d u c e r  p o w e r  g a in  ( r e f e r  to

3 2C h a p t e r  IV).  T h e  c u r r e n t  d e n s i t y  i s  t y p i c a l l y  g r e a t e r  t h a n  10 A / c m  , 

w h ic h  r e s u l t s  i n  c o n d u c t i v i t y  m o d u l a t i o n  of th e  b a s e  and  c o l l e c t o r  r e ­

g io n s ,  b a s e - w i d t h  w id e n in g ,  and  a n  i n c r e a s e  in  n e u t r a l  c a p a c i t a n c e .  In  

t h i s  s e c t i o n ,  t h e  np n  s i l i c o n  t r a n s i s t o r  i s  d i s c u s s e d  w i th  r e s p e c t  to  

c a r r i e r  i n j e c t i o n  l e v e l .  F i g u r e  3 i l l u s t r a t e s  a  c r o s s - s e c t i o n a l  v ie w  of 

a  m i c r o w a v e  t r a n s i s t o r .  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  i n  th e  l o n g i ­

tu d i n a l  d i r e c t i o n  m a y  b e  w r i t t e n  a s ,



17

EMITTER

BASE

COLLECTOR

N+ i  X SUBSTRATE

S 9446A -V A -5

F i g u r e  3. C r o s s  S e c t i o n  o f  a  M i c r o w a v e  T r a n s i s t o r



18

S in c e  a  r e v e r s e - b i a s e d  p - n  j u n c t i o n  (i. e .  , th e  b a s e - c o l l e c t o r  ju n c t io n )  

b l o c k s  m a j o r i t y  c a r r i e r s ,  th e  e l e c t r i c  f i e ld  i s  d e t e r m i n e d  f r o m  the

c o n d i t i o n

J  = q m p £  - q  D = 0 p x  p  x  p  gx
i .j. ( 2 - 2 )

>  Z L  SR
? x  q p ax  

S u b s t i t u t i o n  of e q u a t i o n  2 - 2  in to  2-1 y i e ld s

q D
J  = -----   .9 fcP) (2 -3 )

n x  p a x

T h e  t r a n s v e r s e  e l e c t r o n  c u r r e n t  i s  s m a l l  w i th  r e s p e c t  to  t h e  l o n g i tu d in a l

e l e c t r o n  c u r r e n t  (i. e .  , J  << J  ) and  th e  l a t t e r  m a y  b e  c o n s i d e r e d  a sny  nx

c o n s t a n t  o v e r  t h e  b a s e  r e g io n .  With  t h i s  a s s u m p t i o n ,  e q u a t i o n  2-3  

b e c o m e s ,

q D n(0)  p(0)
J  = -----£ --------------  (2 -4 )n x  „W

f  P dx
0

2
w i th  th e  b o u n d a r y  c o n d i t i o n  n(W) = 0. T h e  c h a r g e  n e u t r a l i t y  c o n d i t i o n

i s

p = Na  + n. (2-5)

a n  e x p o n e n t i a l  v a r i a t i o n  of i m p u r i t y  d e n s i t y  i n  t h e  b a s e  r e g i o n  l e a d s  
t o  a  c o n s t a n t  e l e c t r i c  f i e ld  a s  s e e n  in  e q u a t i o n  ( 2 - 2 ).
2

T h e  a c t u a l  b o u n d a r y  c o n d i t io n  i s  n(W) = J n / q  V ^ ;  w h e r e ,  i s  t h e  
m a x i m u m  s c a t t e r - l i m i t e d  v e l o c i t y  of c a r r i e r s .



T h u s ,  th e  i n t e g r a l  of th e  h o le  d e n s i t y  a c r o s s  th e  b a s e  r e g io n  b e c o m e s

W W w
f  p  d x  = f  N d x  + f  n  dx . 
0 0 A 0

(2 -6 )

If  th e  e l e c t r o n  c u r r e n t  d e n s i ty ,  J  , and  e l e c t r i c  f ie ld ,  £ , of e q u a t io n
nx  x

2 - 1  a r e  c o n s i d e r e d  to  b e  c o n s ta n t  o v e r  th e  b a s e  w id th ,  th e  e l e c t r o n  

d e n s i t y  m a y  b e  d e t e r m i n e d  by  i n t e g r a t i o n  of e q u a t io n  2 - 1  w i th  th e  

b o u n d a r y  c o n d i t io n  n(W) = 0.

- 2 t7 ( 1 - x /W ) '
n(x) = n ( 0 ) 1

2rj (2 -7 )

w h e r e ,  n(0) = J  W /q  D i s  th e  i n je c te d  c a r r i e r  d e n s i t y  a t  x  = 0 (i. e . ,nx n

th e  e d g e  of th e  e m i t t e r - b a s e  d e p le t io n  l a y e r ) ,  a n d  rj = - q £ W /2 k  T i s
X  D

th e  e l e c t r i c  f i e ld  p a r a m e t e r .  If rj = 0 (i. e .  , no i n t e r n a l  e l e c t r i c  f ie ld ) ,  

th e  i n j e c t e d  e l e c t r o n  d e n s i t y  b e c o m e s

n(x) = n (0 ) 1 -

W
(2 -8 )

w h ic h  r e p r e s e n t s  a  l i n e a r  v a r i a t i o n  of c a r r i e r  d e n s i t y  in  th e  b a s e  

r e g io n .  I n t e g r a t i o n  of e q u a t io n  2 -7  a c r o s s  th e  b a s e  r e g i o n  y ie ld s ,
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T h e  e l e c t r i c  f i e ld  p a r a m e t e r  i s  d i s c u s s e d  in  C h a p t e r  III w i th  r e s p e c t  

to  th e  e l e c t r i c a l  e q u iv a le n t  c i r c u i t  an d  th e  i m p u r i t y  p r o f i l e  in  th e  b a s e  

r e g io n .  C o m b in in g  e q u a t io n s  2 -4 ,  2 -6 ,  an d  2 -9  y ie ld s ,

q Dn  n ( 0 ) [  n (0 ) + N ^ O ) ]
J = -----^ 7/  'T=i (2-11)n x  W “

w h e r e ,  N i s  th e  a v e r a g e  a c c e p t o r  c o n c e n t r a t i o n  in  th e  b a s e  r e g io n .  A.

D efin in g

NA = k N A (0) (2' 12)

e n a b le s  u s  to  w r i t e  e q u a t io n  2 - 1 1  in  th e  f o r m

2 q  D N (0) m  (m  + 1)
j _______n ..A.......  2____2______  (2 -1 3 )

n x  W (m  f  (17) + 2 k )  ' ;

w h e r e ,

n ( 0 )  , 0  ,
m o = T O S T  ( 2 ' 14)

i s  th e  m o d u la t io n  l e v e l  a t  th e  ed g e  of th e  b a s e - e m i t t e r  d e p le t io n  l a y e r .  

F o r  m ^  << 1 ( lo w - le v e l  in je c t io n ) ,  th e  c u r r e n t  d e n s i t y  b e c o m e s

q D n  n ( 0 )
  ( lo w - le v e l  in je c t io n )  (2 -1 5 )

w h i le  f o r  m ^  »  1 ( h ig h - l e v e l  in je c t io n ) ,  th e  c u r r e n t  d e n s i t y  i s

q 2 Dn  n ( 0 )
= ------- —---------  ( h ig h - l e v e l  in je c t io n )  ( 2 - 1 6 )
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w h e r e  th e  d i f f u s io n  c o n s t a n t  i s  d o u b le d  o v e r  th e  c a s e  of a  u n i f o r m  b a s e

3
r e g io n  (k=  1) a t  lo w - l e v e l  in je c t io n .  F o r  th e  d o u b le - d i f f u s e d  s i l i c o n

m ic r o w a v e  t r a n s i s t o r s  d i s c u s s e d  in  t h e s e  c h a p t e r s ,  th e  v a lu e  of k  l i e s

in  th e  r a n g e  f r o m  1 /3  to  1 /2 .  T h u s ,  t h e r e  i s  a n  i m p r o v e m e n t  in  th e

e f f e c t iv e  d i f fu s io n  c o n s ta n t  f o r  d o u b le - d i f f u s e d  s t r u c t u r e s  o v e r  th e

id e a l  u n i f o r m  b a s e  t r a n s i s t o r .

2. 2 S u b s u r f a c e  S h e e t  R e s i s t a n c e ,  R (0)
s s

T h e  s u b s u r f a c e  s h e e t  r e s i s t a n c e  h a s  b e e n  b r i e f ly  d i s c u s s e d  in  p a r a ­

g r a p h  2 . 1 w i th  r e g a r d  to  th e  e f f e c t  of m o d u la t io n  b y  in je c te d  m in o r i ty  

c a r r i e r s .  In  th i s  p a r a g r a p h ,  th e  s u b s u r f a c e  s h e e t  r e s i s t a n c e ,  R g(0), 

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

t h r o u g h  n u m e r i c a l  c a l c u l a t i o n s  on  th e  c o m p u te r .  T h e  to t a l  m o b i l i ty  f o r  

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

T T T  = —  + - T T 1  (2 -17)
Up (x ) W

w h e r e ,  u i s  th e  l a t t i c e - s c a t t e r e d  l i m i t e d  m o b i l i ty ,  an d  /lx'L (x) i s  th e  Lj I

u n c o m p e n s a t e d  i m p u r i t y - s c a t t e r e d  l i m i t e d  m o b i l i ty .  T h e  v a lu e s  of 

/Ltj (x) a s  a  fu n c t io n  of th e  i m p u r i t y  c o n c e n t r a t i o n  a r e  o b ta in e d  by

T h is  i s  r e f e r r e d  to  a s  th e  W e b s t e r  E f f e c t  f r o m  W. W e b s te r ,  P r o c .  
IR E , 4 1 , 9 1 4 (1 9 5 4 ) .  At h ig h  in je c t io n  l e v e l s ,  th e  e l e c t r i c  f i e ld  i s  
e f f e c t iv e ly  w a s h e d - o u t .
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4 5s u b t r a c t i o n  of th e  v a lu e  of ^  f r o m  th e  p u b l i s h e d  v a lu e s  of jn1 (x)„

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

(e. g. , th e  b a s e  r e g io n  of th e  m ic r o w a v e  t r a n s i s t o r )  i s  d e t e r m i n e d  by

, ,  . 6 th e  e x p r e s s i o n

I c A (x) - c D w  - C B I

'JI W =  C 4 (x) + C J x ]  + C „  I " l <x) ( 2 "18)A D B |

w h e r e ,  C (x), C (x), an d  C a r e  th e  b a s e ,  e m i t t e r ,  an d  c o l l e c t o r  A D  13

c o n c e n t r a t i o n s ,  r e s p e c t i v e l y .  T h e  t o t a l  m o b i l i ty  f o r  c o m p e n s a te d  

m a t e r i a l  i s  o b ta in e d  th r o u g h  th e  e x p r e s s i o n

1 1 + - V ,  • (Z -1 ?)Mp(x) P L  IXj ( x )  •

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

m a y  b e  f o r m u l a t e d  a s  fo l lo w s ;

G = - i -  = /  q n (x) N . ( x )  dx  (2 -2 0 )
s s  R__ x  P A

s s  j

w h e r e

NA (x) = ° A (x) " C D (x) " C B* (2 " 21)

N. B . H an n ay , E d . ,  S e m ic o n d u c to r s , (New Y o rk :  R heir iho ld  P u b l i s h in g  
C o rp .  , I960) .

^ J .  C . I r v in ,  B e l l  S y s t .  T e c h .  J . , 4 1 , 391 (1962).
6

W. R. R u nyan , S i l i c o n  S e m ic o n d u c to r  T e c h n o lo g y , (New Y o rk :  
M c G ra w -H i l l ,  1965).
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E q u a t io n  2 -2 0  m a y  b e  w r i t t e n  a s  a  s u m m a t io n  and  i n t e g r a t i o n  in  th e

m a n n e  r

x  -  x.
 2
Ax _ “ j

M = —7—̂ - x. + NAx

1
= q

R S S  N = 1
[ x .  + ~ ~  + ( N - l ) A x  /  N a ( x )  d x
L J -1 x. + ( N - l ) A x

(2 - 22)

in  w h ic h  th e  m o b i l i ty  i s  c o n s i d e r e d  c o n s ta n t  in  th e  c e n t e r  of a  r e g io n  

Ax. In  th e  a n a ly s i s  to  fo l lo w , th e  s u b s u r f a c e  s h e e t  r e s i s t a n c e  i s  

o b ta in e d  f o r  i d e a l  G a u s s i a n  b a s e  and  e m i t t e r  d i f f u s io n s  in to  a  c o n s t a n t  

b a c k g r o u n d  c o n c e n t r a t i o n ,  a s  sh o w n  in  F i g u r e  4. T h u s ,  th e  n e t

im p u r i t y  c o n c e n t r a t i o n  m a y  b e  w r i t t e n  a s

2 , 2 2 . 2 
- x  / L  - x

Na (x) = CA e - C D e - C B (2 -2 3 )

w h e r e ,  L .  and  a r e  th e  c h a r a c t e r i s t i c  d i f f u s io n  l e n g th s  d e t e r m i n e d  
’ A D  &

by  th e  b o u n d a r y  c o n d i t io n s

NA (xe ) = Na (xc ) = 0. (2 -2 4 )

L .  an d  L n  a r e  d e t e r m i n e d  t h r o u g h  an  i t e r a t i v e  s o lu t io n  of e q u a t io n s  
A  JJ

7
2 -2 3  an d  2 -2 4 ,  w i th  th e  i n i t i a l  v a lu e  d e t e r m i n e d  by  n e g le c t in g  C .JD

7
R. P .  O 'G r a d y ,  M i c r o e l e c t r o n i c s  an d  R e l i a b i l i t y , _7, 233 (1968).

T h i s  te c h n iq u e  i s  e m p lo y e d  f o r  b a s e  w id th s  g r e a t e r  th a n  0 .5  m i c r o ­
m e t e r s ;  h o w e v e r ,  f o r  th e  s m a l l  b a s e  w id th s  of m ic r o w a v e  t r a n s i s t o r s ,  
an  i t e r a t i v e  s o lu t io n  w a s  r e q u i r e d  to  f in d  and  L j-j.
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S u b s t i tu t io n  of e q u a t io n  2 -23  in to  e q u a t io n  2 -2 2  an d  i n t e g r a t i n g  f r o m

x to  x „  (i. e . , in  e q u a t io n  2 -2 2  x  — x „  an d  x . -*■ x „ ) ,  th e  R  i s  -CL. C_> C_< J iii s s

o b ta in e d .  In  p r a c t i c e ,  C C C , x  , an d  x  a r e  s p e c i f ie d ;  an d  th e
A  D B Jii C.

h o le  m o b i l i ty ,  fj. (x), in  th e  b a s e  r e g io n ,  f r e e  c a r r i e r  c o n c e n t r a t io n ,
P

p(x), in  th e  b a s e  r e g io n ,  and  s u b s u r f a c e  s h e e t  r e s i s t a n c e ,  R gg, a-r e

d e t e r m i n e d  by  n u m e r i c a l  c a l c u l a t i o n s  on  th e  c o m p u t e r .  A p a r t i c u l a r

q u a n t i ty  of i n t e r e s t  i s  th e  v a r i a t i o n  in  R  w i th  b a s e  w id th  f o r  a  f ix e d
s s

c o l l e c t o r  ju n c t io n  d e p th .  F i g u r e  5 i l l u s t r a t e s  th e  n u m e r i c a l  c a l c u l a ­

t io n s  p e r f o r m e d  f o r  R v e r s u s  b a s e  w id th ,  W, u n d e r  a s s u m e d  ju n c t io n
ss

d e p th s  and  s u r f a c e  c o n c e n t r a t i o n s .  F i g u r e  6 i l l u s t r a t e s  th e  im p u r i t y  

p r o f i l e  of a  m ic r o w a v e  t r a n s i s t o r  w i th  x _  = 0 . 2 m i c r o m e t e r s ,  x  =SL
20 3 19 30. 3 m i c r o m e t e r s ,  C = 8 x 1 0  a t o m s / c m  , C = 2 x 1 0  a t o m s / c m

JJ A
15 3and  C = 3 x  10 a t o m s / c m  .B

2. 3 M o d u la t io n  of th e  S u b s u r fa c e  S h e e t  R e s i s t a n c e ,  R  (m  ) ------------------------------------------------------------------------------------ s s  o

T h e  t r a n s v e r s e  e l e c t r i c  f ie ld ,  w h ic h  i s  d e v e lo p e d  b y  th e  f low  of 

m a j o r i t y  c a r r i e r  b a s e  c u r r e n t ,  m a y  b e  r e l a t e d  to  th e  lo n g i tu d in a l  f ie ld  

th r o u g h  K i r c h o f f 's  L aw  ( M a x w e l l 's  E q u a t io n )  i n  th e  f o r m

V x T  = 0 ,

w h ic h  b e c o m e s  in  2 - d im e n s io n s
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C d  = 8 X I 0 2 0  a t o m s / c m 3  i  
Cn = 2  X I O 19 A T O M S / C M 3  j

6

Cg = 3 X I O l 3 A T O M S / C M  

X = 0 . 4  M IC R O M E T E R

^ 2

510</>
o

C B = 3  X I O  A T O M S ,  CM '  

X c = 0 . 3  M I C R O M E T E R  ^

in

i C g =  3  X I O 1 A T O M S / C M ^ J ^ '  

1 X = 0 . 4  M I C R O M E T E R  !

4

310
0.200 .160 . 0 4 0.0 B 0.12

W ( B A S E  W I D T H )  ( M I C R O  M E T E R S )
S 9 4 4 6 A - V B  —3-1

F i g u r e  5. V a r i a t i o n  of R  w ith  B a s e  W idth , Ws s  ’
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C o m b in in g  e q u a t io n s  2 - 2  an d  2 -2 5 ,  th e  t r a n s v e r s e  e l e c t r i c  f i e ld  b e ­

c o m e s

{y = ¥  F + * ,y) (2 - 26)

w h e r e ,  g (y) i s  a n  a r b i t r a r y  fu n c t io n  of y. T h e  t r a n s v e r s e  h o le  c u r r e n t

d e n s i ty  m a y  b e  e x p r e s s e d  a s

j  = 9. M P I - q D  ^ £ = q j u  p  g (y) (2 -2 7 )py  n f p ^ s y p ay

w ith  th e  u s e  of e q u a t io n  2 -2 6 .  T h e n ,  g (y) m a y  b e  e v a lu a te d  th r o u g h  th e
g

b o u n d a r y  c o n d i t io n

n ( 0 ) p ( 0 ) = n . 2 e q V ( 0 ) / k B T (2 -2 8 )

w h ic h  i s  th e  d io d e  i n j e c t i o n  la w . D i f f e r e n t i a t i o n  of e q u a t io n  2 -2 8  y ie ld s

-f- [n(0) p(0)] = -n(0) P(0)r^7p £ (0). (2-29)ay Kg l y

F r o m  e q u a t io n  2-5

a p ( 0 ) _ d n ( 0 )  (2 -3 0 )
ay ay

w h ic h  fo l lo w s  f r o m  th e  f a c t  t h a t  N = N (x). E q u a t io n  2 -2 9  m a y  beA  A
c o m b in e d  w i th  e q u a t io n  2 -3 0  to  y ie ld

3E (0 ) = - n ( 0 ) p ( 0 )  _ c ^  { ( 0 )_ (2 _ 31)
ay  n ( 0 ) + p{0 ) k ^ T  s y

g
th e  s y m b o l  n(0) m e a n s  n (x , y)x=o = n ( 0 , y ) .  S i m i l a r l y ,  £y(0) m e a n s  

£ ( x ,y ) x= 0 . E q u a t io n  2 -2 8  i s  s t r i c t l y  t r u e  on ly  a t  l o w - l e v e l  in je c t io n .
h ig h  in je c t io n  l e v e l s ,  th e  g r a d i e n t  in  th e  e l e c t r o - c h e m i c a l  p o te n t i a l s  

in  th e  s p a c e - c h a r g e  r e g i o n  m u s t  b e  c o n s i d e r e d  a s  p o in te d  o u t by  
A. N u s s b a u m ,  S o l id - S ta te  E l e c t r o n i c s ,  12 , 177 (1969).
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C o m b in in g  e q u a t io n s  2 - 2 6  and  2-31  a t  x  = 0, p e r m i t s  th e  e v a lu a t io n  of

g (y)
f 2 n (0 ) + p ( 0 )l

g (y) = - — — — (0 )
[ n( 0 ) + p( 0 )] y

(2 -3 2 )

S u b s t i tu t io n  of e q u a t io n  2 -3 2  in to  2 -2 7  y ie ld s

[ 2n (0 ) + p ( 0 )]
J  = q g  p ---------------------  £ ( 0 )

py p  [ n (o) + p(o)] ?y
(2 -3 3 )

w h ic h  m a y  b e  a v e r a g e d  o v e r  th e  b a s e  r e g io n

—  1 W [ 2 n(0) + p(0)]
J py  = W" Jq ‘l ^ p P ^  [ n(0) + p(0)] ^ y (0)*

C o m b in in g  e q u a t io n s  2 -5 ,  2 -1 4 ,  and  2 -3 4  y ie ld s

  £ (0) (3 m Q +1)

py W ( 2 m  + 1)o

1 W

, £ ^ } + / o 9 >,p n d x

(2 -34 )

(2 -3 5 )

I W
w h e r e ,  R  (0) = 1 / q  f  u N A( x) dx  i s  th e  s u b s u r f a c e  s h e e t  r e s i s t a n c e  s s  ' q ' p  A

a t  z e r o  m o d u la t io n  l e v e l  (i. e. , m ^  = 0). F r o m  e q u a t io n  2 -3 5 , th e  s u b -

9
s u r f a c e  s h e e t  r e s i s t a n c e  u n d e r  m o d u la t io n  m a y  be  w r i t t e n  a s

R  (m  ) =s s  o

( 2 m  + 1) R  (0)o s s
r  w i

(3 m  + 1) 1 + R ( 0 ) /  q jj n(x) dx
o [_ s s  o P J

(2 -3 6 )

V. A. D h a k a ,  IB M  J .  R e s ,  an d  D e v .. 1 2, 4 7 6 (1 9 6 8  sh o w s  th a t  R  (m ) ="™“ s s
2 (m  + 1) R (0)

S  S  —
 —— w h e r e  m  = n ( 0 ) / N .  i s  d e f in e d  in  t e r m s  of th e  a v e r a g e(m + 2 )  ( 2 m + l )  A

b a s e  c o n c e n t r a t i o n .  H is  r e s u l t s  in d ic a te  s l ig h t ly  m o r e  c o n d u c t iv i ty
m o d u la t io n  th a n  th e  p r e s e n t  a n a l y s i s .



A s a n  e x a m p le ,  c o n s i d e r  th e  in je c te d  c a r r i e r  d e n s i ty  of e q u a t io n  2 -7

and  th e  im p u r i t y  p r o f i l e  sho w n  in  F i g u r e  6 . E m p lo y in g  th e  m o b i l i ty

v a r i a t i o n  w i th  d i s t a n c e  sh o w n  in  F i g u r e  8 .th e  m o d u la te d  s u b s u r f a c e

s h e e t  r e s i s t a n c e  m a y  b e  c a l c u l a t e d  f o r  a  s p e c i f i e d  in je c t io n  level,, F o r

a  v a lu e  of m  = 0. 1. c a l c u l a t i o n s  y ie ld  R  (0. 1) = 0. 83 R  (0), w h e r e  o ; s s  s s

R  (0) = 107, 000 o h m s / s q u a r e .  F o r  a  v a lu e  of m  = 0 .5 ,  s i m i l a r  
s s  o

c a l c u l a t i o n s  show  R (0. 5) = 0. 49 R  (0), w h ic h  i n d ic a t e s  th a t  th e  s u b -s s  s s

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

c u r r e n t  d e n s i t i e s .

2. 4 M ic r o w a v e  T r a n s i s t o r  D e s ig n  C o n s id e r a t i o n s

T h e  m a x im u m  f r e q u e n c y  of o s c i l l a t i o n ,  f ,  ,  . f o r  a  m ic r o w a v e^  3 M A X ’

t r a n s i s t o r  i s  a  m e a s u r e  of th e  p o w e r  g a in  ( s e e  p a r a g r a p h  4 . 3). I t  m a y  

b e  e x p r e s s e d  in  th e  s im p le  f o r m

fo r  th e  l im i t in g  s i t u a t i o n  of n e g l ig ib le  p a r a s i t i c s  an d  h ig h  c u r r e n t  

l e v e l s .  T h e  c u r r e n t - g a i n  b a n d w id th  p r o d u c t  m a y  l ik e w is e  b e  w r i t t e n  

in  th e  a p p r o x im a te  f o r m

w h e r e  A i s  d e t e r m i n e d  f r o m  T a b le  4, in  p a r a g r a p h  3. 3. F o r  e x a m p le ,

A = 2 w h e n  th e  e l e c t r i c  f i e ld  i s  z e r o  in  th e  b a s e  r e g io n  of th e  t r a n s i s t o r .

f.MAX b c
(2 -37 )

1 + a  m  
o

AD

*T 2 7r a  to
n (2 -3 8 )

W
2

o a



D i s  th e  a v e r a g e  d i f f u s io n  c o n s t a n t  f o r  m i n o r i t y  c a r r i e r s  ( e l e c t r o n s )  

and  W i s  th e  e l e c t r i c a l  b a s e  w id th .  E q u a t io n  2 -3 8  r e p r e s e n t s  an  

a p p r o x im a t io n  to  e s t a b l i s h  a  d e s ig n  a p p r o a c h .  In  p r a c t i c e ,  a l l  of th e  

t e r m s  in  e q u a t io n  (3 -9 )  of p a r a g r a p h  3 . 4  in f lu e n c e  th e  f  T h e  b a s e -  

c h a r g in g  c i r c u i t  t i m e  c o n s t a n t  m a y  b e  a p p r o x im a te d  (se e  p a r a g r a p h

3. 2) b y  th e  e x p r e s s i o n

r ' C  = r '  C. (2 -39)b  c bb  l

w h e r e ,  i s  th e  t r a n s v e r s e  b a s e  r e s i s t a n c e  b e n e a th  th e  e m i t t e r  s t r i p ,

and  C,. i s  th e  c a p a c i t a n c e  of th e  b a s e - c o l l e c t o r  ju n c t io n  b e n e a th  th e  

e m i t t e r  s t r i p .  E q u a t io n  2 -3 9  m a y  be  w r i t t e n  in  t e r m s  of th e  s u b s u r ­

f a c e  s h e e t  r e s i s t a n c e  R  a n d  c a p a c i t a n c e  p e r  u n i t  a r e a  C in  th es s  a

m a n n e r ,

(R h) (C h i )  R C h 2
r i c  -  s s  a   = f 2-401

bb  i  1 2 i  12  ( '

w h e r e ,  h  i s  th e  e m i t t e r  s t r i p  w id th  an d  th e  f a c t o r  of 12  a c c o u n ts  f o r  th e

l i n e a r  f a l l - o f f  in  b a s e  c u r r e n t .  ^  S u b s t i tu t io n  of e q u a t io n s  2 -3 8  and

2 -4 0  in to  2 -3 7  y ie ld s

M AX 2 7T hW f  R  C
s s  a

3 AD
n  (2 -41)

V. U zunog lu , S e m ic o n d u c to r  N e tw o rk  A n a ly s i s  a n d  D e s ig n , (New Y o rk  
M c G ra w -H il l ,  1964).
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E q u a t io n  2-41  in d i c a t e s  th e  im p o r t a n c e  of n a r r o w  e m i t t e r  s t r i p s  an d  

b a s e  w id th s  f o r  h ig h  F i g u r e  7 i l l u s t r a t e s  th e  c o m p a r i s o n  of

tw o  im p u r i t y  p r o f i l e s  f o r  th e  c a s e s  of 0. 2 o h m - c m  an d  1. 5 o h m - c m  

N - ty p e ,  e p i t a x i a l  ( c o l l e c to r )  l a y e r  r e s i s t i v i t y .  T h e  h ig h e r  r e s i s t i v i t y  

(1 .5  o h m - c m )  p r o v id e s  th e  lo w e r  t im e  c o n s ta n t  T = R  C f o r  s p e c i -
S S 3,

f i e ld  s u r f a c e  c o n c e n t r a t i o n s  and  ju n c t io n  d e p th s .  F i g u r e  8 i l l u s t r a t e s  

th e  c o m p a r i s o n  of tw o  im p u r i t y  p r o f i l e s  f o r  th e  c a s e s  of x  = 0 . 3  an d(j

0 . 4  m i c r o m e t e r .  T h e  s h a l l o w e r  c o l l e c t o r  ju n c t io n  d e p th  (0. 3 m i c r o ­

m e t e r )  p r o v id e s  th e  l o w e r  t i m e  c o n s ta n t  t = R C f o r  a  f ix e d  b a c k -
S S 3>

g ro u n d  c o n c e n t r a t i o n ,  C , and  s p e c i f ie d  s u r f a c e  c o n c e n t r a t i o n s .13

T a b le s  1 a n d  2 s u m m a r i z e  th e  c o m p a r i s o n  b e tw e e n  th e  v a r i o u s  d e s ig n  

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

in d ic a te  th a t  sh a l lo w  d if fu s io n s  and  h ig h  c o l l e c t o r  r e s i s t i v i t y  o f f e r  th e  

l a r g e s t  im p r o v e m e n t  in  w h ic h  r e s u l t s  in  an  i n c r e a s e  in  th e  m a x ­

i m u m  a v a i l a b le  u n i l a t e r a l  p o w e r  g a in  U(MAG) ( s e e  p a r a g r a p h  4. 2).

2. 5 N e u t r a l  and  S p a c e - C h a r g e  C a p a c i ta n c e

T h e  f^, c a n  be  i n c r e a s e d  b y  th e  r e d u c t io n  i n  b a s e  w idth ; h o w e v e r ,

t h e r e  i s  a  t r a d e o f f  b e tw e e n  im p r o v e d  f an d  i n c r e a s e  in  R  , a sT s s

i l l u s t r a t e d  i n  F i g u r e  5. T h e  f ^  m a y  be  im p r o v e d  t h r o u g h  th e  s e l e c t i o n  

of h ig h  i m p u r i t y  g r a d i e n t s  a t  e m i t t e r - b a s e  and  b a s e - c o l l e c t o r  j u n c t io n s .  

T h e  e m i t t e r - b a s e  j u n c t io n  of a  m ic r o w a v e  t r a n s i s t o r  m a y  b e  d e s c r i b e d
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18

c D = 8 x I0 2 °A T0M S/C M 3 

CA = 2 k  10 19 ATOMS/CM3

XE =0.3 MICROMETER 

Xr  =0 .4  MICROMETER

170tn
CB = 3 x 10 ATOMS /CM  

Rss = 139 Kft / □

CQ = 2 .8x I0 4 p f /c m 2 
X  t = 3.9 m sec/cm 2CB = 3x 10 ATOM /C M

RSS= 252 K £1 /  □
Ca = 8 .5 x  I0 3pf /cm ^  

j   r  = 2.14 msec/cmo

J610

1510
0 .30  0,32 0 .34  0.36 0.38 0.40

DISTANCE (MICROMETERS)
S 9 4 4 6 A - V B - 7 - I

F i g u r e  7. E f f e c t  of B a c k g r o u n d  C o n c e n t r a t io n ,  C ^ ,  on  th e
T im e  C o n s t a n t ,t  = R  Cs s  a
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1000
Cp= 8 x IO^SvTOMS/CM— 

C.=2x I0 I9AT0MS/CM3A________ |5   3 _
CD= 3 x 10 ATOMS/CM

100

m
Q

 NA= 3 .9 x 1 0  V
R = 107 Kfl/D \
SS j  p \

CQ =C/A- 8.5 x !Opf/cm 1 
2 '

t=0.9I msec/cm 
 XP= 0.2 MICROMETER

Rss=252Kfl/D
3 5

Ca=8.5xlO pf/cm
2

t  = 2.14 msec/cm

Xc?0.3 MICROMETEI
Xr= 0.3 MICROMETER X„=0.4 MICROMETER

0.40.30.2

DISTANCE (MICROMETERS)
S 9 4 4 6 A - V B - I 0 -

F i g u r e  8 . E f f e c t  of th e  J u n c t i o n  D e p th  on  th e  T im e  C o n s ta n t ,
t = R  C 

s s  a

H-p
 

cm 
/V

O
LT

-S
EC
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T A B L E  1

C O M PA R ISO N  O F M IC RO W A V E T R A N S IS T O R  DESIGNS 
F O R  x  = 0. 3 M IC R O M E T E R  AND x  = 0. 4 

M IC R O M E T E R

° B  3
( a t o m s / c m  )

R s s
( o h m s /  s q u a r e )

C
a  2 

( p f / c m  )

r  = R C s s  a  
2( m s e c / c m  )

1 o h m - c m  

3 x  1015 25 2, 000 8 . 5 x  103 2. 14

0 . 2 o h m - c m  

3 x  10 16 139, 0 0 0 2 . 8 x  10 3. 9

T A B L E  2

C O M PA R ISO N  O F M IC RO W A V E T R A N S IS T O R  DESIGNS
F O R  x _ - x „  = W = 0. 1 M IC R O M E T E R  C  E

AND C = 3 x  1 0 15  A T O M S /C M  B

x _ R C r  = R CC s s a s s  a
( m i c r o m e t e r s ) (o h m s /  s q u a r e ) ( p f / c m 2) ( m s e c / c m ^ )

0 ,3 107, 000 8 . 5 x  10 3 0 , 91

0. 4 252, 000 8 . 5 x  10 3 2. 14
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by  a  l i n e a r  i m p u r i t y  g r a d i e n t  a s  i l l u s t r a t e d  in  F i g u r e  9. T he  s p a c e  -

c h a r g e  c a p a c i t a n c e  of a  l i n e a r l y  g r a d e d  ju n c t io n  a t  e q u i l i b r iu m  m a y  be  

11w r i t t e n  a s

C = 
s

2 2 
K e aT s o l
12 (V + VB )

1 /3
(2 -42 )

w h e r e ,  a^ i s  th e  ju n c t io n  i m p u r i t y  g r a d ie n t .  F o r  a  g r a d e d  p - n  ju n c t io n

u n d e r  s u f f i c i e n t  f o r w a r d  b i a s  (e. g. , n o n - e q u i l i b r iu m  c o n d i t io n s ) ,  th e

s p a c e - c h a r g e  c a p a c i t a n c e ,  C ^, a s  d e t e r m i n e d  by e q u a t io n  2 -4 2  i s  no t

v a l id ,  b e c a u s e  th e  e f f e c t s  of m o b i le  m i n o r i t y  c a r r i e r s  in  th e  s p a c e  -

12 13
c h a r g e  r e g io n  m u s t  b e  c o n s i d e r e d  in  th e  a n a l y s i s .  ' T h e  c a p a c i ­

t a n c e  of th e  p - n  ju n c t io n  f o r  th e  c a s e  of f o r w a r d  b i a s  m a y  b e  w r i t t e n  a s

C = d_ q /"+^ / 2 P dx = d q ^  (p+n)dx (2 -4 3 )
dV J  - 1 / 2  dV J  0

due  to  s y m m e t r i c a l  in je c t io n .  E q u a t io n  2 -43  m a y  be w r i t t e n  a s
'+1 / 2C = d 

T — dV q [ (p+n) + (n a  '  ND J]  ^

, ,  f + £ / 2  , J f + A / 2d 2q I p dx + d S - p dx (2 - 4 4 )
dV J o  d v J  0d Y ^  0

C + Cn s
( n e u t r a l  ( s p a c e - c h a r g e
c a p a c i t a n c e )  c a p a c i ta n c e )

S h o c k le y ,  B e l l  S y s t .  T e c h .  J .  , 28, 435 (1949).

* ^S. P .  M o r g a n  and  F .  M. S m i t s ,  B e l l  S y s t .  T e c h .  J .  39 , 1573 ( I9 6 0 ) .  
13 D. P .  K en n ed y ,  F i n a l  R e p o r t  No. 1. , A p r i l  1, 1966 (C o n t r a c t  No. 
A F  19(628) - 5072).
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+ 8o.

+8q

+

- 8 q ,

- 8 0 ,

c s = g \ T  Cn= 8 v 

c T = c s + c N

S 9 4 4 6 A - V B - 9

F i g u r e  9- N e u t r a l  an d  S p a c e - C h a r g e  C a p a c i t a n c e s  in  a  L inearly - 
G r a d e d  P - N  J u n c t io n  U n d e r  F o r w a r d  B ia s
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s in c e  N - N = a  x i s  in d e p e n d e n t  of v o l ta g e  and  th e  s p a c e - c h a r g e  A. D  X
p =  q (p - n  + N - N ). T h u s ,  in  a  f o r w a r d - b i a s e d  p - n  ju n c t io n ,  th e  

e l e c t r i c a l  c a p a c i t a n c e  a r i s e s  f r o m  th e  s t o r a g e  of m o b i le  c h a r g e  c a r ­

r i e r s  ( n e u t r a l  c a p a c i t a n c e ,  C ) w i th in  th e  s p a c e - c h a r g e  r e g io n  and  a  

r e d i s t r i b u t i o n  of c h a r g e s  w i th in  th e  e l e c t r i c a l  d o u b l e - l a y e r  ( s p a c e -  

c h a r g e  c a p a c i t a n c e ,  C ). T h e  n e u t r a l  c a p a c i t a n c e  d e p e n d s  u p o n  th e  

w id th  of th e  s p a c e - c h a r g e  r e g i o n  a s  i n d ic a te d  in  F i g u r e  9. A l a r g e  i m ­

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

a  d e c r e a s e  in  th e  w id th  f; h o w e v e r ,  th e  s p a c e - c h a r g e  c a p a c i t a n c e  w i l l  

i n c r e a s e  a s  i n d ic a te d  by  e q u a t io n  2 -4 2 . T a b le  3 i l l u s t r a t e s  th e  i m p u r i t y  

g r a d i e n t s  a t  th e  e m i t t e r - b a s e  an d  b a s e - c o l l e c t o r  ju n c t io n s  f o r  v a r io u s  

i m p u r i t y  p r o f i l e s .  F i g u r e  10 i l l u s t r a t e s  th e  v a r i a t i o n  of and  w ith  

a p p l ie d  f o r w a r d  v o l ta g e  f o r  v a r i o u s  i m p u r i t y  p r o f i l e s  (i. e . , im p u r i t y  

g r a d i e n t s )  in  th e  e m i t t e r - b a s e  ju n c t io n .  T h e  r e s u l t s  in d ic a te  th a t  a

h ig h  i m p u r i t y  g r a d i e n t  w i l l  r e d u c e  th e  n e u t r a l  c a p a c i t a n c e ,  w h ic h  i s  th e

3 2
d o m in a n t  e f f e c t  a t  th e  h ig h  c u r r e n t  d e n s i t i e s  (i. e. , ~ 1 0  a m p e r e s / c m  ) 

e n c o u n te r e d  in  th e  m ic r o w a v e  t r a n s i s t o r  o p e r a t io n .  T h e  s p a c e - c h a r g e  

c a p a c i t a n c e  w i l l  i n c r e a s e ;  h o w e v e r ,  i t  i s  in s ig n i f i c a n t  a t  t h e s e  c u r r e n t  

l e v e l s .  E q u a t io n  3 - 9  i l l u s t r a t e s  th e  im p o r t a n c e  of a  lo w  r  t im e  

c o n s ta n t  to  r e d u c e  th e  e m i t t e r - t o - c o l l e c t o r  t r a n s i t  t i m e  an d  th u s ,  i m ­

p ro v e  th e  f  of th e  t r a n s i s t o r .
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T A B L E  3

IM P U R IT Y  G R A D IE N T S IN A M ICROW AVE T R A N SIS T O R
70 1 Q 1 5

C = 8 x  10 ; C A = 2 X  10 ; C = 3 x  10
D  A  Jd

XE ’ XC 
( m i c r o m e t e r s )

a  ( e m i t t e r - b a s e )  
-4

(CM  )

a T ( c o l l e c t o r - b a s e )  
-4(CM  )

22 , - 2 1
x E = 0. 3

xc  = ° - 4

2. 5 x  10 1 .3  x  10

X = 0 . 2
h j 23 -  -  , 2 1

xc  = ° .  3

1 . 0 x 10 2 . 0 x  10

2. 6 C o l l e c t o r  J u n c t io n  D is p l a c e m e n t

T h e  l i n e a r l y  g r a d e d  b a s e - c o l l e c t o r  ju n c t io n  of th e  m ic r o w a v e  t r a n ­

s i s t o r  i s  i l l u s t r a t e d  in  F i g u r e  11. A t e q u i l ib r iu m ,  th e  d e p le t io n  l a y e r

■ , , • • , 11 w id th  i s  g iv e n  by

Xd X2 " X1

12K e (V + V ) s o C B
q a ]

1 /3

(2 -4 5 )
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,-5

r 6

o

o

,"9

<-10

H 2
1.00.7 0.8 0.90.3 0.4 0.5 0.60,20.10

JUNCTION VOLTAGE V
S9446A—VB —12

F i g u r e  10. E f f e c t  of I m p u r i t y  G r a d ie n t  on th e  N e u t r a l  and 
S p a c e - C h a r g e  C a p a c i t a n c e s  in  a  L i n e a r l y  G ra d e d  

P - N  J u n c t io n  U n d e r  F o r w a r d  B ia s
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N n - N

A X

S 9 4 4 6 A - V A - I  I

F i g u r e  11. D i s p l a c e m e n t  of th e  S p a c e - C h a r g e  R eg io n  
in  a  L i n e a r l y  G r a d e d  B a s e - C o l l e c t o r  P - N  J u n c t io n  

W ith  I n c r e a s i n g  C u r r e n t  D e n s i ty
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w h e r e ,  V i s  th e  c o l l e c t o r - b a s e  v o l ta g e .  In  a  n o n - e q u i l i b r i u m  L»

s i tu a t io n ,  w h e r e  t h e r e  i s  c u r r e n t  f low  th r o u g h  th e  d e p le t io n  l a y e r ,  th e  

s p a c e - c h a r g e  d e n s i t y  i s  m o d if ie d  b y  th e  e x p r e s s i o n

p(x) = q a^ x  - _^n

VL  (2 -46 )

= q a j (x  - Ax)

w h e r e  Ax = J  /qV" aT = n / a T i s  th e  l i n e a r  t r a n s l a t i o n  of th e  e f fe c t iv e  
n L  I I

ju n c t io n .  T h e  in je c te d  e l e c t r o n  d e n s i t y ,  n, u n i f o r m i ly  d e p r e s s e s  th e  

s p a c e - c h a r g e  r e g io n .  T h e  h ig h e r  th e  i m p u r i t y  g r a d i e n t ,  a^, th e  s m a l l e r  

th e  s h if t ,  Ax, in  th e  ju n c t io n  f o r  a  s p e c i f i e d  c u r r e n t  d e n s i ty .  T h e  new  

b o u n d a r i e s  in  th e  n o n - e q u i l i b r i u m  c a s e  a r e  g iv e n  a s

x  = x , + Ax 
2 d

X .  = X ,  -  A X .
1 d

(2 -47 )

F i g u r e  11 i l l u s t r a t e s  th e  d i s p l a c e m e n t  of th e  s p a c e - c h a r g e  r e g io n  w ith

14a n  i n c r e a s e  i n  c u r r e n t  d e n s i ty .  T h e  d i s p l a c e m e n t  of th e  d e p le t io n  

l a y e r  b o u n d a r i e s  r e s u l t s  in  a n  i n c r e a s e  i n  th e  b a s e - t r a n s i t  t im e ,  

th r o u g h  an  i n c r e a s e  in  th e  e l e c t r i c a l  b a s e  w id th ,  W; h o w e v e r ,  the

14
C. T. K i r k  J r .  , IR E  T r a n s ,  on  E l e c t r o n  D e v i c e s , E D - 9 , 164 (1961). 

R. L lo y d , IE E E  T r a n s ,  on  E l e c t r o n  D e v i c e s , E D - 13 , 991 (1966).
K i r k  and  L lo y d  c o n c lu d e  th a t  th e  e f f e c t iv e  j u n c t io n  m o v e s  in  a  l i n e a r l y  
g r a d e d  ju n c t io n  in  c o n t r a s t  to  a n  a b r u p t  ju n c t io n .



c o l l e c t o r  t r a n s i t  t i m e  r e m a i n s  u n c h a n g e d .  A t s m a l l  v a lu e s  of th e  

a p p l ie d  c o l l e c t o r  v o l ta g e ,  V , th e  e l e c t r i c  f ie ld  i s  in s u f f ic ie n t  to  

t r a n s p o r t  th e  e l e c t r o n s  a t  th e  t e r m i n a l  o r  l im i t in g  v e lo c i ty ,  V . T h u s ,  

a t  s m a l l  v a lu e s  of ju n c t io n  v o l ta g e ,  th e  s p a c e - c h a r g e  r e g io n  w id th , 

w i l l  b e  s e n s i t i v e  to  d i s p l a c e m e n t .  O nce  th e  t e r m i n a l  v e lo c i ty  i s  

a t t a in e d ,  th e  s p a c e - c h a r g e  r e g io n  u n d e r g o e s  a  l i n e a r  t r a n s l a t i o n  in  th e  

d i r e c t i o n  to  i n c r e a s e  th e  e f f e c t iv e  e l e c t r i c a l  b a s e  w id th  of th e  

t r a n s i s t o r .



C H A P T E R  III

M IC RO W A V E T R A N SIST O R  S M A L L -S IG N A L  
E Q U IV A L E N T  C IR C U IT

3. 1 I n t r o d u c t io n

T h e  sw i tc h in g  o r  l a r g e - s i g n a l  c h a r a c t e r i s t i c s  o f  th e  m ic r o w a v e

t r a n s i s t o r  h a v e  b e e n  i n v e s t i g a t e d  w ith  a  n o n - l i n e a r ,  s e m i - d i s t r i b u t e d

m o d e l  o f  th e  t r a n s i s t o r  an d  c o m p u te r  c a l c u l a t i o n s .  T he  s m a l l - s i g n a l

c h a r a c t e r i s t i c s  h a v e  a l s o  b e e n  s tu d ie d  w ith  a  T - e q u iv a l e n t  c i r c u i t

an d  c o m p u te r  c a l c u l a t i o n s  to  d e t e r m i n e  th e  h - p a r a m e t e r s  of th e  m i c r o -  

2
w av e  t r a n s i s t o r .  In th i s  c h a p te r ,  th e  s m a l l - s i g n a l  c h a r a c t e r i s t i c s  

o f  th e  m i c r o w a v e  t r a n s i s t o r  w i l l  b e  a n a ly z e d  w ith  a  T - e q u iv a l e n t  c i r c u i t  

s u i ta b ly  m o d i f ie d  to  a c c o u n t  f o r  p a c k a g e  p a r a s i t i c s .

3. 2 B a s e  C h a r g in g  C i r c u i t  T im e  C o n s ta n t ,

T h e  b a s e  c h a r g in g  c i r c u i t  o f  th e  m i c r o w a v e  t r a n s i s t o r  m a y  b e  r e -

3 .p r e s e n t e d  b y  th e  s e m i - d i s t r i b u t e d  RC n e tw o r k  i l l u s t r a t e d  in  F ig u r e  

12. F i g u r e  12 i l l u s t r a t e s  a  c r o s s - s e c t i o n a l  v ie w  o f  a  s i n g l e - e m i t t e r

*H. N. G h o sh , e t .  a l . , S o l id - S ta te  E l e c t r o n i c s ,  10, 705 (1967).
2

W .E .  B e a d le ,  e t .  a l . , IE E E  T r a n s ,  on  E l e c t r o n  D e v ic e s ,  E D - 1 6 ,  1 25 (1969).
3

R . E d w a r d s  an d  R . L .  P r i t c h e t t ,  N E R E M  R e c . , 246 (B o s to n ,  M a s s .  ,1965).

44
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F i g u r e  12. C r o s s  S e c t io n  o f  a  D oub le  B a s e  S t r ip ,  S in g le  E m i t t e r  S t r ip  
M ic r o w a v e  T r a n s i s t o r .  B a s e  C h a r g in g  C i r c u i t  T im e  C o n s ta n t ,

E q u iv a le n t  C i r c u i t
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an d  d o u b le - b a s e  s t r i p  c o n s t r u c t i o n  f o r  th e  m ic r o w a v e  t r a n s i s t o r .  T h e  

b a s e  c h a r g in g  c i r c u i t  is  d e c o m p o s e d  in to  lu m p e d  RC s e c t io n s  t h a t  

r e p r e s e n t  th e  s ig n a l  c u r r e n t  f low  in to  th e  b a s e  r e g io n  of th e  t r a n s i s t o r .  

T h e  e m i t t e r  s t r i p  w id th  i s  d e s ig n a te d  by th e  s y m b o l  "h "  a n d  the  

e l e c t r i c a l  b a s e  w id th  b y  th e  s y m b o l  "W " . T he  v a r i o u s  e l e m e n t s  in  th e  

b a s e  c h a r g in g  c i r c u i t  a r e  d e s c r i b e d  a s  fo l lo w s :

a .  r  = c o n ta c t  r e s i s t a n c e  a s s o c i a t e d  w i th  th e  d o u b lec o n

b a s e  s t r i p s .

b .  r ^  = i n t e r s t r i p e  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 th  c u r r e n t

f low  b e tw e e n  th e  b a s e  c o n ta c t s  a n d  th e  e m i t t e r  

s t r i p  re g io n .

c .  r '  = t r a n s v e r s e  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 th  c u r r e n tbb

flow  b e n e a th  th e  e m i t t e r  s t r ip .

d. Ch = b a s e - c o l l e c t o r  c a p a c i t a n c e  d i r e c t l y  b e n e a th  th e

e m i t t e r  s t r i p .

e .  C.  ̂ = b a s e - c o l l e c t o r  c a p a c i t a n c e  b e tw e e n  th e  e d g e s  o f  th e

e m i t t e r  s t r i p  a n d  the  b a s e  c o n ta c t s .

f. C .  = b a s e - c o l l e c t o r  c a p a c i t a n c e  (not in c lu d in g  C. a n d  C, )
A  i  b

in c lu d in g  th e  b o n d in g  p a d  an d  s i d e - w a l l  c a p a c i t a n c e s .

T he  c u r r e n t  g e n e r a t o r  Qd' , w ith  th e  c o l l e c t o r  a n d  b a s e  t e r m i n a l s  ofe

th e  t r a n s i s t o r  s h o r t - c i r c u i t e d  (ac), s e e s  a n  in p u t  im p e d a n c e  g iv e n  a s



w h e r e  s e c o n d  an d  h i g h e r - o r d e r  f r e q u e n c y  t e r m s  h a v e  b e e n  n e g le c te d  

in  th e  a n a l y s i s .  T h e  lu m p e d  e l e m e n t s  in  e q u a t io n  3-1  a r e  d e f in e d  

b y  th e  e x p r e s s i o n s

r '  = r  + r .  + r '  (3 -2 )b  c o n  b  bb

r | C  = r  ( C. + C, + C A ) + (r* + r, ) C . + r  C b  c c o n  1 b A b b b i b b

(3 -3 )

S e v e r a l  c o m m e n t s  a r e  in  o r d e r  r e g a r d i n g  th e  r e p r e s e n t a t i o n

of th e  b a s e - c h a r g i n g  c i r c u i t .  F i r s t ,  th e  e l e m e n t  r ^  i s  th e  to ta l  b a s e

r e s i s t a n c e ,  w h ic h  is  th e  s u m  o f th e  c o n ta c t  r e s i s t a n c e ,  r  , th econ

i n t e r s t r i p  r e s i s t a n c e ,  r  , an d  the  t r a n s v e r s e  b a s e  r e s i s t a n c e  b e n e a th
b

the  e m i t t e r  s t r i p ,  r ^ -  S eco n d , th e  c a p a c i t a n c e ,  C , i s  only  d e f in e d

th r o u g h  e q u a t io n s  3 - 2  a n d  3 -3 ,  a n d  a s  su ch ,  t h e r e  i s  no d i r e c t ,  o n e -

t o - o n e  c o r r e s p o n d e n c e  w i th  d e v ic e  g e o m e t r y  f o r  th i s  c i r c u i t  e l e m e n t .

T h i rd ,  e q u a t io n  3 -3  in d i c a t e s  t h a t  th e  t o t a l  b a s e - c o l l e c t o r  c a p a c i t a n c e

(C. + C, + C . ) i s  m u l t i p l i e d  b y  th e  c o n ta c t  r e s i s t a n c e ,  r  . T h u s ,  i  b  A r  ) con

i t  i s  n e c e s s a r y  to  m i n i m i z e  th e  c o n ta c t  r e s i s t a n c e  a s s o c i a t e d  w ith  th e

m e t a l - s e m i c o n d u c t o r  c o n ta c t  to  r e d u c e  th e  r '  C t im e  c o n s ta n t .b  c
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3 .3  T he  T - E q u i v a l e n t  C i r c u i t

T he  s m a l l - s i g n a l  T - e q u i v a l e n t  c i r c u i t  m o d e l  of th e  m ic r o w a v e  

t r a n s i s t o r  i s  i l l u s t r a t e d  in  F i g u r e  13. T he  m o d e l  in c lu d e s  th e  fo l lo w ­

ing e x t r i n s i c  e l e m e n t s :

a .  E m i t t e r  s p a c e - c h a r g e  a n d  n e u t r a l  c a p a c i t a n c e s ;  C = C  + C  .1 s n

b .  B a s e  an d  e m i t t e r  l e a d  i n d u c ta n c e s ;  a n d  L ^ .

c . C o l l e c to r  s e r i e s  r e s i s t a n c e ;  r  .s

d. E m i t t e r  c o n ta c t  o r  s e r i e s  r e s i s t a n c e ;  r '  .e

e . T im e  d e la y  a s s o c i a t e d  w ith  th e  t r a n s i t  t im e  o f c a r r i e r s

Xa c r o s s  th e  c o l l e c t o r  d e p le t io n  l a y e r ;  ~r—------  .
L

T h e  c u r r e n t  g e n e r a t o r ,  p r e v i o u s l y  d i s c u s s e d  in  p a r a g r a p h  3. 2, p e r ­

t a i n s  to  o n ly  th a t  p o r t i o n  o f  th e  e m i t t e r  c u r r e n t  th a t  f low s  b y  d i f fu s io n  

a n d  d r i f t  m e c h a n i s m s .  T h e  d i s p l a c e m e n t  c u r r e n t  th a t  f low s th r o u g h  C^, 

i s  n o t  a m p l i f i e d  in  th e  e q u iv a le n t  c i r c u i t  sh o w n  in  F ig u r e  13. A 

s im p l i f i e d  r e p r e s e n t a t i o n  of th e  i n t r i n s i c  in p u t  a d m i t t a n c e  i s  u s e d  in  

w h ic h  th e  d i f fu s io n  c a p a c i t a n c e ,  C = l / r  to i s  s h u n te d  b y  th e
J J  G ^

i n c r e m e n t a l  f o r w a r d  r e s i s t a n c e ,  r ^ .  A m o r e  e x a c t  a n a l y s i s  w ou ld

in c lu d e  th e  e f f e c t s  of th e  b u i l t - i n  e l e c t r i c  f i e ld  a n d  the  d i s t r i b u t e d

4
n a t u r e  o f  th e  c a r r i e r  t r a n s p o r t  th r o u g h  the  b a s e  r e g io n .  T h e  c u r r e n t  

a m p l i f i c a t i o n  f a c t o r  m a y  b e  a p p r o x im a te d  b y  th e  e x p r e s s i o n

4 ~  ' ......................
R . P .  A b r a h a m ,  IR E  T r a n s ,  on  E l e c t r o n  D e v ic e s ,  E D - 7 ,  59 ( I9 6 0 ) .
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F ig u r e  13. S m a l l  S ig n a l  L u m p e d  T - E q u i v a l e n t  C i r c u i t  of th e  M i c r o ­
w ave  T r a n s i s t o r  in  th e  C o m m o n - E m i t t e r  C o n f ig u ra t io n
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co 2Vt J
a  e oi L

a  = — — .— .— —  ---------------------  (3 -4 )1 l / .y / 1.\ '  '1 + iCU/O)
J / a

in  w h ic h  a  s in g le  p o le  a n d  e x c e s s  l i n e a r  p h a s e  s h i f t  d e s c r i b e s  th e

d i s t r i b u t e d  p r o p e r t i e s  of th e  t r a n s i s t o r  w ith  a  c o n s t a n t  e l e c t r i c  f ie ld  in  

5
th e  b a s e  r e g io n .  T h e  e x c e s s  p h a s e  sh if t ,  m ,  is  a t t r i b u t e d  to  th e  d r i f t -  

d i f f u s io n  m e c h a n i s m  o f c a r r i e r  t r a n s p o r t  in  th e  b a s e  re g io n ,  w h i le  th e  

t im e  d e la y ,  x /2 V  , d e s c r i b e s  th e  c a r r i e r  t r a n s p o r t  th ro u g h  the  

c o l l e c t o r  d e p le t io n  l a y e r .  (T he  x  is  th e  w id th  o f  th e  c o l l e c t o r  d e p le t io n  

l a y e r ,  and  V is  th e  m a x im u m  s c a t t e r - l i m i t e d  v e lo c i ty  o f c a r r i e r s  

in  th e  d e p le t io n  l a y e r .  ) If th e  i m p u r i t y  d i s t r i b u t i o n  in  th e  b a s e  r e g io n  is  

a p p r o x i m a t e d  b y  a n  e x p o n e n t i a l  d i s t r ib u t io n ,  th e n  th e  a lp h a  c u t - o f f  

f r e q u e n c y ,  w a n d  e x c e s s  p h a s e  sh if t ,  m ,  m a y  b e  r e l a t e d  to  e a c h  o th e r  

t h r o u g h  a n  e l e c t r i c  f i e ld  p a r a m e t e r  rj = “  I n  N / N  = - fw/2k  T,
& h u S D  X50 jd

w h e r e  N _ _  a n d  N r e p r e s e n t  th e  i m p u r i t y  c o n c e n t r a t i o n s  a t  th e  E B  JdL*

e m i t t e r  a n d  c o l l e c t o r  ju n c t io n s ,  r e s p e c t i v e l y .  T a b le  4 i l l u s t r a t e s

th e  e f f e c t  o f  v a r y in g  th e  i m p u r i t y  d i s t r i b u t i o n  in  th e  b a s e  r e g io n  u p o n

6
t h e s e  p a r a m t e r s .  T h e  w is  d e s c r i b e d  b y  a  n o r m a l i z in g  p a r a m e t e r

5 D. E . T h o m a s  an d  J .  L . M o ll ,  P r o c .  IR E , 46, 1177 (1958).
£

V. U z u n o g lu  a n d  M . H. W h ite ,  S e m ic o n d u c to r  P r o d u c t s  an d  S o lid  
S ta te  T e c h n o lo g y , 1, F e b .  (1965).
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T A B L E  4

E F F E C T  O F  T H E  B U IL T  IN E L E C T R IC  F IE L D  
IN T H E  BASE R E G IO N  U P O N  T H E  w a n d  m  O F  A M IC R O W A V E

TR A N SISTO R .

COa
CO

D

1 ,  1VT /M 1 I  W
77 2 E B  BC 2 q k TB

m
r a d ia n s  ( d e g r e e s )

29. 5 6 1. 35 (77)
23. 2 5 1 .1 7  (67)
17. 6 4 1. 00 (57)
12. 6 3 0. 82 (47)

8. 3 2 0. 61 (35)
4. 9 1 0 .4 0  (23)
2. 44 0 0 . 22 (12. 6)

- a lp h a  c u t - o f f  f r e q u e n c y  f o r  th e  c o m m o n  b a s e  t r a n s i s t o r  

—  2
= D / W - d i f fu s io n  c u t - o f f  f r e q u e n c y

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

W - e l e c t r i c a l  b a s e  w id th

T) - e l e c t r i c  f i e ld  p a r a m e t e r

m  - e x c e s s  p h a s e  s h i f t

* N , N - e m i t t e r - b a s e  and  b a s e - c o l l e c t o r  i m p u r i ty  c o n c e n -  E B  B C  . ..t r a t i o n s

£ - i n t e r n a l  c o n s t a n t  e l e c t r i c  f ie ld
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D /W  , w h e r e  D is  th e  a v e r a g ec a l l e d  th e  d i f f u s io n  f r e q u e n c y ;  w.

m i n o r i t y  c a r r i e r  ( e l e c t r o n s  f o r  a  np n  d e v ic e )  d i f fu s io n  c o n s ta n t ,  and  W 

i s  th e  e l e c t r i c a l  b a s e  w id th  of th e  t r a n s i s t o r .  A t  lo w  in je c t io n  l e v e l s ,  

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

i n t e r n a l  e l e c t r i c  f i e ld  i s  i m p o r t a n t ;  h o w e v e r ,  a s  th e  c u r r e n t  d e n s i ty  

i n c r e a s e s ,  th e  m o b i l e  c a r r i e r s  t e n d  to  c o m p e n s a t e  th e  b u i l t - i n  e l e c t r i c  

f ie ld  ( w a s h - o u t  e f fe c t ) .

3 . 4  C u r r e n t - G a i n  B a n d w id th  P r o d u c t ,  f ^

T he  m i c r o w a v e  t r a n s i s t o r  in  th e  c o m m o n - e m i t t e r  c o n f ig u ra t io n  

i s  e x a m in e d  b y  a c  s h o r t - c i r c u i t i n g  th e  o u tp u t  t e r m i n a l s  an d  e v a lu a t in g  

th e  r a t i o  o f  c o l l e c t o r - t o - b a s e  c u r r e n t s .  F r o m  F i g u r e  13, w ith  

s e c o n d  a n d  h i g h e r - o r d e r  f r e q u e n c y  t e r m s  n e g le c te d

S i
i
c fp ' ' ' '

O 1 +  i W / w
J ' o

w h e r e ,  h
a

o i s  th e  lo w  f r e q u e n c y  c o m m o n - e m i t t e r  s h o r t -fe 1 - a
o o

c i r c u i t  c u r r e n t  g a in .  T h e  t i m e  d e la y ,  T ^ , a n d  c o r n e r  f r e q u e n c y ,

a r e  g iv e n  a s

C
T = —  + ----d co 2V0!

+ c
( r  + r 1 (3-6)a e e

o
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co 1 - a

1 +  ol m  o i x

[ ---- TV-2—  + r  <CT + C ) + + C (r* + r  )]. (3 -7 )
L CO (=■ T  n  / V  n  s  j

O 0!
c e

A c o n v e n ie n t  m e th o d  to  c h a r a c t e r i z e  a  h ig h  f r e q u e n c y  t r a n s i s t o r

7
i s  m  t e r m s  o f  th e  c u r r e n t - g a i n  b a n d w id th  p r o d u c t ,  f ^ . E x a m in a t io n

o f  e q u a t io n  3 -5  f o r  f r e q u e n c i e s  co »  10 s h o w s ,
o

= 2 7TfT h  w fe °  o
(3 -8 )

ec

w h e r e ,  T i s  th e  e m i t t e r - t o - c o l l e c t o r  t r a n s i t  t i m e ,  w h ic h  c o m p r i s e s  ec

th e  fo llow ing  t e r m s :

ec

1 + o: m
________ o
a  co 

o O'
+ X

2V
L

r  C
+ ■—  (C + C  ) + ——̂ ( r ' + r  ).a  ' T c oi ' e s ;

o o

(b a s e  t r a n s i t  + ( c o l l e c to r  + ( e m i t t e r  + ( c o l l e c t o r
t im e )  d e p le t io n  t i m e  t i m e

l a y e r  t r a n s i t  c o n s ta n t )  c o n s ta n t )
t im e )

(3 -9 )

T he  f ^  r e p r e s e n t s  th e  f r e q u e n c y  a t  w h ic h  th e  c o m m o n - e m i t t e r  s h o r t -

c i r c u i t  c u r r e n t  g a in  i s  u n i ty .  If th e  e m i t t e r - t o - c o l l e c t o r  t r a n s i t  t im e ,

T , i s  p lo t te d  v e r s u s  1 / l _ ,  w h e r e  I_  i s  the  c o l l e c t o r  c u r r e n t  f o r  a  3 c C C

f ix e d  c o l l e c t o r  v o l ta g e  V , th e n  th e  s lo p e  of th e  c u r v e  w i l l  y i e ldC* ill

7
J . M .  E a r l y ,  P r o c .  IR E , 46, 1924 (1958). E q u a t io n  3 -9  d i f f e r s  f r o m

E a r l y ' s  r e s u l t  w i th  th e  a d d i t io n a l  t im e  c o n s ta n t  ( r  + r ' )  C .
e e c
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8
i n f o r m a t io n  r e g a r d i n g  th e  s u m  of th e  c a p a c i t a n c e s ,  C,^, + C ^, a t  lo w

c u r r e n t  l e v e l s .  A s  th e  c u r r e n t  d e n s i t y  i n c r e a s e s  in  th e  m i c r o w a v e

9, 10
t r a n s i s t o r ,  th e  C^, i n c r e a s e s  due to  the  n e u t r a l  c a p a c i t a n c e  ’ e f f e c t  

d i s c u s s e d  in  C h a p t e r  II. T he  s t o r a g e  of m o b i le  c h a r g e  c a r r i e r s  in  th e  

e m i t t e r - b a s e  d e p le t io n  l a y e r  i s  v e r y  i m p o r t a n t  a t  i n c r e a s e d  c u r r e n t  

l e v e l s .

S in ce  r  = oi k T / q l  , th e  s lo p e  of th e  c u r v e  a t  low  c u r r e n t  l e v e l s  i s
s e e n  to  T?e (C ° + C ) k T / q .
9 CS. P .  M o r g a n  a n d  F .  M . S m i t s ,  B e l l  S y s t .  T e c h .  J .  , 39, 1573 ( I9 6 0 ) .

^ T h e  f o r m u l a t i o n  o f  th e  e q u iv a le n t  c i r c u i t  a n d  e q u a t io n  3 -9  a s s u m e s  
t h a t  th e  e x c e s s  in je c te d  c a r r i e r  c o n c e n t r a t i o n  a t  th e  ed g e  o f the  
c o l l e c to r  d e p le t io n  l a y e r  i s  z e r o .  I f  th e  i n j e c t e d  c o n c e n t r a t i o n  is  
c o n s id e r e d ,  t h e n  a n  a d d i t io n a l  t e r m  of W/V m u s t  b e  a d d e d  to th e  b a s e  
t r a n s i t  t i m e  to  a c c o u n t  f o r  th e  a d d i t io n a l  t i m e  r e q u i r e d  to  s t o r e  th i s  
c h a r g e  in  th e  n e u t r a l  b a s e  r e g io n .  S e e ,  C . T . K irk ,  IR E T r a n s ,  on  
E l e c t r o n  D e v ic e s ,  E D - 9 ,  164 (1961).



C H A P T E R  IV 

S C A T T E R IN G  P A R A M E T E R  F O R M U L A T IO N

4 .1  I n t r o d u c t io n  to  S - ( S c a t t e r in g )  P a r a m e t e r s

T h e  g e n e r a l i z e d  s c a t t e r i n g  o r  s - p a r a m e t e r s *  a r e  d e s c r i b e d  b y  a  

s e t  o f  v a r i a b l e s  (a^, K ) ,  w h ic h  r e p r e s e n t  a  n o r m a l i z e d  s e t  o f  c o m p le x  

v o l ta g e  w a v e s  in c id e n t  on  th e  i ^  p o r t  o f  a  n e tw o r k  a s  sho w n  in  F i g u r e  

14. T h e s e  v a r i a b l e s  a r e  d e f in e d  in  t e r m s  of th e  t e r m i n a l  v o l t a g e s  an d  

c u r r e n t s  a n d  a  r e f e r e n c e  (p o s i t iv e ,  r e a l ,  l in e  im p e d a n c e )  a s

fo l lo w s :

a„ =
v ,  + i .  Z v o l ta g e  w av e  in c id e n t  on p o r t  1

1 1 o
1 2 \ F o  '

v_  + i_ Z  v o l ta g e  w a v e  in c id e n t  on  p o r t  2
2 2 o

o

b *  =  =  W
v.

b „  =

v .  - i ,  Z v o l ta g e  w a v e  r e f l e c t e d  f r o m  p o r t  1
1 1 o

v_ - i_ Z  v o l ta g e  w a v e  r e f l e c t e d  f r o m  p o r t  22 2 o
2 2

1K. K u ro k a w a ,  I E E E  T r a n s ,  on  M ic r o w a v e  T h e o r y  a n d  T e c h n iq u e s ,  
M T T - 1 3 ,  194 (1965).
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LOSSLESS
TRANSMISSION

LINE
SYSTEM

2 - PORT 
MICROWAVE 

TRANSISTOR

LOSSLESS
TRANSMISSION

LINE
SYSTEM

Z Z,OUT

S 9 2 3 4 A -V A - I

F ig u r e  14. T w o - P o r t  M ic r o w a v e  T r a n s i s t o r  
( S - P a r a m e t e r  C h a r a c t e r i z a t i o n )
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T h e  l i n e a r  e q u a t io n s  w h ic h  d e s c r i b e  the  t w o - p o r t  m ic r o w a v e  

t r a n s i s t o r  a r e  w r i t t e n  a s

h l  = Sl l a l + S1 2 a 2
(4 -2 )

b 2 = S 21 a i  + S 2 2 a 2

w h e r e  th e  c o e f f i c i e n t s  a r e  c a l l e d  th e  s - ( s c a t t e r in g )  p a r a m e t e r s .  

S p e c i f i c a l ly ,  t h e s e  p a r a m e t e r s  c a n  b e  w r i t t e n  in  th e  f o r m :

1
11

= in p u t  r e f l e c t i o n  c o e f f ic ie n t  =
v  - i  Z 1 1 o Z. -Z  in  o

a ^ O  w ith  th e  o u tp u t  t e r m i n a t e d  Vl ^ * l ^ o  ^ i n  * ^ o
in  a m a tc h e d  lo a d  (Z =Z )

L  o

21

12

= f o r w a r d  i n s e r t i o n  g a in
a ^ O  w i th  th e  o u tp u t  t e r m i n a t e d

in  a  m a tc h e d  lo a d  (Z T =Z )L  o

= r e v e r s e  i n s e r t i o n  g a in
a^=0  w ith  th e  in p u t  t e r m i n a t e d

in  a m a t c h e d  lo a d  (Z =Z )s o

-2 Z  i_ o 2
v ,  + 1, Z 1 1 o

- 2Z i o 1

W o

(4 -3 )

-  - r

22 o u tp u t  r e f l e c t i o n  c o e f f ic ie n t  =
v _ - i  Z 2 2 o
"V" *f* l  7.a^= 0  w i th  th e  in p u t  t e r m i n a t e d  in  2 2 o

a  m a t c h e d  lo a d  (Z =Z )
s o

Z -Z  o u t  o
Z + Z o u t  o

2Z 2Z
o , o

w here 1i = z ~  + z  -  “ d Yr = z  i + z a r e  th e  f o r w a r d
m o u t

a n d  r e v e r s e  c u r r e n t  t r a n s m i s s i o n  f a c t o r s  of th e  m ic r o w a v e  t r a n s i s t o r .
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4 . 2 S - P a r a m e t e r  F o r m u l a t i o n  in  T e r m s  of D e v ic e  P a r a m e t e r s  

The s - p a r a m e t e r s  of th e  m ic r o w a v e  t r a n s i s t o r  w e r e  d i s c u s s e d  

b r i e f l y  in  p a r a g r a p h  4 . 1. If  th e  o u tp u t  of th e  m i c r o w a v e  t r a n s i s t o r  i s  

t e r m i n a t e d  in  Z ^ t th e  c h a r a c t e r i s t i c  im p e d a n c e  of a  p r o p e r l y  t e r m i n a ­

t e d  t r a n s m i s s i o n  l in e ,  th e n  th e  r a t i o  o f  c o l l e c t o r - t o - b a s e  c u r r e n t s  

b e c o m e s

i  e “^ T d

T f  <“ > * £  “ h f e o 1 + JM/Ml <4 - 4 >

w h e r e  th e  n e w  c o r n e r  f r e q u e n c y  i s  g iv e n  a s

co
co =--- --------------------  (4 -5)

1 1 + w C Z ' ’o c o
1 - o;

o

R e f e r  to  p a r a g r a p h  3. 3 f o r  a  d i s c u s s i o n  of th e  T - e q u iv a l e n t  c i r c u i t  and

th e  d e f in i t io n  o f  co . F o r  f r e q u e n c i e s  co >> co th e  c u r r e n t  t r a n s f e ro 1

r a t i o  T^ (co) c a n  b e  w r i t t e n  a s

- j “ T d w  - j ( < r / 2 + “ T d )
T e T eT f  (CO) = - 3 L  = - I  (4 -6)

w h e re ,

co1 =
co

T
T , , co C Z

1 + T c o
a

o

(4-7 )
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is  a  r e d u c e d  c u r r e n t - g a i n  b a n d w id th  p r o d u c t .  T h e  e f fe c t  of t e r m i n a t i n g

th e  t r a n s i s t o r  in  a  lo ad , Z , i s  to  r e d u c e  th e  c u r r e n t - g a i n  b a n d w id th
o

p r o d u c t  o f  th e  a m p l i f i e r .  T he  in p u t  im p e d a n c e ,  Z » of th e  m ic r o w a v e  

t r a n s i s t o r  m a y  b e  o b ta in e d  f r o m  th e  T - e q u i v a l e n t  c i r c u i t  in  C h a p te r

III an d  e q u a t io n  4 - 6 ,  w i th  th e  r e s u l t  t h a t

cot ( r  +  r i )
T  e  e

Z in  = rb + r e + r e + “ T L e + ( L e + V  + ja> ( 4 _g)

= R  + jML + ^

a s s u m i n g  s e c o n d  an d  h i g h e r - o r d e r  f r e q u e n c y  t e r m s  a r e  n e g l ig ib le

2
a n d  t h a t  th e  p h a s e  s h i f t  W T ^ «  1. T h u s ,  th e  in p u t  e q u iv a le n t  c i r c u i t  

o f  th e  m i c r o w a v e  t r a n s i s t o r  i s  a  s e r i e s  R L C  c i r c u i t ,  a s  sho w n  in  

F i g u r e  15(a). T he  in p u t  r e f l e c t i o n  c o e f f i c i e n t  f o r  th e  c o m m o n - e m i t t e r  

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

Z - Z
s ,  , = s .  = in  o (4-9)

11 le  ' z ~ T z
m  o

w h ic h  i s  sho w n  q u a l i t a t i v e ly  in  F i g u r e  15(a), u s in g  th e  S m i th  C h a r t  

r e p r e s e n t a t i o n ,  w i th  th e  in p u t  im p e d a n c e  n o r m a l i z e d  to  th e  t r a n s m i s ­

s io n  l in e  im p e d a n c e ,  Z . A t lo w  f r e q u e n c i e s ,  th e  in p u t  im p e d a n c e  

a p p e a r s  c a p a c i t iv e ;  h o w e v e r ,  a s  th e  f r e q u e n c y  i s  i n c r e a s e d ,  the

"If WT, < 1, th e n  th e  Z . = r '  + r '  + r  + w' f L  - ( r  + r '  ) T .1, d m b e e T L e e e d J
+ i “ h b + L e  (1 -  <*, T d ) ]  + W ,  ( r e + r ; )
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in Z out

L | = L fl + L h C: =---------- !---------  <aT ' = W T C0 = Cce +  ——
wj 1 h e + re ' ) T |+ojt ccZ0 1 o

R I = r b + re + w T L 0 + rei R0 =

“ T Cc

a) INPUT EQUIVALENT CIRCUIT b) OUTPUT EQUIVALENT CIRCUIT

S 8528A  -  VA- 3-1

F i g u r e  15. S m a l l - S ig n a l  E q u iv a le n t  C i r c u i t s  of the  C o m m o n - E m i t t e r  
M ic ro w a v e  T r a n s i s t o r  a t  In p u t  a n d  O u tp u t  P o r t s



61

p a r a s i t i c  l e a d  i n d u c t a n c e s  d o m in a te .  T h e  i n t e r s e c t i o n  o f  Z. w i th  th e  
^ m

r e a l  a x i s  p r o v id e s  a  c o n v e n ie n t  m e th o d  to  e v a lu a te  th e  m ic r o w a v e

t r a n s i s t o r  p a r a m e t e r s  s in c e

R e f  Z . (co = co )1 = R  = r '  + r '  + r  + co' L  (4 -10)
L in  r e s .  J b e e T e

an d  th e  r e s o n a n t  f r e q u e n c y  is  g iv e n  a s

cot (r  + r ' )
co = W — - -   —  (4 -11 )

r e s .  V L e + Lb

T he  f o r w a r d  i n s e r t i o n  g a in ,  s „ ,  = s „ , f o r  th e  c o m m o n - e m i t t e r21 fe

m i c r o w a v e  t r a n s i s t o r  m a y  b e  e v a lu a te d  w i th  e q u a t io n s  4 - 6  and  4 - 8 ,  

t o g e t h e r  w ith  e q u a t io n  4 - 3 .  T h u s ,  f o r  f r e q u e n c i e s  ^  >> & , we m a y  

w r i t e  th e  m a g n i tu d e  a n d  p h a s e  of th e  i n s e r t i o n  g a in  a s

I _ .  2 Z o ^ T ______________
Sfe

co^ (R + Z q ) 2 + (COL -  1 / W C ) 2

2 Z  co' 
o T

(4-12)

co (R + Z ) 
o

A fe  "V2 -  tan  _1 t “r  S '?  ] -  t a n ' 1 ^  ( 4 - 1 3 )
/-----------  O

w h ic h  i s  sho w n  q u a l i t a t i v e ly  in  F i g u r e  16(c), w i th  a  P o l a r  P lo t

2
r e p r e s e n t a t i o n .  T h e  t r a n s d u c e r  g a in ,  = | S£e | > *s  p o w e r  g a in  

o f  th e  m i c r o w a v e  t r a n s i s t o r  a m p l i f i e r  o p e r a t in g  in a  s y s t e m  of 

c h a r a c t e r i s t i c  im p e d a n c e ,  Z ^ .  E q u a t io n  4 - 1 2  in d i c a t e s  t h a t  th e
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t r a n s d u c e r  g a in  m a y  b e  e x p e c te d  to  f a l l  o ff a t  th e  r a t e  of 6 d B /o c t a v e ,  

w i th  th e  0 dB i n t e r c e p t  a m e a s u r e  of th e  f o f  th e  m ic r o w a v e  t r a n s i s t o r .

T he o u tp u t  im p e d a n c e  o f th e  m i c r o w a v e  t r a n s i s t o r  i s  d e t e r m i n e d  

b y  th e  t e r m i n a t i o n  of th e  in p u t  in  th e  c h a r a c t e r i s t i c  l in e  im p e d a n c e ,

Z . T he  o u tp u t  im p e d a n c e  m a y  b e  w r i t t e n  in  th e  f o r m

R o
o u t 1 + jwR Co o

(4 -14)

w h e r e ,

R o = S T T c — <4 - 1 5 >
T c

C
c  = c  + n 4 —  (4-16)o c e  I t ®  mo

T h e  e f f e c t s  of th e  e m i t t e r  l e a d  in d u c ta n c e  a n d  s e c o n d  a n d  h i g h e r - o r d e r

f r e q u e n c y  t e r m s  a r e  n e g le c te d  in  th e  f o r m u la t i o n  of e q u a t io n  4 - 1 4 .  The

o u tp u t  of th e  m ic r o w a v e  t r a n s i s t o r  i s  a  p a r a l l e l  R-0 C 0 c i r c u i t ,  a s  show n

in  F i g u r e  15(b). T he  ou tp u t  r e f l e c t i o n  c o e f f ic ie n t ,  s__  = s , f o r  thec c  oe

c o m m o n  e m i t t e r  a m p l i f i e r  i s  g iv e n  a s

Z o u t " Z o
S2 2 = Soe = Z „ - Z (4 - 17)o u t o

w h ic h  i s  sho w n  q u a l i t a t iv e ly  in  F i g u r e  16(b), u s in g  th e  S m i th  C h a r t  

r e p r e s e n t a t i o n  w i th  th e  o u tp u t  im p e d a n c e  n o r m a l i z e d  to  th e  t r a n s m i s s i o n  

l in e  im p e d a n c e ,  Z ^ .
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a)

± 1 8 0 '

+ i

-z

Zo
INPUT IMPEDANCE Z |n = (R + JX )/Z 0

OUT

b) OUTPUT IMPEDANCE ZQUT = (R + )X)/Z
9 0 °  , 9 0 °

± 1 8 0 °
0°

- 9 0 ° - 9 0 °

c) FORWARD TRANSFER COEFFICIENT Sfe d) REVERSE TRANSFER COEFFICIENT Sr

S 8 5 2 8 A - V E - 9

F i g u r e  16. S - P a r a m e t e r s  V e r s u s  i n c r e a s i n g  F r e q u e n c y  f o r  a  
C o m m o n - E m i t t e r  M ic r o w a v e  T r a n s i s t o r
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To d e t e r m i n e  th e  r e v e r s e  i n s e r t i o n  ga in ,  s .  _ = s , f o r  th e  c o m m o n -°  12 r e

e m i t t e r  m i c r o w a v e  t r a n s i s t o r ,  th e  r e v e r s e  c u r r e n t  t r a n s f e r  r a t i o ,

T (w), i s  e v a lu a t e d  f o r  th e  in p u t  t e r m i n a t e d  in  Z . N e g le c t in g  th e  r  o

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

i  ( r  + r '  ) (1 + j ^ L  / r  + r '  ) b  . e e & e e

w h e r e ,

T r  ^  i  ( r  + r '  + r '  + Z ) (1 + jWT ” I (4 -18)

L  + \  1
T  =  ---------. 6  I . T - T  7  +  7 T  +  c t 1 r  ( 4 " ! 9 )o r + r + r ,  + Z w T ee e b  o a

T h e  r e v e r s e  i n s e r t i o n  g a in  is  d e t e r m i n e d  f r o m  e q u a t io n s  4 -1 4 ,  4 -1 8  

an d  4 - 3 .  T h e  m a g n i tu d e  a n d  p h a s e  o f  m a y  b e  w r i t t e n  a s

L

2 ( r  + r '  ) Z J 1 + ^  / r  + r '  ) 
s I 4  S ®----- ------------------ ®— ®-------e ------ (4 -20)

r 0 l (R + Z ) ( r  + r 1 + r '  + Z ) J l  + (WT )o o e e b o f  o

WL
s = t a n   ̂ —r  - t a n   ̂ WT (4 -21)

re  r + r o

w h ic h  i s  sh o w n  q u a l i t a t i v e ly  in  F i g u r e  16(d), w i th  a  P o l a r  P lo t  r e p r e ­

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

r '  , m u s t  b e  r e d u c e d  to  lo w e r  th e  r e v e r s e  i n s e r t i o n  g a in .  In g e n e r a l ,  
e

i f  th e  l e a d  in d u c ta n c e  is  s m a l l ,  t h e  i n s e r t i o n  g a in  c a n  b e  r e d u c e d  b y  

o p e r a t i n g  th e  t r a n s i s t o r  a t  h ig h  c u r r e n t  l e v e l s .  If th e  l e a d  in d u c ta n c e  

i s  l a r g e ,  th e  i n s e r t i o n  g a in  i n c r e a s e s  a t  th e  r a t e  o f  6 d B /o c t a v e .
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4 . 3 M a x im u m  U n i l a t e r a l  G a in  U(MAG) an f MAX
, 2

T he  t r a n s d u c e r  ga in , Gm = I s I , f o r  a  c o m m o n - e m i t t e r  m i c r o -T fe

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

t e r i s t i c  im p e d a n c e  Z ^ . W ith  e q u a t io n s  4 - 6  a n d  4 - 3 ,  w e m a y  w r i t e  th e  

f r e q u e n c y  a t  w h ic h  G^, i s  u n i ty  a s

“ t r a n s  * “ t  ^  , 4 ‘ 22>

w h e r e  is  d e f in e d  b y  e q u a t io n  4 - 7  a n d  b y  e q u a t io n s  4 - 3  a n d  4 - 8 .

T h e  ^  i s  a  m e a s u r e  of th e  f m of a  m i c r o w a v e  t r a n s i s t o r ,  s in c e  int r a n s  T

lo w  p o w e r  d e v ic e s ,  th e  y  i s  c lo s e  to  u n i ty ,  w h ile  th e  i s  n e a r l y  th e  

o f  th e  t r a n s i s t o r .  F i g u r e  17 i l l u s t r a t e s  th e  v a r i a t i o n  of G^, w ith  

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

A lth o u g h  th e  c u r r e n t  g a in  o f  th e  t r a n s i s t o r  m a y  b e c o m e  l e s s  th a n  

u n i ty  a t  h i g h e r  f r e q u e n c i e s ,  p o w e r  g a in  i s  s t i l l  a c h ie v e d ,  s in c e  t h e r e  

is  a  d i f f e r e n c e  b e tw e e n  th e  in p u t  a n d  o u tp u t  im p e d a n c e  l e v e l s  in  th e  

d e v ic e .  T h u s ,  a m o r e  m e a n in g fu l  d e s c r i p t i o n  o f  th e  m ic r o w a v e  t r a n ­

s i s t o r  f r o m  th e  s ta n d p o in t  of p o w e r  a m p l i f i c a t io n  i s  th e  s p e c i f i c a t io n  of 

th e  m a x im u m  f r e q u e n c y  a t  w h ic h  p o w e r  a m p l i f i c a t i o n  i s  o b ta in e d .  To 

d e t e r m i n e  th i s  f r e q u e n c y ,  th e  m a x i m u m  a v a i l a b l e  u n i l a t e r a l  t r a n s d u c e r  

p o w e r  ga in , U(MAG), i s  c a l c u l a t e d  u n d e r  th e  a s s u m p t io n  t h a t  s = 0 .T6
3

T he U(MAG) m a y  b e  w r i t t e n  a s

3
R . L .  A n d e r s o n ,  H e w le t t  P a c k a r d  J o u r n a l ,  18, 13 (1967).
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1 s !2
U(M AG) = ---------------- 1------------------- = -  (4 -2 3 )

(1 - | s  f )  (1 - I s I )le  oe

S u b s t i tu t i o n  o f  th e  p r e v i o u s l y  d e r i v e d  e x p r e s s i o n s  f o r  s ^ ,  s ^ ,  an d

s in to  e q u a t io n  4 -2 3  y ie ld s  
oe

/ f  \  2
U (M A G ) = I ■ } (4 -24 )

a
^MAX V  Sw (r* + r  + r ' + w' L  ) C ^

b e e T e c

E q u a t io n  4-24- in d i c a t e s  th a t  th e  U (M AG) f a l l s  o ff  a t  th e  r a t e  of 6 d B /  

o c ta v e  w i th  th e  m a x i m u m  f r e q u e n c y  of o s c i l l a t i o n ,  f  , d e t e r m i n e d  

b y  e q u a t io n  4 - 2 5 .  The d e t r i m e n t a l  e f f e c t s  of th e  e m i t t e r  l e a d  in d u c ta n c e  

an d  c o n ta c t  r e s i s t a n c e  a r e  e v id e n t  in  e q u a t io n  4 - 2 5 .  F i g u r e  17 i l l u s ­

t r a t e s  th e  v a r i a t i o n  of U(MAG) w ith  f r e q u e n c y .  T he  U(M AG) i s  a  u n iq u e  

d e s c r i p t i o n  o f  th e  m ic r o w a v e  t r a n s i s t o r ,  b e c a u s e  i t  r e p r e s e n t s  th e  f o r ­

w a r d  p o w e r  g a in  w h en  th e  r e v e r s e  t r a n s m i s s i o n  is  a d j u s t e d  to  z e r o

4th r o u g h  a  l o s s l e s s  r e c i p r o c a l  f e e d b a c k  n e tw o rk .  D e v ia t io n s  f r o m  th e  

i d e a l  6 d B / o c t a v e  f a l l - o f f  m a y  b e  a t t r i b u t e d  to  th e  n e g l e c t e d  s e c o n d -  

o r d e r  f r e q u e n c y  t e r m s  in  th e  b a s e  c h a r g in g  c i r c u i t  t i m e  c o n s ta n t ,  r ^ C ^ ;  

th e  c u r  r e n t - g a i n  b a n d w id th  p ro d u c t ,  f ; an d  th e  in p u t  im p e d a n c e ,

I f  th e  p a r a s i t i c  e l e m e n t s  a s s o c i a t e d  w i th  th e  e m i t t e r  c a n  b e  n e g le c te d ,

4
S. J .  M a s o n ,  IR E  T r a n s ,  on C i r c u i t  T h e o ry ,  C T - 1 ,  20, (1959).
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a n d  th e  t r a n s i s t o r  c a n  b e  o p e r a t e d  a t  h ig h  c u r r e n t  l e v e l s ,  s u c h  t h a t  r e

m a y  b e  n e g le c t e d  in  e q u a t io n  4 - 2 5 ,  th e n  th e  b e c o m e s  th e  f a m i l i a r

. 5e x p r e s s i o n

a  f

fMAX = "V 8 7T r ' C (4 -2 6 )
b  c

5
R . L .  P r i t c h a r d ,  P r o c .  IR E , 46, 1152 (1958).
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t r a n s i s t o r s .  T he  w a f e r s ,  a s  r e c e i v e d  f r o m  M o n s a n to ,  h a d  a  s p e c i a l  

m e c h a n i c a l - c h e m i c a l  s u r f a c e  p r e p a r a t i o n  to  r e d u c e  d i s lo c a t io n s .

T he w a f e r s  w e r e  c l e a n e d  in  o r g a n ic  s o lv e n t s  a n d  a c id  b a th s  a s  an  

i n i t i a l  s t e p  in  th e  p r o c e s s i n g .  T h e  o r g a n ic  s o lv e n t s  c o n s i s t e d  o f  v a p o r - 

d e g r e a s in g  in  t r i c h l o r o e t h y l e n e  (T C E ) fo l lo w e d  b y  u l t r a s o n i c  c le a n in g  

in  a c e to n e .  The a c id  b a th s  c o m p r i s e d  th e  s t a n d a r d  p r e d i f f u s io n  c l e a n ­

ing m e th o d  (P D C ), w h ic h  c o n s i s t e d  of a  fu m in g  h o t  s u l f u r i c  a c id  b a th ,  

fo l lo w ed  b y  a  h o t  n i t r i c  a c id  b a th ,  a n d  th e n  a  f in a l  r i n s e  in  h o t  d e io n iz e d  

w a t e r .  N ex t,  the  w a f e r s  r e c e i v e d  a  P D C , fo l lo w e d  b y  o x id a t io n  to
O

5000 A, w ith  a  w e t - d r y  c y c le  a t  1 2 0 0 °C . T h ro u g h  a l l  of th e  h ig h  t e m ­

p e r a t u r e  p r o c e s s  o p e r a t io n s ,  t h e  w a f e r s  w e r e  l a id  f l a t  on  th e  d i f f u s io n -

o x id a t io n  b o a t s  to  m i n i m i z e  th e  f o r m a t i o n  of d i s lo c a t io n s  due  to  s t r a i n s

4
in d u c e d  in  u p r ig h t  w a f e r s .  T h e  ox id e  w a s  r e m o v e d  f r o m  th e  p r e p a r e d  

(p o lish ed )  s u r f a c e  of th e  w a f e r  b e f o r e  th e  g ro w th  o f th e  c o l l e c t o r  e p i ­

t a x i a l  l a y e r .  T he  ox ide  w a s  l e f t  o n  th e  b a c k s id e  o f  th e  w a f e r  to  m i n i ­

m i z e  the  o u t - d i f f u s io n  f r o m  th e  h e a v i l y  doped  N *  s u b s t r a t e  d u r in g  the  

g ro w th  o f th e  e p i t a x ia l  l a y e r .

T he N - ty p e  e p i t a x ia l  l a y e r  w a s  g ro w n  w ith  a  S iC l^  s o u r c e  v a p o r  and  

a  N - ty p e  A sH ^  d o p a n t  to  a  r e s i s t i v i t y  of 1 to 3 o h m - c m  an d  a  th ic k n e s s  

o f  2 .5  m i c r o m e t e r s .  T h is  o p e r a t i o n  is  i l l u s t r a t e d  in  F i g u r e  18a, w h ich

^ P .  W ang, S o l id - S ta te  T e c h n o lo g y , 12 , 25 (1969).
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F i g u r e  18. F a b r i c a t i o n  of a S i l ic o n  M ic r o w a v e  T r a n s i s t o r
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w i l l  b e  e m p lo y e d  to  i l l u s t r a t e  th e  c o n t in u o u s  s e q u e n c e  of p r o c e s s  o p e r -  

a t io n s .  T he  N s u b s t r a t e  r e c e i v e d  a  p r e - e t c h  f o r  5 m in u te s ,  a t  1 2 2 5 °C , 

w i th  a  g a s e o u s  HC1 e tc h .  T h e  ox id e  w as  r e m o v e d  f r o m  th e  b a c k  s u r ­

fa c e  o f  th e  w a f e r ,  a n d  th e  w a f e r  w a s  s u b je c t e d  to  a P D C  o p e r a t i o n .
O

N ext,  the  w a f e r  r e c e i v e d  a n  o x id a t io n  to  5000 A, w i th  a w e t - d r y  c y c le  

a t  1000° C . T h is  i s  i l l u s t r a t e d  in  F i g u r e  18b.

The f i r s t  p h o to - e n g r a v in g  s te p  (M a sk  # 4 8 7 -1 ,  F ig u r e  19) p r o v id e d

-f*
a  w indow  f o r  th e  P  b a s e - c o n t a c t  a n d  g u a r d - r i n g  d i f fu s io n .  T h is  is  

sh o w n  in  F i g u r e  18c . F i g u r e  19 i l l u s t r a t e s  a n  e n l a r g e m e n t  of the  M a s k  

# 4 8 7 -1  (500 X), w h ic h  i s  a r r a n g e d  fo r  a n  o v e r l a y  c o n s t r u c t i o n .  T he

■L  ̂ t
th in  P  g r i d  l in e s  w e r e  d e s ig n e d  f o r  1 m i c r o m e t e r .  The  P  b a s e  c o n ­

t a c t  p r o v id e d  lo w  c o n ta c t  r e s i s t a n c e  f o r  th e  m o l y b d e n u m - s i l i c o n  s y s -  

5
te rn  , w h i le  th e  g u a r d - r i n g  p r e v e n t e d  th e  p r e m a t u r e  c o l l e c t o r - b a s e  

b r e a k d o w n  due  to  j u n c t io n  c u r v a t u r e  e f f e c t s .  ^ N ex t,  th e  w a f e r s  r e c e i v e d  

a  P D C , fo l lo w e d  b y  a  B o r o n  d e p o s i t io n  a t  1000° C an d  s u b s e q u e n t  d r i v e -

-f-
in  a t  1000° C . T he  P  w a s  c h a r a c t e r i z e d  b y  a  s h e e t  r e s i s t i v i t y  o f  10 to

50 o h m s / s q u a r e  a n d  a ju n c t io n  d e p th  of 0. 8 to  1 .0  m i c r o m e t e r .  T h is

20 3c o r r e s p o n d s  to  a  s u r f a c e  c o n c e n t r a t i o n  of C q > 1 0  a t o m s / c m  . T he  

c r o s s  s e c t i o n  o f  th e  d i f f u s io n  i s  i l l u s t r a t e d  in  F i g u r e  18d. T he  B o r o n

5
J . A .  C u n n in g h a m , S o l i d - S ta te  E l e c t r o n i c s ,  8, 735 (1965).

S .M .  S ze  a n d  G. G ib b o n s ,  S o l id - S ta te  E l e c t r o n i c s ,  9, 831 (1966).



F i g u r e  19. P h o to g r a p h ic  M a s k s ,  487 S e r i e s ,  1 T h r o u g h  5 (500 X)





-------
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d if fu s io n s  w e r e  p e r f o r m e d  w ith  th e  g a s e o u s  i m p u r i t y  s o u r c e ,

(d ib o ra n e ) ,  an d  the  d e c o m p o s i t io n  is  d e n o te d  b y  th e  r e a c t i o n

B 2H 6 + 3C>2 - * B zO + 3 H zO (5 -1 )

2 B 20 3 + 3 S i  - 3 S iC > 2 + 4 B

T h e  s e c o n d  p h o to - e n g r a v in g  s te p  (M a sk  # 4 8 7 -2 ,  F i g u r e  19) p r o v id e d  th e

w indow  o p e n in g s  in  th e  SiC>2 m a s k  f o r  th e  B o r o n  b a s e  d if fu s io n ,  a s  sho w n

in  F ig u r e  18e. The b a s e  d e p o s i t io n  w a s  p e r f o r m e d  a t  900° C, a n d  the

d r i v e - i n  w a s  p e r f o r m e d  a t  1000° C, to  y ie ld  a  b a s e  d ep th  of 0. 3 to  0. 4

m i c r o m e t e r  an d  a s h e e t  r e s i s t i v i t y  o f 500 to  600 o h m s / s q u a r e .  T h is

19 3c o r r e s p o n d e d  to  a  s u r f a c e  c o n c e n t r a t i o n  of C w 2 x  10 a t o m s / c m  .
x\.

o
T he ox ide  r e g r o w th  d u r in g  th e  b a s e  d r i v e - i n  w a s  a p p r o x im a te ly  3000 A 

(s e e  F i g u r e  18f). F ig u r e  19 i l l u s t r a t e s  th e  e n l a r g e m e n t  o f  th e  M a s k  

# 4 8 7 -2 ,  an d  it  i s  s e e n  t h a t  th e  P  b o r d e r  on M a s k  # 4 8 7 -1  o v e r l a p s  th e  

b a s e  d i f fu s io n .  T h is  w a s  done  to  i n s u r e  th a t  the  ju n c t io n  c u r v a t u r e  e f ­

f e c t s  d id  n o t  l im i t  th e  c o l l e c t o r - b a s e  v o l ta g e  b re a k d o w n .

The t h i r d  p h o to - e n g r a v in g  s te p  (M a sk  # 4 8 7 -3 ,  F ig u r e  19) p r o v id e d  

th e  w indow  o p e n in g s  fo r  th e  p h o s p h o r u s  e m i t t e r  d if fu s io n ,  a s  sho w n  in  

F ig u r e  18g. T h e  e m i t t e r  m a s k  is  a l s o  sh o w n  in  F i g u r e  19. T he  p h o s ­

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

a t  925° C (se e  F i g u r e  18h). T h is  r e s u l t e d  in  a  s h e e t  r e s i s t i v i t y  o f 10 to

20 o h m s / s q u a r e  an d  a  b a s e  w id th  o f  a p p r o x im a te ly  0. 1 m i c r o m e t e r

0 20 (1000 A). T h is  c o r r e s p o n d e d  to  a  s u r f a c e  c o n c e n t r a t i o n  of K 8 x  10
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3a t o m s / c m  . F i g u r e  6 i l l u s t r a t e s  th e  im p u r i t y  p r o f i l e  of th e  d o u b le ­

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

s e v e r a l  e x p e r i m e n t s  p e r f o r m e d  to  m i n i m i z e  th e  b a s e  p u s h o u t ,  o r

7
" e m i t t e r - d i p  e f f e c t "  (E D E), a s  i t  is  c o m m o n ly  c a l l e d .  E x p e r i m e n t s

w e r e  c o n d u c te d  a t  p h o s p h o ru s  d e p o s i t io n  t e m p e r a t u r e s  in  th e  r a n g e

f r o m  900 to  950° C to  d e t e r m i n e  th e  E D E  f o r  a  c o n s ta n t  b a s e  s u r f a c e

19 3c o n c e n t r a t i o n  of C .  K 2 x  10 a t o m s / c m  . A t 925° C, th e  E D E  w a s  

r e d u c e d  in  c o n t r a s t  to  a  b a s e  p u s h o u t  o f  0. 1 m i c r o m e t e r  a t  93 5° C a n d

0. 25 m i c r o m e t e r  a t  950° C . It w as  a l s o  o b s e r v e d  th a t  w i th  th e  low  

d e p o s i t io n  t e m p e r a t u r e  o f  925° C, th e  r a t e  o f  e m i t t e r - t o - c o l l e c t o r  s h o r t s  

w a s  s ig n i f i c a n t ly  r e d u c e d  in  c o m p a r i s o n  to  h i g h e r  d e p o s i t io n  t e m p e r a ­

t u r e s .  T h e r e  i s  s o m e  s p e c u la t io n  th a t  th e  f o r m a t i o n  o f p r e c i p i t a t e s  in  

h e a v i l y - d i f f u s e d  p h o s p h o r u s  r e g io n s  a r e  r e s p o n s i b l e  fo r  th e  E D E  a n d
g

e m i t t e r - t o - c o l l e c t o r  s h o r t s .

T h e  p h o s p h o r u s  d i f fu s io n s  w e r e  p e r f o r m e d  w ith  th e  g a s e o u s  im p u r i t y  

s o u r c e ,  P H ^  (p h o sp h in e ) ,  an d  th e  d e c o m p o s i t io n  is  d e n o te d  b y  th e  r e ­

a c t io n

2 P H 3 + 4 0 2 ~ P 2C>5 + 3 H zO (5 -2 )

2 P  O r + 5 Si —■ 5 S iO „  + 4 P  2 5 2

7
R . G e r e t h  and  G. H. S ch w u ttk e ,  A p p l.  P h y s .  L e t t e r s , J a n .  1966.

Q

J . M .  F a i r f i e l d  a n d  G. H . S ch w u ttk e ,  J .  A p p l.  P h y s . ,  3 7 , 1536 (1966).
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In  th e  p h o s p h o r u s  d e p o s i t io n  d r i v e - i n  p r o c e s s ,  a  p h o s p h o r u s - s i l i c a t e
0

g l a s s  o f  a p p r o x i m a t e l y  1000 A w a s  d e p o s i t e d  o v e r  th e  w a f e r  an d  in to  th e  

e m i t t e r  w in d o w s .  E x p e r i m e n t a l l y ,  th e  p h o s p h o r u s  g l a s s  w a s  fo u n d  to
O

e tc h  a t  th e  r a t e  of 50 A / s e c o n d  in  a  1 - p e r c e n t  H F  so lu t io n .  T h is  w a s  

in  c o n t r a s t  to  th e  e tc h  r a t e  of u n d o p e d  S iO ^, w h ic h  is  a p p r o x i m a t e l y
O

1. 25 A / s e c o n d  in  a  1 - p e r c e n t  H F  s o lu t io n .  To a v o id  a n  e x t r e m e l y  c r i t i ­

c a l  a l i g n m e n t  s te p  f o r  e m i t t e r  c o n ta c t s ,  th e  p r o t e c t i o n  a f f o r d e d  b y  th e  

l a t e r a l  e m i t t e r  d i f fu s io n  b e n e a th  th e  S iO ^  d i f fu s io n  m a s k ,  c o m b in e d  w i th  

th e  d i f f e r e n c e  b e tw e e n  th e  ab o v e  e tc h  r a t e s ,  w a s  e m p lo y e d  in  th e  f a b r i ­

c a t io n  p r o c e s s .  A f t e r  th e  e m i t t e r  d i f fu s io n ,  th e  p h o s p h o r u s - s i l i c a t e

9g l a s s  w a s  r e m o v e d  w i th  the  s e l e c t i v e  e tc h  , w h ile  m a in ta in in g  th e  ox id e

p r o t e c t i o n  o v e r  th e  e m i t t e r  ju n c t io n .  T h e  l a t e r a l  d i f f u s io n  b e n e a th  th e

S iO ^  w a s  n o t  a f f e c t e d  b y  th e  s i z e  of th e  e m i t t e r  w indow , s in c e  th e  w id th

1 / 2
o f  th e  w indow , h  > 8 (Dt) ' , w h e r e ,  D is  the  d i f fu s io n  c o n s t a n t  of 

p h o s p h o r u s  a t  925° C an d  t  is  th e  t i m e .  ^  T h e  s l ig h t  d i f f e r e n c e  b e tw e e n  

th e  l a t e r a l  a n d  d o w n w a rd  d i f fu s io n s  c o u ld  b e  a t t r i b u t e d  to  th e  g r a d i e n t  

in  th e  b a s e  c o n c e n t r a t i o n  f r o m  th e  s u r f a c e  in to  th e  b u lk .

e m i t t e r  d ip  e t c h  w i th  1 - p e r c e n t  H F  e tc h a n t .

* ^ D .P .  K e n n e d y  a n d  P .  C . M u r le y ,  IBM  J .  R e s ,  a n d  D e v . , 10, 6 (1966). 
in  th e  e x p e r i m e n t s  p e r f o r m e d ,  (Dt)-*V^ ^  0. 02 m i c r o m e t e r ,  w h ile  the  
w in d o w  o p en in g , h  > 1 m i c r o m e t e r .
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T h e  n e x t  p h o to g r a p h ic  s t e p  w as  M a s k  # 4 8 7 -4  ( s e e  F i g u r e  19), w h ic h  

p r o v id e d  th e  w in d o w  o p e n in g s  f o r  th e  b a s e  c o n ta c t  m e t a l l i z a t i o n  (see  

F i g u r e  18i). A f t e r  th e  o x id e  w a s  e tc h e d ,  th e  w a f e r  r e c e i v e d  a  

m o ly b d e n u m - g o ld  m e t a l l i z a t i o n  ( s e e  F i g u r e  I8 j ) .  T he  m o ly b d e n u m
O

w a s  dc s p u t t e r e d  to  a  t h i c k n e s s  of 1500 A (< 1 o h m / s q u a r e ) ,  fo l lo w ed
O

b y  a  g o ld  s p u t t e r i n g  o f 5000 A ( 0 .  1 o h m / s q u a r e ) .  T he m o ly b d e n u m  

fu n c t io n s  a s  a  d i f f u s io n  b a r r i e r  to  p r e v e n t  th e  f o r m a t i o n  of a  g o ld -  

s i l i c o n  e u te c t i c  a t  th e  b o n d in g  t e m p e r a t u r e ,  a n d  i t  a l s o  p r o v id e s  a d ­

h e r e n c e  to  th e  S iO ^- T h is  p a r t i c u l a r  m e t a l l i z a t i o n  w as  s e l e c t e d  a f t e r  

a n  e v a lu a t io n  o f  th e  c o n v e n t io n a l  a lu m in u m  m e t a l l i z a t i o n  sh o w ed  th e  

p r e s e n c e  of e m i t t e r - t o - b a s e  s h o r t s  in  s h a l lo w - d i f f u s e d  m ic r o w a v e  

t r a n s i s t o r s .  T h e  e m i t t e r - t o - b a s e  s h o r t s  w e r e  t r a c k e d  to  d i f fu s io n  

m i g r a t i o n  o f  a lu m in u m ,  a lo n g  th e  S i-S iC >2 i n t e r f a c e ,  a t  a n d  ab o v e  th e  

b o n d in g  t e m p e r a t u r e  (385° C ). T he m i g r a t i o n  o f  a lu m in u m  b y  d i f fu s io n  

a lo n g  th e  b o u n d a r y  i s  b e l i e v e d  to  b e  a  v a c a n c y - e n h a n c e d  m e c h a n i s m  

a s s o c i a t e d  w i th  th e  s t r e s s  a t  th e  S i - S iO ^  i n t e r f a c e .  E x p e r i m e n t s  w e r e  

p e r f o r m e d  to  i l l u s t r a t e  t h a t  t e m p e r a t u r e s  g r e a t e r  th a n  400° C an d  s i n ­

t e r i n g  t i m e s  o f  5 to  15 m in u te s  r e s u l t e d  in  a lu m in u m  m i g r a t i o n  d i s -
O

t a n c e s  of g r e a t e r  t h a n  5000 A . In  a n  a t t e m p t  to  r e s t r i c t  th e  m ig r a t io n ,  

th e  t e m p e r a t u r e  w a s  l o w e r e d  to  th e  3 9 0 - t o -400° C r a n g e ;  h o w e v e r ,
O

w h e n  e m i t t e r  ju n c t io n  d e p th s  o f  l e s s  t h a n  5000 A w e r e  e m p lo y e d ,  th e  

a l u m in u m  m i g r a t i o n  r e s u l t e d  in  e m i t t e r - t o - b a s e  s h o r t s .  T h u s ,  i t  w a s



a p p a r e n t  th a t  a  m e t a l l i z a t i o n  p r o c e d u r e  w a s  n e e d e d  to  a l l e v i a t e  th i s  

d i f fu s io n  m i g r a t i o n  p r o b l e m .  T he  l a s t  p h o to - e n g r a v in g  s te p  w a s  the  

in te r c o n n e c t io n  m a s k  (M ask  # 4 8 7 -5 ,  F i g u r e  19) w h ic h  is  sh o w n  in  

F i g u r e  18k. T h e  go ld  w as  e tc h e d  in  a  d i lu te  K I a n d  io d in e  e tc h a n t ,  

w h i le  th e  m o ly b d e n u m  w a s  e tc h e d  in  a  H ^ P O  - HNO e tc h a n t .  O h m ic  

c o n ta c t s  w e r e  o b ta in e d  b y  s in t e r in g  th e  d e v ic e s ,  in  th e  t e m p e r a t u r e  

r a n g e  f r o m  390 to  410° C fo r  5 to  15 m in u te s ,  in  a  n i t r o g e n  a t m o s p h e r e .  

F i g u r e  20 i l l u s t r a t e s  a c o m p le te d  v e r s i o n  of th e  m ic r o w a v e  t r a n s i s t o r .
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F i g u r e  20. S i l ic o n  M ic r o w a v e  T r a n s i s t o r



C H A P T E R  V I

E X P E R IM E N T A L  R E S U L T S

6. 1 M ic r o w a v e  M e a s u r e m e n t s

The m i c r o w a v e  t r a n s i s t o r s  w e r e  e v a lu a te d  in  th e  t e s t  f ix tu r e  sh o w n

in  F i g u r e  21. T h is  f ix tu r e  h o ld s  a 1 .0  x  1 .0  x  0 .0 2 5 - i n c h  a lu m in a

s u b s t r a t e  (A100 „ ) ,  w h ic h  h a s  a  r e l a t i v e  d i e l e c t r i c  c o n s ta n t  K ,  = 9.2 5 d
T he  a lu m in a  s u b s t r a t e  i s  u s e d  in  a  m i c r o  s t r i p  l in e  c o n f ig u r a t io n  t h a t  

c o n s i s t s  of a  s t r i p  c o n d u c to r  p a r a l l e l  to  a  g ro u n d  p la n e ,  a s  sho w n  in  

F ig u r e  22. T h e  m i c r o s t r i p  t r a n s m i s s i o n  l in e  o f f e r s  a  c o n v e n ie n t  

m e th o d  f o r  c o u p l in g  m ic r o w a v e  e n e r g y  to  v a r i o u s  p o s i t io n s  in  a  m i c r o ­

w av e  h y b r id  i n t e g r a t e d  c i r c u i t .  T he  a lu m in a  s u b s t r a t e  h a s  a  g ro u n d  

p la n e  a n d  m i c r o  s t r i p  t r a n s m i s s i o n  l i n e s  f o r m e d  th ro u g h  a  c h r o m e - g o l d
O

e v a p o r a t i o n  o f  20 k  A fo l lo w e d  b y  go ld  p la t in g  to 0. 4 m i l .  S in c e  i t  is  

a  m ix e d  d i e l e c t r i c  s y s te m ,  i t  c a n n o t  s u p p o r t  a  p u r e  T E M  m o d e ;  h o w ­

e v e r ,  a  q u a s i - T E M  m o d e  a p p r o x im a t io n  h a s  b e e n  e m p lo y e d  to  d e s c r i b e  

th e  p r o p e r t i e s  o f  th e  l i n e .   ̂ T he  f r in g in g  f ie ld s  a r e  c o n f in e d  to  th e  r e ­

g io n  o f th e  s t r i p  l in e  c o n d u c to r  b y  th e  h ig h  d i e l e c t r i c  c o n s ta n t  s u b s t r a t e .

* H .A . W h e e le r ,  I E E E  T r a n s .  M ic r o w a v e  T h e o ry  a n d  T e c h n iq u e s ,  
M T T - 1 2 ,  280 (1964)

80
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F i g u r e  21. M ic r o w a v e  T r a n s i s t o r  T e s t  F i x t u r e
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S T R IP  CONDUCTOR

S U B S T R A T E

'7/ 7777- 7777/ / / / / / / / / / / / / /  /  / /
GROUND P L A N E

S852BA — VA -  5

Zo=J T  ^  14 1.735 6 -o!o724 ^w:yo.836 ° HMS

w ' = W + 4 -  ( I  4 l n ^  )7r  t

F ig u r e  22. M ic ro w a v e  T r a n s m i s s i o n  L in e  G e o m e t r y
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2 3
D e s ig n  d a ta  i s  a v a i l a b l e  f o r  th e  m i c r o s t r i p  l in e  ’ , a n d  th e  w id th  of

th e  l in e  w a s  c h o s e n  a s  0 .0 2 5  in c h  to  p ro v id e  a  c h a r a c t e r i s t i c  im p e d a n c e

of Z = 5 0  o h m s . o

The c o l l e c t o r  ( s u b s t r a t e )  o f  th e  m ic r o w a v e  t r a n s i s t o r  w as  e u t e c t i c a l l y  

b o n d e d  to  th e  o u tp u t  m i c r o s t r i p  l in e ,  w h ile  th e  b a s e  o f th e  t r a n s i s t o r  

w a s  w i r e - b o n d e d  to  th e  in p u t  m i c r o s t r i p  l in e .  T he  e m i t t e r  of th e  t r a n ­

s i s t o r  w a s  w i r e - b o n d e d  to  a  l a r g e  b y p a s s  c a p a c i t o r  t h a t  u s e d  th e  a lu m in a  

a s  th e  d i e l e c t r i c .  T h e  b o n d in g  w i r e  w a s  a n  0. 8 - m i l  d i a m e t e r  go ld  w i r e ,  

an d  th e  l e n g th  v a r i e d  f r o m  10 to  20 m i l s .  T he  t e s t  f ix tu r e  e m p lo y e d  

OSM p r e s s u r e  c o n n e c to r s  to  c o n ta c t  th e  m i c r o s t r i p  l in e s  and  p r o v id e  

t r a n s i t i o n s  to  7 m m  ty p e  c o n n e c t o r s .  T he  e l e c t r i c a l  d i a g r a m  of th e  R F  

a n d  b ia s i n g  c i r c u i t s  i s  sh o w n  in  F i g u r e  23 in  w h ic h  th e  e m i t t e r  r e s i s t o r ,

R  , p r o v id e s  o p e r a t in g  p o in t  and  s ig n a l  s t a b i l i t y .  B ia s in g  T e e 's  w e r e  iL

u s e d  f o r  th e  in p u t  and  o u tp u t  c i r c u i t s ,  a s  in d ic a te d  in  F i g u r e  23.

T he m e a s u r e m e n t s  w e r e  p e r f o r m e d  on a  H e w l e t t - P a c k a r d  8410A

4N e tw o rk  A n a ly z e r  S y s t e m .  T h e  i n s e r t i o n  g a in s  w e r e  d e t e r m in e d  w ith  

th e  e x p e r i m e n t a l  s e t - u p  sho w n  in  th e  b lo c k  d i a g r a m  of F i g u r e  24. T he 

t r a n s m i s s i o n  s y s t e m  w a s  c a l i b r a t e d  w i th  a  1. 0 x  1. 0 x  0. 0 2 5 - in c h

H. A. W h e e le r ,  IE E E  T r a n s .  M ic r o w a v e  T h e o r y  a n d  T e c h n iq u e s ,  
M T T - 1 3 , 172 (1965).
3

M . C a u l to n ,  e t .  a l , R C A  R e v ie w , 27, 377 (1966).
4 R .W .  A n d e r s o n ,  H e w le t t  P a c k a r d  J .  , 18, 13 (1967).
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F ig u r e  23. E l e c t r i c a l  C i r c u i t  D i a g r a m  of R F  an d  B ia s in g  f o r  the
M ic r o w a v e  T r a n s i s t o r
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F i g u r e  24. B lo c k  D i a g r a m  a n d  ( M e a s u r e m e n t  of T r a n s m i s s i o n  P a r a m e t e r s ) 00U1
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s t r a i g h t - f e e d  m i c r o s t r i p  t r a n s m i s s i o n  l i n e .  T he  r e f l e c t i o n  m e a s u r e ­

m e n t s  w e r e  w i th  th e  e x p e r i m e n t a l  s e t - u p  sho w n  in  F i g u r e  25. T he  r e ­

f le c t io n  s y s t e m  w a s  c a l i b r a t e d  w i th  a  1. 0 x  0. 5 x  0. 0 2 5 - in c h  s t r a i g h t -  

fe e d  m i c r o s t r i p  t r a n s m i s s i o n  l in e  t h a t  w a s  s h o r t e d  a t  th e  end . T he  

p h a s e  e q u a l i z a t io n  in  th e  t r a n s m i s s i o n  a n d  r e f l e c t i o n  m e a s u r e m e n t s  

w a s  p r o v id e d  b y  a  v a r i a b l e  l in e  s t r e t c h e r .  T he  m e a s u r e m e n t s  in c lu d e d  

th e  e f f e c t s  o f  th e  b o n d in g  w i r e  l e a d  in d u c ta n c e .

F ig u r e  26 i l l u s t r a t e s  th e  s - p a r a m e t e r s  m e a s u r e d  on  a n  e x p e r i m e n t a l  

m i c r o w a v e  t r a n s i s t o r  in  th e  c o m m o n - e m i t t e r  c o n f ig u r a t io n .  T he p a ­

r a m e t e r s  w e r e  m e a s u r e d  in  th e  f r e q u e n c y  r a n g e  f r o m  1. 0 th r o u g h  6. 0 

G Hz a n d  in c lu d e d  th e  e f f e c t s  of th e  b o n d in g  w i r e  in d u c ta n c e  in  th e  b a s e

a n d  e m i t t e r  l e g s  o f  th e  t r a n s i s t o r .  F i g u r e  27 i l l u s t r a t e s  th e  t r a n s d u c e r  

2
g a in ,  G^, = I s^ I a n d  th e  m a x i m u m  u n i l a t e r a l  p o w e r  g a in  U(M AG), 

w h ic h  w e r e  d i s c u s s e d  in  p a r a g r a p h  4 . 3.

6. 2 D e v ice  T e s t  S t r u c t u r e

T h e  d e v ic e  t e s t  s t r u c t u r e  e m p lo y e d  in  th e  d e t e r m i n a t i o n  o f th e  s u b ­

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

c i r c u i t  ( p a r a g r a p h  3. 2) i s  sh o w n  in  F i g u r e  19, w ith  th e  3 bon d in g  p a d s .  

F i g u r e  28 i l l u s t r a t e s  th e  e q u iv a l e n t  c i r c u i t  o f  th i s  t e s t  s t r u c t u r e  w ith  

th e  v a r i o u s  e l e m e n t s  of th e  b a s e - c h a r g i n g  c i r c u i t  t i m e  c o n s ta n t  r ^ C ^ .  

T h e  e m i t t e r  a n d  c o l l e c t o r  o f  th e  t e s t  s t r u c t u r e  a r e  s h o r t e d  a t  th e  en d s  

o f  th e  e m i t t e r  in  o r d e r  to  a v o id  s n e a k  l e a k a g e  p a th s  b e tw e e n  b a s e
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F i g u r e  25. B lo c k  D iag ram . S a n d  $ 2 2  ( M e a s u r e m e n t  ° f  R e f l e c t io n  P a r a m e t e r s )
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9687A-BA-3

F i g u r e  26. S - P a r a m e t e r s  f o r  a n  E x p e r i m e n t a l  S i l i c o n  M ic r o w a v e  
T r a n s i s t o r  in  th e  F r e q u e n c y  R a n g e  f r o m  1. 0 to  6. 0 GHz 

(Ic = 10 m A , V c = 10 V)
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F i g u r e  27. T r a n s d u c e r  P o w e r  G a in ,  Grp ( lo w e r  c u r v e )  an d  
U n i l a t e r a l  P o w e r  G a in ,  U(M AG) (u p p e r  c u r v e )  f o r  a  

S i l i c o n  M ic r o w a v e  T r a n s i s t o r
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32I

con con'con

N +

AAAA/V■W W W
bb

S 9446A -V A -4

F i g u r e  28. D e v ic e  T e s t  S t r u c t u r e  to  D e te r m in e  E l e m e n t s  of the
B a s e - C h a r g i n g  C i r c u i t  T i m e  C o n s ta n t ,  r '  Cb e
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t e r m i n a l s .  A m e a s u r e m e n t  o f  th e  3 r e s i s t a n c e s :  ^ - j2 ’ ^ 1 3  anC  ̂ ^ 2 3

e n a b le  th e  c o m p o n e n ts  o f  th e  b a s e  c h a r g in g  c i r c u i t  to b e  d e t e r m in e d .

E x a m in a t io n  of th e  e q u iv a le n t  c i r c u i t  of F i g u r e  28 sh o w s ,

i ^ 1 3  " ^ 2 3r ^  = -------—------ p e r  e m i t t e r  s t r i p

^ 1 3  " ^ 1  2r  = ------------   p e r  e m i t t e r  s t r i p  (6 -1 )

R 1 2 + R 2 3 - R 13r  = ---------------------    p e r  e m i t t e r  s t r i pcon  4 c  c

6 .3  T r a n s i s t o r  E q u iv a le n t  C i r c u i t  P a r a m e t e r s

In  th i s  p a r a g r a p h ,  th e  s m a l l - s i g n a l  e q u iv a le n t  c i r c u i t  p a r a m e t e r s

sho w n  in  F i g u r e  13 w i l l  b e  c a lc u la te d  f o r  th e  m ic r o w a v e  t r a n s i s t o r

g e o m e t r y  i l l u s t r a t e d  in  F i g u r e s  19 an d  20.

a .  L i s t  o f  C o n s ta n ts :

-19E l e c t r o n i c  c h a r g e :  q =  1 . 6 x  10 C

-1 4P e r m i t t i v i t y  o f  f r e e  s p a c e :  e = 8. 85 x  10 F / c m

_ 5
B o l t z m a n n 's  c o n s ta n t :  = 8. 63 x  10 e Y /°K

D i e l e c t r i c  c o n s ta n t  o f  Si: K = 1 2s

D i e l e c t r i c  c o n s ta n t  o f  S iO „: K  = 42 o

b .  E m i t t e r - B a s e  Ju n c t io n :

C ^  = n e u t r a l  c a p a c i t a n c e ,  c a l c u l a t e d  f r o m  F i g u r e  10, w i th

23 -4
i m p u r i t y  g r a d ie n t ,  a^ = 1 x 1 0  c m  

= 7. 6 p F
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C = s p a c e - c h a r g e  c a p a c i t a n c e ,  c a l c u l a t e d  f r o m  F i g u r e  10,

23 -4
w ith  i m p u r i t y  g r a d ie n t ,  a .̂ = 1 x  10 c m  

= 0. 06 p F

C^, = to t a l  c a p a c i t a n c e  a s s o c i a t e d  w i th  th e  t r a n s i t i o n  r e g io n

of th e  e m i t t e r - b a s e  ju n c t io n

= C N + C g = 7. 66 p F

r  = i n c r e m e n t a l  f o r w a r d  r e s i s t a n c e  o f  th e  f o r w a r d  b i a s e d  e

e m i t t e r - b a s e  ju n c t io n  

k B T= — -—  = 2. 6 o h m s
q I E

r '  = e m i t t e r  c o n ta c t  r e s i s t a n c e  (dc m e a s u r e m e n t )  e

= 1 . 2  o h m s

IE  = 10 m A ; V c E  = 10 V ; V E B  = 0. 76 V 

-  6 2A e  = ju n c t io n  a r e a  = 5. 0 x  10 c m

_ 3
2 = le n g th  of d i f fu se d  e m i t t e r  s t r i p  = 6. 2 x  10 c m

-4h  = w id th  o f  d i f fu se d  e m i t t e r  s t r i p  = 2 x 1 0  c m

-4d = d i s t a n c e  b e tw e e n  e m i t t e r - b a s e  s t r i p s  = 5 x 1 0  c m

n = n u m b e r  of e m i t t e r  s t r i p s  = 4

c. C o l l e c t o r - B a s e  J u n c t io n :

x  = d e p le t io n  l a y e r  w id th , c a l c u l a t e d  f r o m  L a w r e n c e

W a r n e r  c u r v e s  w i th  C / C  = 1 0 ^  (CD = 3 x  1 0 ^  c mo B B
-4

= 1 . 5 x 1 0  c m



c a p a c i t a n c e  p e r  u n i t  a r e a ,  c a l c u l a t e d  f r o m  L a w r e n c e

*q/ C B = 10"4 <CB
-4  -5  -3

W a r n e r  c u r v e s  w ith  C / C  = 1 0  (C_ = 3 x 1 0  c m  )

8. 5 x  103 p F / c m ^

c a p a c i t a n c e  p e r  u n i t  a r e a  of bon d in g  p ad

K 6 o o
—jp— — = 7. 1 x  10 p F / c m  

ox

d e p le t io n  l a y e r  c a p a c i t a n c e  u n d e r  e m i t t e r  s t r i p s

nhf C = 0. 04 p F  a

d e p le t io n  l a y e r  c a p a c i t a n c e  b e tw e e n  e m i t t e r  and  b a s e  

s t r i p s

n  (2d)4 C = 0. 20 p F
cl

d e p l e t i o n - l a y e r  c a p a c i t a n c e  o th e r  th a n  CL an d  C.^, p lu s  

b o n d in g  p a d  c a p a c i t a n c e ,

C a A C B  - C i - Cb + l ^ A B P
O X

0. 33 - 0.  04 - 0.  20 + 0 . 0 5  

0. 14 p F

c o l l e c t o r  ju n c t io n  r e s i s t a n c e  (dc m e a s u r e m e n t ) ,  w h ic h  

i s  n o t  sho w n  in  F i g u r e  13 

5, 000 o h m s

c o l l e c t o r - b a s e  b i a s  v o l ta g e  = 9. 25 V 

e p i t a x i a l  l a y e r  dop ing  = 3 x  10 c m



A = a r e a  of c o l l e c t o r - b a s e  ju n c t io n  (2 m i l s  x  3 m i l s )
CB

A ^ p =  a r e a  o f  b o n d in g  p a d  (1 m i l  x  1 m i l )
O

t  = ox id e  th i c k n e s s  u n d e r  b o n d in g  p a d  = 5 k  A

B a s e - C h a r g i n g  C i r c u i t :

r '  (m  =o) = t r a n s v e r s e  b a s e  r e s i s t a n c e ,  w i th  z e r o  c a r r i e r  
bb  o

in je c t io n  a n d  V = 0 (dc m e a s u r e m e n t )CB

= 1 9 . 5  o h m s

r  = i n t e r s t r i p  b a s e  r e s i s t a n c e  (dc m e a s u r e m e n t )

= 4 . 8  o h m s

r  = c o n ta c t  r e s i s t a n c e  (dc m e a s u r e m e n t )  c o n

= 3 .6  o h m s

m  = m o d u la t io n  l e v e l  o

• *E Wk 10 x  1 0 " 3 x  1. 2 x  1 0 “ 5 x  0. 33
q A D N a (0) , ,  _ - 19  r , „ - 6  n r . ^16E  n  A 1 . 6 x 1 0  x 5 . 0x10 x 8 x 5 x l0

=  0 . 1 2

_5
W  = e l e c t r i c a l  b a s e  w id th  = 1. 2 x  10 c m .

k = V NA (0) = ° - 33
_  2 
D = a v e r a g e  d i f fu s io n  c o n s t a n t  ( e l e c t r o n s )  = 8 c m  / s e c

n

N (0)= b a s e  dop ing  d e n s i t y  a t  ed g e  o f d e p le t io n  l a y e r
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r ' , (m  = 0 . 1 2 )  = m o d u la te d  t r a n s v e r s e  b a s e  r e s i s t a n c e  
b b  o

= 0 .8  r '  (m  =0)b b  o

= 1 5 . 6  o h m s  ( c a lc u la te d  f r o m  e q u a t io n  2 -3 6 )

= r ' .  (m  ) + r, + rbb  o b c o n

= 15. 6 + 4. 8 + 3 . 6  = 24. 0 o h m s

r ' C  = b a s e  c h a r g in g  c i r c u i t  t im e  c o n s ta n t  
b  c

= r  (C. + C, + C A) + (r  + r '  ) C. + r  Cc o n  K i  b A v b b b 7 l  b b

= 3 . 6  ( 0 . 38)  + 2 0 . 4 ( 0 . 0 4 ) +  4 . 8  ( 0 . 20)

= 1. 37 p s e c  + 0. 82 p s e c  + 0. 96 p s e c  

= 3 . 1 5  p s e c

C = e f f e c t iv e  c a p a c i t a n c e  in  e q u iv a le n t  c i r c u i t
c

= 0. 13 p F

r  = c o l l e c t o r  s e r i e s  r e s i s t a n c e  (dc m e a s u r e m e n t )
s

= 25 o h m s

e . f m a n d  f, ,  . C a lc u la t io n :T M AX______________

2W xT _  _ = —  + r r ~ — + r  (C +C  ) + ( r  + r '  )CE C  AD 2V e T c s e c
n  L

(b a se  ( c o l le c to r  ( e m i t t e r  ( c o l le c to r
t r a n s i t  + d e p le t io n  + t im e  + t im e  
t i m e  l a y e r  c o n s ta n t )  c o n s ta n t )

t r a n s i t  
t im e )
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t +  r ,  + t +  r  b  d e c

to t a l  e m i t t e r - t o - c o l l e c t o r  t r a n s i t  t im e  

5 .0  p s e c  + 8. 5 p s e c  + 20. 2 p s e c  + 3 .4  p s e c  

37. 1 p s e c

1 + “om  w 2 ( O . l Z x l o ' V
" S  “  = "  3 . 5 x 8 ----------- = 5 . 0  p s e c

0 a  n

lo w  f r e q u e n c y  c u r r e n t  g a in  = 0. 99 

e x c e s s  p h a s e  s h i f t  = 0 . 4  r a d i a n s

-4x  1 . 5 x 1 0
rrr— = -------------------- r — = 8 . 5  p s e c

L, 2 x  8. 8 x  10

m a x i m u m  s c a t t e r - l i m i t e d  v e lo c i ty  o f  e l e c t r o n s  in

s i l i c o n  = 8. 8 x  10 c m / s e c

r e (C T + C c) = 2 .6  ( 7 . 6 6  + 0 . 1 3 )  = 20. 2 p s e c

(r  + r '  ) C = (25 + 1. 2) (0. 13) = 3 . 4  p s e c  s e c

1 1 x 1 0 ^  9 . . .  ,= 4 . 2 x 1 0  (4. 2 GHz)2tt t 2tr (37. 1)ec

f  9T 4 . 2  x  10

1 + “  T C c Z o 1 + 2rr (4. 2 x  109 )(0. 1 3 x l0 - 1 2 )(50)

9
3. 6 x  10 (3. 6 GHz)

b a s e  l e a d  in d u c ta n c e  = 0. 16 nH (R F

e m i t t e r  l e a d  in d u c ta n c e  = 0 . 4 5  nH m e a s u r e m e n ^)
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a  f 
o T

M AX i Sir ( r '  b + r 1 + r  + L e>

S u b s t i tu t i o n  o f th e  d e v ic e  p a r a m e t e r s  in to  th e  a b o v e  e x p r e s s i o n  

y ie ld s ,

-  5 - 8 x  109 ( 5 . 8  GHz)M AX



C H A P T E R  VII

CONCLUSIONS

A s a  r e s u l t  o f  th e  s tu d ie s  a n d  e x p e r im e n t s  p e r f o r m e d  in  th i s  

t h e s i s ,  th e  fo l lo w in g  c o n c lu s io n s  c a n  b e  d ra w n :

a .  T h e  lu m p e d  s m a l l - s i g n a l  T - e q u iv a l e n t  c i r c u i t  f o r  th e  m i c r o ­

w a v e  t r a n s i s t o r  p r o v id e s  a n  a d e q u a te  m o d e l  to  e x p la in  th e  f r e q u e n c y  

v a r i a t i o n  o f  s - ( s c a t t e r i n g )  p a r a m e t e r s .  T he  in p u t  a n d  o u tp u t  o f  th e  

m i c r o w a v e  t r a n s i s t o r  m a y  b e  c h a r a c t e r i z e d  b y  a  s e r i e s  R L C  an d  

p a r a l l e l  e q u iv a l e n t  c i r c u i t ,  r e s p e c t i v e l y .  T h is  w a s  s u b s t a n t i a t e d  

b y  s - p a r a m e t e r  m e a s u r e m e n t s  in  th e  f r e q u e n c y  r a n g e  f r o m  1. 0 to

6. 0 G H z o n  s i l io n  t r a n s i s t o r s  w i th  a n  f m > 4  G H z a n d  > 6 G H z.T MAX

b . T he  d e s ig n  o f a  m ic r o w a v e  t r a n s i s t o r  s m a l l - s i g n a l  a m p l i ­

f i e r  r e q u i r e s  a  h ig h  c o l l e c t o r  r e s i s t i v i t y  ( e . g . ,  1 to  3 o h m - c m ) ;  

c o m p a t ib le  w i th  c u r r e n t  d e n s i t y  l i m i t a t i o n s .  T h e  d e s ig n  a l s o  r e q u i r e s

a  s h a l lo w  d i f f u s io n  p r o f i l e  (e. g . , x  = 0 . 2  m i c r o m e t e r  a n d  x  = 0 . 3
E  c

m i c r o m e t e r )  to  m in im i z e  th e  p r o d u c t  o f  th e  s u b s u r f a c e  s h e e t  r e s i s t ­

a n c e ,  R  , an d  th e  b a s e - c o l l e c t o r  c a p a c i t a n c e / a r e a ,  C . S h a l lo w  s s  ' a

d i f fu s io n  p r o f i l e s  p r o v id e  s t e e p  i m p u r i t y  g r a d i e n t s  a t  th e  e m i t t e r  a n d

98
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c o l l e c t o r  j u n c t io n s .  T h e s e  g r a d ie n t s  r e d u c e  th e  n e u t r a l  c a p a c i t a n c e  

o f  th e  e m i t t e r - b a s e  ju n c t io n  a n d  th e  b a s e - w id e n in g  of th e  c o l l e c t o r  

ju n c t io n .  T h e s e  r e s u l t s  w e r e  c o n c lu d e d  f r o m  n u m e r i c a l  c a lc u la t io n s  

on  th e  c o m p u te r  a n d  v e r i f i e d  w i th  e x p e r i m e n t a l  s i l i c o n  m ic r o w a v e  

t r a n s i s t o r s  .

c .  T he f a b r i c a t i o n  o f  s i l i c o n  m i c r o w a v e  t r a n s i s t o r s  r e q u i r e s  

u n i f o r m ,  th in ,  p h o t o r e s i s t  to  p r i n t  th e  1 - m i c r o m e t e r  e m i t t e r  s t r i p s .  

Low  t e m p e r a t u r e  e m i t t e r  d i f f u s io n s  a r e  r e q u i r e d  to  m i n i m i z e  th e  b a s e  

p u s h - o u t  o r  e m i t t e r  d i p - e f f e c t  (E D E ). A (100) o r i e n t a t i o n  f o r  the  

s i l i c o n  s u b s t r a t e s  i s  d e s i r e d  to  r e d u c e  th e  e m i t t e r - t o - c o l l e c t o r  s h o r t s  

i n c u r r e d  d u r in g  f a b r i c a t i o n .  A n e m i t t e r  d ip  e tc h  is  u s e d  to  a v o id  a 

d i f f ic u l t  a l i g n m e n t  o f  th e  c o n ta c t  m e t a l l i z a t i o n  m a s k  f o r  th e  e m i t t e r  

s t r i p s .  F in a l ly ,  th e  m o ly b d e n u m - g o ld  m e t a l l i z a t i o n  s y s t e m  is  

e m p lo y e d  to r e p l a c e  th e  c o n v e n t io n a l  a lu m in u m  c o n ta c t  m e t a l l i z a t io n .  

T he a lu m in u m  m e t a l l i z a t i o n  r e s u l t e d  in  a  l a r g e  n u m b e r  o f  e m i t t e r - t o - 

b a s e  s h o r t s ,  w h ic h  w e r e  c a u s e d  b y  a lu m in u m  m i g r a t i o n  a lo n g  the  

S i-S iO ^  i n t e r f a c e  a t  lo w  t e m p e r a t u r e s .

d. A s  a  r e s u l t  o f  th e  i n v e s t ig a t i o n s  p e r f o r m e d  in  th i s  t h e s i s ,

i t  i s  c o n c lu d e d  th a t  th e  m i c r o w a v e  p e r f o r m a n c e  of th e  t r a n s i s t o r  a s  a n  

a m p l i f i e r  i s  l i m i t e d  b y  th e  b a s e  c o n ta c t  r e s i s t a n c e  and  th e  e m i t t e r  le a d  

in d u c ta n c e .  T h e  d e v e lo p m e n t  of t e c h n iq u e s  to  m in im i z e  th e  c o n ta c t



r e s i s t a n c e ,  s u c h  a s  h ig h  s u r f a c e  c o n c e n t r a t i o n  d i f f u s io n s  a n d  s u r f a c e

p r e p a r a t i o n  o f  th e  s e m ic o n d u c to r ,  a r e  i m p o r t a n t  to  i n c r e a s e  th e

,  a o f  th e  t r a n s i s t o r .  T h e  e m i t t e r  l e a d  in d u c ta n c e  m a y  b e  r e d u c e d  MAX ]

b y  th e  u s e  o f  b e a m - l e a d  te c h n o lo g y .  I t  is  a n t i c ip a t e d  th a t  t h r o u g h  

t h e s e  d e v e lo p m e n ts ,  th e  s i l i c o n  m ic r o w a v e  t r a n s i s t o r  w i l l  p r o v id e  

d i r e c t  s ig n a l  a m p l i f i c a t io n  in  th e  X - b a n d  m ic r o w a v e  r e g io n .
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