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ABSTRACT

The p r o m i n a n t  f e a t u r e s  in  t h e  o p t i c a l  p r o p e r t i e s  o f  

s e m ic o n d u c t o r s  d u e  t o  t h e  l o n g  range  o r d e r  and h e n c e  a r e  

s e n s i t i v e  t o  d i s o r d e r .  I n  o r d e r  t o  g a in  i n f o r m a t i o n  a b o u t  

t h e  n a t u r e  o f  d i s o r d e r  i n  h y d ro g e n a te d  a m orphous  s i l i c o n  { 

a -S i :H  ) and  h y d r o g e n a t e d  and f l u o r i n a t e d  a m o rp h o u s  s i l i ­

con ( a - S i : F : H  ) t h e  Raman s c a t t e r i n g ,  o p t i c a l  and  modu 

l a t e d  o p t i c a l  ( E l e c t r o l y t e  E l e c i r o r e f l e c t a n c e , EER ; 

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

a - S i :H ( B ) ,  a s  w e l l  a s  u n a n n e a le d  a S i :H(B)  and a  3 i . H ( P ) ,  

(b)  h e a v i l y  do p e d  n - t y p e  a - S i :F :H  w i th  m i c r o c r y s t a l l i n e  

(fic) s t r u c t u r e  and  ( c )  l i g h t l y  doped a S i : F : H  w e re  s t u ­

d i e d .  C o m par iso n  had b e en  made w i th  t h e  o p t i c a l  f e a t u r e s  

o f  c r y s t a l l i n e  s i l i c o n  ( c - S i  ) .  EER s t u d i e s  o f  i o n -  

damaged, l a s e r - a n n e a l e d  S i  were a l s o  p e r f o r m e d .

I n  t h e  Raman s p e c t r a  o f  ( a )  H T A -a -S i : H^B) and \ ' j )

a - S i :F :H  a l l o y s  w i t h  p c - - s t r u c t u r e  we h a v e  o b s e r v e d  Raman

f r e q u e n c i e s  i n t e r m e d i a t e  be tw een  t h e s e  o f  t h e  amorphous

phase  ( 480  cm” 1 ) and t h e  c r y s t a l l i n e  p h a s e  ( 522 cm-1 ) .
\

The r e s u l t s  f o r  S i : F : H  have  been  i n t e r p r e t e d  i n  t e r m s  o f  

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

v e c t o r  r e s t r i c t i o n s .  However,  th e  s t r u c t u r e  f o r  t h e  HTA- 

a - S i :H  a r e  somewhat  more complex s i n c e  t h e r e  i s  a l s o  a 

F a n o - s h i f t  due t o  t h e  h ig h  d o p ing  l e v e l .



For t h e  m o d u la te d  o p t i c a l  s p e c t r a  we have  o b t a i n e d  

energy f e a t u r e s  a t  J . 4  eV and 4 - 5  eV iw hich  a r e  r e l a t e d  to  

t h e  o p t i c a l  t r a n s i t i o n s  f o r  c - S i )  i n  HT A -a-S i :H ,  h e a v i l y  

doped n - t y p e  S i : F : H  a l l o y s  ( / i c  s t r u c t u r e  ) a s  w e l l  a s  

ion -dem aged , l a s e r - a n n e a l e d  S i .  The EER s p e c t r a  o f  HTA- 

a - S i :H  showed f e a t u r e s  v e r y  s i m i l a r  t o  t h e  io n -dam aged ,  

l a s e r - a n n e a l e d  S i .  No EER s p e c t r a  was o b s e r v e d  i n  unan­

n e a le d  S i :H iB )  and l i g h t l y  d o p e d  n - t y p e  S i : F : H  sp e c im e n s .

The r e f l e c t i v i t y  and t h e  im a g in a ry  p a r t  o f  th e  

d i e l e c t r i c  f u n c t i o n ,  )» o t  ( a ;  h ig h  t e m p e r a t u r e  an­

n e a l e d ,  aB w e l l  a s  u n a n n e a l e d ,  a - S i : H ( B )  and l b )  n - t y p e  

S i :F :H  a l l o y s  w i t h  uc s t r u c t u r e  h a v e  been  i n v e s t i g a t e d  in  

t h e  energy  r a n g e  1 - 1 0  eV. U n a n n e a l e d  S i ;H (B )  showed the  

f e a t u r e l e s s  s i n g l e  bump s p e c t r a  which  i s  c h a r a c t e r i s t i c s  

o f  amorphous S i .  However, we h a v e  fo un d  t h a t  t h e  HTA-a 

S i :H lB )  and h i g h l y  doped n - t y p e  S i : F : H  s a m p le s  e x h i b i t e d  

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

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

c a l  t r a n s i t i o n  i s  c a l c u l a t e d  f ro m  a  K ra m e rs -K ro n ig  

a n a l y s i s .
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C H A P T E R  I  U . ’T R U D U C T I U N

A c r y s t a l l i n e  s e m ic o n d u c to r  h a s  a  p e r i o d i c  a to m ic  

s t r u c t u r e  and hen ce  e x h i b i t s  a l o n g  r a n g e  o r d e r  (LRO). 

The m a c r o s c o p ic  p h y s i c a l  p r o p e r t i e s  o f  su c h  a  m a t e r i a l  

have been  i n t e r p r e t e d  by t h e  quantum t h e o r y  o f  s o l i d s .  

T h is  t h e o r y  o f  s o l i d s  was d e v e lo p e d  on t h e  b a s i s  o f  t h e  

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

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

a s  opposed  t o  c r y s t a l l i n e  m a t e r i a l s ,  hav e  an a r r a n g e ­

ment o f  a tom s w i t h o u t  p e r i o d i c i t y .  W i th o u t  t h e  sym­

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

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

u s i n g  t h e  one e l e c t r o n  quantum t h e o i y  o f  s o l i d s .  I o f f e  

and R ege l  * h a v e  s t a t e d  t h e  e m p i r i c a l  r u l e  t h a t  amor­

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

p e r t i e s  i n  s p i t e  o f  t h e  d e s t r u c t i o n  o f  l o n g  ra n g e  o r d ­

e r ,  —  i f  t h e  n o n - c r y s t a l l i n e  p h a se  c o n s e r v e s  t h e  s h o r t  

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

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

s u b j e c t  in  o r d e r  t o  u n d e r s t a n d  t h e  p h y s i c a l  p r o p e r t i e s  

o f  amorphous s e m ic o n d u c t o r s .

From t h e  s t r u c t u r a l  p o i n t  o f  view a  c r y s t a l l i n e  

s e m ic o n d u c to r  i s  an o rd e re d  sy s te m  w h ereas  t h e  amor 

phous s e m ic o n d u c t o r  i s  a d i s o r d e r e d  one .  F u th e rm o re ,  

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



terns i s  s t i l l  n o t  w e l l  d e v e l o p e d ,  i t  i s  i m p o r t a n t  t o  

s tudy t h e  p h y s i c a l  p r o p e r t i e s  o f  amorphous sem iconduc­

t o r  from a  f u n d a m e n ta l  p o i n t  o f  v iew .  Raman s c a t t e r i n g  

i s  a s e n s i t i v e  t o o l  t o  m e a s u r e  t h e  v i b r a t i o n a l  s t a t e s  

o f  s e m ic o n d u c to r s  f ro m  o r d e r  t o  d i s o r d e r .  O p t i c a l  a s  

w e l l  a s  modula ted o p t i c a l  s p e c t r o s c o p i e s  a r e  s e n s i t i v e  

p ro b e s  t o  s tudy  t h e  e l e c t r o n i c  s t a t e s  o f  sem iconduc­

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

t h e  n a t u r e  o f  d i s o r d e r  Raman s c a t t e r i n g ,  o p t i c a l  and 

m odu la ted  o p t i c a l  e x p e r i m e n t  h a v e  b een  u sed  t o  i n v e s t i ­

g a t e  sp ec im en s  o f  d i s o r d e r e d  S i  a l i o y  ( S i : l i  and S i : F : H )  

s y s t e m s .  Amorphous s i l i c o n  was c h o sen  b e c a u s e  th e  c r y ­

s t a l l i n e  ( o r d e r e d )  s t a t e  o f  t h i s  m a t e r i a l  h a s  been e x ­

t e n s i v e l y  s t u d i e d  and i s  q u i t e  w e l l  u n d e r s t o o d .  Thus we 

can r e a d i l y  make a  c o m p a r i s o n  o f  amorphous and c r y s t a l ­

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

p o i n t ,  amorphous s i l i c o n  i s  a  s e m ic o n d u c t o r  o f  c o n s i d ­

e r a b l e  c u r r e n t  i n t e r e s t 2 - * .

I n  amorphous s i l i c o n  ( a —S i ) ,  t h e  c o n t in u o u s  r a n ­

dom ne tw ork  model 5 ( CRN ) h a s  been  w id e ly  a c c e p t e d .

An i d e a l  CRN and a  more  r e a l i s t i c  s t r u c t u r e  which i n ­

c l u d e s  e x t r i n s i c  d i s o r d e r  due  t o  s t r u c t u r a l  d e f e c t s  

( su c h  a s  : d a n g l in g  b o n d s ,  m i c r o v o i d ,  e t c . ) ,  have been  

s t u d i e d  6 f o r  many y e a r s .  The s t r u c t u r a l  d e f e c t s  

depend h e a v i l y  upon t h e  m e th o d s  and t h e  c o n d i t i o n s  o f  

p r e p a r a t i o n  (such a s  vacuum  e v a p o r a t i o n  o r  s p u t t e r i n g ,
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the p r e s s u r e  o f  t h e  w o r k i n g  chamber,  t h e  t e m p e r a t u r e  o f  

the  s u b s t r a t e ,  i n t r o d u c t i o n  o f  h y d ro g e n  7 and* /  o r  

f l u o r i n e  ® , e t c . ) .

One o f  t h e  m o s t  i m p o r t a n t  s u b j e c t s  i n  t h e  

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

d e v ices  i s  d o p in g  7 : a d d i n g  a  sm a l l  c o n c e n t r a t i o n  o f

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

th e  e l e c t r i c a l  c o n d u c t i v i t y .  I t  h a s  b e e n  shown 7 

t h a t  t h e  e l e c t r o n i c  p r o p e r t i e s  o f  a - S i  and amorphous 

germanium (a -G e)  p r e p a r e d  by p lasm a g low  d i s c h a r g e  

d e c o m p o s i t io n  yGDD) c o u l d  be c o n t r o l l e d  o v e r  a r e m a r k ­

ably wide  r a n g e  by s u b s t i t u t i o n a l  d o p in g  i n t r o d u c e d  i n  

th e  g a s  p h a s e .  T h in  f i l m  sp ec im ens  have  b e en  p r e p a r e d  

by decom posing  t h e  m i x t u r e  o f  s i l a n e  g as  { SiH^ ) and 

(a )  d i b o r u n e  y ^2^6^  f o r  P- t y P e d o p in g ,  and  (b)  p h o s -  

phine ( PH3 ) o r  a r s i n e  ( AsH3 ) f o r  n - t y p e  d o p i n g .  

Since h y d r o g e n  i s  i n c o r p o r a t e d  i n t o  t h e  CRM, i t s  p r e s ­

ence can  g r e a t l y  i n f l u e n c e  t h e  s t r u c t u r a l  and e l e c t r o n ­

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

o f  hydrogen  ® t o  p a s s i v a t e  t h e  d e f e c t s  ( t e r m i n a t e  t h e  

d a n g l in g  b o n d s )  a l l o w s  t h e  a - S i  f i l m  t o  be  doped s u c ­

c e s s f u l l y .  A h y d r o g e n a t e d  amorphous s i l i c o n  ( a - S i : H  ) 

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

s i l a n e  g a s  ch an g e s  i t s  p r o p e r t i e s  d r a t i c a l l y  a t  tem­

p e r a t u r e  above 550 ° C ,  due t o  t h e  e f f u s i o n  o f  

hydrogen 10-11 . T h e r e f o r e ,  i t  i s  im p o r t a n t  t o  f i n d  a  new



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

low t e m p e r a t u r e s .  F l u o r i n e  \,F) i s  s u c h  a c a n d i d a t e ,  b e ­

cause  i t s  b i n d i n g  e n e r g y  w i t h  S i  i s  h i g h e r  t h a n  t h a t  o f  

H by a s  much a s  60j6* A lso  t h e r e  i s  e v i d e n c e  t h a t  t h e  

p r e s e n c e  o f  F i n  a - S i  w i l l  r e d u c e  t h e  number o f  e l e c ­

t r o n i c a l l y  a c t i v e  d e f e c t  s t a t e  ( t r a p s )  i n  t h e  gap®*12 .

O v sh in sk y 12 and Madan e t  a l . 1^ have  found a  new 

a - S i  m a t e r i a l  w h ich  c o n t a i n s  b o t h  hydrogen  and 

f l u o r i n e .  T h is  h y d r o g e n a t e d  and f l u o r i n a t e d  amorphous 

s i l i c o n  ( a - S i : F : H )  f i l m  i s  p r e p a r e d  by p lasm a glow 

d i s c h a r g e  d e c o m p o s i t i o n  o f  s i l i c o n  t e t r a f l u o r i n e  ( S i F ^ )  

g as  mixed w i t h  H2 • The a - S i : F : H  f i l m  h as  s i l i c o n  and

f l u o r i n e  a s  i t s  m a j o r  s t r u c t u r a l  c o m p o n e n ts .  T h is  new
12a l l o y  h as  overcome a  number o f  p ro b o em s  a s s o c i a t e d

w i th  a - S i  and a - S i : H .  O th e r  t y p e s  o f  a - S i  a l l o y  ma­

t e r i a l s  such  a s  p u r e l y  f l u o r i n a t e d  amorphous s i l i c o n

( a - S i : F )  have a l s o  b e e n  s t u d i e d  by Matsumura  e t  a l ^

I t  has  been  d e m o n s t r a t e d  by M a tsu m u ra  e t  a l . 12 t h a t  t h e  

c o n d u c t i v i t y  can be  c o n t r o l l e d  by d o p i n g  w i th  b o ro n  o r  

p h o s p h o r u s .  They have  i n v e s t i g a t e d  t h e  s t r u c t u r e  o f  a -  

S i : F  w i t h  t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p e  (TEM), i n ­

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

u re m e n ts  and s t r u c t u r a l  c h a n g e s  i n  t h i s  m a t e r i a l  due t o

c h e m ic a l  e t c h i n g .  T h e i r  r e s u l t s  s u g g e s t e d  t h a t  a - S i : F
o

a l l o y  c o n s i s t s  o f  many p u re  a - S i  g r a i n s  o f  ab o u t  40 A

i n  s i z e ,  and t h a t  t h e  e n l a r g e m e n t  o f  t h e  g r a i n  s i z e  i s
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a  key f a c t o r  t o  im p ro ve  t h e  p r o p e r t i e s  o f  a - S i : F  su c h

a s  p h o t o c o n d u c t i v i t y .  They have a l s o  examined S i : F  v i -
12  18—21

b r a t i o n s  i n  a - S i : F  and a - S i : F : H  a l l o y s  * I t  i s

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

t h i s  new a l l o y  w h ic h  a p p e a r s  t o  d i f f e r  from t h e  b o n d i n g  

o f  t h e  o t h e r  a - S i  compounds.

W ith in  t h e  p a s t  two y e a r s  s e v e r a l  g r o u p s ^ 7*22-26 

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

/ i c  ) p h a se  i n  t h i n  f i l m s  o f  t h e  S i : H  and S i : F : H  a l l o y  

s y s t e m s .  They h a v e  p r e p a r e d  t h e i r  s a m p le s  u n d e r  v a r i ­

ous  c o n d i t i o n s .  The p a r t i c l e  s i z e  o f  t h e  / i c - S i  " p a r t i ­

c l e "  a r e  20 A -  100 A. The p r e p a r a t i o n  o f  t h i n  f i l m s  o f  

m i c r o c r y s t a l l i n e  S i ( j i c - S i )  and Ge ( / ic -Ge)  v i a  c h e m i c a l

t r a n s p o r t  i n  a  h y d r o g e n  p la s m a  was r e p o r t e d  i n  1968 by
*  17Veprek and Marecek , and ^ ic -S i  a l l o y s  have a l s o  b e en

p ro d u c e d  by d e p o s i t i o n  f rom s i l a n e  d i l u t e d  t o  a  few 

mole £ by h y d ro g e n  i n  a  d i s c h a r g e  o p e r a t i n g  a t  a  h i g h  

power l e v e l 22 . D u r in g  t h e  p a s t  y e a r s ,  p c - S i  h a s  r e ­

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

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

23“25. I t  has  b e e n  fo u nd  t h a t  d u r i n g  t h e  d e p o s i t i o n  o f1
s i l i c o n -  from S i / H ,  i n  a  low p r e s s u r e  d i s c h a r g e  p l a s m a ,  

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

t h e r  an  amorphous o r  c r y s t a l l i n e  p h a s e  i s  t h e  d e p a r t u r e  

o f  t h e  sys tem  f rom  c h e m ic a l  e q u i l i b r i u m .  I n  t h e  c a s e  

o f  f l u o r i n a t e d  a - S i ,  t h e  p r e s e n c e  o f  h ig h  c o n c e n t r a t i o n
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o f  P-  o r  A s - d o p in g ,  r e s u l t s  i n  j i c - s t r u c t u t e 26 .

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

e l e c t r o n i c  and v i b r a t i o n a l  p r o p e r t i e s  o f  ( a )  h ig h  tem­

p e r a t u r e  a n n e a l e d  S i :H (B )  a s  v e i l  a s  u n a n n e a le d  a -  

S i :H (B )  and a - S i : H ^ P ) ,  <b) h i g h l y  doped  a - S i : F : H  w i t h  

m i c r o c r y s t a l i i n e  s t r u c t u r e ,  ( c )  l i g h t l y  doped a - S i : P : H  

a l l o y  s y s t e m s .  I n  o r d e r  t o  o b t a i n  i n f o r m a t i o n  a b o u t  

t h e  v i b r a t i o n a l  s t a t e s  o f  s p e c i m e n s ,  we h a v e  i n v e s t i ­

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

O p t i c a l  and m odula ted  o p t i c a l  s p e c t r o s p o p i e s  a r e  two o f  

t h e  s e v e r a l  s e n s i t i v e  t o o l s  u sed  t o  s t u d y  t h e  e v o l u t i o n  

o f  th e  e l e c t r o n i c  s t a t e s  f rom  o r d e r  t o  d i s o r d e r  o f  s i l ­

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

p r o p e r t i e s  o f  a - S i ,  / i c - S i  and c - S i  a l l o y  sy s te m s  we 

have  m ea su re d  t h e  o p t i c a l  r e f l e c t a n c e  and  EER s p e c t r a  

o f  t h e s e  sp e c im e n s .

The f i r s t  o r d e r  Raman a c t i v e  s p e c t r u m  p r o v i d e s  a  

f a s t  and c o n v e n ie n t  method o f  d e t e r m i n i n g  w h e th e r  a  

s i l i c o n  f i l m  i s  c r y s t a l l i n e ,  m i c r o c r y s t a l i i n e  o r  amor­

p h o u s .  B ecause  t h e  i n t e r a c t i o n  r e q u i r e s  t h e  c o n s e r v a ­

t i o n  o f  momentum in  c - S i ,  t h e  f i r s t  o r d e r  Raman a c t i v e  

mode i n v o l v e s  only  t h e  z o n e  c e n t e r  ^q=0) o p t i c a l  phonon 

a t  w= 522 cm-1 which g i v e s  r i s e  t o  a  s i n g l e  s p e c t r a l  

l i n e  w i t h  a  f u l l  w i d t h  a t  h a l f  maximun ( FWHM ) o f  

a b o u t  4 cm -1 a t  room t e m p e r a t u r e .  But  i n  a - S i  t h e  p h o -  

non momentum i s  n o t  a  good quantum number due t o  t h e



l a c k  o f  t r a n s l a t i o n a l  sym m etry .  T h e r e f o r e ,  t h i s  Raman

s p e c t r a  e x h i b i t s  b r o a d  p e a k s ,  t h e  m o s t  p r o m i n e n t  one

b e i n g  a r o u n d  480  cm”1 which  r e f l e c t s  t h e  p h o n o n  d e n s i t y

o f  s t a t e s  o f  t h e  t r a n s v e r s e  o p t i c a l  ( TO ) m odes  a t  t h e
13zone b o u n d a r y . I t  h a s  b e en  shown by x q b a l  e t  a l .  

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

o f  t h e  o r d e r  o f  100 A hav e  Raman . f r e q u e n c i e s  o f  520 cm1 

and a  l i n e w i d t h  -^7  cm"1 . We have o b s e r v e d  a  m i c r o -  

c r y s t a l l i n e  p h a s e  o f  s i l i c o n  i n  heavy A s -  o r  p -d o p ed  

a l l o y 26-28 . T anaka  e t  a l . 29 a l s o  r e p o r t e d  o b s e r v i n g  a 

j i c - p h a s e  i n  h i g h l y  P -d o p e d  S i : F : H  . a l l o y .  H am asak i  e t  

a l .  h a v e  p r o d u c e d  c r y s t a l l i z a t i o n  i n  P - d o p e d  a - S i : H

by a p p l y i n g  h i g h  r a d i o  f r e q u e n c y  (RF) p ow e r  d u r i n g  t h e  

c r y s t a l  f o r m a t i o n  p r o c e s s .  I t  i s  i m p o r t a n t  t o  p o i n t  o u t  

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

c e l l  c o n t a c t s 27-28 b e c a u s e  o f  h i g h e r  e l e c t r i c a l  c o n d u c ­

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

We h a v e  a l s o  m easu red  t h e  f i r s t  o r d e r  Raman a c ­

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

a - S i : H  s p e c i m e n s .  We found  t h a t  Raman f r e q u e n c i e s  o f  

t h e s e  s a m p l e s  a r e  a rou n d  517 cm-1 b u t  t h a t  t h e  Raman
I

l i n e w i d t h  i s  n a r r o w e r  t h a n  t h e  h ig h ly  P -  o r  A s -  doped 

a - S i : F : H  a l l o y s .  T h e r e f o r e ,  t h e  h ig h  t e m p e r a t u r e  a n ­

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

There  a r e  two known mechanisms which r e s u l t  i n  a  down 

s h i f t  o f  t h e  f r e q u e n c y  o f  th e  zone c e n t e r  o p t i c a l  p h o - -
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non : ( a ;  f i n i t e  p a r t i c l e  s i z e  and Fano s h i f t  due

t o  t h e  i n t e r a c t i o n  o f  a  c o n t i n u m ,  i . e .  f r e e  c a r r i e r s ,

w i t h  t h e  phonons31 . j n t h e  h i g h l y  P -  o r  As-doped a -

S i : F : H  sam ples  t h a t  e x h i b i t e d  ;uc s t r u c t u r e  on ly  a s m a l l

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

t h e  down s h i f t  i s  m a in ly  due  t o  f i n i t e  s i z e  e f f e c t s .

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

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

down s h i f t  o f  Raman f r e q u e n c y  a s s o c i a t e d  w i th  c - S i  i s  a
31Fano s h i f t  due t o  t h e  h i g h  d o p i n g  l e v e l

*

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

S i :H  and S i :F :H  a l l o y  we h a v e  u t i l i z e d  o p t i c a l  and 

m o d u la te d  ( e l e c t r o r e f l e c t a n c e  ) t e c h n i q u e s .  S ince  t h e  

o p t i c a l  p r o p e r t i e s  a r e  a f f e c t e d  by t h e  LRO o f  th e  ma­

t e r i a l  th ey  a r e  q u i t e  s e n s i t i v e  t o  d i s o r d e r .  The most 

u s e f u l  m o d u la t io n  t e c h n i q u e  h a s  p r o v e n 32 t o  be e l e c ­

t r o r e f l e c t a n c e  ( ER ) o r  e l e c t r o a b s o r p t i o n  v FA ) .  Both 

o f  t h e s e  methods p r o v i d e  t h e  s h a r p e s t  s t r u c t u r e s  s i n c e  

t h e y  a r e  r e l a t e d  t o  t h e  t h i r d - o r d e r  d e r i v a t i v e  o f  t h e  

u n p e r t u r b e d  o p t i c a l  d i e l e c t r i c  f u n c t i o n s 32-35 . Okamoto 

e t  a l . 38 have r e p o r t e d  e n e r g y  f e a t u r e s  i n  t h e  e l e c -  

t r o r e f l e c t a n c e  s p e c t r a  o f  a - S i : H  n e a r  t h e  fu n d am e n ta l  

o p t i c a l  edge ( 1 . 8  eV). F reem an  e t  a l . 37 have a l s o  r e ­

p o r t e d  ER s p e c t r a  p o s s e s s i n g  on ly  one d i s t i n c t  peak 

0 * 8  eV) in  s p u t t e r e d  a - S i : H .  Nonomura e t  a l . 38 have 

s t u d i e d  th e  ER s p e c t r a  o f  a - S i : H  which  i s  made by RF
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plasma d e p o s i t i o n  f rom  s i l a n e  ( SiH* ) d i l u t e d  w i t h  hy­

drogen t o  10 56. The e n e r g y  f e a t u r e  o f  ER s p e c t r a  a t  2 

eV. The e n e rg y  f e a t u r e s  a b o v e  2 eV in  EER s p e c t r a  were  

f i r s t  foUnd by T s u  e t  a l . ^ .  These  f e a t u r e s  a b o v e  2 eV 

( i . e .  3 . 4  eV and  4 - 5  eV) i n  t h e  EER s p e c t r a  o f  h e a v i l y  

P -  o r  A s -doped  S i : F : H  a l l o y s  a r e  a s s o c i a t e d  w i t h  t h e  

c r y s t a l l i n i t y  o f  S i .  We w i l l  show how th e  o p t i c a l  and 

m odula ted o p t i c a l  p r o p e r t i e s  o f  s e m ic o n d u c to r s  a r e  s e n ­

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

Ve have  c h a r a c t e r i z e d  s e v e r a l  S i :H  and S i : F . H  a l ­

loy  sys tem s  u s i n g  t h e  EER m o d u l a t i o n  t e c h n i q u e .  We have  

seen  t h e  3 -4  eV a n d  4*5 eV e n e r g y  f e a t u r e s ,  w h i c h  can  

be a s s o c i a t e d  w i t h  o p t i c a l  s t r u c t u r e  o f  c - S i 3*"35 , i n  

t h e  EER s p e c t r a  f o r  ( a )  h e a v i l y  P-  o r  A s-doped  S i : F : H  

a l l o y s  w i th  p.c s t r u c t u r e  and ( b )  h ig h  t e m p e r a t u r e  t h e r ­

m a l ly  a n n e a l e d  b o r o n  doped S i : H  a l l o y s .  A l l  o f  t h e s e  

sam ples  a l s o  e x h i b i t e d  a  down s h i f t  o f  Raman f r e q u e n c y  

from t h e  522 cm"1 p e a k  o f  c - S i .  T h e re fo re  We c o n c l u d e  

t h a t  t h e s e  p e a k s  a t  3*4 eV and 4-5  eV o r i g i n a t e  from 

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

We have a l s o  m e a su re d  t h e  EER s p e c t r a  f o r  a n  i o n -l
damaged s i l i c o n  w a f e r  t h a t  h a s  been  l a s e r - a n n e a l e d  w i t h  

d i f f e r e n t  power d e n s i t i e s .  We found t h a t  t h e  EER s p e c ­

t r a  o f  t h e r m a l l y  a n n e a l e d  S i :H (B )  a r e  very s i m i l a r  t o  

t h e  s p e c t r a  o f  t h e  i o n -d a m a g e d ,  l a s e r - a n n e a l e d  S i  sam­

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

t r o n i c  p r o p e r t i e s  o f  t h e s e  H T A - a - S i : 11(B) and u c - S i : F : H  

m a t e r i a l s  we m e a su re d  t h e  r e f l e c t i v i t y  o f  t h e s e  sa m p le  

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

to m e te r  ( R L P R ) ^ - *1 . The complex d i e l e c t r i c  f u n c t i o n  

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

One method o f  d e t e r m i n i n g  th e  d i e l e c t r i c  f u n c t i o n  c o n ­

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

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

g i e s  and u s i n g  a  K ra m e rs -K ro n ig  ( K .K . )  a n a l y s i s .  Two 

o p t i c a l  c o n s t a n t s  n and k ( o r  g-j (CO) and 6 2 (CO) ) c a n  be 

d e te r m in e d  f rom t h e  K.K. a n a l y s i s .  The im a g in a r y  p a r t  

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

t u r a l  o r d e r .

We have  c a r r i e d  'o u t  t h e  m e a s u r e m e n t  o f  t h e  r e ­

f l e c t a n c e  s p e c t r a  f o r  s e v e r a l  A s-  o r  P -d op ed  S i : F : H  a l ­

l o y s  and t h e  t h e r m a l l y  a n n e a l e d ,  B -d o p e d  S i :H  a l l o y s .  

The r e s u l t s  o f  r e f l e c t a n c e  s p e c t r a  and im a g in a ry  p a r t  

o f  d i e l e c t r i c  f u n c t i o n  f o r  a l l  m easu re d  sp e c im e n s  

showed t h a t  t h e  sam ples  o f  h e a v i l y  P- o r  A s-doped  

S i :F :H  a l l o y  have  formed a /ic  s t r u c t u r e  o f  Si  and t h e  

sample  o f  t h e r m a l l y  an nea led  B -d o p e d  S i - : H  a l l o y s  

showed a  h i g h  d e g r e e  o f  c r y s t a l l i n i t y  ( l a r g e  yuc s t r u c ­

t u r e ) .  The t h e r m a l  a n n e a l i n g  im p r o v e s  t h e  d e g r e e  o f  

c r y s t a l l i n i t y .  The unannea led  a - S i : H ^ B )  shows a s i n g l e  

bump f o r  £=,(60; , c h a r a c t e r i s t i c  o f  a - S i .
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The c h a n g e  o f  t h e  s h o r t  ran g e  o r d e r  h a s  a  s h i f t

th e  j o i n t  d e n s i t y  o f  s t a t e s .  I t  sh o u ld  a l s o  a l t e r  t h e

o p t i c a l  t r a n s i t i o n  m a t r i x  e l e m e n t s .  Most l i k e l y  t h e s e  

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

h e ig h t  o f  t h e  6-2(c*>) p e a k .  Ve a p p l i e d  t h e  sum r u l e  t o

th e  €r2 (CO) s p e c t r a  t o  c a l c u l a t e  t h e  e f f e c t i v e  number n

(E) o f  e l e c t r o n s  p e r  S i  atom which have  b e e n  e x i c t e d  a t  

g iven  e n e r g y  E. The e x p r e s s i o n  f o r  t h e  sum r u l e  i s  

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

where m i s  t h e  r e s t  mass o f  e l e c t r o n ,  e i s  t h e  c h a r g e  

o f  e l e c t r o n  and  N i s  t h e  d e n s i t y  o f  Si  c r y s t a l .

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

s t r u c t u r e  o f  am orphous  and c r y s t a l l i n e  S i  a r e  d i c u s s e d  

i n  c h a p t e r  I I .  Ve were  i n t e r e s t e d  i n  some o f  t h e  e l e c ­

t r o n i c  and  v i b r a t i o n a l  p r o p e r t i e s  o f  a - S i  a l l o y s .  

T h e r e f o r e ,  we d e s c r i b e d  some o f  t h e  p r o b le m s  and new 

developm ent  o f  a - S i  s e m ic o n d u c t o r s  i n  r e c e n t  y e a r s .  The 

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

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

p r e s e n c e  o f  m i c r o c r y s t a l l i n e  s t r u c t u r e  o f  s i l i c o n .  We 

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

c o n d u c t io n  o f  a - S i  s e m ic o n d u c t o r s  i n  t h i s  c h a p t e r .

I n  c h a p t e r  I I I ,  s e c t i o n  1 g i v e  t h e  c h a r a c t e r i s ­

E
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t i c s  we d e s c r i b e  t h e  sa m p le  p r e p a r t i o n  metnod and  o f  
th e  specimen. A g e n e r a l  d e s c r i p t i o n  o f  th e  th e o r y  o f

Raman s c a t t e r i n g  i s  g i v e n  i n  s e c t i o n  2 .  The e x p e r i m e n ­

t a l  s e t u p  and d e t a i l s  a b o u t  Raman s c a t t e r i n g  s p e c t r o s ­

copy, r e s u l t s  and i n t e r p r e t a t i o n  a r e  a l s o  given i n  t h i s  

s e c t i o n .  S e c t io n  3 g i v e s  a  g e n e r a l  d e s c r i p t i o n  o f

e l e c t r o r e f l e c t a n c e  (EER) t h e o r y ,  t h e  EER e x p e r i m e n t a l  

s e t  up,  th e  EER e x p e r i m e n t a l  r e s u l t s  and d a ta  i n t e r p r e ­

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

e x p e r im e n ta l  t e c h n i q u e ,  r e s u l t s  and d a t a  i n t e r p r e t a t i o n  

a r e  d e s c r ib e d  i n  t h e  l a s t  s e c t i o n  o f  c h a p t e r  I I I *

I n  c h a p te r  IV we su m m ar ize  a l l  o f  t h e  r e s u l t s  o f

t h e  o p t i c a l ,  m o d u l a t e d  o p t i c a l  and Raman s c a t t e r i n g  

s t u d i e s .  We d i s c u s s  a l l  o f  t h e  r e s u l t s  which have b e e n  

o b ta in e d  by t h e s e  t h r e e  e x p e r i m e n t a l  t e c h n iq u e s .  The 

c o n c lu s io n s  o f  t h i s  i n v e s t i g a t i o n  a r e  a l s o  g i v e n  i n

c h a p t e r  IV.



CHATTER II AMORPHOUS SILICON SEMICONDUCTORS

D u r i n g  t h e  l a s t  few y e a r s  i n t e r e s t  i n  t h e  f u n d a ­

m enta l  and a p p l i e d  a s p e c t s  o f  amorphous s e m i c o n d u c t o r s  

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

th e  c o n s e n u s  o f  t h o u g h t  on t h e  n a t u r e  o f  t h e  s a l i e n t  

p r o p e r t i e s  o f  am o rp ho u s  s i l i c o n  ( a - S i )  s e m i c o n d u c t o r s .  

Ve g i v e  a  b r i e f  h i s t o r i c a l  su rv ey  o f  t h e  work and  t h e  

p r e s e n t  i n t e r e s t  i n  t h e  a - S i  s e m i c o n d u c t o r s .  Ve would  

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

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

c r o c r y s t a l l i n e  s i l i c o n  ( p.c - S i )  a l l o y s .  T h e o r e t i c a x  

c o n s i d e r a t i o n s  a n d  i m p o r t a n t  b a ckg rou n d  i n f o r m a t i o n  on 

a - S i  and j u c - S i  a l l o y  s y s te m s ,  e s p e c i a l l y  t h e i r  e l e c ­

t r o n i c ,  and v i b r a t i o n a l  p r o p e r t i e s  a r e  p r e s e n t e d .

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

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

in  t h r e e  d i m e n s i o n s .  Amorphous s e m i c o n d u c t o r s  i n  g e n ­

e r a l  do n o t  h a v e  a  d e f i n i t e  a r r a n g e m e n t  a o f  p e r i o d i c  

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

o rd e r (S R O ) .  The s h o r t  ran ge  o r d e r  i s  c h a r a c t e r i z e d  by 

t h e  n e a r e s t  n e i g h b o r  a to m s .

I n  c r y s t a l l i n e  m a t e r i a l  t h e  e l e c t r o n i c  s t a t e s  c a n  

be d e s c r i b e d  by B l o c h  f u n c t i o n s .  Because  am orphous  sem­

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

s t a t e s  c a n n o t  b e  d e s c r i b e d  by Bloch s t a t e s .  I t  i s  d i f ­

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

s t a l l i n e  p e r i o d i c i t y .  However, f o r  t h o s e  amorphous ma­

t e r i a l s  w i t h  t h e  same s h o r t - r a n g e  o r d e r  a s  in  a  

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

s t a t e s  o f  t h e  fo rm er  can  be  e s t i m a t e d  f rom  th e  l a t t e r  

by t h e  i n t r o d u c t i o n  o f  a  n o n - k - c o n s e r v i n g  p e r t u r b a t i o n .  

T h is  p e r t u r b a t i o n  d e s t r o y s  b o t h  t h e  v a l i d i t y  o f  k us a 

good quan tum  number and t h e  c o n c e p t s  o f  a  B r i l l o u i n  

z o n e .  I n  a d d i t i o n ,  i t  removes t h e  Van Hove s i n g u l a r i ­

t i e s  f rom  t h e  d e n s i t y  o f  s t a t e s  a n d ,  m o s t  i m p o r t a n t  o f  

a l l ,  i t  r e n d e r s  B l o c h ' s  th e o re m  i n v a l i d .

A p p l i c a t i o n  o f  a  n o n - k - c o n s e r v i n g  p e r t u r b a t i o n  t o  

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

c l e a r l y  w i l l  s h i f t  s t a t e s  f rom  t h e  v a l e n c e  and conduc­

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

t a i l s .  T h e r e  have  a l s o  b een  many t h e o r e t i c a l  s t u d i e s  o f  

t h e  e l e c t r o n i c  s t r u c t u r e  o f  a - S i  and a -G e ,  i n c l u d i n g  a  

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

p ha se  u n d e r  t h e  i n f l u e n c e  o f  s p e c i f i c  k i n d s  o f  d i s o r d  •
#2

e r .  Some o f  t h e  i n v e s t i g a t o r s ,  Ziman , Kramer and 

T re u sc h  43 , Cohen e t  a l .  ** and J o a n n o p o u l o s  e t  a l 45 

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

l a t e  t h e  d e n s i t y  o f  s t a t e s .  L a t e r  o n ,  S in g h 46 , Tanaka 
47and Tsu h av e  d e te rm in e d  t h e  v a r i o u s  k i n d s  o f  s p e c i f i c  

d i s o r d e r  on t h e  band s t r u c t u r e  o f  S i .  They c o n s id e r e d  

s m a l l  d i s t o r t i o n s ,  i n c l u d i n g  e x t e n s i o n s  and c o n t r a c -
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t i o n s  o f  bond l e n g t h s ,  v a r i o u s  bond  a n g l e  c h a n g e s ,  and 

d i h e d r a l  a n g l e  v a r i a t i o n s  from t h e  n o rm a l  c r y s t a l l i n e  

p h a s e  o f  S i .  The model which t h e y  u s e d  was a  r e a l i s t i c  

t i g h t - b i n d i n g  H a m i l t o n ia n  i n c l u d i n g  t h i r d  n e a r e s t  

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

o f  amorphous S i .  A number o f  m o d e l s  s u c h  a s  t h e  s t r u c  

t u r a l ,  c o m p o s i t i o n a l ,  c e l l u l a r ,  q u a n t i t a t i v e ,  and to p o ­

l o g i c a l  have  b e e n  i n v e s t i g a t e d .  The model  o f  p u r e l y  t o ­

p o l o g i c a l  d i s o r d e r ,  a s  r e p r e s e n t e d  by t h e  H a m i l to n ia n  

u s e d  by V e a i r e  and Thorpe*1® ^ r e s u l t s  i n  a  d e s c r i p t i o n  

o f  t h e  b e h a v i o r  o f  bands  and band g a p s  i n  t e t r a h e d r a l l y  

b o n d e d  s e m ic o n d u c t o r  s i l i c o n .  A H a m i l t i o n i a n

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

g e s t e d  by Anderson^* p r o v i d e s  t h e  k e y  f o r  t h e  u n d e r ­

s t a n d i n g  o f  e l e c t r o n  l o c a l i z a t i o n  i n  a  d i s o r d e r e d  s y s ­

t e m .  These  i d e a l i z e d  models a r e  u s e d  a s  a  s k e l e t a l  

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

a - S i  s e m i c o n d u c t o r s .

I o f f e  and R e g e l  1 have s t a t e d  t h e  e m p i r i c a l  r u l e  

t h a t  amorphous s e m ic o n d u c t o r s  r e t a i n s  i t s  s e m ic o n d u c t ­

i n g  p r o p e r t i e s  i n  s p i t e  o f  t h e  d e s t r u c t i o n  o f  t h e  LRO 

i f  t h e  n o n - c r y s t a l l i n e  phase  c o n s e r v e s  t h e  SRO p r e s e n t  

i n  t h e  r e l a t e d  s e m ic o n d u c t i n g  c r y s t a l .  The s h o r t  range  

o r d e r  was c h a r a c t e r i z e d  by t h e  num ber  o f  a toms i n ,  and 

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

The most  g e n e r a l l y  a c c e p t e d  s t r u c t u r a l  model  f o r



-  1 6  -

a - S i  i s  t h e  c o n t i n u o u s  random n e tw o r k  ( CRN ) due to  

Polk  3 . A s c h e m a t i c  o f  CRN m o d e l  i s  shown i n

F i g . ( 2 . 1 ) 52 . A c c o r d i n g  t o  t h i s  m o d e l ,  a - S i  c o n s i s t s  o f

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

i n t e r l i n k e d  a to m s .  The SRO about  e a c h  a to m  r e s u l t s  from 

t h e  same c h e m i c a l  bond  a s  in  c - S i .  The s t r u c t u r e  o f  

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

f e a t u r e s :  (1 )  e a c h  a tom has  e q u a l  c o o r d i n a t i o n ;  (2)  

bond a n g l e  d e v i a t i o n  i s  a l lowed ; v3) t h e r e  a r e  no d an ­

g l i n g  b o n d s ;  (4> t h e  bond ang le  i s  m i n i m i z e d .  The r a n ­

dom c h a r a c t e r  o f  t h e  ne twork  r e s u l t s  f r o m  a  s t a t i s t i c a l  

d i s t r i b u t i o n  o f  d i h e d r a l  an g le  and bond  a n g l e .  The 

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

bonds  e m a n a t i n g  f ro m  two n e a r e s t  n e i g h b o r s  and has  been  

d i s c u s s e d  by M o t t  and Davis 33 . T he  CRN model

r e p r e s e n t s  an i d e a l  s t r u c t u r e  f o r  a - S i  w h i c h  i s  f r e e  o f  

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

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

t h e  g a p  s t a t e s  i n  a - S i .  In  c r y s t a l l i n e  m a t e r i a l s  each  

e l e c t r o n  c an  be d e s c r i b e d  by a  B l o c h  wave  f u n c t i o n .  

Mott  a n d  D a v is  33 have  shown, h o w e v e r  t h a t  i t  i s  n o t  

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

S c h r o d i n g e r  s o l u t i o n  must  e x i s t .  T h e r e f o r e ,  a  common 

c o n c e p t  w h ic h  can  be  c a r r i e d  over  f ro m  c - S i  t o  a - S i  i s  

t h e  d e n s i t y  o f  s t a t e s  I DOS ) .  The DOS c a n  be d e t e r ­

mined e x p e r i  men r a l l y  by s o f t  x - ra y  e m i s s i o n  and a b s o r p ­
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t i o n ,  x - r a y  p h o t o - e l e c t r o n  e m i s s i o n ,  UV s p e c t r o s c o p y 5* 

“5® e t c .  G e n e r a l l y  s p e a k i n g ,  t h e  DOS i n  a - S i  d oes  n o t  

d i f f e r  g r e a t l y  f rom  t h a t  o f  c - S i  e x c e p t  t h a t  t h e  f i n e  

f e a t u r e s  may be  sm eared  o u t 5^ , and some l o c a l i z e d  

s t a t e s  may a p p e a r  i n  t h e  e n e rg y  gap i n  a - S i .  One o f  

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

gap o f  amorphous s e m i c o n d u c t o r s  was g iv e n  by Gubanov**®, 

who s u g g e s t e d  t h a t  t h e  c o n d u c t i o n  and v a l e n c e  band 

edges  t a i l e d  i n t o  t h e  g a p  and t h a t  i n  t h e  t a i l s  t h e  

s t a t e s  were  l o c a l i z e d  i n  s p a c e .  L a t e r ,  Cohen e t  a l . ^ *  

i n t r o d u c e d  t h e  C o h e n - F r i t z s c h e - O v s h i n s k y   ̂ CFO ) model 

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

ex tended  t h a t  t h e y  o v e r l a p p e d  n e a r  t h e  c e n t e r  o f  t h e  

g ap .  They assumed t h a t  t h e  t a i l  s t a t e s  e x t e n d  a c r o s s  

t h e  gap i n  a  s t r u c t u r e l e s s  d i s t r i b u t i o n .  T h is  g e n e r a l  

g r a d u a l  d e c r e a s e  i n  t h e  num ber  o f  l o c a l i z e d  s t a t e s  d e s ­

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

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

t a i l s  l e a d s  t o  a n  a p p r e c i a b l e  DOS in  t h e  m id d le  o f  t h e  

g a p .  One c o n se q u e n c e  o f  t h e  band o v e r l a p  i s  t h a t  t h e r e  

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

which have h i g h e r  e n e r g i e s  t h a n  s t a t e s  i n  t h e  co nduc­

t i o n  band t h a t  a r e  o r d i n a r i l y  u n f i l l e d .  A r e d i s t r i b u ­

t i o n  o f  t h e  e l e c t r o n s  m us t  t a k e  p l a c e ,  fo r m in g  f i l l e d  

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

c h a r g e d ,  and empty s t a g e s  i n  t h e  v a le n c e  band which  a r e
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p o s i t i v e l y  c h a r g e d .  Thus,  s e l f - c o m p e n s a t i o n  p i n s  t h e  

Fermi l e v e l  c l o s e  t o  t h e  m idd le  o f  t h e  g a p .  However ,  

one o f  t h e  m a j o r  o b j e c t i o n s  a g a i n s t  t h e  CFO m odel  had 

t o  do w i t h  t h e  o b s e r v e d  h ig h  t r a n s p a r e n c y  o f  t h e  amor­

phous c h a l c o g e n i d e s  below a  w e l l - d e f i n e d  a b s o r p t i o n
53e d g e .  T h e r e f o r e  D a v i s  and Mott p r o p o s e d  t h a t  t a i l s  o f  

l o c a l i z e d  s t a t e s  s h o u l d  be r a t h e r  n a r ro w  and  s h o u l d  e x ­

te n d  o n ly  a  f e w  t e n t h s  o f  an e l e c t r o n  v o l t  i n t o  t h e  

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

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

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

v o i d s ,  v a c a n c i e s ,  and d a n g l i n g  b o n d s .  T h i s  m odel  i s  

c a l l e d  t h e  D a v i s - M o t t  modex53 . The band a t  m i d - g a p  may 

be s p l i t  i n t o  d o n o r  s t a t e s  and a c c e p t o r  s t a t e s ,  w h ich  

would a l s o  p i n  t h e  Fermi l e v e l .  T h i s  i s  c a l l e d  t h e  

m o d i f i e d  D a v i s - M o t t  model . The d e n s i t y  o f  s t a t e s  i s  

i l l u s t r a t e d  f o r  t h e  CFO model i n  F i g .  ( 2 . 2 a ) ,  f o r  t h e  

D a v i s - M o t t  m o d e l  i n  F i g .  ( 2 . 2 b ) ,  and f o r  t h e  m o d i f i e d  

D a v i s - M o t t  m o d e l  i n  F i g . ( 2 . 2 c ) .  F i g . ( 2 . 2 d )  i l l u s t r a t e  

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

f i g u r e s ,  t h e  s t a t e s  a r e  l o c a l i z e d  f o r  E v < E < Ec and 

e x t e n e d  e l s e w h e r e .  I n  F ig .  ( 2 .2 b )  f o r  e n e r g i e s  abo v e  Ec 

and be lo w  E v t h e  e l e c t r o n  wave f u n c t i o n s  e x t e n d  

t h r o u g h o u t  t h e  m a t e r i a l  so t h a t  t h e s e  s t a t e s ,  d e n o te d  

by E, a r e  e x t e n d e d  s t a t e s .  The s t a t e s  b e t w e e n  Ec and 

2 a (shown s h a d e d  in  th e  f i g u r e )  a r e  x o c a l i z e d  s t a t e s .



These  marked T be tw een  E and E .  and be tw een  Ev andc
Ejj&re th o u g h t  t o  a r i s e  b e c a u s e  o f  t h e  l ac k  o f  LRO and 

a r e  c a l l e d  t a i l  s t a t e s .  The s t a t e s  d e n o te d  by D a r i s e  

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

d e p e n d s  c r i t i c a l l y  on t h e  m e tho d  u sed  t o  p r e p a r e  t h e  

amorphous f i l m .  M o t t53 a l s o  s u g g e s t e d  t h a t  a t  t h e  

t r a n s i t i o n  from l o c a l i z e d  s t a t e s  t o  e x te n d e d  s t a t e s  th e  

m o b i l i t y  sh o u ld  i n c r e a s e  by s e v e r a l  o r d e r s  o f  magni­

t u d e ,  p r o d u c i n g  a  m o b i l i t y  e d g e .  The i n t e r v a l  be tw een  

t h e  e n e r g i e s  Ec and Ey a c t s  a s  a  p se u d o g a p  and i s  de­

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

e v i d e n c e  h as  shown62 t h a t  v a r i o u s  l o c a l i z e d  gap  s t a t e s  

e x i s t  which a r e  l o c a t e d  a t  w e l l - d e f i n e d  e n e r g i e s  i n  th e  

g a p .  These  s t a t e s  a r e  a s s o c i a t e d  w i t h  d e f e c t s ,  t h e  na ­

t u r e  o f  which  i s  n o t  a lw a y s  known. For m ost  o f  th e  

am orphous  s e m ic o n d u c t o r s  p r e p a r e d  by f a s t  d e p o s i t i o n  

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

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

w h ic h  may be examined by e l e c t r o n  s p i n  r e s o n a n c e  ( ESR

The Dundee g rou p 63 were  s t i m u l a t e d  by t h e  new 

c o n c e p t s  and i d e a s  t h a t  had b e e n  i n t r o d u c e d  by Mott  and 

o t h e r s  and t h e  i n i t i a l  aim o f  t h e i r  work in  19 6 8  was to  

p r o v i d e  some r e a s o n a b l y  c o n c l u s i v e  e x p e r i m e n t a l  t e s t s  

o f  t h e  p ro p o se d  models  and t r a n s p o r t  m echan ism s .  A f t e r  

i n v e s t i g a t i n g  e v a p o r a t e d ,  s p u t t e r e d  and glow d i s c h a r g e
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f i lm s  o f  a - S i ,  t h e y  c o n c l u d e d  a t  th e  e a r l y  s t a g e  o f  t h e  

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

n ique  v u s  t h e  m o s t  p r o m i s i n g  a p p ro a c h  f o r  t h e i r  p u r ­

p ose .  I t  l e d  t o  m a t e r i a l  i n  which  th e  b a s i c  p r o p e r t i e s  

o f  th e  am o rp ho u s  p h a s e  were  n o t  obscured  by t h e  p r e s ­

ence o f  h i g h  d e n s i t y  o f  s t a t e s .  For  t h i s  r e a s o n ,  s i n c e  

1969, some o f  t h e  i n v e s t i g a t o r s  c o n c e n t r a t e d  t h e i r  e f ­

f o r t s  on t h e  d e v e l o p m e n t  o f  t h e  plasma g low d i s c h a r g e  

d e c o m p o s i t i o n  m e th o d  f o r  t h e  p r e p a r a t i o n  o f  a - S i  t h i n  

f i l m s .

The f i r s t  e l e c t r o n  d r i f t  m o b i l i t y  r e s u l t s  on g low 

d i s c h a r g e  a - S i  w e re  p u b l i s h e d  by Spear and Le Comber6  ̂

i n  1970. From t h e  t e m p e r a t u r e  dependence o f  t h e  d r i f t  

m o b i l i t y  and c o n d u c t i v i t y  t h e y  came t o  t h e  c o n c l u s i o n  

t h a t  above a b o u t  2 5 0  °K e l e c t r o n s  p r o p a g a te  i n  t h e  e x ­

tended  s t a t e s  w i t h  m o b i l i t y  between 1 a n d  10 cm^V- * 

S ec”1 . Below t h a t  t e m p e r a t u r e ,  phonon a s s i s t e d  h o p p i n g  

th ro u g h  l o c a l i z e d  s t a t e s  n e a r  t h e  bot tom o f  t h e  band 

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

c r e a s i n g  t e m p e r a t u r e ,  t h e  c o n d u c t i o n  pa th  moves t o w a r d s  

t h e  Fermi l e v e l .  T h i s  i n t e r p r e t a t i o n s ,  which s u p p o r t e d  

some o f  M o t t ' s  b a s i c  i d e a s ,  a p p e a r s  t o  have  s t o o d  t h e  

t e s t  o f  t i m e .

A l th o u g h  b a n d  t a i l s  can have  very s i g n i f i c a n t  e f ­

f e c t s  on t h e  e l e c t r o n i c  p r o p e r t i e s  of  a m o rp ho u s  sem­

i c o n d u c t o r s  and  t h e  breakdown o f  th e  s e l e c t i o n  r u l e  can
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s e r i o u s l y  modify t h e  o p t i c a l  p r o p e r t i e s ,  t h e  p r e s e n c e  

o f  d i s o r d e r  has  much more p r o fo u n d  con seq u e n ce  f o r  

t r a n s p o r t .  S in c e  B lo ch  s t a t e s  i n  c r y s t a l l i n e  m a t e r i a l s  

e x te n d  th ro u g h  t h e  c r y s t a l ,  f r e e  c a r r i e r s  a r e  s c a t t e r e d  

only  by d e v i a t i o n s  f rom p e r i o d i c i t y .  j.n t h e  a b sen c e  o f  

l o n g  r a n g e  o r d e r ,  i t  i s  p o s s i b l e  t h a t  v a l e n c e  and con ­

d u c t i o n  e l e c t r o n i c  s t a t e s  a r e  l o c a l i z e d  in  t h e  v i c i n i t y  

o f  a  p a r t i c u l a r  a tom.

Cohen e t  a t . 61 assumed t h e  e x i s t e n c e  o f  band t a i l s  

and m o b i l i t y  ed g es  f o r  amorphous s i l i c o n ,  t h u s  y i e l d ­

in g  a  f i n i t e  d e n s i t y  o f  s t a t e s  a t  t h e  Fermi e n e r g y ,  g(E 

) .  They a l s o  assumed t h a t  a l l  a toms l o c a l l y  s a t i s f i e d  

t h e i r  c h e m ic a l  v a l e n c e  r e q u i r e m e n t s ,  t h u s  p r e c l u d i n g  

t h e  e x i s t a n c e  o f  s h a r p  bumps w i t h i n  t h e  m o b i l i t y  g a p ,  

a s  o c c u r s  i n  doped c r y s t a l l i n e  s e m ic o n d u c t i o n s  T h e i r  

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

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

E x te n s i v e  band t a i l s  s h o u ld  be an  e v i d e n t  in  o r ­

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

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

t o  l i g h t  o f  f r e q u e n c y  be low t h a t  o f  energy  gap ,  and 

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

p h o to n  f r e q u e n c i e s  above t h e  g a p .  I t  m ig h t  be e x p e c te d  

t h a t  i f  t h e r e  e x i s t  band t a i l  s t a t e s ,  t h e  o p t i c a l -  

a b s o r p t i o n  c o e f f i c i e n t  sh o u ld  b e g in  t o  i n c r e a s e  w i th  

p ho ton  f r e q u e n c i e s  w e l l  be low th e  m o b i l i t y  gap,  and
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t h i s  i n c r e a s e  s h o u ld  n o t  be as  s h a r p  a s  i n  t h e  c a s e  of  

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

E x p e r i m e n t a l  i n f o r m a t io n  on g a p  s t a t e  d i s t r i b u ­

t i o n  was e v i d e n t l y  o f  c o n s i d e r a b l e  i m p o r t a n c e .  S pe a r  e t  

a l . ^  d e v e l o p e d  a  f i e l d  e f f e c t  t e c h n i q u e  f o r  t h i s  p u r ­

p o se .  They c a r r i e d  o u t  a f a i r l y  d e t a i l e d  s t u d y  o f  th e  

o p t i c a l  and  p h o to c o n d u c t iv e  p r o p e r t i e s  o f  glow 

d i s c h a r g e  a - S i .  The most s t r i k i n g  f e a t u r e  b r o u g h t  out  

by t h e  e a r l y  f i e l d  e f f e c t  work was t h e  r e m a r k ly  low 

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

glow d i s c h a r g e  a - S i  d e p o s i t e d  a t  s u b s t r a t e  t e m p e r a t u r e  

a round  250 °C .  D e n s i ty  o f  s t a t e s  g ( E )  i n  t h e  c e n t e r  o f  

t h e  gap  a p p e a r e d  t o  be a t  l e a s t  two o r d e r s  o f  m agn i tu d e  

lower  t h a n  i n  e v a p o r a t e d  or s p u t t e r e d  a - S i .  The f a i l u r e  

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

o f  s t a t e s  i n  t h e  energy gap.  I n  1975 I»e Comber and 
63-65Spea r  showed t h e  e l e c t r o n i c  p r o p e r t i e s  o f  a - S i  cou ld  

be c o n t r o l l e d  by s u b s t i t u t i o n a l  d o p i n g  i n  a  s y s t e m a t i c  

way o v e r  a  r e m a rk a b ly  wide ran g e .  The p o s s i b i l i t y  o f  

s u b s t i t u t i o n a l  d o p in g  has removed one o f  t h e  main l i m i ­

t a t i o n s  and opened up an e x c i t i n g  new f i e l d  f o r  f u n d a ­

m en ta l  and  a p p l i e d  deve lopm ents .  The i n f o r m a t i o n  on 

t h e  n a t u r e  and s t r u c t u r e  of  the  d e f e c t s  i n  t e t r a h e d r a l -  

ly  c o o r d i n a t e d  amorphous m a t e r i a l s  o b t a i n e d  by Brodsky 

and h i s  c o l l e a g e u s 62 , P a u l ' s  g ro u p 6 6 , S t u k e  and h i s  

c o l l a b o r a t o r s  62 . Brodsky e t  a i . 6it had s u g g e s t e d  t h a t
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one o f  t h e  rea son s  f o r  t h e  p r o m i s i n g  p r o p e r t i e s  o f  glow 

d i s c h a r g e  a -S i  might  be th e  i n c o r p o r a t i o n  o f  hydrogen 

wh ich  s e r v e s  t o  s a t u r a t e  d a n g in g  b o n d s  d u r i n g  growth.  

The m ost  im p o r ta n t  d ev e lo p m en t  i n  t h i s  d i r e c t i o n  was 

r e p o r t e d  by th e  work o f  Lewis e t  a l . 68 a t  Harvard in  

1974 on i n f l u e n c e  o f  th e  h y d ro g e n  a to m  o f  s p u t t e r e d  a -  

Ge f i l m s .  In  1976 Pau l  and h i s  c o l l e a g u e s  were a b le  to  

s h o w 69 t h a t  th e  a d d i t i o n  o f  h y d r o g e n  t o  th e  Argon 

s p u t t e r i n g  gas  has a  d r a s t i c  e f f e c t  on  t h e  e l e c t r o n i c  

p r o p e r t i e s  o f  th e  s p u t t e r e d  a - S i  t h i n  f i l m s .  The hy­

d r o g e n a t e d  amorphous s i l i c o n  ( a - S i : H  ) m a t e r i a l s  can 

now b e  doped w i th  r e a s o n a b l e  e f f i c i e n c y  by t h e  a d d i t i o n  

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

c o n t r i b u t e d  t o  t h e  p r e s e n t  a p p l i e d  i n t e r e s t  in  a - S i  

s e m i c o n d u c t o r s .  The r o l e  o f  h y d r o g e n  i n  amorphous sem­

i c o n d u c t o r s  has  s t i m u l a t e d  a  g r e a t  d e a l  o f  e x p e r im e n ta l  

w o rk .  V a r io u s  methods o f  i n c o r p o r a t i n g  hydrogen  in  a -  

S i  h a v e  been  examined.

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

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

E s s e n t i a l l y  f i v e  t e c h n i q u e s  have  b e e n  u sed  t o  d a t e ,  

s u c h  a s  (a )  p lasma glow d i s c h a r g e  d e p o s i t i o n ,  (b) RP 

s p u t t e r i n g ,  (c )  ion i m p l a n t a t i o n ,  ( d )  t h e r m a l  d i f f u s i o n  

h y d r o g e n a t e d  p r o c e s s  and ( e )  c h e m i c a l  v a p o r  d e p o s i t i o n  

(CVD) f o r  th e  p r e p a r a t i o n  o f  doped  a - S i  s e m ic o n d u c to r s .  

However ,  th e  glow d i s c h a r g e  t e c h n i q u e  has  r e c e iv e d  a
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c o n s i d e r a b l e  amount o f  a t t e n t i o n  in  r e c e n t  y e a r s  s i n c e  

i t  was used  in  t h e  f i r s t  s u c c e s s f u l  d o p i n g  e x p e r i m e n t s  

on a - S i  and a-Ge by S p e a r  and Le Comber65 i n  1975* 

Thin f i l m  s p e c im e n s  o f  a -S i  o r  a-Ge were formed by 

decomposing  t h e  c o r r e s p o n d i n g  h y d r i d e s  s i l a n e  (SiH^ ) 

o r  germane (GeH^ ) in  a r a d i o  f r e q u e n c y  f i e l d ,  The 

power l e v e l  i s  s m a l l ,  t y p i c a l l y  a  few w a t t s ,  and f r e ­

q u e n c i e s  b e tw een  1 and 100 MHz have been  t r i e d .  The 

e l e c t r o n i c  p r o p e r t i e s  o f  d e p o s i t e d  sp e c im e n s  a r e  c r i t i ­

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

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

r a t e s  and p a r t i a l  p r e s s u r e  o f  mixed g a s e s ,  power l e v e l  

o f  RF, t h e  b i a s  on sp e c im en s  and o t h e r  s u r f a c e s ,  d o p in g  

ty p e  and l e v e l ,  e t c .  Doping from t h e  g a s  p h a se  can be 

a c h ie v e d  by a d d in g  p h o sp h in e  (PH3 ) o r  d i b o r a n e  ( B 2 H6 ) 

t o  t h e  s i l a n e .  The room t e m p e r a tu re  c o n d u c t i v i t y  o f

a - S i  p r e p a r e d  i n  t h i s  way i s  shown i n  F i g . ( 2 .3 ^  as  a  

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

t h i s  i s  t h e  r a t i o  o f  t h e  number o f  p h o s p h in e  t o  t h e  

number o f  s i l a n e  m o l e c u l e s  in  t h e  g a s  m i x t u r e ,  w h e rea s  

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

i s  shown. I n  t h e  c e n t e r  o f  t h e  g r a p h ,  t h e  c o n d u c t i v i -
—8 —19 —l -1t i e s  o f  10 t o  10 J1 cm a r e  r e p r e s e n t a t i v e  o f  u n ­

doped glow d i s c h a r g e  sp e c im en s .  The r e s u l t s  d e m o n s t r a t e

c l e a r l y  t h a t  6 ”̂  can  be c o n t r o l l e d  o v e r  some t e n  o r e d r s
-1 2  -2  -1 -1o f  m a g n i tu d e ,  f rom 10 t o  10 XI cm , w i t h  b o th  n -  and
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p - t y p e  d o p in g ,  as  t h e  Fermi l e v e l  i s  moved o v e r  a p p ro x ­

im a t e l y  1 .2  eV.

In  t h i s  p a r a g r a p h  we summarize  t h e  e l e c t r o n i c  c o -  

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

o f  s o l i d s .  The e l e c t r o n  d e n s i t y ,  n ( E ) , a t  a  p a r t i c u l a r  

energy  can  be e x p r e s s e d 53 i n  t e rm s  o f  t h e  d e n s i t y  o f  

s t a t e s ,  g ( E ) ,  a t  t h a t  energy  and t h e  F e r m i - D i r a c  d i s ­

t r i b u t i o n  f u n c t i o n ,  f ( E )

n (E)  -  g (E)  f  (E)   ------------------------------( 2 . 1 )

and

f ( E )  -  [ l  + e x p ( E - E p ) / K g T  J ~ 1 - - ( 2 . 2 )

i n  which Ep i s  t h e  Fermi e n e r g y .  I f  t h e  k i n e t i c  e n e r ­

g i e s  o f  e l e c t r o n  i s  r e s t r i c t e d  t o  be more th a n  a few 

KgT away from Ep , t h e n  we can  u se d  Boltzmann d i s t r i b u ­

t i o n  f u n c t i o n  t o  d e s c r i b e  t h e  occupancy o f  s t a t e s ,  so  

t h a t  n(E) becomes

n ( E )  -  g ( E ) e x p  [ - I E - E F ) / K BT ]  — ( 2 . 3 )

I n  a  m a t e r i a l  w i t h  m o b i l i t i e s  o f  t h e  o r d e r  1-10 cm-2 

./VSec, t h e  mean f r e e  p a th  becomes com p a rab le  w i th  l a t ­

t i c e  c o n s t a n t  — t h e  Bo„ltzmann e q u a t i o n  i s  no l o n g e r  

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

e l e c t r o n .  The c o n c e p t  o f  Anderson  l o c a l i z a t i o n  h as  

o f t e n  p l a y e d  a  key r o l e  in  t h e  i n t e r p r e t a t i o n  o f  t r a n ­

s p o r t  phenomena f o r  amorphous s e m i c o n d u c t o r s .  The
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v a l e n c e  and c o n d u c t io n  b a n d s  a r e  c o n s i d e r e d  to  have t h e  

s c h e m a t i c  form shown in  P i g . ( 2 . 2 ) ,  w i th  m o b i l i ty  edges  

s e p a r a t i n g  e x te n d e d  and l o c a l i z e d  s t a t e s ,  th e  l a t t e r  

m aking  no c o n t r i b u t i o n  t o  t h e  c o n d u c t i v i t y  6  a t  T=0°K. 

The l o c a l i z a t i o n  o f  e l e c t i o n s  by d i s o r d e r  has been s t u ­

d i e d  by A rd e rso n 51 . However,  t h e  g e n e r a l  e x p r e s s i o n  

f o r  t h e  c o n d u c t i v i t y 53 i s  t h e  Kubo-Greenwood fo rm u la ,  

f rom  which th e  Boltzmann e q u a t i o n  can  be d e r iv e d  in  t h e  

l i m i t  o f  lo n g  mean f r e e  p a t h .  When t h e  s t a t e s  in v o lv e d  

i n  t h e  c o n d u c t i v i t y  a r e  s e v e r a l  KgT above the  Fermi en­

e r g y ,  t h e  Kubo-Greenwood f o r m u l a  t a k e s  th e  form

6  -  J e / j ( E ) n ( E )  d E ---------------------- ---------------------( 2 . 4 )

where  / i(E) i s  t h e  m o b i l i t y  g a p .  The c o n t r i b u t i o n  t o  

t h e  c o n d u c t i v i t y  from t h e  e l e c t r o n  a t  any p a r t i c u l a r  

e n e rg y  i s  g iv e n  by:

f f (E)  -  e * i ( E ) n ( E ) -------------------------------------------- ( 2 . 5 )

f f (E)  -  e p ( E ) g ( E ) e x p ( - ( E - E f ) / K bT)---- ------ ( 2 . 6 )

A s i m i l a r  e x p r e s s i o n  can be w r i t t e n  f o r  t h e  h o le  con­

t r i b u t i o n .  We s h a l l  r e s t r i c t  t h e  d i s c u s s i o n  to  e l e c ­

t r o n  c a s e .  In  a  p u r e  c r y s t a l ,  g ( E )  i s  z e ro  w i t h i n  t h e  

e n e rg y  gap so t h a t  d(E)  w i l l  a l s o  be  z e r o  in  t h i s  e n e r ­

g y .  I n  t h e  amorphous c a s e  g (E )  i s  f i n i t e  th ro u g h o u t  t h e  

w ho le  energy ran g e  so  t h a t  we c a n  e x p e c t  c o n t r i b u t i o n s  

t o  t h e  c o n d u c t i v i t y  from each  o f  t h e s e  e n e r g i e s .  Prom
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E q . , 2 . 6 ;  i t  i s  c l e a r  t h a t  t h e  d e t a i l s  o f  th e  n o b i l i t y  

i n  th e  v a r i o u s  energy  r a n g e s  i s  a s  im p o r t a n t  as th e  

d e n s i t y  o f  s t a t e s  and t h e  occupancy  o f  t h o s e  s t a t e s  in  

d e t e r m i n i n g  th e  m ag n i tud e  o f  c o n d u c t i v i t y .

The t r a n s p o r t  p r o p e r t i e s  o f  amorphous sem iconduc­

t o r s  a r e  dom ina ted  by c a r r i e s  w i t h i n  KBT o f  th e  energy  

a t  the  m o b i l i t y  g ap .  Thus ,  t h e  l o c a l i z e d  s t a t e s  in  th e  

band t a i l s  n e a r  t h e  m o b i l i t y  gap  and t r a p p i n g  from t h e  

d e epe r  s t a t e s  p r e s e n t  a  s u b s t a n t i a l  i n f l u e n c e  to  e l e c ­

t r o n i c  c o n d u c t io n  p r o c e s s  i n  amorphous s e m ic o n d u c to r s .
*

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

s i o n  f o r  s e m ic o n d u c t io n  t r a n s p o r t  may s t i l l  be a p p l i c a ­

b l e ,  i . e .

6  -  Nc e y ieexpC-(Ec-EF)/K BT) + Nv e ^expC-CEp-E^/K gT}

--------------------------------------- ( 2 . 7 )

where Nc and Nv a r e  t h e  e f f e c t i v e  d e n s i t i e s  o f  s t a t e s  

i n  th e  c o n d u c t io n  and v a l e n c e  b a n d s ,  and a r e  t h e  

e l e c t r o n  and h o l e  m o b i l i t i e s  beyond th e  m o b i l i t y  e d g e s ,
t f

and Ec and Ev a r e  t h e  p o s i t i o n s  o f  t h e  c o n d u c t io n  and 

v a le n c e  band m o b i l ty  e d g e s ,  r e s p e c t i v e l y .  E q . ( 2 . 7 )  

would y i e l d  a l o g t f • v s .  T_1 p l o t  t h a t  i s  e i t h e r  a s i n ­

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

On the  o t h e r  hand ,  a d i f f u s e  m o b i l i t y  edge sh o u ld  y i e l d  

a  concave upward c u rv e  on a  p l o t  o f  l o g v s .  T"1 ,

r e f l e c t i n g  t h e  f a c t  t h a t  a t  lo w e r  t e m p e r a t u r e  the  con­
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d u c t i v i t y  i s  dom ina ted  by r e l a t i v e l y  low m o b ix i ty  c a r ­

r i e r s  much c l o s e r  t o  t h e  Permi ene rg y .

I f  t h e  s u g g e s t i o n  o f  Cohen e t  a l . ® 1 t h a t  a

f i n i t e  g (E F ) e x i s t s  i s  c o r r e c t ,  t h e  Fermi energy  would 

then  a p p ea r  t o  be p in n e d  i n  t h e  sen se  t h a t  c o n d u c t i v i t y  

v,ould be q u i t e  i n s e n s i t i v e  t o  s u b s t i t u t i o n  d o p in g  o r  t o  

th e  i n j e c t i o n  o f  e x c e s s  c a r r i e r s .  In  a d d i t i o n ,  t h e  

r e d i s t r i b u t i o n  o f  e l e c t r o n s  which sh o u ld  l e a v e  r e l a ­

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

s p i n s  t h e s e  would be e x p e c t e d  t o  be o b s e r v a b l e  in  e l e c ­

t r o n  s p i n  r e s o n a n c e  (ESR) e x p e r im e n t s  and a  C u r ie  t e rm  

i n  t h e  m a g n e t i c  s u s c e p t i b i l i t y .

•M ott70 hns p o i n t e d  o u t  t h a t  f o r  a s u f f i c i e n t l y  

l a r g e  g ( E p ) ,  p h o n o n - a s s i s t e d  hopping  among l o c a l i z e d  

s t a t e s  n e a r  E m igh t  w e l l  p r e d o m in a te s  b a n d - l i k e  c o n -r
t r i b u t i o n  beyond t h e  m o b i l i t y  edges a t  s u f f i c i e n t  low 

t e m p e r a t u r e s .  He f u r t h e r  s u g g e s t e d  t h a t  a t  very  low 

t e m p e r a t u r e s ,  when v e r y  few e n e r g t i c  phonons a r e  

p r e s e n t ,  such  h op p in g  c o n d u c t i o n  would i n v o l v e  ho p p in g  

beyond n e a r e s t  n e i g h b o r s .  Mott showed t h a t  f o r  t h i s
I

mechanism o f  v t h e  

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

6 -  <Tp exp  £ - ( T 0 / T )  1 A J -------------------------- - — ( 2 . 8 )

where (S’ and T0 a r e  c o n s t a n t s .  When E q ( 2 .8 )  i s  v a l i d ,
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a  lo g  <f v s .  T-1 p l o t  i s  concave  upward ,  b u t  a logtf
-1  /&v s .  T p l o t  sh o u ld  be l i n e a r .

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

ly  somewhat m uddles  th e  t e s t  f o r  th e  e x i s t a n c e  o f  s h a r p  

m o b i l i t y  e d g e s .  A l i n e a r  p l o t  o f  l o g 5  v s .  T -1 cou ld  

i n d i c a t e  e i t h e r  b a n d - l i k e  c o n d u c t io n  beyond a s h a r p  mo­

b i l i t y  edge o r  p h o n o n - a s s i s t e d  l o c a l i z e d  s t a t e s .  A l­

t e r n a t i v e l y ,  a  concave  upward l o g  v s .  T-1 p l o t  co u ld  

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

t h e  p red o m in an c e  o f  v a r i a b l e - r a n g e  hopp ing  c o n d u c t i o n .

M easu rem en ts  o f  f i e l d  e f f e c t  and e l e c t r o n  s p i n  

r e so n an c e  (ESR) have g i v e n  some e v i d e n c e 6 f o r  t h e  

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

r e c e n t l y  b e e n  n o t e d  t h a t  t h e  ESR s i g n a l  may a l s o  have 

c o n t r i b u t i o n  f rom d e f e c t  s t a t e s  i n  th e  c a s e  o f  a - S i  

f i l m s  p r e p a r e d  by ion-dam aged  c - S i  o r  by s p u t t e r i n g  

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

t o  t h e  m a t e r i a l ,  b u t  a r e  due t o  s t r u c t u r a l  d e f e c t s ,  b e ­

cau se  many d e f e c t  s t a t e s  e x i s t  i n s i d e  t h e  g a p .  Fo r  

t h i s  r e a s o n  one cou ld  n o t  c o n t r o l  th e  e l e c t r i c a l  p r o ­

p e r t i e s  o f  a - S i  by d o p in g  w i t h  i m p u r i t i e s .  F i r s t  o f  

a l l  we need  t o  r edu ce  t h e  l a r g e  numbers o f  d e f e c t s  

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

Spear  e t  a l . ^ ’65 have found  t h a t  a - S i  f i l m s  p r e p a r e d  

by t h e  d e c o m p o s i t i o n  o f  s i l a n e  gas u s i n g  a  glow 

d i s c h a r g e  p la s m a  had red u c ed  t h e  d e n s i t i e s  o f  d a n g l i n g
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16 1
bonds t o  u n d e t e c t a b l e  l e v e l s  (< 10 /cm ) .  For t h e s e  

f i l m s  ve can p r o c e e d  t o  change t h e  e l e c t r i c a l  p r o p e r ­

t i e s  by c o n t r o l l i n g  t h e  c o n c e n t r a t i o n  o f  e x t r i n s i c  

d o p a n t s .

C o n t r o l l i n g  t h e  e x t r i n s i c  d o p a n t s  changes t h e  

o p t i c a l  a s  w e l l  a s  e l e c t r i c a l  p r o p e r t i e s  o f  a - S i  f i l m s .  

For example ,  p h o t o l u m i n e s c e n c e ,  AC c o n d u c t i v i t y  and ESR 

a r e  a f f e c t e d .  I n  GDD-a-Si:H f i l m s  no ESR s i g n a l  h a s  

been  o b se rv ed  and n o r m a l  a c t i v a t e d  DC c o n d u c t io n  i s  

fo u n d .  S i m i l a r  p r o p e r t i e s  have been  o b s e r v e d  i n  m a t e r i ­

a l s  which a r e  p r e p a r e d  by s p u t t e r i n g  i n  an Ar/H a tm os­

p h e r e .  The main e f f e c t s  o f  t h e  hydrogen  i n c o r p o r a t e d  

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

bonds .  S t r e e t  e t  a l . 71 have d e m o n s t r a t e d  t h a t  i n  un­

doped a - S i :H  sp e c im en s  p r e p a r e d  und e r  v a r y i n g  d e p o s i ­

t i o n  c o n d i t i o n s ,  t h e  p h o to lu m in e s c e n c e  i n t e n s i t y  i s  

c o r r e l a t e d  w i th  t h e  s p i n  d e n s i t y .  I t  h a s  been deduced 

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

d e f e c t  s t a t e s  w i th  n o n z e r o  s p i n .  Bombardment o f  a - S i :H  

sam ples  by e i t h e r  h i g h  e n e r g y  e l e c t r o n s  o r  He ions  i n ­

t r o d u c e s  s t r u c t u r a l  d e f e c t s  t h a t  quench t h e  band edge 

l u m in e s c e n c e .  A n n e a l i n g  o f  bombarded a - S i  f i l m s  removes 

t h e  s t r u c t u r a l  d e f e c t s  , a s  shown by t h e  reduced ESR 

s i g n a l  and enhanced  lu m in e s c e n c e  i n t e n s i t y .  G e n e r a l ly  

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

f r e q u e n c y  r a n g e ,  AC c o n d u c t i v i t y  which i s  dependent  on



- 31 -

f r e q u e n c y  tO and i 3  g i v e n  a p p r o x i m a t e l y  by 6 kr =A Ws , 

where s<153 .

R e c e n t ly  a  new ty p e  o f  am orphous  a l l o y  based  on
o | o

a - S i : F : H  has  been  p ro d u ce d  by O v s h in s k y  e t  a l .  ’ T h is  

new a - S i : F : H  a l l o y  i s  h ig h ly  p h o t o c o n d u c t i v e  and 

p o s s e s s e s  a  r a t h e r  low DOS i n  t h e  u p p e r  h a l f  o f  t h e  

band gap  compared w i t h  a - S i :H .  Madan e t  a l .  have 

shown t h a t  f o r  a  g a s  r a t i o  ( S iF  :H ) < 10 th e  r e s u t -  

i n g  a l l o y  h as  a  low DOS and e x h i b i t s  h i g h  c o n d u c t i v i t y .  

They a l s o  found  t h a t ,  a s  t h e  r a t i o  o f  S iF  to  H d e ­

c r e a s e s  down t o  10 ,  t h e  p red o m in an t  t r a n s p o r t  mechanism 

ch an g e s  from a  v a r i a b l e - r a n g e  h o p p i n g  ty p e  c o n d u c t io n  

t o  a  w e l l - d e f i n e d  a c t i v a t e d  p r o c e s s  mechanism, in  t h e i r  

new a - S i : F : H  m a t e r i a l s  th e  DOS g (E )  d e c r e a s e s  r a p i d l y  

w i t h  d e c r e a s i n g  g a s  r a t i o .  The peak  i n  g (E)  which i s  

o b s e r v e d  in  t h e  a - S i : F : H  a l l o y  i s  a b s e n t  in  t h e s e  new 

a - S i : F : H  a l l o y s .  The DOS f o r  t h i s  new m a t e r i a l  in  t h e  

u p p e r  h a l f  o f  t h e  band gap i s  l o w e r  t h a n  in  a - S i : H .  

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

d e n s i t y  o f  l o c a l i z e d  s t a t e s  which a c t  a s  t r a p s ,  l e a d i n g  

t o  low v a l u e s  f o r  t h e  d r i f t  m o b i l i t y  and  low recombina­

t i o n  t im e s  f o r  t h e  f r e e  c a r r i e s .  S p e a r  and Le Comber^ 

have r e p o r t e d  t h a t  a - S i : H  f i l m s  p r o d u c e d  from s i l a n e  

g a s  by RF glow d i s c h a r g e  and d e p o s i t e d  on a  he a ted  su b ­

s t r a t e  have a  much r e d u c e d  DOS; a t  t h e  Fermi l e v e l  i t  
17 - 1  - li s  on ly  ^  10 cm eV • B ecause  o f  th e  low DOS, a -
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Si :H  f i l m s  can  be f a b r i c a t e d  s u c c e s s f u l l y ,  and n -  or 

p - t y p e  s e m ic o n d u c t o r s  doped w i t h  p h o s p h o r u s  ( o r  a r s e n i c  

) o r  b o r o n ,  r e s p e c t i v e l y ,  have been  s u c c e e d f u l l y  p r o ­

duced .

D u r in g  t h e  l a s t  two y e a r s ,  a  m i c r o c r y s t a l l i n e  ( 

;uc) p h a s e  o f  S i  ( p a r t i c l e  s i z e  ^ 2 0  A -  60 A) has  been 

found  i n  S i : F : H  a l l o y s 2**-2® . The p o s s i b i l i t y  o f  con­

t r o l l a b l e  j jc  d e p o s i t i o n  i s  o f  g r e a t  i n t e r e s t  from both  

a b a s i c  and a p p l i e d  p o i n t  o f  v i e w .  i t  would p e r m i t  an 

e x t e n s i o n  o f  fu n d a m e n ta l  s t u d i e s  o f  e l e c t r o n i c  p r o p e r ­

t i e s  o f  s e m ic o n d u c t o r s  j u s t  beyond t h e  amorphous phase 

a s  a  f u n c t i o n  o f  s t r u c t u r a l  o r d e r i n g ,  i t  a l s o  has  con­

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

t i o n  o f  / i c - S i  a s  c o n t a c t  i n t e r l a y e r s  i n  s o l a r  c e l l .  

The p r e p a r a t i o n  o f  ^uc-Si t h i n  f i l m s  v i a  c h e m ic a l  t r a n ­

s p o r t  (CT) i n  a  hydrogen p lasm a was r e p o r t e d  in  1968 by
22Veprek and Mareck . R e c e n t ly  ^ i c - S i  h a s  been  produced

by d e p o s i t i o n  from s i l a n e  d i l u t e d  t o  a  few mole by

h y d ro g en  g a s  i n  a  glow d i s c h a r g e  o p e r a t i n g  a t  h ig h  RF 

power l e v e l .  I t  i s  a l s o  known t h a t  t h e  p r e s e n c e  o f  a

h ig h  c o n c e n t r a t i o n  o f  d o p a n t s ,  su c h  a s  p h o sp h o ru s  and

a r s e n i c ,  can  c a u se  c r y s t a l l i z a t i o n  due  t o  a  c a t a l y t i c  

e f f e c t  on t h e  f o r m a t io n  o f  n u c l e i  w i t h  t h e  diamond l a t ­

t i c e .  Veprek  and Mareck have i n v e s t i g a t e d  t h e  a - S i  and 

j i c - S i  a l l o y s  p roduced  in  a  SiH^ d i s c h a r g e  p lasm a  under 

a v a r i e t y  o f  c o n d i t i o n s .  The low l i m i t  f o r  th e  c r y s t a l ­
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l i t e  s i z e  i s  30 X f o r  s t r e s s -  f r e e  / i c - S i  .

Sp e a r  e t  al.®* h a v e  i n v e s t i g a t e d  t h e  e l e c t r o n i c  

p r o p e r t i e s  o f  GDD-uc-Si f i l m s  by c o n d u c t i v i t y ,  H a l l  e f ­

f e c t ,  and f i e l d  e f f e c t  m e a su re m e n ts  a s  a  f u n c t i o n  o f  

c r y s t a l l i t e  s i z e  and p h o s p h o r u s  d o p in g  r a t i o .  Normally 

th e  H a l l  c o e f f i c i e n t  o f  a - S i  f i l m s  h a s  an anomalous 

s i g n  [ i . e .  p o s i t i v e  i n  n - t y p e  a - S i  f i l m s  and n e g a t iv e  

i n  p - t y p e  f i l m s )  . But t h e  H a l l  c o e f f i c i e n t  in  GDD-^ie- 

S i  18 n e g a t i v e  in  n - t y p e  m a t e r i a l s ,  which  would be ex­

p e c t e d  i n  c - S i .  They fo u n d  t h a t  t h e  s i g n  o f  th e  H al l  

c o e f f i c i e n t  behaved n o r m a l l y  down t o  a  c r y s t a l l i t e  s i z e  

o f  a b o u t  20 A. They a l s o  s u g g e s t e d  t h a t  t h e  l a r g e  i n ­

c r e a s e  i n  c o n d u c t i v i t y  o v e r  t h a t  i n  a - S i  was a lmost  

e n t i r e l y  caused  by an i n c r e a s e d  c a r r i e r  d e n s i t y  r e s u l t ­

in g  from d e l o c a l i z e d  e l e c t r o n  t a i l  s t a t e s .  The i n f o r ­

m a t io n  t h a t  l i m i t  f o r  t h e  c r y s t a l l i t e  s i z e  o f  th e  o r -  

de red  r e g i o n s  in t h i s  m a t e r i a l  i s  a ro u n d  20 A .
5 9

R i c h t e r  e t  a l .  h a v e  u s e d  e l e c t r o n  p h o to em iss io n

s p e c t r o s c o p y  ( EPS ) t o  s t u d y  t h e  t r a n s i t i o n  from a -S i

t o  / i c - S i .  T h e i r  S i :H  f i l m s  were p r e p a r e d  by chemical

t r a n s p o r t  i n  a  hydrogen  p l a s m a  o r  by s p u t t e r i n g  in a H

/A t gas  m i x t u r e .  T h e i r  i n v e s t i g a t i o n  showed t h a t  the

f i r s t  o r d e r  Raman a c t i v e  s p e c t r a  were  a  s u p e r p o s i t i o n

o f  t h e  s p e c t r a  f o r  t h e  a - S i  and c - S i  p h a s e s .  Uchida e t  
72a l .  a l s o  i n v e s t i g a t e d  t h e  e l e c t r o n i c  and o p t i c a l

p r o p e r t i e s  o f  p-doped GDD-uc-Si f i l m s  f o r  a  v a r i e t y  o f
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d e p o s i t i o n  c o n d i t i o n s .  They found t h a t  t h e  e l e c t r i c a l

c o n d u c t i v i t y  o f  f i l m s  in c r e a s e d  from 2 x 10~12( 17.-cm)_1t o

8 ( Xl-cm)”1 as  t h e  d i s c h a r g e  power d u r i n g  d e p o s i t i o n  was

i n c r e a s e d .  The GDD-yuc-Si f i lm s  changed c o r r e s p o n d i n g l y

i n  s t r u c t u r e  f r o m  t h e  a -S i  phase  i n t o  a  c - S i  p h a s e
•

w i th  i n c r e a s i n g  c o n d u c t i v i t y .  Even ve ry  t h i n  (100 A)

p-doped  Si :H  f i l m s  c o u l d  s t i l l  have a  m i c r o c r y s t a l l i n e
28s t r u c t u r e .  Tsu e t  a l .  a l s o  ob se rv ed  a  m i c r o c r y s t a l ­

l i n e  s t r u c t u r e  o f  S i  i n  h e a v i ly  doped n - t y p e  (P o r  As) 

a - S i : F : H  a l l o y s .  B e c a u s e  o f  th e  low er  a b s o r p t i o n  c o e f ­

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

t y ,  t h i s  p -doped  y u c -S i  f i l m  shows p ro m is e  as  a good ma­

t e r i a l  f o r  t h e  c o n t a c t  l a y e r  in  s o l a r  c e l l s .

F i r s t  o r d e r  Raman s c a t t e r i n g  p r o v i d e s  a  c o n ­

v e n i e n t  t o o l  f o r  d e t e r m i n i n g  w he ther  a  s i l i c o n  f i l m  i s  

c r y s t a l l i n e ,  yuc o r  amorphous .  The a - S i  f i l m  e x h i b i t s  

a  b ro ad  f e a t u r e  a t-^480  cm“l (wid th  — 80 cm-1 ) which  a s ­

s o c i a t e d  w i th  t h e  d e n s i t y  o f  s t a t e s  o f  phonon a t  t h e  

zone b o u n d a r i e s .  The c - S i  e x h i b i t s  a  s i n g l e  s h a r p  l i n e  

o f  Raman f e a t u r e  a t  522 cm-1 ( l i n e w i d t h  ~  4 cm- 1 ) w h ich  

a s s o c i a t e d  t o  o p t i c a l  phonons a t  t h e  zone c e n t e r ,  m  

yuc-Si f i l m s  p r e p a r e d  by chem ica l  t r a n s p o r t  o r  by l a s e r  

a n n e a l i n g  o f  a - S i ,  t h e  sh a rp  l i n e  a t  522 cm-1 i s  b r o a d -  

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

s i z e .  These e f f e c t s  can  be e x p la in e d  by f i n i t e  p a r t i ­

c l e  s i z e 2® . In  a n  " i n f i n i t e l y  l a r g e "  c r y s t a l  o f  S i ,
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t h e  f i r s t  o r d e r  Raman a c t i v e  s p e c t r u m  i s  due to  th e  

symmetry a l lo w ed  o p t i c a l  phonon a t  q :*# 0 .  The o p t i c a l  

modes f o r  a  f i n i t e  c r y s t a l  w i l l  be  l o w e r  i n  f requency  

t h a n  t h o s e  f o r  an " i n f i n i t e "  c r y s t a l .  I n  a -p h a se  ma­

t e r i a l s  t h e  q s e l e c t i o n  r u l e  b r e a k s  down. The f i r s t  

o r d e r  Raman i n t e n s i t y  c o n s i s t s  o f  phonon  modes o f  th e  

e n t i r e  o p t i c a l  and a c o u s t i c a l  b r a n c h e s ,  s i n c e  q i s  no 

l o n g e r  c o n s e r v e d .  Raman s p e c t r u m  e x h i b i t s  a broad 

s p e c t r a l  f e a t u r e  a t  ~ 4 8 0  cm“l o f  w h i c h  i s  due to  the  

am orphous  component,  and t h e  s h a r p  Raman s p e c t r a l  

f e a t u r e  a t  ~522 cm-1 i s  due t o  t h e  c r y s t a l l i n e  com­

p o n e n t .  I n  / i c - S i ,  Raman spec t rum  p r e s e n t s  a  down s h i f t  

o f  Raman f r e q u e n c y  a s s o c i a t e d  w i t h  c - S i  and b roaden ing  

Raman l i n e w i d t h  due t o  f i n i t e  s i z e  e f f e c t .  I t  would be 

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

p r o e p r t i e s  o f  t h e  a - S i : F : H  a l l o y ,  t h i s  m a t e r i a l  shows 

im pro vem en t  i n  many o f  prob lem  a r e a s  o f  a - S i : H .

The e l e c t r o n i c  s t a t e s  o f  s e m i c o n d u c t o r s  can be 

s t u d i e d  by o p t i c a l  and m o d u la te d  o p t i c a l  s p e c t r o s ­

c o p i e s .  O p t i c a l  r e f l e c t a n c e  s p e c t r o s c o p y  p r o v i d e s  i n ­

f o r m a t i o n  from t h e  lo n g  ran g e  o r d e r  ( c r y s t a l l i n e  s t a t e )  

t o  s h o r t  r a n g e  o r d e r  (amorphous s t a t e s )  . The imaginary 

p a r t  £ 2 ( £ 0 )  t h e  d i e l e c t r i c  f u n c t i o n  c an  be o b ta in ed  

f rom  t h e  o p t i c a l  r e f l e c t a n c e  s p e c t r a  u s i n g  Kramers-  

K r o n i g  a n a l y s i s .  The 6 2 (C0) f u n c t i o n  c a n  be  r e l a t e d  t o  

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

f e a t u r e s  in  th e  e n e rg y  r e g i o n s ,  where o p t i c a l  e x c i t a ­

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

o p t i c a l  and m odu la ted  o p t i c a l  s p e c t r o s c o p i e s  w i l l  g i v e n  

in  C h ap te r  I I I .



CHAPTER I I I  EXPERIMENTS

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

e x p e r i m e n t s  which in cx ud e  Raman s c a t t e r i n g  s p e c t r o s ­

copy ,  o P t i c a l  and m odula ted  o p t i c a l  m ea su re m e n ts  u sed  

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

f o u r  main s e c t i o n s .

I n  Sec .  3*1 we d e s c r i b e  th e  m ethod  and p r o c e d u r e s  

u se d  i n  th e  p r e p a r a t i o n  o f  a - S i . F : H  a l l o y s  which we 

have s t u d i e d .  In  S ec .  3*2 we d i s c u s s  t h e  a p p r o p r i a t e  

t h e o r y ,  t e c h n i q u e s  and r e s u l t s  o f  Raman s c a t t e r i n g

m ea su re m e n ts .  S i m i l a r l y ,  in  S e c . 3 - 3  and  3 -4  we d i s c u s s  

t h e o r y ,  t e c h n i q u e s  and r e s u l t s  o f  e l e c t r o l y t e  e l e c ­

t r o r e f l e c t a n c e  and o p t i c a l  r e f l e c t i v i t y  e x p e r i m e n t s

r e s p e c t i v e l y .

3-1 CHARACTERISTICS OF SAMPLES

The p lasma glow d i s c h a r g e  d e c o m p o s i t i o n  t e c h n i q u e  

f o r  p r e p a r i n g  t h e  a - S i :H  a l l o y  h a s  p r o v e n  t o  be a  ve ry  

good p r o c e s s  t o  p r e p a r e  spec im ens  e x h i b i t i n g  a  marked 

r e d u c t i o n  o f  s t r u c t u r a l  d e f e c t s .  T h e r e  a r e  two d i f ­

f e r e n t  t y p e s  o f  r e a c t o r s 73 : t h e  c a p a c i t o r  t y p e  and t h e  

i n d u c t o r  t y p e .  The i n d u c t o r  glow d i s c h a r g e  decom posi ­

t i o n  sy s te m  was used  by C h i t t i c k  7i* e t  a l .  i n  1969. I n  

t h i s  t y p e  sys tem  t h e  p lasma glow d i s c h a r g e  i s  powered 

by a n  e x t e r n a l  RF c o i l .  F r e q u e n c i e s  i n  t h e  ran g e  0*5 t o  

13-5  MHz a r e  u s e d .  T h is  type  o f  g low  d i s c h a r g e  sys tem
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h as  two d i s t i n c t  a d v a n t a g e s ,  i t  p r o v i d e s  a  u n i fo rm  a -  

S i :H  f i l m s  o v e r  a l a r g e  a r e a ,  and i t  h a s  a  f a s t  d e p o s i ­

t i o n  r a t e .  However, t h e  most  p o p u l a r  t e c h n i q u e  f o r  

d e p o s i t i n g  a - S i : H  i s  t h a t  u l t i l i z i n g  an  RF c a p a c i t i v e  

d i s c h a r g e  sy s te m  w i th  t h e  s u b s t r a t e  l o c a t e d  on one o f  

t h e  e l e c t r o d e s .  G e n e r a l l y  a n e g a t i v e  b i a s  o f  100 -  300 

V i s  a p p l i e d  w i th  a RF o f  13*56 MHz. B i a s i n g  t h e  su b ­

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

h ig h  RF p o w e r s .  T h is  a l s o  h as  t h e  c a p a b i l i t y  o f  p ro d u c ­

i n g  a  u n i f o r m  a - S i  a l l o y  o v e r  l a r g e  a r e a s .  In  some 

e l e c t r o d e l e s s  d i s c h a r g e  s y s t e m s  t h e  RF power i s  s u p ­

p l i e d  by e x t e r n a l  c a p a c i t o r  p l a t e .  F lo w in g  s i l a n e  tS iH^  

) i n  a  DC c a t h o d i c  p lasm a glow d i s c h a r g e  i s  u sed  to  

p r o d u c e  a  r e l a t i v e l y  u n i fo rm  t h i n  f i l m  o f  a - S i : H  a l l o y .

Most  o f  t h e  sam ples  i n  t h i s  work w ere  p r e p a r e d  a t  

Energy C o n v e r s io n  D ev ices  iECD) I n c .  i n  M ic h ig a n .  Most 

o f  t h e  a - S i : F : H  sam ples  s t u d i e d  were made by t h e  c a p a ­

c i t i v e  d i s c h a r g e  method u s i n g  an RF power o f  30 w a t t  t o  

decompose  a  g a s  m i x t i r e  o f  S iF i}:H2 o f  5 :1*  Normally  th e  

sam ple  s u b s t r a t e  e l e c t r o d e  was b i a s e d  a t  a p p r o x i m a t e ly  

- 1 0 0  V. A g a s  f low  r a t e  a ro u n d  0 .0 5  l i t e r / m i n  a t  0 -5  

t o r r  was n o rm a l ly  u se d .  The n - t y p e  d o p in g  i n  t h e  sample  

was a c c o m p l i s h e d  by t h e  i n t r o d u c t i o n  o f  o r  AsH3

g a s .  The sp e c im en s  o f  B-doped a l l o y  were  p r e p a r e d  u s i n g  

a  m i x t u r e  o f  SiH4 :H 2 and B2 H6 g a s .  The t e m p e r a t u r e  o f  

t h e  s u b s t r a t e  was m a i n t a i n e d  a t  3 0 0 *C d u r i n g  th e



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

7059 C o rn in g  g l a s s ,  Q u a r t z ,  c - S i  a s  w e l l  a s  s t a i n l e s s  

s t e e l .  Some g l a s s  s u b s t r a t e s  were  c o a t e d  w i t h  a SnO^ 

f i l m  t o  g i v e  a  good e l e c t r i c a l  c o n t a c t .  The h ig h  tem­

p e r a t u r e  t h e r m a l l y  ann ea le d  a - S i : H ( B )  s a m p le s  were an­

n e a l e d  a b o u t  10 min. a t  d i f f e r e n t  a n n e a l i n g  tem p era ­

t u r e s .  Many f i l m s  o f  a - S i : F : H  o f  v a r y i n g  t h i c k n e s s  

were used  f o r  e x p e r im e n t s .  The room t e m p e r a t u r e  e l e c t r ­

i c a l  c o n d u c t i v i t y  o f  the  S i : F : H  s a m p le s  have  been meas­

u r e d  .

D e t a i l e d  i n f o r m a t i o n  a b o u t  P-  o r  B-doped  a -S i :H  

a l l o y s  i s  l i s t e d  i n  Table  I .  The c h a r a c t e r i s t i c s  o f  th e  

n - t y p e  ( P o r  As ) a - S i :F :H  a l l o y s  a r e  l i s t e d  i n  Table  

I I .  The c h a r a c t e r i s t i c s  o f  t h e  h i g h  t e m p e r a t u r e  t h e r ­

m a l ly  a n n e a l e d  (UTA) a -S i :H ( B )  s a m p le s  a r e  l i s t e d  in  

T a b le  I I I .  For  compar ison ,  we have  a l s o  made EER meas­

u r e m e n t s  on ion-damaged,  l a s e r - a n n e a l e d  S i  s a m p le s .  A 

s i l i c o n  w a f e r ,  (1 0 0 ) ,  was bombarded w i t h  100 KeV Si ion 

( t o t a l  dosage  o f  1016 io n s / c m 2 ) and s u b s e q u e n t l y  an­

n e a l e d  w i th  15 nanosecond p u l s e s  o f  a  f r e q u e n c y  doubled

Nd:YAG l a s e r  a t  energy d e n s i t i e s  r a n g i n g  f rom  0.1 t o  
2 750*75 J /cm  . The c h a r a c t e r i s t i c s  o f  ion -dam aged ,  

l a s e r  a n n e a l e d  S i  samples a r e  l i s t e d  in  T a b le  IV.

5 . 2  RAMAN SCATTERING SPECTROSCOPY

I n  t h i s  s e c t i o n  we d e s c r i b e  t h e  g e n e r a l  t h e o ry
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v S e c . 3 - 2 . 1 )  and e x p e r i m e n t a l  t e c h n i q u e s  o f  Raman s p e c ­

t r o s c o p y  ( S e c . 3 * 2 .2 )  fo l lo w e d  by d i s c u s s i o n  o f  our  ex ­

p e r i m e n t a l  r e s u l t s  ( S e c . 3 . 2 . 3 )  and t h e  i n t e r p r e t a t i o n  

o f  t h e s e  r e s u l t s  ( S e c . 3 * 2 . 4 ) -

3 - 2 .1  G e n e r a l  d e s c r i p t i o n  o f  Raman s c a t t e r i n g

Raman s c a t t e r i n g  i s  th e  i n e l a s t i c  s c a t t e r i n g  o f  

p h o t o n s  by a  c r y s t a l .  Photons  o f  e n e r g y ,  -fiw , a r e  i n ­

c i d e n t  on a  c r y s t a l  and s c a t t e r e d  t o  g i v e  p h o to n s  up o r  

down s h i p t e d  by ^ 1 0 0  t o  ~ 1 0 0 0  cm- * f r o m  t h e  i n c i d e n t  

l a s e r  l i n e  i n  f i r s t  o r d e r  Raman s c a t t e r i n g .  These  

s h i f t s  a r e  due t o  t h e  c r e a t i o n  or  a n n i h i l a t i o n  o f  pho-  

nons ( e x c i t a t i o n  o r  d e - e x c i t a t i o n  o f  t h e  c r y s t a l  l a t ­

t i c e  v i b r a t i o n s ) .  F i r s t  o r d e r  ( o n e  phonon)  Raman 

s c a t t e r i n g  o c c u r s  a t  t h e  f r e q u e n c i e s  o f  t h e  phonons 

whose wave v e c t o r s  a r e  e q u a l  t o  t h e  w a v e v e c to r s  

t r a n s f e r  i n  th e  e x p e r i m e n t .  The s t o k e  p r o c e s s  i s  t h e  

one i n  w h ich  t h e  l i g h t  q u a n ta  l o s e  e n e rg y  i n  t h e  

s c a t t e r i n g  (phonon c r e a t i o n ) ,  and t h e  a n t i - s t o k e s  p r o ­

c e s s  t h e  one in  which energy i s  g a i n e d  by t h e  l i g h t  

(phonon a n n i h i l a t i o n ) .  The phonon wave v e c t o r s  can have  

any v a l u e  w i t h i n  t h e  f i r s t  B r i i l o u i n  z o n e ,  t h e  maximum 

b e i n g  o f  o r d e r  TT/d, where d i s  t h e  l a t t i c e  c o n s t a n t .
O |

T h is  maximum i s  t y p i c a l l y  o f  th e  o r d e r  3 x 1 0  cm . I n ­

c i d e n t  l i g h t  w i th  a  f r eq u e n cy  o f  2 0 ,0 0 0  cm” 1 ( ~ 5 0 0 0  A) 

h as  a  wave v e c t o r  i n s i d e  th e  c r y s t a i l y  o f  o r d e r  2 x 10^
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cm -1 Ivav e  v e c t o r  = 2 7T x r e f r a c t i v e  index  x

v a v e n u o b e r ) . F o r  s c a t t e r i n g  o f  t h e  l i g h t  th r o u g h  7T/2, 

wave v e c t o r  c o n s e r v a t i o n  r e q u i r e s  t h e  wave v e c t o r  o f  

t h e  phonon c r e a t e d  or d e s t r o y e d  t o  be 2 x 2 x 1 0 * cm-1 . 

T h i s  i s  s n a i i  compared to  T7/d, and hence  f o r  c r y s t a -  

l i n e  c a t e r i a i s ,  c o n s e r v a t i o n  o f  momentum d i c t a t e s  only 

o p t i c a l  p h on o ns  a t  qQ*0 g iv e  r i s e  t o  1 s t  o r d e r  Raman 

s c a t t e r i n g .  I n  a d d i t i o n ,  symmetry c o n d i t i o n  on th e  

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

Raman a c t i v e  l a t t i c e  v i b r a t i o n a l  modes.

On t h e  o t h e r  hand,  in  a - m a t e r i a l s ,  "q i s  no 

l o n g e r  an a p p l i c a b l e  quantum number;  hence  b o th  o p t i c  

and a c o u s t i c  phonon a t  t h e  zone b o u n d r i e s  c o n t r i b u t e  to  

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

S p e c i f i c a l l y ,  t h e  Raman s c a t t e r i n g  f r e q u e n c y  may 

be  r e s p r e s e n t e d  by th e  e q u a t i o n s ,

t  — — — — — — — ————— — — — ——— ( 3 . 2 . 1 )

-fiks  " 'fik^ — 'fi^ ------------------------------------ ( 3 . 2 . 2 )

where £0^ ,  k A a r e  th e  f re q u e n c y  and wave v e c t o r  o f  i n -  

c i d e n t  p h o t o n .  cJs , k s a r e  t h e  f r e q u e n c y  and wave v e c t o r  

o f  t h e  s c a t t e r e d  p h o ton .  u)p, q r e f e r  t o  t h e  f req u en cy  

and t h e  wave v e c t o r  o f  th e  a b s o r b e d  o r  e m i t t e d  phonons 

i n  t h e  s c a t t e r i n g  p r o c e s s .  The p o s i t i v e  s i g n  i s  due t o  

t h e  phonon a b s o r p t i o n  ( a n t i - s t o k e  l i n e }  and t h e  nega-
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tive sign i3 due to the phonon emission (stoke aine; in 

the scattering process.

The d iagram  f o r  t h e  f i r s t  o r d e r  Raman p r o c e s s  i s  

shown in  P i g .  (Z • 2 .1 ) 76 . The i n i t i a l  s t a t e ,  w i th  photon  

shown a t  th e  l e f t - h a n d  s i d e  o f  th e  d iag ram ,  and th e  f i ­

n a l  s t a t e ,  w i th  p h o t o n  C0S and phonon U)p shown on t h e  

r i g h t .  S in c e  momenta a r e  c o n s e rv e d  a t  each  v e r t e x ,  t h e  

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

r e g i o n  o f  t h e  zone c e n t e r  ( q ~ 0 ) .

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

s c a t t e r i n g ,  f o l l o w i n g  Born and B rad u in  77 , s e m i-

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

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

moment M s e t  up i n  t h e  c r y s t a l  by t h e  e l e c t r i c  v e c t o r  Re 

(exp( - t ^ > t  )} o f  t h e  i n c i d e n t  l i g h t .  I f  t h e  p o l a r i z a -  

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

s t a l  i s  o£-pr t h e n

Mj “ ( 3 . 2 . 3 )

The s c a t t e r e d  l i g h t  i s  p ro d u c e d  by r e - r a d i a t i o n  o f  e n -  

e rgy  by t h e  o s c i l l a t i n g  d i p o l e  moment M. The i n t e n s i t y  

o f  s c a t t e r e d  l i g h t  i s  p r o p o r t i o n a l  t o  |HI and i n v e r s l y  

p r o p o r t i o n a l  t o  t h e  f o u r t h  power o f  t h e  wavelengh o f  

t h e  s c a t t e r e d  l i g h t 76 . B ecau se  o f  t h e  e x i s t e n c e  o f  th e  

e l e c t r o n - l a t t i c e  i n t e r a c t i o n  He j  ̂ , th e  e l e c t r o n i c  

eigenvalues and wave functions in a diatomic l a t t i c e
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depend on t h e  r e l a t i v e  d i s p l a c e m e n t  a m p l i t u d e  r o f  the  

two s u b - l a t t i c e s ,  and the  e l e c t r o n i c  p o l a r  i z a b i l i t y '  

t e n s o r  can  be expanded  in  a  power s e r i e s  i n  "r:

o t / ,» £  • w . t ’v w *  + 0<r)
----------------- ( 3 . 2 . 4 )

where

f 6 ^J 1 >r - 0 and f*»A*v 1 a r ^ J r y  >r«o

The te rm  l i n e a r  i n  r  g i v e s  r i s e  t o  t h e  f i r s t  o r d e r  Ra­

man s c a t t e r i n g ,  t h e  q u a d r a t i c  t e rm  g i v e s  r i s e  to  th e  

s e c o n d - o r d e r  Raman s c a t t e r i n g ,  and so  on.  The Born and 

B ra d b u rn  m e th o d 77 h a s  been a p p l i e d  t o  t h e  f i r s t  o r d e r  

Raman s c a t t e r i n g  i n  diamond by S m i th 7 8 . The s q u a r e  o f  

t h e  r e l a t i v e  d i s p l a c e m e n t  a m p l i tu d e  c a u s e d  by a s i n g l e  

o p t i c a l  phonon i n  diamond i s  g iv e n  by

< r2> ’  2& rc  — - ..........................................- ° - 2 - 5)

where  C0o i s  t h e  o p t i c a l  phonon f r e q u e n c y .

Raman s c a t t e r i n g  i s  a  s e n s i t i v e  p ro b e  o f  th e  v i ­

b r a t i o n a l  modes o f  t h e  s o l i d .  For most Raman m easure -
t

m e n t s ,  t h e  ener'gy o f  t h e  p ho tons  i n v o lv e d  i s  a  few eV. 

The wave v e c t o r  o f  t h e  photon  i s  n e g l i g i b l e  compared to  

t h e  maximum phonon wave v e c t o r  i n  t h e  f i r s t  B r i l l o u i n  

z o n e .  I n  an i d e a l  c r y s t a l l i n e  s o l i d ,  t h e  momentum in  

t h e  i n t e r a c t i o n  i s  c o n s e r v e d .  T h e r e f o r e  t h e  momentum o f
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t h e  phonon q i n v o lv e d  i s  n e a r l y  z e r o  and i t  i s  s i t u a t e d  

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

phonon f o r  c - S i  i s  shown in  P i g . ( 5 * 2 . 2 a ) . There  a r e  

s i x  b r a n c h e s  i n  t h e  d i s p e r s i o n  sp ec t ru m  o f  t h e  phonon 

h a v in g  two a tom s p e r  u n i t  c e l l  c o n s i s t i n g  o f  t h r e e  

modes f o r  t h e  o p t i c a l  b r a n c h  and t h r e e  f o r  t h e  a c o u s t i c  

b r a n c h .  The c o n s e r v a t i o n  law r e p r e s e n t e d  by E q . ( 5 * 2 .1 )  

and E q . ( 3 * 2 . 2 )  d i c t a t e s  a  s i n g l e  Raman l i n e  n e a r  ^ 0 .

However,  s i n c e  phonon s t a t e s  a r e  n o t  den u m era ted  

by momentum, t h e  above m ent ioned  c o n s e r v a t i o n  law has  

no m eaning ,  r e s u l t i n g  i n  t h e  a p p e a ra n c e  o f  t h e  whole 

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

has  been show n79 t h a t  t h e  Raman spec t ru m  f o r  an amor­

phous m a t e r i a l  may be c l o s e l y  c o r e l a t e d  w i t h  t h e  phonon 

d e n s i t y  o f  s t a t e s  w i th  i t s  c r y s t a l l i n e - c o u n t e r p a r t . Ra­

man d a t a  g i v e  e s s e n t i a l l y  t h e  phonon DOS. P i g . ( 3 * 2 . 2b) 

shows a s c h e m a t i c  form o f  t h e  Raman s p e c t r a  o f  an a - S i  

and c - S i .

The f i r s t  o r d e r  Raman a c t i v e  s c a t t e r i n g  i s  one o f  

t h e  b e s t  t o o l s  t o  s tu d y  m a t e r i a l s  which a r e  o r d e r e d  o r  

d i s o r d e r e d .  W i th in  t h e  p a s t  few y e a r s  s e v e r a l  g ro u p s  

have r e p o r t e d  t h a t  t h e  Raman f r e q u e n c i e s  hav e  an  i n t e r ­

m e d ia t e  v a l u e  be tw een  d i s o r d e r  (~480 cm-1 ) and o r d e r  (~ 

522 cm-1 ) i n  S i :H  13,80 o r  S i : F : H 26 28 a l l o y s .  They a l ­

ways i n v o l v e  a  s h i f t  o f  t h e  522  cm-1 l i n e  t o w a r d s  lower
81energy that is accompanied by a broadening. Tsu et ai.
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have o b s e r v e d  d o w n s h i f t  o f  t o  7 cm~* ( t o  5 1 5  cm-1 ) on
on

ion -dam ag ed ,  l a s e r - a n n e a l e d  S i .  Morhange e t  a l .  a l s o

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

ion -dam ag ed ,  l a s e r - a n n e a l e d  S i .  The Raman l i n e w i d t h

was~ 8  cm- * . Tsu e t  al.*®~^® have  a l s o  r e p o r t e d  Raman

f r e q u e n c i e s  t h a t  cover  th e  r a n g e  from 4 7 6  cm -1 t o  520

cm-1 on n - t y p e  a - S i :F :H  a l l o y s .  Again  t h e  l i n e w i d t h  i n -
t52c r e a s e s  w i t h  d e c r e a s i n g  phonon energy, . I q b a l  e t  a l .  

r e p o r t e d  t h a t  po ly  c r y s t a l l i n e  f i l m s  w i t h  a  measured
O

g r a i n  s i z e  o f  t h e  o r d e r  o f  100 A h a s  t h e  Raman f r e q u e n ­

cy 517 cm-1  and Raman wid th  o f  6 cm-1
Cg

R i c h t e r  e t  a l .  p r o v id e d  a  d e t a i l e d  m odel  which 

was b a s e d  on a r e l a x a t i o n  i n  t h e  q - v e c t o r  s e l e c t i o n  

r u l e  f o r  t h e  e x c i t a t i o n  o f  t h e  Raman a c t i v e  o p t i c a l  

phonon. Tsu  e t  a l . 28 have u se d  t h e  p a r t i c l e  s i z e  e f ­

f e c t  t o  i n t e r p r e t  ^uc-Si.  The d o w n s h i f t  and t h e  

b r o a d e n i n g  o f  t h e  Raman peak f o r  h e a v i l y  P -  o r  As-doped 

a - S i : F : H  c a n  be i n t e r p r e t e d  by t h e  f i n i t e  s i z e  e f f e c t s  

o f  t h e  m i c r o c r y s t a l l i n e  s t r u c t u r e  o f  S i .  The s i z e  o f  

m i c r o c r y s t a l l i t e  ( " p a r t i c l e  s i z e " )  can be  c a l c u l a t e d  

from t h e  m easured  Raman f r e q u e n c y  and Raman l i n e w i d t h  

in  Raman s c a t t e r i n g .  Tsu e t  a l .  a l s o  r e p o r t e d 27 two 

component p h a s e  ( a -p h a se  and u c - p h a s e )  i n  h e a v i l y  P-  

doped S i : F : H  a l l o y s  (P ^ I J o ) .  Two component  f o r  u c -  

S i :F :H  a l l o y s  i s  shown in  F i g . ( 5 • 2 . 2 c ) .

Tsu e t  a l . 28 a l s o  r e p o r t e d  t h a t  t h e  d o w n s h i f t  o f
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Raman f req u ency  to  517 cm'* a s s o c i a t e d  w i th  c -S i  and 

t h e  b r o a d e n i n g  l i n e w i d t h  a ro u n d  16 cm- * . The Raman 

l i n e w i d t h  o f  H TA-a :S i : H(B) sample  i s  n a r r o w e r  than  th e  

h e a v i l y  doped n - ty p e  a - S i : F : H  a l l o y s .  They i n t e r p r e t e d  

by F a n o - s h i f t  due t o  t h e  i n t e r a c t i o n  o f  a  continum, 

i . e . ,  f r e e  c a r r i e r s ,  w i t h  t h e  ph o n o n s .

3 - 2 . 2  E x p e r im e n ta l  s e t  up and d e t a i l s  o f  Raman 

s c a t t e r i n g

The f u n c t i o n a l  b l o c k  d iag ra m  o f  Raman s c a t t e r i n g

s e t  up i s  shown i n  F i g .  ( 3 * 2 .3 )  • The b a c k s c a t t e r i n g

geometry  was used f o r  a l l  t h e  m e a su re m e n t .  The e x c i t a -

t i o n  l i g h t  so u rc e  i s  a  6 w a t t  Argon io n  l a s e r .  The 4880 
•
A l a s e r  l i n e  i s  used i n  t h i s  m e a s u r e m e n t .  The l a s e r  

l i g h t  i s  r e f l e c t e d  o f f  two m i r r o r s  and p a s s e s  through 

one i n t e r f e r e n c e  f i l t e r  ( I . F . ) ,  one p i n h o l e  c o l l i m a to r  

and i s  f o c u s e d  by a  c y l i n d r i c a l  l e n s  o n t o  th e  sample . 

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

a v o id  h e a t i n g  o f  t h e  s a m p le  by f o c u s i n g  t h e  l i g h t  to  a 

na rrow l i n e  i n s t e a d  o f  a  p o i n t .  T y p i c a l l y  t h e  l a s e r  was 

used  a t  a  power l e v e l  o f  a b o u t  0* 5  w a t t  so  a s  to  avoid  

a n n e a l i n g  o r  damaging t h e  t h i n  f i l m  sp e c im e n s .  The 

s c a t t e r i n g  l i g h t  f rom t h e  sam ple  i s  c o l l e c t e d  by a 

s p h e r i c a l  f o c u s i n g  l e n s  o n t o  t h e  e n t r a n c e  s l i t  o f  dou­

b l e  g r a t i n g  monochromator Spex model 1401/14018 .  (The 

e n t r a n c e  s l i t ,  the  seco nd  and th e  e x i t  s l i t  a r e  normal­
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l y  sex  a t  20 0  pm c o r r e s p o n d i n g  t o  a  s p e c t r a l  s l i t  width  

o f  1 cm-1 ) .  We o b ta in e d  a  Raman l i n e  w i d t h  o f  4 cm-1 

f o r  c - S i  w i th  t h i s  r e s o l u t i o n  o f  t h e  monochromator .  

The s i l t  w i d t h  was changed t o  1000 ^im ( c o r r e s p o n d s  to  a 

r e s o l u t i o n  o f  5 cm-1 ) f o r  t h e  a - S i  s a m p le s  be ca u se  th e  

s p e c t r a  f e a t u r e s  a r e  much b r o a d e r  t h a n  f o r  c - S i .

L i g h t  l e a v i n g  th e  f i n a l  e x i t  s l i t  o f  th e  s p e c ­

t r o m e t e r  i s  focused  on to  t h e  c a t h o d e  o f  a  c o o le d  pho­

t o m u l t i p l i e r  tube  (P ro d u c t  f o r  R e s e a r c h ,  I n c .  model 

9 4 9 8 - 3 1 ) .  The o u tp u t  s i g n a l  o f  t h e  p h o t o m u l t i p l i e r  tube  

i s  p r o c e s s e d  by a photon  c o u n t i n g  e l e c t r o n i c  sys tem .  

The a n a l o g  o u tp u t  s i g n a l  o f  t h e  p h o t o n  c o u n t i n g  system 

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

3 * 2 .3  E x p e r im e n ta l  r e s u l t s  o f  Raman s c a t t e r i n g  s p e c ­

trum

We h a v e  c a r r i e d  o u t  t h e  Raman s c a t t e r i n g  e x p e r i ­

ment f o r  t h e  f o l lo w in g  s a m p le s :  ( a )  u n a n n e a l e d  B- or  P- 

doped a - S i : H ,  (b) h igh  t e m p e r a t u r e  t h e r m a l l y  ann ea led  

a - S i : H l B ) ,  ( c )  l i g h t l y  doped n - t y p e  vP o r  As) a - S i :P :H ,  

and (d )  h e a v i l y  doped n - t y p e  (P o r  As) a - S i : F : H  a l l o y s .  

The e x p e r i m e n t a l  r e s u l t s  o f  Raman s c a t t e r i n g  and the  

c h a r a c t e r i s t i c s  o f  a l l  sam ples  a r e  su m m a r iz e d  in  F i g s .  

( 3 - 2 . 4 ) ,  0 - 2 . 5 ) ,  ( 3 - 2 . 6 ) .  and T a b l e s  I ,  I I ,  I I I ,  we

a l s o  l i s t e d  t h e  Raman peak and l i n e w i d t h  f o r  th e  io n -  

damaged,  l a s e r - a n n e a l e d  s i l i c o n  i n  T a b l e  IV. This
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t a b l e  was r e p o r t e d  by T su  e t  a l . '* *  and i n c l u d e s  c h a r a c -  

t e r a c t i z a t i o n  by t r a n s m i s s i o n  e l e c t r o n  m ic ro sco p e  

(TEN), C h a n n e l in g  and Raman, e t c .

I n  P i g .  (3 .2 * 4 )  vre d i s p l a y  t h e  t y p i d a l  Raman 

s p e c t r a  o f  t h e  f o l l o w i n g  s a m p le s :  ( a )  u n an n ea led  a -  

S i : H ,  (b )  undoped a - S i : F : H ,  ( c )  h e a v i l y  As-doped a -  

S i : F : H  (NOVA-101 and NOVA-103) s a m p l e s .  The Raman f r e ­

quency f o r  a - S i : H  s a m p le s  have  a  b r o a d  peak a t  r ŷ 480 

cm“* , which i s  a s s o c i a t e d  w i t h  t h e  amorphous phase  o f  

S i l i c o n .  L a t e r  we w i l l  e x p l a i n  why t h e  Raman f req u e n cy  

i n  a - S i : H  i s  a t  r>j 480 cm-1 w i t h  l i n e w i d t h  ~  80 -  100 

cm- 1 .

For  i n t r i n s i c  and  l i g h t l y  P -  o r  As-doped a - S i :F :H  

a l l o y s ,  t h e  Raman f r e q u e n c y  i s  a ro u n d  480 cm-1 w i th  t h e  

Raman w id th  between 75 cm -1 t o  80  cm- 1 . The s t r u c t u r e  

o f  t h i s  a l l o y  i s  a l s o  i n  an  amorphous p h a se .

H e a v i ly  P- o r  A s-doped  a - S i : F : H  a l l o y s  p r e s e n t  a  

Raman f r e q u e n c y  w h ich  have  an  i n t e r m e d i a t e  ran ge  

b e tw een  480 cm-1 ( a - S i )  and 522 cm-1 ( c - S i ) .

P i g * ( 3 * 2 .5 )  shows t h a t  t h e  Raman f r e q u e n c y  f o r  

t h e s e  h e a v i l y  As-doped a - S i : F : H  a l l o y s  have s h i f t e d  t o  

h i g h e r  energy  p o s i t i o n  w i t h  n a r r o w e r  l i n e w i d t h  th an  a -  

S i .  The s p e c t r a l  sha p e  o f  th e .  Raman sp ec t ru m  f o r  t h e s e  

a l l o y  sy s te m s  i s  a s y m m e t r i c .  Among many p o s s i b l e  

mechanisms f o r  th e  a sym m etry ,  imhomogenity and t h e  

p r e s e n c e  o f  a  two p h a se  s y s t e m ,  i . e .  m i c r o c r y s t a l l i n e
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and amorphous, p l a y s  i m p o r t a n t  r o l e s .

P i g .  ( 3 . 2 . 6 )  shows th e  Raman sp e c t ru m  f o r  a  h i g h  

t e m p e r a t u r e  t h e r m a l l y  a n n e a l e d  a - S i :H ( B )  sam ple  144B in  

T ab le  I I I ) .  T h is  s p e c t r u m  e x h i t s  a  Raman peak a t  ^  517 

cm-1 w i th  l i n e w i d t h  17 cm-1 and a  s m a l l  s h o u l d e r  a t  

495  cm ( I t  i s  d i s p l y e d  in  t h e  i n s e r t ) .  T h i s  s m a l l  

s h o u l d e r  may be due t o  l a s e r  l i n e .

I n  T a b le  I  we summarize  t h e  Raman f e a t u r e s  (Raman 

f re q u e n c y  and l i n e w i d t h )  o f  a  number o f  u n a n n e a le d  a -  

S i :H  sa m p le s .  These  s a m p le s  were doped w i t h  e i t h e r  

phorphous  o r  b o r o n .  The r e s u l t s  o f  Raman s c a t t e r i n g  

f o r  t h e  a - S i :H ( B )  and a - S i : H ( P )  a l l o y s  l i s t e d  in  t h i s  

t a b l e  show t h a t  t h e  Raman peaks  o c c u r  a t  a round  455 cm-1 

t o  486  cm-1 w i t h  l i n e w i d t h  a round  71 cm-1 -  86  cm-1 .

The Raman f e a t u r e s  f o r  l i g h t l y  o r  h e a v i l y  doped 

n - t y p e  a - S i : F : H  a l l o y s  a r e  summarized in  T ab le  I I .  A l l  

h e a v i l y  P -  o r  A s -doped  a - S i : F : H  a l l o y s  show t h e  Raman 

p e a k s  be tw een  ^  5 0 8  cm-1 and 520  cm~l w i th  l i n e w i d t h  

40  cm-1 -  2 0  cm -1 w h e r e a s  t h e  l i g h t l y  doped n - t y p e  o r  

undopcd fit*Si • F*H h&s t h e  R&zocin p63k t i t  4 8 0  cm-1 w i t h  

l i n e w i d t h  ^ 8 0  cm-1 .

T ab le  I I I  shows th e  Raman f e a t u r e s  o f  HTA- 

a :S i : H ( B )  a l l o y s ,  t h e  Raman peak o f  a l l  sa m p le s  s h i f t  

down t o  a  n a rrow  r e g i o n  o f  5 1 6 - 5 1 7  cm-1 , and t h e  

l i n e w i d t h  d e c r e a s e s  c o n s i d e r a b l y  t o  a round  ^ 1 8  t o  14 

cm-1 .
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T a b l e  IV l i s t s  th e  r e p o r t e d  results^ o f  e l e c t r o n  

e m i s s i o n  m i c r o s c o p e  (TEH), C h a n n e l in g ,  Raman s c a t t e r ­

i n g ,  o u r  m e s u re m e n t s  o f  EER e x p e r im e n t s  and  t h e  c h a r a c ­

t e r i s t i c s  o f  io n -d am ag e d ,  l a s e r - a n n e a l e d  S i .

3 . 2 . 4  I n t e r p r e t a t i o n  o f  Raman s c a t t e r i n g  s p e c t ru m

L e t  u s  t r y  t o  u n d e r s t a n d  th e  Raman s p e c t r a  o f  a -  

S i  f i r s t .  T y p i c a l l y , t h e  s t r u c t u r e  r e l a t e d  t o  t h e  TO 

phonon DOS a t  t h e  zone  b o u n d a r i e s  h a s  a b r o a d  peak a t ~  

480 cm-1 w i t h  l i n e w i d t h  o* 80 cm-1 . I n  c o m p a r i s o n ,  c - S i  

h a s  a n a r r o w  peak  a t  522 cm-1 w i th  l i n e w i d t h  ^  4 cnf1 

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

The b r o a d e n i n g  and down s h i f t  o f  t h e  Raman peak 

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

ly  d i s o r d e r e d  s t a t e s .  In  c - S i ,  th e  d i s p e r s i o n  c u r v e s  o f  

phonons c o n s i s t s  o f  t h e  o p t i c  (TO, LO) and  a c o u s t i c  

(TA, LA) b r a n c h e s ,  £ s e e  P ig .  (3*3*2a)}  ®3“8^ . The o p t i ­

c a l  phon o ns  (TO, LO) n e a r  th e  zone c e n t e r  c o n t r i b u t e  t o  

a  s h a r p  Raman peak ( r *  522 cm-1 ) and n a r r o w  l i n e w i d t h  

(40)*'4 cm- 1 ) i n  c - S i .  On th e  o t h e r  h a n d ,  f o r  a - S i ,  b e ­

c a u s e  i t  i s  a  d i s o r d e r e d  m a t e r i a l ,  t h e  r e l a x a t i o n  o f  ~q. 

v e c t o r  ( f i n i t e  c r y s t a l l i t e  s i z e )  can  be a p p l i e d 28 .

I n  g e n e r a l ,  t h e  h i g h e s t  DOS o c c u r s  n e a r  t h e  

z o n e - b o u n d a r y . The DOS o f  TO and TA p h o n o n s  a t  t h e  

zone  b o u n d a r i e s  u s u a l l y  r e p r e s e n t s  t h e  m o s t  p ro m in a n t  

f e a t u r e s  i n  t h e  Raman sp ec t ru m  o f  a - S i  ( s e e
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Pig* (3 . 2 .2b)}  . In  a - S i  t h e  TO -peaks  a re  down s h i f t e d  

t o  480 cm-1 as  c o n t r a s t e d  t o  522 cm-1 f o r  c - S i .  In ad­

d i t i o n  th e  peaks  a r e  c o n s i d e r a b l e  b ro ad e n ed .  The 

s c h em a t ic  d raw ing  o f  P i g . ( 3 * 2 . 2b)  i l l u s t r a t e s  t h e s e  

r e s u l t s  can o c c u r .

Because o f  t h e  r e c i p r o c a l  r e l a t i o n  between p a r t i ­

c l e  s i z e  and wave v e c t o r ,  f i n i t e  s i z e  can g iv e  r i s e  t o

a  v a lu e  f o r  t h e  q v e c t o r  b e tw e e n  qsO and q , where aB,Z i
i s  a wave v e c t o r  o f  phonon a t  t h e  B r i l l o u i n  zone boun­

d a r i e s .  For a  p a r t i c l e  o f  s i z e  JL we have a  f i x e d  v a lu e

o f  Aq which i s  d e te r m in e d  by J^-Aq%2TT. For  th e  " p a r -
• *

t i d e "  s i z e , ^ ,  h e a v i n g  a v a l u e  a b i u t  40 A -  60 A (We 

have c a l l e d  t h i s  m i c r o c r y s t a l l i n e ,  / i c ) ,  t h e  c o r r e s p o n d ­

in g  q i s  o f  th e  o r d e r  o f  ^q:2; 27T/-£ . From t h e  phonon 

d i s p e r s i o n  r e l a t i o n ,  we h a v e  o b t a i n e d  t h e  f requency  

c o r r e s p o n d i n g  t o  A q .  T h e r e f o r e ,  we found  a d o w n sh i f t  

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

a s s o c i a t e d  w i th  c - S i  f o r  a  yuc-Si  sp e c im en .  The b road en ­

in g  o f  th e  l i n e w i d t h  i s  due  t o  t h e  p a r t i c l e  s i z e  e f ­

f e c t .  F i g .  ( 3 * 2 . 2b) a l s o  i l l u s t r a t e s  t h e  b r o a d e n in g  e f ­

f e c t .  The Raman f e a t u r e s  (Raman f req u e n cy  and w id th )  

a r e  r e l a t e d  t o  t h e  s i z e  o f  c r y s t a l l i t e  o f  S i .  The ex­

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

doped n - t y p e  a - S i : F : H  a r e  i n t r e p r e t e d  by t h i s  s i z e  e f ­

f e c t  .

In Fig.(3*2.2c) we show typical Raman features of
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/ i c - S i : F : H  a l l o y s .  I t  has  a  m ajor  peak o f  Raman f r e q u e n ­

cy a t  a round  5 1 9 * 5  cm 1 and s h o u l d e r  peak a t  around 480 

cm-1 . The 519*5 cm-1 Raman peak i s  due  t o  m i c r y s t a l l i n e  

s t r u c t u r e  o f  Si  and 480 cm-1 Raman peak  i s  due to  amor­

phous s t r u c t u r e .  T h i s  sample  i s  a  h e a v i l y  P-doped j(l $6) 

a - S i : F : H  a l l o y .  We have  i n t e r p r e t e d  o u r  r e s u l t  by t h e  

p r e s e n c e  o f  a  two phased  m a t e r i a l   ̂ and a -  p h a s e d 8

. We d e c o n v o l u t e d  t h e  Raman s p e c t r u m  o f  t h i s  sample  

i n t o  two com ponents  ( p .c -  and a -  component) .  I^,c 

d e n o t e s  t h e  t o t a l  a r e a  o f  t h e  yuc-phase  and I a d e n o te s  

t h e  t o t a l  a r e a  o f  t h e  a -  p h a s e .  The r a t i o  o f  f  ( = I  

/ I a ) e q u a l s  0 .29*

An i d e a l  c r y s t a l  behaves  a s  a  " p a r t i c l e ” which 

h a s  an i n f i n i t e  s i z e  ( i . e . . From F o u r i e r ' s

t r a n s f o r m a t i o n s  o f  7  s p a c e  and s p a c e  we have  a  r e l a ­

t i o n s h i p  be tw een  d im e n s io n  o f  " p a r t i c l e "  s i z e J ?  and
-4  - 4  -4  -

wave v e c t o r  a  q ,  i . e . j £ . A q £ >  27T. T h e r e f o r e ,  f o r  a g i v e n j t  

, A q  i s  u n i q u e l y  d e t e r m i n e d .  We o b t a i n e d  a  r e l a t i o n s h i p  

b e tw een  p a r t i c l e  s i z e  JL and down s h i f t  o f  Raman f r e ­

quency (a)), i ~  1 / 1U - 6) ) , f rom t h e  phonon d i s p e r -  

s i n  r e l a t i o n  o b t a i n e d  by n e u t r o n  s c a t t e r i n g 83-8* . The 

symbol (a ĉ d e n o t e s  t h e  Raman f r e q u e n c y  o f  c - S i .  This  r e ­

l a t i o n s h i p  i s  i l l u s t r a t e d  by t h e  d a sh e d  l i n e  i n  

F i g . ( 7 * 2 . 7 ) .  H e a v i ly  doped n - t y p e  ( P o r  As ) a - S i :F :H  

a l l o y s  show t h e  Raman peak in  t h e  r a n g e  508’ -  520 cm-1

w i t h  l i n e w i d t h  i n  the range  48 -  20 cm- * . The Raman
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peak p o s i t i o n  and w i d t h  f o r  a number o f  t h e s e  sam ples  

a r e  l i s t e d  i n  T a b le  I I .  The e x p e r i m e n t a l l y  d e te rm in e d  

v a lu e  o f  Raman f r e q u e n c y  vs. l i n e w i d t h  f a l l  ve ry  n i c e l y  

on t h e  da sh ed  c u r v e .  We t h e r e f o r e  c o n c l u d e  t h a t  t h e
O

p a r t i c l e  s i z e  o f  t h i s  k in d  o f  a l l o y  i s  i n  t h e  20-50 A 

r a n g e .  C o n s e q u e n t l y ,  th o se  e x p e r i m e n t s  show t h a t  

h e a v i l y  doped a - S i : F : H  a l l o y s  have  a  m i c r o c r y s t a l l i n e  

s t r u c t u r e .

On t h e  o t h e r  h a n d ,  HTA-a-Si : H^B) a l l o y s  d i s p l a y e d  

a  Raman peak a t  517 cm-1 w i t h  l i n e w i d t h  ' \^18 cm-1 

(see T a b le  I I I ^  • From F i g .  (3 * 2 .7 )  we f i n d  t h a t  Raman 

f r e q u e n c y  l i n e w i d t h  o f  th e  HTA-a-Si :H^B) sample  doe3 

n o t  f a l l  on e i t h e r  o f  th e  c u rv e .  The Raman f e a t u r e s  o f
QC

th e  H T A - a :S i : H(B) a l l o y s  can be e x p l a i n e d  by Fano s h i f t  

. Fano s h i f t  i s  due t o  i n t e r a c t i o n  o f  a  c o n t in u m ,  f r e e  

c a r r i e r s ,  w i t h  phonons  86 .

3 . 3  ELECTROLYTE ELECTROREFLECTANCE EXPERIMENT

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

t r o s c o p y  and e l e c t r o l y t e  e l e c t r o r e f l e c t a n c e  (EER) t e c h ­

n iq u e  i n  t h e  f i r s t  s e c t i o n .  I n  S e c .  ( 3 - 3 - 2 )  we 

d e s c r i b e  t h e  d e t a i l s  o f  th e  e x p e r i m e n t a l  method and ap­

p a r a t u s .  The e x p e r i m e n t a l  r e s u l t s  and  i n t e r p r e t a t i o n  

a r e  d e s c r i b e d  i n  S e c .  (3 -3*3)  and S e c .  ( 3 * 3 - 4 ) ,  r e s p e c ­

t i v e l y .

3 -3 -1  E l e c t r o l y t e  e l e c t r o r e f l e c t a n c e  t e c h n i q u e
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In  m o d u la t io n  s p e c t r o s c o p y  some p a ra m e te r  o f  t h e  

sample b e in g  m easured  i s  v a r i e d  so as  t o  p roduce  a  

change in  t h e  o p t i c a l  r e f l e c t a n c e  o r  t r a n s m i t t a n c e  o f  

t h e  s o l i d .  The o p t i c a l  p r o p e r t i e s  may be m o d i f ied  

d i r e c t l y  by a p p l y i n g  a  p e r i o d i c  e x t e r n a l  p e r t u r b a t i o n  

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

i a l  s t r e s s ,  e t c .  o r  a r e p e t i t i v e  i n t e r n a l  m o d u la t io n
32-35such a s  w a v e le n g th  m o d u l a t i o n

The p e r i o d i c  v a r i a t i o n  o f  t h e  measurement parame­

t e r s  g i v e s  r i s e  t o  s h a r p ,  d i f f e r e n t i a l - l i k e  s p e c t r a  in  

t h e  r e g io n  o f  p h o ton  e n e r g i e s  where  o p t i c a l  e x c i t a t i o n  

p r o c e s s e s  o c c u r .  F u t h e r m o r e ,  m o d u la t io n  s p e c t r o s c o p y  

a l s o  s u p p r e s s e s  u n i n t e r e s t i n g  background  e f f e c t s  and 

em phas izes  r e l e v e n t  o p t i c a l  f e a t u r e s .  In  t h i s  s e c t i o n  

we d e s c r i b e  t h e  e l e c t r i c  f i e l d  m odu la ted  r e f l e c t i v i t y  

sp e c t r o s c o p y  u s i n g  t h e  e l e c t r o l y t e  t e c h n iq u e  (EER).

As w i th  a l l  e x t e r n a l  m o d u l a t i o n  t e c h n i q u e s ,  t h e  

p e r t u r b a t i o n  ( e l e c t r i c  f i e l d ,  it) changes  t h e  d i e l e c t r i c  

p r o p e r t i e s  o f  t h e  u n p e r t u r b e d  s o l i d s .  These changes  a r e  

d e s c r i b e d  i n  te rm s  o f  a  c h a n g e  , a €(CO), o f  t h e  complex 

d i e l e c t r i c  f u n c t i o n ,  E (CO ) . The fu n d am e n ta l  q u a n t i t y  

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

t h e  complex d i e l e c t r i c  f u n c t i o n  £  (£0) = €j(£0) + i £ 2 lW).

I n  t h i s  s e c t i o n  we assum e  t h a t  ( a )  t h i s  d i e l e c ­

t r i c  f u n c t i o n  i s  u n i f o r m l y  c h an ged  by th e  m o du la t io n  by 

amounts A and ^ ^ a n d  ( b )  t h a t  b o th  £  and a r e
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s c a l a r  q u a n t i t i e s .  The r e f l e c t i n g  s u r f a c e  o c c u r s  a t  

t h e  d i s c o n t i n u o u s  i n t e r f a c e  be tw ee n  two d i f f e r e n t ,  b u t  

homogeneous media  ( s u b s t r a t e  -  a m b i e n t ) .  The F r e n e l  r e ­

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

R -  | l n - n a ) / ( n + n a ) | 2 ---------------------------------------- ( 3 . 3 . 1 )

n 2 . £  n 2 » £   ( 3 . 3 . 2 )
•  O

where  na i s  t h e  r e a l  r e f r a c t i v e  in d ex  o f  th e  a m b ien t .  

I t  can be shown 32 t h a t :

*jjf “ Re (2 na A e / n ( e -   ( 3 . 3 . 3 )

-  Re £ ( - < . - ; 3 ) * £ ] -------------------------------------------------( 3 . 3 . 4 )

-  + / 3 C ^ 1 . ^ 2 . ^ a > ^ 62 — ( 3 . 3 . 5 )

where and & a r e  t h e  S e r a p h i n  c o e f f i c i e n t s .  The

S e r a p h in  c o e f f i c i e n t s  have  a  c h a r a c t e r i s t i c  pho ton  en­

e rgy  dependence f o r  most  s e m i c o n d u c t o r s .

The q u a n t i t y  a £ ( £ )  i s  o b t a i n e d  by a d d in g  a  p e r ­

t u r b a t i o n  t e rm ,  H ' ,  t o  t h e  H a m i l t o n i a n ,  H0 , o f  t h e  u n -  

p e r t u r b a t i o n  c r y s t a l ,  and £  v£) can  be c a l c u l a t e d  a p ­

p r o x i m a te l y  by f i r s t - o r d e r  p e r t u r b a t i o n  t h e o r y .  I n  con-,
1

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

p e r t u r b a t i o n  te rm  e £« r  f o r  t h e  e l e c t r i c  f i e l d  i s  n o t  

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

c e l e r a t e s  th e  e l e c t r o n ,  and i t  t h e r e f o r e  c o m p le te ly  

d e s t r o y s  the  t r a n s l a t i o n a l  i n v a r i a n c e  o f  the  H a m i i to n i -



an in  t h e  f i e l d  d i r e c t i o n .  A l th o u g h  t h i s  a p p e a r s  t o  be 

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

f a c t  t h e  c e n t r a l  r e a s o n  f o r  t h e  c o m p lex i ty  o f  ER

t h e o r y .  I t  a l s o  a c c o u n t s  f o r  t h e  re m a rk a b le  f a c t  t h a t  

EER s p e c t r a  f o r  low f i e l d s  d e p e n d s  on t h e  t h i r d  d e r i v a ­

t i v e  o f  t h e  u n p e r t u r b e d  d i e l e c t r i c  f u n c t i o n ,  in  con ­

t r a s t  t o  m o d u l a t i o n  where  l a t t i c e  p e r i o d i c i t y  i s  r e -

t a i n e s  and f i r s t  d e r i v a t i v e s  a r e  o b s e r v e d .

The f u n d a m e n ta l  i m p o r t a n c e  o f  t r a n s l a t i o n a l  i n ­

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

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

t i o n  s p e c r t r a  i n  p a r t i c u l a r ,  c a n  be s e en  from a s im p le  

p h y s i c a l  m o de l .  C o n s i d e r  f i r s t  a  f r e e  e l e c t r o n  f o r
- • fr  j

which t h e  H a m i l t o n i a n ,  H = p / 2m, i s  i n v a r i a n t  t o  any 

t r a n s l a t i o n ,  and t h e r e f o r e  t h e  e l e c t r o n  momentum, p̂ =hic 

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

t r a n s i t i o n  i s  n o t  a l l o w e d  due  t o  t h e  c o n s e r v a t i o n  o f  

momentum and e n e r g y .  T h e r e f o r e ,  t h e  sum o f  a l low ed  

t r a n s i t i o n s  f o r  any f i n i t e  p h o t o n  energy  i s  i d e n t i c a l l y  

z e r o  f o r  t h e  f r e e  e l e c t r o n . .

I f  t h e  e l e c t r o n  i s  i n  a  c r y s t a l ,  t h e  H a m i l to n ia n ,  

H = p 2/2m + V^"r), where V (? )  i s  i n v a r i a n t  on ly  t o  t h e

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

s e l f .  C o n s e q u e n t l y ,  momentum c o n s e r v a t i o n  i s  a l s o  weak-  

ened,  and t h e  momentum hk i s  now a  good quantum number 

only w i t h i n  a v e c t o r ,  Kn , o f  t h e  r e c i p r o c a l  l a t t i c e .
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b a n d s .  O p t i c a l  a b s o r p t i o n  i s  now p o s s i b l e  i n  f i r s t  o rd ­

e r  by u l t i z i n g  a  r e c i p r o c a l  l a t t i c e  v e c t o r  t o  o b t a i n  

momentum c o n s e r v a t i o n .  For a t h r e e  d i m e n s i o n a l  funda­

m en ta l  a b s o r p t i o n  edge ,  t h e  im a g in a ry  p a r t  o f  th e  

d i e l e c t r i c  f u n c t i o n  assumes th e  w e l l -k n o w n  s q u a r e  ro o t  

t h r e s h o l d  fo rm .  I f  t h e  c r y s t a l  i s  now p e r t u r b e d ,  i t s  

H a m i l t o n i a n ,  H = j?2/2m + V(lr) + H' w i l l  g e n e r a l l y  have 

known symmetry  d e p en d in g  on t h e  form o f  H ' .  I f  p e r i o d i ­

c i t y  i s  r e t a i n e d ,  t h e  momentum i s  s t i l l  a  good quantum 

number t o  w i t h i n  a  r e c i p r o c a l  l a t t i c e  v e c t o r .  O p t i c a l  

t r a n s i t i o n s  rem ain  v e r t i c a l  a s  shown i n  F i g . ( 3 * 3 * 1 a )

. C o n s e q u e n t l y , t h e  dominant  changes  a p p e a r  d i r e c t l y  as  

sm a l l  s h i f t s  i n  energy  gaps  o r  a m p l i t u d e  o f  momentum 

m a t r i x  e l e m e n t s .  S in c e  t h e s e  s h i f t s  a r e  g e n e r a l l y  sm a l l  

on t h e  s c a l e  o f  energy g a p s ,  t h e  p e r t u r b a t i o n  induced 

chang es  i n  £-2 (U)) a r e  o f  f i r s t  o r d e r  and a r e  a p p ro x i ­

m a te ly  f i r s t  d e r i v a t i v e  l i n e s h a p e ,  a s  shown sc h e m a t i ­

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

I f  t h e  p e r t u r b a t i o n  i s  an e l e c t r i c  f i e l d ,  H1 =e£* 

"r t h a n  t h e  t r a n s l a t i o n a l  i n v a r i a n c e  i s  l o s t .  The e l e c ­

t r o n  a c c e l e r a t e s ,  and momentum i s  no l o n g e r  a  good 

quantum number in  t h e  f i e l d  d i r e c t i o n .  C o n se q u e n t ly ,  

t h e  one e l e c t r o n  Bloch f u n c t i o n s  o f  t h e  u n p e r tu r b e d  

c r y s t a l  become mixed. T h is  i s  e q u i v a l e n t  t o  s p r e a d in g  

t h e  f o r m e r l y  s h a r p  v e r t i c a l  t r a n s l a t i o n s  o v e r  a f i n i t e
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range  o f  i n i t i a l  and f i n a l  momentum, a s  shown in  

P ig * (3 * 3 * 1 b )  • I f  th e  f i e l d  i s  n o t  to o  l a r g e ,  t h e  m ix ing  

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

g i n a l l y  v e r t i c a l  a l lo w e d  t r a n s i t i o n .  T h is  w i l l  smear 

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

y i e l d i n g  a  more c o m p l i c a te d  d i f f e r e n c e  s p e c t r u m  h a v in g  

change i n  s i g n .  The d i f f e r e n c e  can  be a p p ro x im a te d  only 

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

f u n c t i o n .  These e f f e c t s  a r e  i l l u s t r a t e d  in  P ig .  

(3*3*1b)* The two z e r o  c r o s s i n g  i n  t h i s  f i g u r e  a r e

c h a r a c t e r i s t i c  o f  th e  t h i r d  d e r i v a t i v e .
34R e c e n t l y ,  Aspnes h a s  found  t h a t  low v a l u e s  o f  

e l e c t r i c  f i e l d  g iv e  i n v a r i a n t  l i n e s h a p e s ,  d e te r m in e d  by 

th e  i n t e r n a l  p a r a m e te r s  o f  t h e  c r y s t a l ,  and a m p l i tu d e s  

t h a t  s c a l e  q u a d r a t i c a l l y  w i t h  a p p l i e d  f i e l d .  Low f i e l d  

ER s p e c t r a  a r e  o b t a i n e d  o n ly  i n  t h e  ran g e  o f  e x t e r n a l l y  

a p p l i e d  f i e l d s  where b o t h  i n t r a b a n d  and i n t e r b a n d  

mechanisms can  be t r e a t e d  a d e q u a t e l y  by f i r s t  o r d e r  

p e r t u r b a t i o n  t h e o r y .  P e r t u r b a t i o n  t h e o r y  i m p l i e s  th e  

e x i s t e n c e  o f  two e n e r g i e s  p e r  mechanism: t h e  c h a r a c ­

t e r i s t i c  ene rg y  o f  t h e  p e r t u r b a t i o n ,  and a  c h a r a t e r i s -  

t i c  e n e rgy  o f  th e  sy s tem .  The p e r t u r b a t i o n  and sys tem 

e n e r g i e s  f o r  th e  i n t e r b a n d  mechanism i n  EER a r e  e £ . a ,  

and Eg. The term e £ a„ i s  t h e  p o t e n t i a l  d r o p  a c r o s s  th e  

u n i t  c e l l ,  a 0 i s  th e  l a t t i c e  c o n s t a n t  and E i s  t h e  en -O
ergy s e p a r a t i o n  between t h e  p a i r  o f  bands  und e r  con-
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s i d e r a t i o n .  C l e a r l y ,  p e r t u r b a t i o n  t h e o r y  a p p l i e s  h e r e  

whenever  e £ a ,  << Eg . P e r t u r b a t i o n  t h e o r y  w i l l  a l s o  

a p p ly  t o  th e  i n t r a b a n d  mechanism whenever  |-Kill<< P  . 

The e n e r g y ' f t f l  i s  th e  c h a r a c t e r i s t i c  e n e rgy  o b t a i n e d  in

t h e  quantum m ech an ica l  s o l u t i o n  o f  a  p a r t i c l e  o f  mass 

h i c h  i s  a c c e l e r a t e d  in  a u n i f o r m  f i e l d  o f  f o r c e ,  e£

and r i s  t h e  b ro a d e n in g  p a r a m e r e r .  The energy  can be

e x p r e s s e d  a s

-n jl -  ( ) 1 / 3 -------------------------------------------- ( 3 . 3 . 6 )
8mb

-  ( e 2 ( t - V 2 ) 2 Ec v G t ) / 8  1 / 3 --------------------------( 3 . 3 . 7 )

where j i H. i s  t h e  i n t e r b a n d  r e d u c e d  mass o f  t h e  e l e c t r o n  

i n  ban d s  c and v e v au a te d  i n  t h e  f i e l d  d i r e c t i o n ,  and Ecv
(k)  i s  t h e  i n t e r b a n d  energy  a t  k .  T h e r e f o r e ,  i t  i s

p o s s i b l e  t o  d e te rm in e  i n t e r b a n d  e n e r g i e s  , l i f e t i m e  

b r o a d e n i n g  and in t e r b a n d  r e d u c e d  m asses  f rom ER s p e c r t a  

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

The a p p l i c a t i o n  o f  an e l e c t r i c  f i e l d  t i l t s  t h e  

b a n d s  i n  a  s o l i d  so t h e  e l e c t r o n  c an  t u n n e l  t h ro u g h  t h e  

b a n d s ,  w i t h  an e x p o n e n t i a l l y  d e c r e a s i n g  t r a n s i t i o n  p r o ­

b a b i l i t y  be low th e  i n t e r b a n d  e n e r g y .  While  an exponen­

t i a l  lo w e r  energy  t a i l  i s  c h a r a c t e r i s t i c  o f  a l l  ER

s p e c t r a ,  t h e  o s c i l l a t i o n s  on t h e  h i g h e r  ene rg y  s i d e  —

the Franz-Keldysh oscillations  are not evident until

i n t e r m e d i a t e  f i e l d s  a r e  r e a c h e d .
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We now d e s c r i b e  th e  th eo ry  a s s o c i a t e d  w i th  the  

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

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

two l i m i t s .  I n  b o t h  t h e s e  c a se  t h e  band  s t r u c t u r e  o f  

th e  s o l i d  r e m a in s  unchanged due t o  t h e  p e r t u r b e d  e l e c ­

t r i c  f i e l d .  The h i g h  f i e l d  case  i s  d e f i n e d  a s  one in  

which t h e  band s t r u c t u r e  g e t s  m o d i f i e d  and  t h e r e  a r e  

s t a r k  s h i f t s  and c h an g e s  in  s e l e c t i o n  r u l e s .  We s h a l l  

n o t  d e a l  w i t h  t h i s  c a s e .

The low f i e l d  l i m i t  i s  found t o  a p p l y  f o r  I'fcJll < 

P / 3 ,  w h e re  d i f l  i s  t h e  c h a r a c t e r i s t i c  e n e r g y  which i s

d e f i n e d  i n  Eqs.  ( 3 . 3 * 6 )  and V3*3*7),  and P  i s  th e

b r o a d e n i n g  p a r a m e t e r .  The P r a n z - K e l d y s h  ^ in t e r m e d a t e  

f i e l d )  c a s e  o c c u r  when I'fiHl rt  P  . I n  b o t h  c a s e s  th e  

band s t r u c t u r e  i s  u nchanged .

E x p e r i m e n t a l l y ,  t h e  d e t e r m i n a t i o n  o f  t h e  low 

f i e l d  l i m i t  i s  s i m p l e ,  s i n c e  th e  f o l l o w i n g  two c o n d i ­

t i o n s  a p p ly  : t h e  l i n e w i d t h  shou ld  n o t  c h a n g e ,  and th e

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

a p p l i e d  v o l t a g e  i q u a d r a t i c a l l y  w i th  f i e l d ) .  I f  t h e s e  

low f i e l d  s p e c t r a  a r e  o b ta in e d  i n  a  f u l l y  d e p l e t e d  

sp a ce  c h a r g e  r e g i o n ,  t h e  s p e c t r a  a r e  i n d e p e n d e n t  o f  DC 

b i a s  , m o d u l a t i o n  waveform or  f i e l d  imhomogenity  e f ­

f e c t s .

The derivation for the expression for is
33described in the literature . By means of a standard
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t ime d e p e n d e n t  p e r t u r b a t i o n  app ro a ch  i t  i s  p o s s i b l e  t o  

d e s c r i b e  ER s p e c t r a  t o  be n e a r l y  p r o p o r t i o n a l  t o  t h e  

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

t i o n .  Thi3  p e r t u r b a t i o n  ap p ro a ch  i s  used t o  c a l c u l a t e  

t h e  dom inan t  r e s o n a n t  t e rm  in  th e  t h i r d  o r d e r  n o n l i n e a r  

o p t i c a l  s u s c e p t i b i l i t y  cau sed  by a u n i fo rm  e l e c t r i c  

f i e l d .  A one e l e c t r o n  a p p r o x i m a t i o n  i s  u s e d .

The B loch  f u n c t i o n  s a t i s f i e s  t h e  t im e  d e pen d en t  

S c h r o d in g e r  e q u a t i o n :

------------------- ( 3 . 3 . 8 )

where H0 i s  t h e  u n p e r t u r b e d  H a m i l to n ia n  and = "fi

C0n£  i s  t h e  e n e rg y  o f  t h e  s t a t e  The s p a t i a l l y

un i fo rm  f i e l d  i s  d e s c r i b e d  by a t im e  d e p e n d e n t  p e r t u r ­

b a t i o n  te rm

Hj -   ( 3 . 3 . 9 )

and t h e  p h o to n  f i e l d  by t h e  te rm s

H+ + H_ -  + e'*W -t ) ------------------- ( 3 . 3 . 1 0 )

where E+ £  and £, a r e  a m p l i t u d e  v e c t o r s  o f

t h e  e l e c t r i c  f i e l d s  i n v o lv e d ;  i s  t h e  ^ p o s i t i v e )  " 

t u r n  on " p a r a m e t e r  t h a t  e n a b l e  t h e  e v o l u t i o n  o f  t h e  

one e l e c t r o n  w a v e f u n c t i o n s  t o  be c a l c u l a t e d  w i th  t h e  

u n p e r t u r b e d  c r y s t a l  a t  t  = -o>=». The t h e o r y  u s e s  t h e

s c a l a r  p o t e n t i a l  guuge and th e  d i p o l e  a p p r o x i m a t i o n .
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The t im e  de p en d e n t  w a v e f u n c t io n  } ’

d e s c r i b i n g  t h e  e v o l u t i o n  o f  <f>n£  e ~L ^ » * ^ i s  d e f i n e d  by

*= (H0 + Hj + H+ + H ^ y ^ C r ,  t ) - ~  (3 . 3 . 11 ) 

“  ( 3 . 3 . 1 2 )

-  f ni- e - ‘'‘ iE t ---------------------------------------- ( 3 . 3 . 1 3 )

The w a v e f u n c t i o n  'Y' nV. ( r » t )  i s  e v a l u a t e d  a s  a power 

s e r i e s  e x p a n s i o n  i n  t h e  p e r t u r b a t i o n  t e rm s  by a  G r e e n ' s  

f u n c t i o n  t e c h n i q u e  t o  t h i r d  o r d e r .  The d i e l e c t r i c  t e n ­

s o r  € r 4j  can be c a l c u l a t e d  from t h e  p o l a r i z a t i o n  P = 

a c c o r d i n g  t o

Di  " 6 i j Ej  " + Anpi ---------------------------------------- ( 3 . 3 . 1 4 )

where

* ” - v

C ho o s ing  t e rm s  o f  t h e  p r o p e r  t im e  d e p e n d e n c e ,  i . e .  H+ 

and o n ly  t e rm s  t h a t  have  a  dom inan t  c o n t r i b u ­

t i o n  t o  t h e  p o l a r i z a t i o n  term due t o  t h e  p e r t u r b a t i o n ,

aP , t h e  change  i n  t h e  d i e l e c t r i c  c o n s t a n t  due t o  t h e

e l e c t r i c  f i e l d  may be c a l c u l a t e d  t o  be

•  i  £ . w C £ a . f ^ )
m V k  C V E c v

+  M “ >) - ( 3 . 3 . 1 5 )
n 2 v  k Ec v  ^  K ^  E cv
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where .

Ecv -  Ec Ev

€  -
(£.1

The E q .(3«3*15)  g i v e s  th e  dom inan t  second and t h i r d  

o r d e r  f i e l d  in d uced  c o r r e c t i o n  t o  t h e  d i e l e c t r i c  f u n c ­

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

w i t h  DC f i e l d  £ . I f  t h e  c r y s t a l  h a s  i n v e r s i o n  symmetry

u s u a l l y  t h e  c a s e  , even  in  t h e  a b sen c e  o f  i n v e r s i o n  

symmetry , th e  second  o r d e r  t e rm  v a n i s h e s .  The t h i r d  

o r d e r ,  te rm  may be s i m p l i f i e d  by n o t i n g  t h a t  1 / o i cv( e j
—> —> -V

d ep end s  more s t r o n g l y  on k t h e n  e i t h e r  Pcv ^k) o r  E

l ie) .  Again ,  s i n c e  t h e  r a n g e  o f  t h e  r e s o n a n t

d e n o m in a to r  CJcv i s  o f  t h e  o r d e r  o f  T  , t h e  n o n re s o n a n t

d e n o m in a to r  € cv may be r e p l a c e d  by ^CO , i n t r o d u c i n g
—*

e r r o r s  o f  o r d e r  T/'/fiCO o n l y .  The sum over  k may be r e ­

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

(P cv =PCV) or  i f  Pcv does  n o t  depend  on k ,  which i s

where
( 3 . 3 . 1 7 )

( 3 . 3 . 1 8 )
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The l i n e a r  d i e l e c t r i c  c o n s t a n t  i s  I f o r  a p h o to n  f i e l d  

o f  t ime dependence  e~c + ) ,

E+ - * E c v ( g )  - ...................( 3 . 3 . 2 0 )

«* ^
I f  ' f l u  i s  l i n e a r l y  i n d e p e n d e n t  o f  k in  a g iv e n  energy  

r a n g e ,

^ cv(E,rtb  -  3 i i (/fin^ > 3CE2e v ( E , r >3 --------1 3 . 3 . 2 1 )

Thus th e  t h i r d  o r d e r  c o r r e c t i o n  i s  c l o s e l y  r e l a t e d  t o  

t h e  t h i r d  d e r i v a t i v e  o f  t h e  u n p e r tu r b e d  d i e l e c t r i c  

f u n c t i o n .  We a l s o  n o t e  t h a t  t h e  r e l a t i v e  change in  r e ­

f l e c t i v i t y

T r ' - M ^ S > ~  t 2 .............................. - .............................. ( 3 . 3 . 2 2 )

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

s i g n a l  i s  p r o p o r t i o n a l  t o  t h e  sq u a re  o f  t h e  a p p l i e d  

e l e c t r i c  f i e l d ,  and i s  l i n e a r  in  v o l t a g e  ^  by 

P o i s s o n ' s  e q u a t i o n  i n  t h e  s p a c e  charge  r e g i o n .  The 

f i r s t  B r i l l o u i n  zone f o r  a  f a c e  c e n t e r e d  c u b ic  c r y s t a l  

and t h e  h ig h  symmetry p o i n t s  and l i n e s  a r e  l a b e l e d  in  

F i g * ( 3 * 3 . 2 ) .  In  t h e - red u c e d  zo n e  scheme, t h e  o p t i c a l  

t r a n s i t i o n  w i l l  a p p e a r  a s  a  v e r t i c a l  l i n e  i n  an energy 

band s t r u c t u r e  d iag ram  a s  i n d i c a t e d  s c h e m a t i c a l l y  in  

P i g . ( 3 - 3 . 3)®7 •
88The EER spectrum of c - S i  is shown in

P i g * i 3 * 3 . 4 ) .  It d i s p l a y s  two very s h a r p  energy
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f e a t u r e s  a t  about  3*4 eV and 4 - 5  eV can  be a s s o c i a t e d

w i t h  band s t r u c t u r e  o f  c - S i .  The 3 - 4  energy peak

c o r r e s p o n d s  to  Ej and o p t i c a l  t r a n s i t i o n s  o f  c - S i

(1«» -  L , _ and P  • -  P  o p t i c a l  t r a n s i t i o n s  (see
J *v  l »c 2 5 , v 1 5 , c

Pig* ( 3 * 3 * 3 ) )  * The 4*5 eV e n e r g y  peak  co rre sp o n d s  to

t h e  E 2 t r a n s i t i o n  o f  c - S i  ( Z ^  v“ ^-3  an<* ^4 v -  ^1 c t r a n " 

s i t i o n ) .  P ig .  (3-3*4)  a l s o  shows more f i n e  s t r u c t u r e  in  

t h e  4*5 eV energy peak .

3*3*2 EER e x p e r i m e n t a l  method and s e t u p

I n  t h i s  s e c t i o n  we d e s c r i b e  i n  d e t a i l  th e  e x p e r i ­

m e n t a l  a p p a r a t u s  and method  i n  EER s p e c t r o s c o p y .  In  

t h e s e  modula ted  o p t i c a l  s t u d i e s  we have  used  th e  e l e c ­

t r i c  f i e l d  m odu la t ion  t e c h n i q u e  v i a  e l e c t r o l y t e .  This  

e l e c t r i c  f i e l d  m o d u la t io n  i s  a  t r a n s v e r s e  s u r f a c e  

S c h o t tk y  b a r r i e r  ty p e  32 . The m o d u l a t i n g  v o l t a g e  i s  ap ­

p l i e d  be tween  th e  s a m p le ,  whose s u r f a c e  i s  in  c o n ta c t  

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

The e l e c t r o l y t e  i s  a  0 .001 M KC1 s o l u t i o n s .  The sample 

was c o v e re d  w i th  m i c r o - s t o p .  A s m a l l  a r e a  i s  exposed t o  

t h e  monochromatic  i n c i d e n t  l i g h t .  The e l e c t r i c a l  con­

t a c t  on t h e  sample was made by s i l v e r  p a i n t .  The 

s c h e m a t i c  drawing o f  e x p e r i m e n t a l  a p p a r a t u s  f o r  EER 

sy s te m  i s  shown in  P i g . (3*3*5)*

The l i g h t  from t h e  150 w a t t  Xenon a r c  lamp pass  

t h r o u g h  th e  monochromator (GCA model EU 700-56)  and th e
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f i l t e r .  N orm al ly  t h e  e x i t  s l i t  i s  f o c u s e d  o n t o  t h e  sam­

p l e  by means o f  a  s p h e r i c a l  f o c u s i n g  m i r r o r .  The sam ple  

was immersed i n  a n  e l e c t r o l y t e  t h a t  i s  c o n t a i n e d  i n  a 

fu s e d  q u a r t z  c e l l  which has an o p t i c a l l y  h i g h  q u a l i t y  

f r o n t  window. The m odula ted  v o l t a g e  ( a  s q u a r e  wave w i th  

a f r e q u e n c y  o f  200 Hz) i s  a p p l i e d  be tw een  t h e  sam ple  

and t h e  P t  e l e c t r o d e  by means o f  a  f u n c t i o n  g e n e r a t o r  

(HP model 3311 A ) ,  which a l s o  p r o v i d e s  a r e f e r e n c e  s i g ­

n a l  t o  th e  l o c k - i n  a m p l i f i e r  (PAR model 5204 o r  I t h a c a  

model 391A). The r e f e r e n c e  l i g h t  i s  c o l l e c t e d  by t h e  

p h o t o m u l t i p l i e r  t u b e  (PMT S-1 or S - 2 0 ) .

The r e f l e c t e d  l i g h t  c o l l e c t e d  by t h e  PMT c o n t a i n s  

two s i g n a l s :  a  DC p a r t ,  I .  R and a m o d u la ted  AC p a r t ,  1 , 

*R, which  v a r i e s  w i t h  t h e  modulated f r e q u e n c y  f m . The 

symbol I e d e n o t e s  t h e  i n t e n s i t y  o f  i n c i d e n t  l i g h t ,  R 

d e n o t e s  t h e  r e f l e c t i v i t y  o f  sam ple .  i s  t h e  v a r i a t i o n  

o f  r e f l e c t i v i t y .  I t  i s  d e s i r a b l e  t o  e l i m i n a t e  t h e  com­

mon f a c t o r  I # i n  o r d e r  to  o b t a i n  t h e  m o d u la te d  s p e c t ru m  

aR/R. The DC o u t p u t  I 0 R o f  t h e  PMT i s  a p p l i e d  t o  a 

m e c h a n ic a l  s e r v o  a m p l i f i e r  (o r  an e l e c t r o n i c  s e r v o  am­

p l i f i e r )  w h ic h  a d j u s t s  th e  h ig h  v o l t a g e  on t h e  PMT in  

o r d e r  t o  k e e p  t h e  DC o u t p u t ,  I*, R, c o n s t a n t .  The AC 

component o f  t h e  o u t p u t  s i g n a l ,  I . a R, i s  d e t e c t e d  by 

t h e  l o c k - i n  a m p l i f i e r .  The o u tp u t  s i g n a l  o f  t h e  l o c k - i n  

a m p l i f i e r  i s  p r o p o r t i o n a l  to  aR/R, t h e  r e l a t i v e  change  

in  r e f l e c t a n c e .  The o u tp u t  s i g n a l  from t h e  l o c k - i n  am-
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p l i f i e r  i s  c o n n e c te d  t o  a c h a r t  r e c o r d e r .

The above n o r m a l i z a t i o n  p r o c e d u r e  i s  i m p o r t a n t  

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

q u a n t i t y  aR/R b u t  a l s o  a u t o m a t i c a l l y  c o r r e c t s  f o r  any 

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

c h ang es  in  t h e  i n c i d e n t  l i g h t  i n t e n s i t y  (a  common p r o b ­

lem i n  h ig h  p r e s s u r e  a r c s )  o r  ( b )  v a r i a t i o n s  on t h e  

s u r f a c e  o f  t h e  sa m p le .  Thus i n  n o r m a l i z e d  m odu la ted  

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

f l e c t e d  l i g h t  i n t e n s i t y  from t h e  s a m p le  s i n c e  t h e  com­

mon f a c t o r  7 P i s  e l i m i n a t e d .

For  t h e  v i s i b l e  and n e a r  u l t r a v i o l e t  l i g h t  r e ­

g i o n s  o f  t h e  s p e c t ru m  th e  l i g h t  s o u r c e  i s  a  150 w a t t  

Xenon a r c  lamp. For  t h e  i n f r a r e d  r e g i o n s  o f  t h e  s p e c ­

t rum  t h e  l i g h t  s o u r c e  i s  a  75 w a t t  t u n g s t a n  lamp. We 

u se d  a  S-20 PMT f o r  t h e  w a v e le n g th  r e g i o n  from 2000 t o  

8000 A, and S-1 PMT f o r  w a v e l e n g th  i n  t h e  r e g i o n  8000 

t o  12000 A.

5 -3 *3  E x p e r im e n ta l  r e s u l t s  o f  EER

We show a  summary o f  EER m easu re m e n t  f o r  i n t r i n ­

s i c  , l i g h t l y  o r  h e a v i l y  P- o r  A s -doped  a - S i : F : H  a l ­

l o y s  i n  T ab le  V. HTA-a-Si:H (B) a l l o y  r e s u l t s  a r e  l i s t ­

ed i n  Table  VI. The EER r e a u l t s  f o r  l a s e r - a n n e a l e d  Si  

have  been  i n c l u d e d  in  Table  TV, where  t h e  d e t a i l e d  

s p e c i f i c a t i o n s  o f  t h e s e  a l l o y s  a r e  a l s o  d i s p l a y e d .
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We fo u n d  t h a t  t h e r e  a re  no EER f e a t u r e s  i n  50 ppm 

B-doped H T A -a -S i :H (44B )  and i n t r i n s i c  o r  l i g h t l y  doped 

S i : P : H ( P )  a l l o y s .  The o t h e e r  m a t e r i a l s  we h a v e  s t u d i e d  

a r e  h e a v i l y  doped  n - t y p e  (P or  As) a - S i ; F : H ,  HTA-a- 

S i :H (B )  a l l o y s  ( NOVA-51 A and NOVA-51B ) and i o n -  

damaged,  l a s e r - a n n e a l e d  Si samples whose l a t t e r  m a t e r i ­

a l s  e x h i b i t e d  EER f e a t u r e s .

L e t  u s  l o o k  a t  t h e  d e t a i l s  o f  t h e  EER f e a t u r e s  o f  

h e a v i l y  doped n - t y p e  (P or As) a - S i : F : H  a l l o y s .  

Fig* ( 3 - 3 * 6 )  t o  F i g .  ( 3 . 3 . 1 0 )  show t h e  EER f e a t u r e s  o f  

a l l o y s  s u c h  a s  S P IN -1 3 7 ,  SPIN-138, GLAD 35AB, GLAD 35B, 

FN6#6, FN10/B, FN13#4, FN14#2, NOVA-101, NOVA-102,

NOVA-10 3 ,  NOVA-190 NOVA-191* EER s p e c t r a  f o r  a l l  h e a v i ­

ly  doped n - t y p e  (P o r  As) a -S i :F :H  a l l o y s  show two e n ­

e rgy  f e a t u r e s  a t  3*4- eV and 4*5 eV, which  c an  be a s s o ­

c i a t e d  w i t h  t h e  o p t i c a l  t r a n s i t i o n s  o f  c - S i  £ s e e

T h e s e  f e a t u r e s  a r e  i n s e n s i t i v e  t o  t h e  d o p in g  e l e ­

m ent ,  a s  c a n  be  s e e n  from F ig .  (3*3*8) and F i g . ( 3 * 3 * 9 ) *  

i n  F i g . (3 * 3 * 8 )  shows t h a t  t h e r e  i s  v e ry  l i t t l e  s h i f t  i n  

t h e  peak  p o s i t i o n s  f o r  t h e  As-doped sam p le  NOVA-190 and 

P-doped sa m p le  GLAD 35AB, and GLAD 35B. T h i s  i s  f u t h e r  

c o n f i r m e d  i n  F i g .  ( 3 * 3 . 1 1 ) ,  which a g a i n  shows th e  EER 

f e a t u r e s  o f  t h e  P -d o p e d  samples SPIN-138 and  t h e  As- 

doped sa m p le  NOVA-190 to  be ve ry  s i m i l a r .  F i g u r e  

( 3 * 3 * 8 ) ,  which  chows th e  EER f e a t u r e s  f o r  t h e  P-doped
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a - S i : F : H  a l l o y s ,  SPIN-137 and SPIN -138  a r e  very  s im i ­

l a r ,  a l th o u g h  SPIN-137 has tw ic e  t h e  d o p i n g  c o n c e n t r a ­

t i o n  o f  SPIN-138.

We d i s p l a y  t h e  d e t a i l  EER f e a t u r e  o f  HTA-a- 

S i :H (B )  a l l o y s  (N0VA-51A and N0VA-51B) in  F i g . (3 . 3 . 1 2 ) .  

The sam ples  a r e  s i m i l a r  in  a l l  r e p e c t s  e x c e p t  t h a t  

NOVA-51 A i s  a n n e a le d  a t  900 °C w h e r e a s  NOVA-51 B i s  an­

n e a l e d  a t  1000 °C. The EER f e a t u r e s  a r e  vey s i m i l a r ,  

e x c e p t  NOVA-51 has  c o n s i d e r a b l y  n a r r o w e r  peak a t  5*4 eV 

and 4*5 eV, and t h e  peak v a l u e s  s h i f t  c l o s e r  t o  c - S i  

v a l u e s .  The c o m p ar iso n  o f  EER s p e c t r a  f o r  HTA-a- 

S i :H ( B )  and j u c - S i : F :H(P)  a r e  shown i n  F i g .  (3«3* 1 5) • We 

fo u n d  t h a t  t h e r e  a r e  no s i g n a l s  i n  sa m p le  44B.

For  com p ar ison ,  we a l s o  p e r f o r m e d  EER measure­

m en ts  f o r  ion-dam aged ,  a n n e a le d  S i  w i t h  d i f f e r e n t  l a s e r  

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

s a m p le s  a r e  l i s t e d  i n  T ab le  IV. F i g . ( 3 - 3 * 1 4 )  shows t h a t  

t h e  EER f e a t u r e s  o f  two o f  t h e s e  s a m p l e s  a n n e a le d  w i th  

e n e r g y  d e n s i t y  0.1 (x4)  J / c m 2 and 0 . 5  J /c m 2 . The sym­

b o l  x4 in  th e  p a r a t h e s i s  d e n o te  l a s e r  a n n e a l e d  on th e  

sa m p le  f o u r  t im e s  w i th  power d e n s i t i e s  0 .1  J /cm 2 . 

F i r s t  o f  a l l ,  i t  has  n a r ro w e r  p e a k s  a t  3*4 eV and 4*5 

eV, and th e  peak v a l u e s  have lo w e r  e n e r g i e s .  Secondly ,  

i t  h a s  more s t r u c t u r e  in  t h e  4*5 p e a k .  T h i s  shows t h a t  

ion -dam aged ,  Si  a n n e a le d  a t  h i g h  e n e rg y  d e n s i t y  has 

more c r y s t a l l i n i t y  th a n  t h o s e  w i t h  l o w e r  energy  d e n s i -
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t y .  The c o m p a r is o n  o f  EER s p e c t r a  f o r  t h e  sam ples  

HTA-a-Si:H(B) and io n -d am ag e d ,  l a s e r - a n n e a x e d  S i  w i th  

l a s e r  power d e n s i t y  0 . 5  J / c m 2 i s  shown in  F i g . ( 3 * 3 • 1 5 ) •

3.5*4 I n t e r p r e t a t i o n s  o f  EER s p e c t r a

L e t  u s  now i n t e r p r e t  t h e  EER r e s u l t s  i n  t e rm s  o f  

th e  band s t r u c t u r e  87 o f  t h e  c r y s t a l l i n e  s i l i c o n .  c - S i  

has s h a r p  p e a k s  a t  3*4 eV and 4 . 5  eV £ s e e  F i g .  (3 *5*4)} 

The 3*4 eV peak i s  p ro d u ce d  by Ej t r a n s i t i o n s  p r i ­

m ar i ly  ( f ro m  L • -  L ,  ) a l o n g  w i th  a  s m a l l  c o n t r i b u -3 ,v 1 ,c
tion from E„ transition FT t -P., ) U?i6* (3*3*3)1 •

25 , v  15,  c ^  '
The 4*5 eV peak  c o r r e s p o n d s  t o  t h e  E t r a n s i t i o n  from 

X -X and £  -27 ,  f  F ig*  (3*3*3)]* T h is  f e a t u r e  i s
4,v l , c  2 ,v  3 »c ^ '

washed o u t  i n  g o i n g  f rom c r y s t a l l i n e  to  amorphous ma­

t e r i a l s  59 . Thus i t  i s  t o  be a s s o c i a t e d  w i t h  lo n g

range o r d e r .

U n a nn ea led  S i : H ( B ) ,  i n t r i n s i c  o r  l i g h t l y  P-doped 

a -S i :F :H  s a m p le s  show no EER f e a t u r e s  ( T a b l e  j y ,  V).  

Because i t  i s  a  amorphous p h a se  r a t h e r  t h a n  ja c -  phase  

o r  c -  p h a s e .

However,  a l l  h e a v i l y  P -  o r  As-doped a - S i : F : H  a l ­

lo y s  show v e ry  s i m i l a r  EER f e a t u r e s  a t  b o th  3*4 eV and 

4 .5  eV ( s e e  F i g .  ( 3 -3 * 6 )  -  (3*3*10)} . In  t h e  EER s p e c ­

t r a  o f  c - S i  s h a r p  s t r u c t u r e  has  been r e p o r t e d  i n  t h e  

v i c i n i t y  o f  3*4 eV and 4*5 eV. T h e r e f o r e ,  t h e  peak s  

at these energies in Fig. (3*3*6)  -  Fig.(3• 3 • 10 ) ,  even
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th rough  they  a r e  b r o a d e r ,  can  be  a s s o c i a t e d  w i t h  c - S i ,  

i . e .  they o r i g i n a t e  from t h e  yuc-Si s e c t i o n s  o f  t h e  

S i :F :H  m a t e r i a l s .

High t e m p e r a t u r e  t h e r m a l l y  annea led  (HTA) a -  

Si :H(B) sa m p le s  showed EER f e a t u r e s  a t  3*4 eV and 4 - 5  

eV. In  F i g . (3 *3 * 12 )  showed t h e  EER s p e c t r a  o f  NOVA-51 A 

and N0VA-51B s a m p l e s .  Both  sa m p le s  a r e  HTA-a-Si :H(B)  

a l l o y s  but  NOVA-51B i s  a n n e a l e d  a t  h ig h e r  t e m p e r a t u r e  

th an  NOVA-51 A. The EER f e a t u r e s  o f  NOVA-51 B i s  s h a r p e r  

th an  NOVA-51 A. I t  a l s o  h as  more f i n e  s t r u c t u r e  a t  4*5 

eV f o r  NOVA-5 IB s a m p l e s .  However,  the  EER s p e c t r a  o f  

HTA-a-Si:H(B) and h e a v i l y  P-  o r  As-doped a - S i : F : H  a l ­

l o y s  a re  d i f f e r e n t  C s e e  Pig*  (3*3* 13)} • The 3*4 eV 

f e a t u r e  o f  HTA-a-S i  :H(B) i s  s h a rp e r  t h a n  t h e  

c o r r e s p o n d in g  peak  o f  h i g h l y  P -doped  a - S i :F :H  ( f o r  e x ­

ample OLAD p5AB). I n  a d d i t i o n ,  t h e  4*5 eV f e a t u r e  f o r  

sample NOVA-51 A i n  F i g . (3*3*13)  i s  b e g in i n g  t o  show 

some s t r u c t u r e  s i m i l a r  t o  t h a t  o f  c - S i .

The p e a k s  i n  t h i s  f i g u r e  ( f o r  sample NOVA-51 A) 

below about  2 . 5  eV a r e  c l e a r l y  due to  i n t e r f e r e n c e  e f ­

f e c t s .

Pig* (3*3* 15) shows t h e  EER f e a t u r e s  f o r  i o n -
2damaged, l a s e r - a n n e a l e d  Si w i t h  energy  d e n s i t y  0 . 5  J /c m  

i s  much s h a r p e r  t h a n  HTA-a-Si  :H^B) and h e a v i l y  P -  o r  

As-doped s a m p l e s .  The 4*5 eV peak of  th e  io n -d am ag e d ,  

l a s e r - a n n e a l e d  Si a l s o  has b e t t e r  f i n e  s t r u c t u r e  t h a n
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H T A -a -S i :H (B ) .

3 .4  OPTICAL PROPERTIES OP SI:H AND S I :F :H  ALLOYS

The o p t i c a l  p r o p e r t i e s  o f  c - S i  have b een  s t u d i e d  

i n  d e t a i l  by s e v e r a l  a u t h o r s 89-91. The o p t i c a l  r e f l e c ­

t a n c e  s p e c t r a  o f  a - S i  and a - S i : H  a l l o y  have a l s o  been 

i n v e s t i g a t e d  by s e v e r a l  g r o u p s 89-9  ̂ • J a n  e t  a l  ,95 have 

i n v e s t i g a t e d  t h e  o p t i c a l  p r o p e r t i e s  o f  HTA-a-Si:H(B) 

a l l o y s  a s  w e l l  a s  u n a n n e a le d  a - S i :H ( B )  and h e a v i ly  

doped n - t y p e  a - S i : F : H  a l l o y s  s y s t e m s .  D u r in g  t h e  p a s t  

y e a r  yuc-Si  h a s  r e c e i v e d  a c o n s i d e r a b l e  amount o f  a t ­

t e n t i o n .  I t  h a s  been  r e p o r t e d  t h a t  u c - S i  f i l m s  can be 

p r e p a r e d  by a  number o f  d i f f e r e n t  c o n d i t i o n s  in  Si :H 

and S i : F : H  a l l o y s 26-28 . T h e r e f o r e  i t  i s  q u i t e  i n t e r e s t ­

i n g  from b o th  a  b a s i c  and an a p p l i e d  p o i n t  o f  view t o  

i n v e s t i g a t e  t h e  o p t i c a l  p r o p e r t i e s  o f  a - S i : H ( B ) ,  HTA- 

a -S i :H ( B )  and yuc-S i :F :H  a l l o y s  which a r e  p r e p a r e d  by 

p lasm a  glow d i s c h a r g e  d e c o m p o s i t i o n  method and unde r  

v a r i o u s  c o n t r o l l a b l e  j i c - d e p o s i t i o n  p a r a m e t e r s .  In  t h i s  

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

yuc-S i :F :H  and HTA-a-Si:H(B) a s  w e l l  a s  u n a n n e a le d  a -  

S i :H (B )  a l l o y  s y s t e m s .

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

r ev ie w  o f  o p t i c a l  p r o p e r t i e s  o f  s e m i c o n d u c t o r s .  I n  s e c ­

t i o n  13*4 .2 )  we d e s c r i b e  a  r o t a t i n g  l i g h t  p i p e  r e f l e c -  

t o m e t e r  which we have used  to  m easu re  th e  r e f l e c t a n c e
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s p e c t r a  o f  our  s a m p le s .

S e c t i o n  ( 3 - 4 . 3 )  e x p l a i n s  t h e  m ethods  to  g e t  th e  

o p t i c a l  c o n s t a n t s  from e x p e r i m e n t a l l y  m e a s u r a b le  quan­

t i t i e s  such  a s  r e f l e c t i v i t y  u s i n g  K ra m e rs -K ro n ig  (X.K.)  

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

v e s t i g a t i o n  f o r  t h e  S i :H  and S i : F : H  a l l o y s  w i l l  be 

p r e s e n t e d  in  s e c t i o n  ( 3 . 4 . 4 ) .  The l a s t  p a r t  o f  t h i s  

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

i c a l  s t u d i e s  o f  S i :H  and S i : F : H  a l l o y  s y s t e m s .

3 -4 -1  General" d e s c r i p t i o n  o f  o p t i c a l  p r o p e r t i e s  s t u ­

d i e s

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

m a g n e t i c  ) i s  d e te r m in e d  by t h e  k and CO dependen t  

d i e l e c t r i c  t e n s o r  G ( k , C O ) ,  which  r e l a t e s  t h e  F o u r i e r  

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

ment and t h e  e l e c t r i c  f i e l d .

IdU . wj -  e(k ,H) to) ------------------------------------- ( 3 .4 .1 ;

mit .w;  /V el( k , r - wt) ------------------------------------------ — ( 3 . 4 . 2 )

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

t e n s o r  <y by th e  r e l a t i o n s h i p  £ . I n  g e n e r a l

t h e  components  o f  <5" and G a r e  complex num bers .  Thermo­

dynam ics  r e q u i r e s  t h a t  t h e s e  t e n s o r  be  sym m etr ic  i n  th e

absence of an external DC magnexic field. Thus the nine
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<-> <r-> —*
com ponents  o f  €. l o r  G ) a r e  n o t  a i l  i n d e p e n d e n t .  «c 

can be assumed e q u a l  t o  z e r o  i n  th e  d i e l e c t r i c  f u n c t i o n  

b e c a u s e  t h e  w av e le n g th  o f  th e  i n c i d e n t  p h o to n  i s  much 

l a r g e r  t h a n  any c h a r a c t e r i s t i c s  a to m ic  d i m e n s i o n s  ( l a t -  

t i c e  c o n s t a n t s ) .  We only  c o n s i d e r  t h e  f r e q u e n c y  depen­

dence  o f  t h e  d i e l e c t r i c  c o n s t a n t s .  We a l s o  assume t h a t  

t h e  medium i s  i s o t r o p i c .  Then t h e  d i e l e c t r i c  t e n s o r  i s  

r ed u c e d  t o  a  s c a l a r .  The r e l a t i o n s h i p  b e tw ee n  D and 

can be w r i t t e n  as  D = 6 E .

We o b t a i n  t h e  wave e q u a t i o n  from M a x w e l l ' s  e q u a -  

t i o n ,  e l i m i n a t i n g  th e  m a g n e t i c  f i e x d .  Thus

v 2z  -  4  ^   ( 3 .4 .3 )

The f r e q u e n c y - d e p e n d e n t  complex d i e l e c t r i c  f u n c t i o n  can 

be  e x p r e s s e d  a s

£<ju» -  ^ ( u ) )  + l €2 (l3) ----------------------------------- (3 .4 .47

where , £ 2 a r e  r e a l  and im a g in a ry  p a r t s  o f  t h e  

d i e l e c t r i c  c o n s t a n t .  L e t  u s  d e f i n e  t h e  complex r e f r a c ­

t i v e  i n d e x  N=J(= . The r e a l  and im a g in a ry  p a r t s  o f  N a r e  

r e l a t e d  t o  €■ and by

n2 _ k2 = ^ --------------------------.---------------------------( 3 . 4 . 5 )

2nk = 6 2 -------------------------------------------  ( 3 .4 .6 )

where U=nTIk  and n i s  c a l l e d  th e  index  o f  r e f r a c t i o n  ,



r* i S

k i s  c a l l e d  th e  e x t i n c t i o n  c o e f f i c i e n t .  A p l a n e  wave 

s o l u t i o n  o f  E q . ( 3 - 4 - 3 ;  has  t h e  form

where t h e  a b s o r p t i o n  c o e f f i c i e n t  oL i s  r e l a t e d  to  k by

where  ,A0 i s  t h e  w a v e le n g th  o f  t h e  i n c i d e n t  l i g h t  in  

vaccum.

For normal i n c i d e n t  l i g h t  in  vacuum, t h e  r e f l e c ­

t a n c e  o f  an opaque sample  i s

The g e n e r a l i z a t i o n  o f  t h e s e  f o r  non-norm al  i n c i d e n c e

I n  th e  above e q u a t i o n s ,  t h e  q u a n t i t i e s  R can be 

m easu red .  Ve o b t a i n  t h e  r e a l  and im ag inary  p a r t s  o f  

t h e  d i e l e c t r i c  c o n s t a n t s  { €  1 , 6 2  ) u s i n g  a K.K. 

a n a l y s i s .  The e x p e r i m e n t a l  t e c h n i q u e  most  f r e q u e n t l y  

employed i s  t o  m easu re  R o v e r  a s  wide  a  f r e q u e n c y  range  

a s  p o s s i b l e  and u s e  K.K. a n a l a y s i s  t o  o b t a i n  two o p t i ­

c a l  c o n s t a n t s  n ,  k o r  The K.K. a n a l y s i s  be

d e s c r i b e d  in  t h e  n e x t  s e c t i o n .

3-4*2 O p t i c a l  c o n s t a n t s  and K ra m e rs -K ro n ig  a n a l y s i s

The linear response of a non-magnetic solid v

E -  E0b- ^ -  ?  *>e-  7 * ( 3 . 4 . 7 )

( 3 . 4 . 8 )

R -  ( n - 1 ) 2 + k2
(n+1) 2 +  k2

( 3 . 4 . 9 )

may be found in  t h e  l i t e r a t u r e 96
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i . e .  yu=1 ) w i t h  i s o t r o p i c  o r  c u b i c  symmetry t o  i n c i d e n t  

e l e c t r o m a g n e t i c  r a d i a t i o n  can be d e s c r i b e d  in  te rm s o f  

two o p t i c a l  c o n s t a n t s .  We on ly  have  two o p t i c a l  con­

s t a n t s  f o r  n o n -m a g n e t i c  m a t e r i a l s .  These  two o p t i c a l  

c o n s t a n t s  ( ^  »  ̂ o r  ^n ' ^  tt re  r e l a t e d  by t h e  d i s p e r ­

s i o n  r e l a t i o n s .  These two p a i r s  o f  c o n s t a n t s  a l s o  a re  

r e l a t e d  a s  f o l l o w s

£(t0) -  (<0) + 1 ^ ( 0 )  -  Cn(u>) + £ .k ( W ) } 2 — (3.4 .10)

L e t  R be t h e  r e f l e c t i v i t y  a t  n o rm a l  i n c i d e n c e  o f  a 

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

b l e  r e f l e c t i o n  from th e  r e a r  s u r f a c e  o f  t h e  s o l i d ,  then  

R can  be  e x p r e s s e d  in  te rm s o f  n and k a s  f o l l o w i n g  

( n - n g ) 2 + k2
• * - ------- ----------- r --------------------------------------------- (3 .4 .1 1 )

( n - n s ) ^  + kz

g e n e r a l l y ,  t h e  s o l i d  i s  e i t h e r  i n  a i r  o r  i n  a  vaccum 

where  n g =1 . ng i s  t h e  in d e x  r e f r a c t i o n  o f  th e  s u r ­

r o u n d i n g  m e d ia .

I n  t h e  above e q u a t io n ,  n and k a r e  u s e d  t o  r e l a t e  

t h e  e x p e r i m e n t a l l y  m easu rab le  q u a n t i t i e s ,  b u t  i t  i s  a c ­

t u a l l y  t h e  im a g in a ry  p a r t  o f  t h e  d i e l e c t r i c  c o n s t a n t ,  

£ 2(l<j) , t h a t  comes o u t  most d i r e c t l y  f rom t h e  d e r i v a t i o n  

o f  t h e  o p t i c a l  p r o p e r t i e s  o f  t h e  s o l i d  f rom  i t s  band 

s t r u c t u r e .  The r e l a t i o n s h i p  b e tw ee n  t h e  r .ea l  and ima­

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

form we know as the Kruaers-Kronig relations which a l ­



low d i s p e r s i o n  and a b s o r p t i o n  t o  be r e l a t e d .  They a re  

d e r i v e d  by means o f  t h e  t h e o r y  o f  complex v a r i a b l e  and 

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

no r e s p o n s e  can occu£. u n t i l  t h e  f i e l d  i s  a p p l i e d .

2 (* V  €2  (<*/ ) ,
£ . « 0 )  « 1 + 4  p|  — ^ ---- - d(J  ( 3 .4 . 1 2 )

1 n 'o U)'2 -  U)2

e 2W> “ -  W  ?J  ~ , 2 d(J' + & ------------- ( 3 .4 . 1 3 )
o CO -  Uj

where  P means t h e  Cauchy p r i n c i p a l  v a l u e  o f  th e  i n ­

t e g r a l .  S 0 i s  t h e  c o n d u c t i v i t y  a s  CO —> 0- S in ce  e x p e r i ­

m e n t a l l y  we a r e  m e a s u r in g  r e f l e c t i v i t y  R, i t  i s  more 

u s e f u l  t o  e x p r e s s  t h e  d i s p e r s i o n  r e l a t i o n  between r f 

t h e  m agni tude  o f  R, and t h e  p h a s e  a n g l e  £(£0):

r « R(«O)exp(t0(tO)] --------------------------------------(3 .4 . 1 4 )

e(u) . y P ( l i n y ^ L ^ | E w l du- --------0 .4 .1 5 )
4  to - oS

where  r  i s  a  complex r e f l e c t i o n  c o e f f i c i e n t  and 

i s  t h e  ph ase  a n g l e .  The two o p t i c a l  c o n s t a n t s  n and k 

.can be  o b t a i n e d  from R( CO ) and ($l(6j) by th e  f o l l o w ­

i n g  r e l a t i o n s

n (u > )---------- 1-------- -- ---------------------------------------- ( 3 . 4 . 1 6 )
1 + R -  2/RcosO

and
k(i0j  ,   2 j R s i n 9 ------------------------------------------ ( 3 .4 .1 7 )

1 + K -  2 /R cor.p

I f  the reflectivity spectrum R(£d ) is measured over



- 78 -

t h e  e n t i r e  s p e c t r a l  r e g i o n ,  t h e n  f rom Eq. (3 . 4 • 1 5 ) » 9((j0) 

c an  b e  c a l c u l a t e d  f o r  a l l  t h e  s p e c t r a l  ra n g e .  Once 

t h e  v a l u e  o f  &{CO) i s  o b t a i n e d ,  two o p t i c a l  c o n s t a n t s  

n ,  k can  be c a l c u l a t e d  by E q s . 0 * 4 - 1 6 )  and v3*4*17).  

T h i s  method which i s  used  to  c a l c u l a t e  t h e  o p t i c a l  con­

s t a n t s  i s  c a l l e d  K.K. a n a l y s i s .

The n u m e r ic a l  a n a l y s i s  o f  t h e  K.K. r e l a t i o n  i s  

o b t a i n e d  by th e  i n t e g r a t i o n  o f  t h e  E q . (3* 4 .15 )  and 

s e v e r a l  a s s u m p t i o n .  E q .(3*4*15J  can  be  r e w r i t t e n  a s  

t h e  f o l l o w i n g :

I f  we . i n t e g r a t e  th e  above e q u a t i o n  by p a r t s ,  t h en  we 

o b t a i n

R i s  m easured  only in  a  l i m i t e d  r a n g e  o f  e n e r g i e s  from 

1 .2  t o  9 . 5  eY. In  o r d e r  to  g e t  t h e  r e f l e c t i v i t y  R(E) a t  

l o w e r  en e rg y  ( <1.2 eV) and h i g h e r  e n e r g y  (above 9*5

eV ) ,  t h e  f o l lo w in g  e x t r a p o l a t i o n  m e th o ds  were used  in  

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

f l e c t i v i t y  f o r  pho ton  energy E± be low  t h e •fundam en ta l  

band gap  E g (because  k=0 and£r2 =0) i s

U 1"R(w')

( 3 . 4 . 19 )

)  rv

(n + l ) 2
for E ± C Eg ( 3 . 4 . 2 0 )



For t h e  e x t r a p o l a t i o n  R(E) a t  t h e  h i g h e r  e n e r g y  r e g i o n  

t h e  f o l l o w i n g  f o rm u la  i s  u se d :

R(E) -------------------------(3.A.21)

where E  ̂ i s  t h e  upper  energy  l i m i t  o f  t h e  m easu rem en t ,  

and Rj i s  t h e  r e f l e c t i v i t y  a t  energy  Ej  , ^n our case  

t h e  m easu red  h i g h e s t  energy i s  9*5 eV, t h a t  i s  E j =9-5 

eV. The p a r a m e t e r  ^  i-s v a r i e d  in  o r d e r  t o  o b t a i n

v a l u e s  o f  n and k such t h a t  k ~ 0  f o r  E* < Eg .

For  K.K. a n a l y s i s  E q s . i 3*4* 15)» (3 * 4 *1 6 ;  and

13*4*17) were  ' u s e d .  The i n t e g r a l  in  E q . ( 3 * 4 .1 5 )  was 

e v a l u a t e d  a t  e ac h  d e s c r e t e  p h o to n  e n e r g y ,  E i t  f o r  which

t h e  m easu red  r e f l e c t i v i t y  v a l u e ,  R C E ^ ,  was a v a i l a b l e .

The i n t e g r a l  was approx im ated  by m u l t i p l y i n g  t h e  a v e r ­

age v a lu e  o f  t h e  i n t e g r a n d  b e tw ee n  each  a d j a c e n t  p a i r  

o f  e n e r g i e s  by t h e  d i f f e r e n c e  be tw een  t h e  e n e r g i e s ,  

and th en  summing the  r e s u l t s  f u s i n g  t h e  t r a p e z o i d a l  

r u l e ) .

Above t h e  energy  Ej , where  t h e  r e f l e c t i v i t y  d a t a  

were n o t  a v a i l a b l e ,  th e  r e f l e c t a n c e  s p e c t r u m  was a p ro x -
r

•imated by Rj ^ E 1 /E)  . The i n t e g r a t i o n  o f  t h e  p ha se  i n ­

t e g r a l  f rom E j t o  was

-L lnME) ln |Irt£ , + r Z  (3.4.22)
271 R(Ei) Ej-E n n(2n+l)2 Ej

T h is  sum was compute to  50 t e r m s  in  t h e  p ro g ra m .  The

value of X * was varied from 0.0 to 5-0. We chose the

value of such that kS-0 (.or 0) for E^ < E
■ * s
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The m ic r o s c o p ic  e x p r e s s i o n  f o r  t h e  d i a g o n a l  com­

p o n e n t  o f  €  (60) f o r  a d i r e c t  i n t e r b a n d  t r a n s i t i o n  from 

an i n i t i a l  o c cup ied  v a l e n c e  s t a t e  v t o  a  f i n a l  unoccu­

p i e d  c o n d u c t io n  s t a t e  c in  a to m ic  u n i t  ( e=fUm=1 ) may 

be c a l c u l a t e d  to  be

cv j cdsCve  m i + JL J  I —FJ j CV. - J l. f c i ------
n 2 h ,  Jscv | v ?  fcJJ w l l V t  Ucv J

------------------------- ( 3 . ^ .23)

where  &)cv = ^ c" ^ s cv i s  t h e  e l e m e n t  0f  s u r f a c e  a r e a  

on t h e  c o n s t a n t  energy  s u r f a c e  d e s c r i b e d  by s , a t  6JCV= &
i

p cv i s  t h e  o s c i l l a t o r  s t r e n g t h  
i i

PV 2< c | f 1| v X v | p | c >
F cv .   — J-----------J------------------------------(3.4.24)

J J ojcv

where  Pj  i s  the  j - co m p o n en t  o f  t h e  momentum I n  most 

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

t i o n  o f  k ,  and t h i s  i s  b o r n e  o u t  by s e v e r a l  c a l c u l a ­

t i o n s .  For  cub ic  m a t e r i a l s  €(&>) becomes a  s c a l a r ,  and F ^ v 

may be  r e p l a c e d  by

Fcv  .  I  I F . . CV .  |  K c l W -------------------------- ( 3 .4 . 2 5 )
3 J  3 W c v  .

CV 'We assum e t h a t  F i s  i n d e p e n d e n t  o f  k .  T h e r e f o r e ,  t h e

i m a g in a r y  p a r t  o f  th e  d i e l e c t r i c  c o n s t a n t  £ (CO) may be
2

w r i t t e n  a s

 < 3 - 4 - 2 6 )k cv
2]rp1 c;v '*

F Nj ( ^ cv = W) + sm ooth  background

( 3 .4 .2 7 )
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where  li i s  the  j o i n t  d e n s i t y  o f  s t a t e s ,  d
Maxima a p p e a r  i n  when two c o n d i t i o n s  a r e

s a t i s f i e d .  The f i r s t  i s  t h a t  t h e  energy  o f  th e  e x c i t ­

i n g  r a d i a t i o n  be t h e  d i f f e r e n c e  i n  ene rg y  between t h e  

two b a n d s ,  i . e .& )cV= CO c -  • The second c o n d i t i o n

comes from the  j o i n t  d e n s i t y  o f  s t a t e s  ti . The p r o b a -d
b i l i t y  o f  t r a n s i t i o n  w i l l  be maximum when

^ v ( * )  " 0 --------------------------------------------(3 . A .28 )

V£Ec (£ )  « 7 j*Ev (£) or V £ (E c O<)-Ev (k)j -  0 --------(3 . A .29 )

•

T h ese  two c o n d i t i o n s  imply t h a t  e i t h e r  t h e  s l o p e s  o f  

t h e  two bands a r e  b o t h  z e r o ,  o r  t h a t  they  a r e  e q u a l .  

The f i r s t  case  o c c u r s  a t  h i g h  symmetry p o i n t s  such as  

P ,  X, L and r e l a t e d  t r a n s i t i o n s  e x i s t ,  f o r  example t h e  

e ! t r a n s i t i o n  o c c u r s  a t  P  f o r  s e v e r a l  diamond and

z i n c b l e n d e  (DZB) t y p e  s e m i c o n d u c t o r s  such  a s  Si  o r  Ge. 

The secon d  case  u s u a l l y  o c c u r s  a l o n g  a  h ig h  symmetry 

d i r e c t i o n  such a s  A and l e a d s  t o ,  f o r  example ,  t h e  E j  

s e t  o f  t r a n s i t i o n s  i n  t h e  DZB s e m ic o n d u c to r s  s e e

F i g * i3 * 3 * 3 )  • P o i n t  i n  k sp a c e  where  Eq .(3«4*30)  i s

f u l f i l l e d  a re  c a l l e d  c r i t i c a l  p o i n t s  o r  Van Hove s i n g u ­

l a r i t i e s .  At such  p o i n t s ,  where  i n t e r b a n d  t r a n s i t i o n s  

t a k e  p l a c e ,  t h e r e  i s  a  e n e rgy  peak in  •

The r e a l  p a r t  o f  th e  d i e l e c t r i c  c o n s t a n t  £ ^ [ £ 0 )  

g o e s  th ro u g h  a s h a r p  maximum a t  CO -  • The r e a l  p a r t
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o f  d i e l e c t r i c  c o n s t a n t  e q u a l s  t h e  s t a t i c  d i e l e c t r i c

0 .  As th e  f r e q u e n c y  i n c r e s e s  and we approach  CJ = COQV,

, t h e  m agni tude  o f  ( CO ) i s  in  p r i n c i p l e  i n f i n i t e ,

i s  n e g a t i v e ,  b u t  l a r g e  due t o  t h e  g r a d i e n t  t e rm .  As we 

move away from CJc v , t h e  m a g n i tu d e  o f  ( CO j d ro p s  and 

goes  p o s i t i v e  a g a i n ,  a s  we a p p ro a c h  the  n e x t  c r i t i c a l  

p o i n t .

I n  p r i n c i p l e  one n e v e r  s e e s  an i n f i n i t e l y  s h a r p  

l i n e  beca u se  o f  l i n e  a r e  b r o a d e n i n g  e f f e c t s  due t o  

l i f e t i m e  e f f e c t s , i m p u r i t i e s ,  e t c . .  Th is  b r o a d e n i n g  i s  

i n c l u d e d  p h e n o m e n o io g ic a l ly  by i n s e r t i n g  a  decay f a c t o r  V  

i n  £ 2* ^  80 t h a t

C r i t i c a l  p o i n t s  may be d e s c r i b e d  and c l a s s i f i e d  by c e r ­

t a i n  t y p i c a l  l i n e s h a p e .

3 * 4 o  O p t i c a l  r e f l e c t a n c e  e x p e r i m e n t

I n  t h i s  p a r t  we d e s c r i b e  t h e  measurement o f  r e ­

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

o f  Si :H and S i : F : H  a l l o y s .  The o p t i c a l  r e f l e c t a n c e

spectrua of S i : H and 3i:F:H alloys were aeusured at

c o n s t a n t  a t  low f r e q u e n c i e s ,  i . e .  ^  (CO ) =  (Sj(O)cXSiJ—►

w i t h  co<CJc* , e  ( CO ) i n c r e a s e s  r a p i d l y  b o th  due t o  th e

g r a d i e n t  term and CO2 -  60 2 i n  t h e  d e n o m in a to r .  AtCJ=CJcv cv

p ro v id e d  t h a t  F cv *0 .  J u s t  above  t h e  t r a n s i t i o n  , C J ^ - C J 2

scv (Jc $ - ( u ) + ir ) 2
( 3 . 4 . 3 0 )
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n e a r - n o r m a l  i n c i d e n c e ,  by a  r o t a t i n g  l i g h t  p ip e  r e f l e c -  

t o m e t e r  over an e n e rg y  r a n g e  o f  1 . 2  eV to  9*5 eV.

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

t o m e t e r  a p p a r a tu s  a r e  found  i n  t h e  l i t e r a t u r e  . The 

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

l i g h t  p ipe  r e f l e c t o m e t e r  (RLPR) a p p a r a t u s  i s  shown in  

P i g * (5*4*1) .  The l i g h t  s o u r c e  i n  t h e  v i s i b l e  l i g h t  and 

n e a r  i n f r a r e d  l i g h t  i s  a  150 w a t t  Xenon a rc  lamp. The 

monochromator  and p r e d i s p e r s e r  u s e d  a r e  GCA model 218 

and model 6 08 /2 1 8 ,  r e s p e c t i v i l y . Two b l a z e  w av e len g th  

o f  d i f f r a c t i o n  g r a t i n g  (1500 A and 5000 A) a r e  used in  

t h i s  r e f l e c t o m e t e r  .The number o f  g ro o v es  o f  th e  d i f ­

f r a c t i o n  g r a t i n g  a r e  1 2 0 0  grooves/mm and 600

grooves/mm, r e s p e c t i v e l y .  We u s e d  th e  d i f f r a c t i o n
0

g r a t i n g  o f  b l a z e  w a v e le n g th  1500 A f o r  u l t r a v i o l e t
0

l i g h t  and 5000 A f o r  i n f r a r e d  l i g h t  a s  w e l l  a s  v i s i b l e  

l i g h t .  The S-20 p h o t o m u l t i p l i e r  t u b e  (PMT) i s  used  

o v e r  t h e  energy ra n g e  o f  1 .5eV t o  5*5 eV and an S-1 PMT 

i s  u sed  f o r  energy  ra n g e  lo w e r  t h a n  1 .5 eV. The l i g h t  

s o u r c e  used f o r  t h e  energy  r a n g e  be tw ee n  3*2 eV to  9*5 

eV was a  hydrogen a r c  lamp. I n  t h i s  energy  range  t h e  

r o t a t i n g  l i g h t  p i p e  ( s u p e r s i l  ff\ fu se d  q u a r t z )  was 

c o a t e d  w i th  th e  p hosphor  ( u s i n g  Sodium S a l i c y l a t e  phos­

p h o r s  ) and S-20 PMT was u s e d .  The r o t a t i n g  l i g h t  p ip e  

was mounted i n s i d e  t h e  w o rk in g  c h a m b e r .  The chamber was 

pumped down to  4 x 1 0 -  ̂ t o r r  f o r  vacuum u l t r a v i o l e t



-  0 4  -

(VUV) s p e c t r a .  The a b s o l u t e  accu racy  o f  r e f l e c t i v i t y  R 

in  t h e  r e f l e c t a n c e  spec t rum  i s  a round 2 b u t  t h e  r e l a  

t i v e  a c c u r a c y  o f  R i s  around 0.336.

3«4»4 E x p e r i m e n t a l  r e s u l t s  o f  r e f l e c t a n c e  s p e c t r o s ­

copy

I n  t h i s  s e c t i o n  we w i l l  d i s c u s s  t h e  r e s u l t s  o f  

t h e  o p t i c a l  r e f l e c t a n c e  measurement o f  S i : H  and S i :F :H  

a l l o y s  w h ic h  w ere  c a r r i e d  out  by a  h i g h  p r e c i s i o n  r o ­

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

The r e f l e c t a n c e  s p e c t r a  o f  a l l  t h e  S i : H  and S i : F : H  

sp e c im e n s  and  c a l c u l a t e d  imaginary p a r t  o f  t h e  d i e l e c ­

t r i c  f u n c t i o n  i s  p r e s e n t e d  in  t h i s  s e c t i o n .  The c h a c -  

t e r i s t i c s  o f  a l l  measured Si:H and S i : F : H  s p e c im e n s  a r e  

summaried i n  T a b l e  V I I .  The s t r u c t u r e  o f  t h o s e  a l l o y s  

which w ere  i n v e s t i g a t e d  by Raman s c a t t e r i n g ,  EER modu­

l a t i o n  and o p t i c a l  t e c h n iq u e s  a re  shown i n  t h e  n e x t  t o  

t h e  l a s t  co lumn o f  t h i s  t a b l e .  The i n t e r p r e t a t i o n  o f  

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

s e c t i o n .

We h a v e  m easured  th e  r e f l e c t a n c e  s p e c t r u m  ov e r  an 

energy  r a n g e  o f  1 .2  eV t o  9*5 eV o f  t h e  i n c i d e n t  p ho to n  

f o r  t h e  c - S i ,  h e a v i l y  doped n - ty p e  (P o r  As) a - S i : F : H  

a l l o y s ,  HTA-a-Si  :H(B) and unannea led  a - S i : H ( B )  ajLloys. 

In  o r d e r  t o  ch eck  t h e  m easur ing  sy s tem  o f  t h e  r e f l e c -  

xom eter  i n t r u m e n t s  and the  com pu te r  p ro g ram s  o f
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K ram ers-K ron ig  a n a l y s i s  we have  p e r fo rm ed  th e  e x p e r i ­

ment u s in g  a  sample o f  o - S i .  The r e s u l t s  a r e  shown in  

P i g .  (5 * 4 .2 )  and F i g . ( 3 » 4 . 3 ) .  The i n s e r t  in  t h e  u p p e r -  

r i g h t  hand c o r n e r  o f  t h e  im a g in a r y  p a r t  o f  d i e l e c t r i c  

f u n c t i o n  spec t rum  ( F i g . ( 3 * 4 . 3 ) )  d i s p l a y s  an expanded 

p l o t  in  the  range  6*5 -  8 . 0  eV. The r e f l e c t a n c e  s p e c ­

t rum and d i e l e c t r i c  f u n c t i o n s  i r e a l  and imaginary  

p a r t s )  o f  t h e  c - S i  a g r e e  c l o s e l y  w i t h  P h i l i p ' s  r e s u l t s 91 

. The r e f l e c t a n c e  s p e c t r u m  and 62 s p e c t r u m  a r e  showh i n  

t h e  f o l l o w i n g  f i g u r e s :  The r e s u l t s  f o r  a - S i : F : H  a l l o y s  

a r e  d i s p l a y e d  in  F i g s . ( 3 . 4 * 4 )  and i 3 * 4 . 5 ) .  For HTA-a- 

S i :H (B )  a l l o y s  th e  c u r v e s  a r e  d i s p l a y e d  in  F i g s . (3 * 4 .6 )  

t o  1 3 - 4 . 9 ) .  For c o m p a r i s o n , t h e  r e f l e c t a n c e  a n d ^  

s p e c t r a  o f  c - S i  a r e  i n c l u d e d  i n  a l l  t h e  above ment ioned 

f i g u r e s .  The n - t y p e  sp e c im e n s  w e r e :  ( a )  one h e a v i l y

As-doped (NOVA-191) and (b )  two P-doped  (SPIN-137 and 

SPIN-138) S i :F :H  a l l o y s  w h ich  had  m i c r o c r y s t a l l i n e  

s t r u c t u r e  as  d e te r m in e d  by EER and Raman s c a t t e r i n g  . 

A l l  o f  t h e s e  sam ples  were  u n a n n e a l e d  S i :F :H  a l l o y s .  

However, they  show t h e  p r o p e r t i e s  o f  m i c r o c r y s t a l l i n e  

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

s p e c t r a  o f  t h e s e  sp e c im e n s  a r e  shown in  F i g . (3*4*4)•  

They have energy  peaks  a t  3*4 eV, 4*4 eV and 5*5 eV in  

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

t r i c  f u n c t i o n  6 2 t h e s e  s p e c im e n s  a r e  shown in  

F i g . ( 5 . 4 . 5 ) .  From th e  f i g u r e  i t  i s  c l e a r  t h a t  h e a v i ly
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doped n - t y p e  o r  As) S i : F : H  a l l o y  p r e s e n t s  n e i t h e r  

amorphous phase  nor  s i n g l e  c r y s t a l l i n e  phase  b u t  r a t h e r  

a  m i c r o c r y s t a l l i n e  p h a s e .

The r e f l e c t a n c e  and £-2 s p e c t r a  o f  sam ples  44A and 

44B a r e  shown i n  F i g . ( 3 * 4 .6 )  -  ( 3 - 4 - 7 ) -  The r e f l e c t i v i ­

ty  sp e c t ru m  o f  44A ( s e e  F i g .  3 * 4 - 6  ) i s  a  t y p i c a l  o f  

t h a t  r e p o r t e d  f o r  amorphous s i l i c o n  p r e p a r e d  by e i t h e r  

glow d i s c h a rg e * ^ ’®®-1®? e v a p o r a t i o n ^ 1-^2,98-108or chemical v a ­

p or  d e p o s i t i o n ^  . The c u r v e  c o n s i s t s  o f  a  r a t h e r  

b r o a d . f e a t u r e l e s s  bump w i th  i t s  p e ak  a t  4 eV. The Raman 

s p e c t r a  o f  sample 44A i s  a l s o  t y p i c a l  o f  amorphous s i l  ­

i c o n  ( s e e  Tab le  VII  ) .

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

c l e a r l y  e v i d e n t  in  t h e  r e f l e c t i v i t y  o f  sample  44B. 

These H T A -e f fe c ts  a r e  a l s o  d i s p l a y e d  i n  th e  r e f l e c t i v i ­

ty  o f  s am p les  NOVA-51 A and NOVA-51 B ( F i g .  3 - 4 - 8  ; .  T h e ^2 

sp e c t ru m  o f  sam ples  NOVA-51 A and NOVA-51B i s  shown in  

F i g . ( 3 - 4 - 9 ) -  S t r u c t u r e s  s i m i l a r  t o  c - S i ,  i . e .  E j ,  Ey , E2 

, EJ , E ^ ' a r e  now c l e a r l y  d i s c e r n a b l e .  Even though  

t h e s e  s t r u c t u r e  a r e  c l e a r l y  s e e n ,  t h e  r e f l e c t a n c e  above 

3 eV i s  s i g n i f i c a n t  lower  t h a n  i n  c - S i .  U n l ike  th e  o b ­

s e r v a t i o n s  in  HTA-a-Si:HvB) a l l o y s ,  a  s tu d y  o f  tem p era ­

t u r e  a n n e a l i n g  ( 3 5 0 °C ) o f  glow d i s c h a r g e  Si  r e v e a l e d  

no s t r u c t u r e  in  t h e  r e f l e c t i v i t y  {, o r  £-2 ) c u r v e s  ^  .

I n  t h e  r e g i o n  above ^  3 eV t h e  S i : H  m a t e r i a l  has  a r e ­

f l e c t i v i t y  lower  th a n  c - S i .  Hence th e  HTA-a-Si:H(B)
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sa m p les  a r e  n e i t h e r  com ple te ly  c r y s t a l l i n e  n o r  com­

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

t i o n s  f o l l o w s  i n  t h e  n e x t  s e c t i o n .

3*4*5 I n t e r p r e t a t i o n  o f  o p t i c a l  r e f l e c t a n c e  s p e c t r a  
•

( a )  c - S i

F o r  c - S i  i t  h a s  been  shown t h e  m ain  c o n t r i b u t i o n  

t o  t h e  3 » 4  eV peak  comes from t r a n s i t i o n s  b e tw e e n  t h e  

upper  v a l e n c e  b a n d  a l o n g  th e  A - a x i s  t o  t h e  f i r s t  con­

d u c t i o n  band ^ d e n o t e  ) wi th  a s m a l l  c o n t r i b u t i o n  from 

r  • -  P . ,  t r a n s i t i o n s  (d en o te  E£ ) ,  where  v and c i s•* J £ V X V | C
v a l e n c e  and c o n d u c t i o n  bands, r e s p e c t i v e l y 101* The E2 

f e a t u r e  i s  somewhat  more complex. I t  i s  due t o  t r a n s i ­

t i o n s  f rom  an  e x t e n d e d  r e g io n  o f  t h e  B r i l l o u i n  zon e  i n ­

c l u d i n g  t h e  X p o i n t  vX ^,v -  Xi ,c ) and 21 r e g i o n s  ( X ^ v
c— 101 t

-  ^ - 3 , c ) * The E a f e a t u r e  i s  a s s o c i a t e d  w i t h  t r a n s i ­

t i o n s  f rom  t h e  u p p e r  v a le n c e  band a l o n g  t h e  A - a x i s  t o
If

t h e  s e c o n d  c o n d u c t i o n  band. The E 0 f e a t u r e s  d i s p l a y e d

i n  t h e  i n s e r t  o f  F i g * (3*4*3) has  n e v e r  b e f o r e  been

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

on b a n d - s t r u c t u r e  c a l c u l a t i o n s  can be  i d e n t i f i e d  w i th

r  . -  P  t r a n s i t i o n s 101. The €? s p e c t r a  o f  c - S i  i s
25 ,v 15,c 2

q u i t e  s i m i l a r  t o  o t h e r s  o f  the diamond and z i n c b l e n d e

t y p e - m a t e r i a l s  ^DZB) a l th o u g h  in  some o f  t h e  o t h e r  ma-
« io:

t e r i a l s  o f  t h i s  f a m i l y  E j  and Ej a r e  s p i n - o r b i t  s p l i t
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( b )  u n a n n e a l e d  a - S i : H ( B )  a l l o y s

Th e  s p e c t r a  o f  s a m p l e  44A  i s  s i m i l a r  t o  t h a t
v-n?v,fy

o b s e r v e d  f o r  v a r i o u s  t y p e s  o f  a - S i  a s  w e l l  a s  o t h e r

t e t r a h e d r a l l y  b o n d e d  a m o r p h o u s  s e m i c o n d u c t o r s 102 . I t  

e x h i b i t s  a  s i n g l e - b u m p ,  a s y m m e t r i c  s p e c t r a l  s h a p e .  A l l  

t h e  f e a t u r e s  r e l a t e d  t o  t h e  l o n g  r a n g e  o r d e r ,  e . g .  E2 , 

e t c .  a r e  a b s e n t .  T h e  e n e r g y  o f  t h e  p e a k  i n  t h e  am o r ­

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

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

i s  d i s c u s s e d  i n  R e f s .  ( 9 8 - 1 0 0 ,  103). I t  i s  a  c o n s e q u e n c e  o f  

t h e  f a c t  t h a t  E j  i s  d u e  t r a n s i t i o n  a l o n g  f\ . S u c h  

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

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

t h e  s h a r p  s t r u c t u r e s  ( e . g .  E 2 , e t c . )  a s s o c i a t e d  w i t h  

t h e  l o n g  r a n g e  o r d e r .

Vc) H §av i ly  doped n - t y p e  ( P o r  As ) a l l o y s  

The ^ 2  s p e c t r a  f o r  h e a v i l y  doped n - t y p e  ^P o r  As) 

a - S i : F : H  s a m p le s ,  a s  w e l l  a s  c - S i ,  a r e  p l o t t e d  in  

F i g . (3*4*5)* A l l  h e a v i l y  doped n - t y p e  sam ples  have 

s t r u c t u r e  a s s o c i a t e d  w i t h  t h e  E2 and Ej f e a t u r e s  o f  c -  

S i .  The energy  p o s i t i o n  o f  E j  f o r  t h e  g lo w - d i s c h a r g e  

sam ples  i s  somewhat h i g h e r  t h a n  t h a t  o f  c - S i .  In  a d d i ­

t i o n  t o  t h e s e  p e a k s ,  s a m p le  SPIN-137 a l s o  has  a  sm a l l  

peak in  t h e  v i c i n i t y  o f  t h e  E j ( s m a l l  c o n t r i b u t i o n  from
t 11

E 0 ) s t r u c t u r e .  I t  d o e s  n o t  d i s p l a y  a n  E„ f e a t u r e  i n
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sm ples  SPIN-137 and SPIN-138 i s e e  i n s e r t ) .  Below '■*/ 3 

eV t h e s e  t h r e e  s a m p le s  have  an £ 2  l a r g e r  t h a n  c -S i  w i th  

t h a t  o f  sample  o f  SPIN-137 b e in g  g r e a t e r  t h a n  t h a t  o f  

s a m p les  SPIN-138.

t d )  HTA-a-Si:H(B) a l l o y s

The e f f e c t s  o f  t h e  H T A -a-S i : H(B) a l l o y s  v44B, 

N0YA-51A and NOVA-51B) can be s e en  i n  t h e  s p e c t r a  o f  

t h e s e  sa m p le s  ^see  P i g . 3*4*7 and P i g . 3 * 4 * 9 ) •  The sample  

44B e x h i b i t s  a s h a r p  peak  a t  Ej ( s m a l l  c o n t r i b u t i o n  

from Eo )» Ej and e "  a s s o c i a t e d  w i t h  c - S i  s t r u c t u r e .  

The E 2 peak in  s p e c t r a  i s  n o t  a s  c l e a r  and s h a r p  a s  

i n  c S i .  The energy o f  t h e  E® f e a t u r e  i n  sam ple  44B 

7*2 eV) i s  a l s o  lo w e r  t h a n  t h a t  o f  c - S i  ^7-6 eV). The 

sa m p le s  o f  NOVA-51 A and NOVA-51B c l e a r l y  have s p e c t a l  

f e a t u r e s  c o r r e s p o n d i n g  t o  c - S i .  i n  p a r t i c u l a r  NOVA-51B 

h a s  a  w e l l  d e f i n e d  E2 p e a k .  The e n e rg y  o f  t h e  E®" 

f e a t u r e  ( s e e  i n s e r t )  f o r  sample  NOVA-51 A ( ^ 7  eV) i s  

somewhat low er  t h a n  t h a t  o f  c - S i  (rw7*6 eV ) .  One o f  t h e  

main d i f f e r e n c e s  b e tw ee n  t h e  o f  t h e  a n n e a l e d  sam ples  

and c - S i  i s  t h e  l a c k  o f  a  s h a r p  E j  ( s m a l l  c o n t r i b u t i o n
II .

f rom E» ) f e a t u r e  i n  t h e  fo rm e r  m a t e r i a l s .  Note t h a t  

be low rv /3 eV (a)  The NOVA-51 A and NOVA-5 IB samples  have 

a  l a r g e  th a n  c - S i  and ^b) NOVA-51 A h a s  a  h i g h e r  a b ­

s o r p t i o n  i n  r e l a t i o n  t o  NOVA-51B.

l e )  c a x c u l a t i o n  o f  n cc
v '  e f  f
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I n  o r d e r  t o  u n d e r s t a n d  t h e  a l t e r n a t i o n s  o f  t h e  

o p t i c a l  m a t r i x  e l e m e n t s  due  t o  th e  change o f  t h e  s h o r t  

ran g e  o r d e r ,  we c o n s i d e r  t h e  e f f e c t i v e  number (E)

o f  e l e c t r o n s  p e r  Si a tom which  have been  e x c i t e d  a t  a  

g i v e n  ene rg y  E ( o r ' f i O ) .  The c a l c u l a t e d  r e s u l t s  a r e  

p l o t e d  i n  P i g . ( 3 * 4 * 1 0 ) .  The cu rv e  1 -  8  i n  t h i s  f i g u r e  

c o r r e s p o n d s  t o  th e  sa m p le  44A, 44B, NOVA-51 A, NOVA-51 B, 

NOVA-1 9 0 , SPIN-138, SPIN-137 and c - S i .

Fo r  a - S i  ^cure  1 ) i t  showed t h e  h ig h  v a lu e  o f  ne ff  

be low 4 eV and t h e  low v a l u e  above 4 eV compar ing  t h e  

o t h e r  s a m p le s  e x c e p t  t h e  sa m p le  44B ( c u r v e  2) a s  pho ton  

e n e rg y  above 6 eV.

The c u r v e s  2 - 4  a r e  t h e  HTA-a-Si:H(B) sample  b u t  

c u r v e  1 i s  t h e  u n a n n e a l e d  a - S i : H ( B ) .  The e f f e c t s  o f  

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

number o f  e l e c t r o n s  ne f f p e r  Si  atom c o n t i r b u t i n g  t o  

t h e  o p t i c a l  t r a n s i t i o n s  abo v e  t h e  gap 3  eV. I t  a l s o  

r e d u c e s  t h e  v a lu e  o f  ne f f  be low t h e  gap  ^ /3  eV. Prom 

t h e  EER and Raman s c a t t e r i n g  e x p e r i m e n t s ,  i t  improve 

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

s t a l l i n e  s t r u c t u r e .  Curve  5 i s  a h e a v i l y  As-doped a -  

S i : F : H  a l l o y .  The c u r v e s  6 - 7  a r e  h e a v i l y  P-doped a -  

S i : F : H  a l l o y s .  The v a l u e  o f  above t h e  gap ^ 4 . 5

ev i s  h i g h e r  t h a n  H TA-a-S i :H (B)  sam p les  ( e x c e p t  NOVA- 

SIB, c u r v e  4 )* The n v a l u e  o f  h e a v i l y  doped n - t y p e6 l i
{ P o r  As ) below t h e  gap  ^ 3 * 4  cV i s  lower  th an  unan­
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n e a le d  a -S i :H ( B )  a l l o y s  and h i g h e r  t h a n  c - S i .  The

s l i g h t  d o w n s h i f t  o f  t h e  Raman p e a k s  o f  h e a v i l y  doped

n - t y p e  a - S i : F : H  a l l o y s  compared t o  c - S i  i s  p r o b a b ly  due
28t o  s t r u c t u r a l  e f f e c t s  r a t h e r  t h a n  t h e  F a n o - s h i f t  

•This i n t e r p r e t a t i o n  i s  c o n s i s t e n t  w i t h  l i n e w i d t h  con­

s i d e r a t i o n s .  "

I n  c - S i  ( c u r v e  8 ) n f f  r i s e s  s t e e p l y  above t h e  

gap n e a r  3 eV and s a t u r a t e s  o u t s i d e  t h e  ra n g e  p l o t e d  

h e re  b e tw een  16 and 20 eV a t  a  v a l u e  o f  4 c o r r e s p o n d i n g  

t o  t h e  4 v a l e n c e  e l e c t r o n  o f  s i l i c o n .  The t o t a l  m a t r i x  

e lem en t  be tw een  t h e  v a le n c e  s t a t e s  and t h e  l o w e s t  con­

d u c t i o n  ban d s  t h e r e f o r e  must  be c l o s e  t o  u n i t y .  The n 

o f  t h e  c u rv e  4 ,  6 and 7 above 6 eV i s  h i g h e r  t h a n  c - S i .



CHAPTER VI DISCUSSION AND CONCLUSIONS

In  t h i s  c h a p t e r  we would l i k e  t o  sum m arize  th e  

r e s u l t s  o f  t h e  o p t i c a l , m o d u la t e d  o p t i c a l  and Raman 

s c a t t e r i n g  s t u d i e s  in  a - S i : H  and a - S i : F : H  a l l o y s  sy s ­

tem s .  We h a v e  i n v e s t i g a t e d  t h e  n a t u r e  o f  o r d e r  o f  a -S i  

m a t e r i a l s .  These  m a t e r i a l s  a r e  d i v id e d  i n t o  t h r e e  

c a t e g o r i e s  o f  ( a )  HTA-a-Si:H(B) a l l o y s  as  w e l l  a s  unan­

n e a l e d  a - S i : H ( B )  and a - S i : H ( P ) ,  ( b )  h e a v i l y  doped n-  

t y p e  (P o r  As) a - S i : F : H  a l l o y s  w i th  m i c r o c r y s t a l l i n e  

s t r u c t u r e  and ( c )  l i g h t l y  doped  n - t y p e  (P o r  As) a -  

S i : F : H  a l l o y s .  T h i s  i n v e s t i g a t i o n  p r o v i d e  t h e  in fo rm a­

t i o n  a b o u t  d e g r e e  o f  d i s o r d e r  f o r  S i  a l l o y  s y s t e m s .

For t h e  undoped or  l i g h t l y  doped n - t y p e  (P o r  As) 

a - S i : F : H  a l l o y s  show no £ ( s m a l l  c o n t r i b u t i o n  from E 

) f e a t u r e  i n  EER s p e c t r a  and a  b r o a d  peak a t  ^ 4 8 0  cm-1 

w i t h  l i n e w i d t h c m -1 . T h ese  k i n d  o f  s a m p le s  p r e s e n t  

a  amorphous p h a s e .

Ve h av e  c a r r i e d  o u t  t h e  e x p e r im e n t  o f  Raman 

s c a t t e r i n g  f o r  u n a n n e a le d  a - S i : H ( B )  and a - S i : H ( P )  a l ­

l o y s .  These s a m p le s  show a  t y p i c a l  Raman f e a t u r e s  o f  

amorphous s i l i c o n  m a t e r i a l s  ( ~  48 0  cm 1 and  ~  80 cm-1 

) .  Ve a l s o  p e r fo rm e d  th e  m ea su re m e n t  o f  t h e  r e f l e c t a n c e  

s p e c t r a  f o r  one u n a n n e a le d  a - S i : : H ( B )  s a m p le s  (44A). 

The s p e c t r a  f e a t u r e  o f  t h i s  sam ple  e x h i t b i t s  a  s i n ­

g l e  bump, c h a r a c t e r i s t i c s  o f  t h e  amorphous m a t e r i a l s .
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Both o f  e x p e r i m e n t a l  r e s u l t s  show t h a t  t h e s e  sp e c im e n s  

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

We have p e r fo rm e d  t h e  m easu rem en t  o f  Raman 

s c a t t e r i n g ,  EER and o p t i c a l  r e f l e c t a n c e  f o r  h e a v i l y  

doped n - t y p e  tP  o r  As) a - S i : F : H  a l l o y s .  The d o w n s h i f t  

o f  t h e  Raman p eak s  o f  t h i s  sa m p le s  a s s o c i a t e d  w i t h  c - S i  

i s  p r o b a b l y  due t o  s t r u c t u r e  e f f e c t s 28 r a t h e r  t h a n  t h e  

P a n o - s h i f t 31 . T h i s  i n t e r p r e t a t i o n  i s  c o n s i s t e n t  w i th

l i n e w i d t h  c o n s i d e r a t i o n .  The 3*4 eV and 4 -5  eV p e a k s  o f  

EER s p e c t r a l  f e a t u r e  f o r  h e a v i l y  doped  n - t y p e  o r  As) 

a - S i : F : H  lo o k  b e i n g  a . v e r y  s i m i l a r  s p e c t r a l  s h a p e .  The 

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

a - S i : F : H  sa m p le s  i n d i c a t e  t h a t  t h e  d e g r e e  o f  c r y s t a l l i ­

z a t i o n  i s  n o t  a s  good a s  f o r  t h e  HTA-a-Si :H(B)  s a m p le s .  

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

measurement c o n c e r n i n g  t h e  lower  d e g r e  o f  c r y s t a l l i z a ­

t i o n  o f  s a m p le s  h e a v i l y  doped n - t y p e  \P  o r  As) a - S i : F : H  

a l l o y s  i n  r e l a t i o n  t o  sa m p le s  H T A - a - S i :H ( B ) .

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

h e a v i l y  doped n - t y p e  (P o r  As) a - S i : F : H  sa m p le s  i n  t h e  

measurement o f  r e f l e c t a n c e  s p e c t r a .  We on ly  m easured  

t h e  r e f l e c t a n c e  s p e c t r a  f o r  t h r e e  h e a v i l y  doped n - t y p e  

(P o r  As) a - S i : F : H  sam ples  (S P IN -1 3 7 ,  SPIN-138 and 

NOVA-191). I t  i s  d i f f i c u l t  t o  a n a l y z e  t h e  s p e c t r a  

f o r  d i f f e r e n t  d o p in g  t y p e s .  However,  two h e a v i l y  P- 

doped a - S i : F : H  sa m p le s  w i th  d i f f e r e n t  d o p in g  c o n c e n t r a -
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t i o n  (S P IN -1 3 7 ,  110 ppm; SPIN-138, 55 ppm) h a v e  been 

measured t h e  r e f l e c t a n c e  s p e c t r a .  The 6 2 s p e c t r a  showed 

t h a t  t h e  s a m p le  SPIN-137 has  a so m e th a t  b e t t e r  c r y s t a l -  

l i n i t y  t h a n  t h e  sam ple  SPiN-138 even t h e  a b s o r p t i o n  

below 3 eV f o r  t h e  fo rm er  m a t e r i a l  i s  h i g h e r  t h a n  t h e  

l a t t e r  s a m p l e .  T h i s  may be r e l a t e d  t o  t h e  h i g h e r  de ­

g r e e  o f  d o p i n g  l e v e l . T h e r e f o r e ,  t h e  h e a v i l y

doped n - t y p e  i P  o r  As) a - S i : F : H  w i l l  fo rm  a  m i c r o c r y ­

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

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

The g e n e r a l  s i m i l a r i t y  i n  6 2 s p e c t r a  b e tw e e n  t h e  

HTA-a-Si ;H iB)  a l l o y s  and c - S i  ( s e e  F i g - 3 » 4 » 9 )  i s  i n d i ­

c a t i v e  o f  t h e  c r y s t a l l i n i t y . For exam ple ,  b o t h  sam ples  

NOVA-51 A and  NOVA-51 B e x h i b i t  t h e  E2 , e J and  even e" 

f e a t u r e s  ^ f o r  s a m p le  NOVA-51 A E i s  o b s e r v e d  a t  a b o u t  7 

eV). The e x p e r i m e n t a l  r e s u l t s  o f  o p t i c a l  s t u d y  p l u s  our 

m easurem ents  o f  t h e  EER s p e c t r a  o f  t h e s e  s a m p l e s  i n d i ­

c a t e s  t h a t  HTA 1900-1100  *C) i s  s u f f i c i e n t  t o  o b t a i n  a  

h ig h  d e g r e e  o f  s t r u c t u r a l  o r d e r .

The m a in  d i f f e r e n c e  between s a m p le s  NOVA-51 A, 

NOVA-51 B and  c - S i  i s  t h e  Ej ( s m a l l  c o n t r i b u t i o n  from E0 

) f e a t u r e  w h ic h  i s  g r e a t l y  d e p re s s e d  i n  t h e  f o r m e r  ma­

t e r i a l s .  T h i s  e f f e c t  i s  p ro b ab ly  r e l a t e d  t o  t h e  p r e s ­

ence  o f  a  l a r g e  number o f  f r e e  c a r r i e r s .  A sp n es  has

a l s o  n o t e d  a  d e p r e s s i o n  o f  th e  3*4 eV s t r u c t u r e  r e l a ­

t i v e  t o  E j  i n  h e a v i l y  doped Si . E v id e n c e  f o r  th e



- 95 -

p r e s e n c e  o f  t h e s e  f r e e  c a r r i e r s  may b e  deduced from the

d o w n s h i f t  o f  th e  Raman peak o f  t h e s e  sam p le s  from 522

cm-1 ( c - S i )  t o  t h e  v a l u e s  l i s t e d  i n  Table  V I I .  This

d i f f e r e n c e  can be a c c o u n te d  f o r  t h e  i n t e r a c t i o n  o f  th e
31phonons w i th  f r e e  c a r r i e r s ,  i . e .  t h e  F a n o - s h i f t  . We

28r u l e  o u t  s t r u c t u r e  e f f e c t s ,  i . e .  m i c r o c r y s t a l l i n i t y  * 

^*fa s  t h e  o r i g i n  o f  t h e  d o w n s h i f t  s i n c e  sam ples  NOVA-51 A 

and NOVA-51 B e x h i b i t s  such  a  h i g h  d e g r e e  o f  c r y s t a l l i n -  

i t y  and because  o f  t h e  n a r ro w  l i n e w i d t h  o f  th e  Raman 

peak i n  r e l a t i o n  t o  i t s  Raman f r e q u e n c y 28

In  c o n c l u s i o n ,  o u r  s t u d i e s  show t h a t  the  use  o f  

o p t i c a l ,  modula ted o p t i c a l  and Raman s c a t t e r i n g  p r o ­

v i d e s  us  t o  g a in  i n f o r m a t i o n  a b o u t  t h e  n a tu r e  o f  

d i s o r d e r .  In  p a r t i c u l a r ,  we may d i s c e r n  th e  d i f f e r e n c e  

be tw een  s t r u c t u r e  d i s o r d e r  abnd t h a t  ind u ce d  by a r a n ­

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



Table  I  : Summary o f  c h a r a c t e r i s t i c s  and Raman spec trum  f e a t u r e s  o f  a number o f  
u nannea led  a -S l :H  sa m p le s .  The number l i s t e d  In  th e  s q u a re  b r a c k e t s  
In  th e  Raman F e a tu r e  Column i s  th e  l in e w i d th  In  cm“ l .  G la s s  m a t e r i a l  
I s  7059 C o m in g  g l a s s .

Doping Sample
T h ic k n e ss

( Aim)

S u b s t r a t e
M a te r i a l Raman F e a tu r e  (cm” *)Sample Type C o n c e n t ra t io n

(ppm)

P:S l-20A <a ) P 5 x I0 “ 5 (b) 2 NiCr 455

P :S i-1 8 A (a) P 1 x 10“ 3 (*>) NiCr 475

P :S i -1 9 A ( a ^ P 1 x  10"3 (b > 1 .3 NiCr 470

SUN 9 0 1 , 9 0 2 ^ P 1000 486 (.861

Pe 285(c) P 3 x 10-2 (b) 0 .3 g l a s s 00 o 1—•

44A B 50 480 ( 8 1 )

63 (c) B 500 480 (_80)

B :S i - i3 C ( a > B 1 x 10” A 2 NiCr 475

176A ( a > I n t r i n s i c 2 NiCr i* 79

176C(a ; I n t r i n s i c 2 NiCr 475 (? 5  )

(a )  Sample s u p p l i e d  by P r o f .  H. F r i t z s c h e .
(b) Q u a n t i ty  i s  ( x ]  gas /  (S iH ^ J  g a s .

(c )  Sample s u p p l i e d  by ECD.



T ab le  I I  : Summary o f  c h a r a c t e r i s t i c s  and Raman spectrum  f e a t u r e s  o f  a number o f  
n - ty p e  (P o r  As) a -S i :F :H  sa m p le s .  The number l i s t e d  i n  s q u a re  b r a c k e t s  
in  th e  Raman F e a tu r e  Column i s  th e  l i n e w i d th  i n  cm- l .  The l i s t e d  
r e s i s t i v i t y  i s  t h a t  m easured  i n  th e  l i g h t ,  i . e .  n o t  d a rk  r e s i s t i v i t y .  
The g l a s s  s u b t r a t e  m a t e r i a l  i s  7059 C om ing  g l a s s .

Doping Sample R e s i s t i v i t y S u b s t r a t e Raman

Sample ty p e c o n c e n t . (ppm) thicknessfyum) ( J l - c m ) “ l m a t e r i a l F e a tu r e  (cm'*')

GLAD 57B I n t r i n s i c 0 .2 10“* c - S i 478

GLAD 838 I n t r i n s i c 0 .58 10"5 g l a s s ( C r ) 478 96

GLAD 62A P 1000 0.05 13 g l a s s 480 85

GLAD 84A P 2 0 .5

io*-4XCM S n 0 2 /g la s s 480 85

SUN 860,861 P 1000 g l a s s 482 74

NOVA-101 As g l a s s 508<a >

NOVA-103 As 512<a >

NOVA-190 As 20 0.4 3 c - S i 517 Ca)

NOVA-191 As 500 0 .4 g l a s s 516(b) 30

SPIN-138 P 55 0 .25 g lass(M o) 520 (a )  23

SPIN-137 P 110 0 .25 g lass(M o) 5 2 0 (a > 20
SUN 1354 P 500 0 .3 g l a s s 516(a )  42

(a) Not y e t  examined f o r  s m a l l  s h o u ld e r  a t  495 cnT*.

(b) Snows tw o-phase  b e h a v io r - s m a l l  b u t  w e l l - r e s o l v e d  peak a t  480 cm~^.



T ab le  I I I  : Summary o f  c h a r a c t e r i s t i c s  and Raman spec trum  f e a t u r e s  o f  a number o f  h ig h  
te m p e ra tu re  t h e r m a l ly  a n n e a le d  (HTA) a -S i:H (B )  s a m p le s .  The number l i s t e d  
in  th e  s q u a re  b r a c k e t s  in  th e  Raman F e a tu r e  Column in  th e  l i n e w i d th  i n  cm- 1 . 
G lass  s u b t r a t e  m a t e r i a l  i s  7059 Corning  g l a s s .

Sample
Doping

Anneal. Temp. (*C) Raman F e a tu reType C o n c e n t r a t io n  (ppm)

46 B 50 1000 5 1 6 .6 (a )  ( 18)

44B B 50 1100 517 (a )  ( u )

NOVA-51A B 500 900 5 1 7 ( a ;  ( l7 .5 ]

NOVA-5IB B 500 1000 516U )  [15.5J

(a )  Small s h o u ld e r  a t  495 cm“ *.



T ab le  IV : Summary o f  c h a r a c t e r i z a t i o n  by TEM, C h a n n e l in g ,  Raman spec trum  f e a t u r e s  and 
th e  c h a r a c t e r i s t i c s  o f  100 keV S i  ion -dam aged , l a s e r - a n n e a l e d  s i l i c o n  
sam ples (R ef.  7 5 ) .

EER F e a tu r e s
L a se r  energy  
d e n s i ty l J / c m ^ )

TEM C hanne ling Raman Peak 
(cm "l)

E1
(3 .4 e v )

e 2
(4 .5 e v )

< 0 .1 amorphous amorphous v e ry  b rea d  peak  
465

NO

0.1 p o l y c r y s t a l l i n e  & 
amorphous

a lm o s t  no c h a n n e l in g b r o a d ,  s m a l l  
513

yes yes

0 .15 more p o l y . ,  l e s s  
amorphous

10Z -  20Z 
c h a n n e l in g

520
peak  w id th  s lO

yes yes

0 .35
s i n g l e  c r y s t a l  
d e f e c t  & 
d i s l o c a t i o n

90Z
c h a n n e l in g

522
peak  w id th  c 6

yes y e s

0 .5 d e f e c t  f r e e  
s i n g l e  c r y s t a l

p e f e c t
c h a n n e l in g

522
peak  w i d t h s  5

y e s y e s

0 .75 d e f e c t  f r e e  
s i n g l e  c r y s t a l

p e f e c t
c h a n n e l in g

522
peak  w id th  s 4

yes yes



T ab le  V : Summary o f  EER ( E l e c t r o l y t e  E l e c t r o r e f l e c t a n c e )  f e a t u r e s  and c h a r a c t e r i s t i c s  
o f  n - ty p e  (P o r  As) a -S i :F :H  sa m p le s .

Sample
Doping Sample 

T h ic k n ess  
( Aim)

R e s i s t i v i t y
(& -c m “ *)

S u b s t r a t e
Mod.
F re q .
(Hz)

EER F e a tu r e s
ty p e c o n c e n t .

(ppm)
AC

( v o l t )
^1» E0 

( 3 .4 e v )
e 2

( 4 . 5ev)

GLAD 57B I n t r i n s i c 0 .2 10"4 C -S i 220 20 No EER

jCLAD 84A P 2 0 .5 2x10"4 S n 0 2 /g la s s 220 20 No EER

Il'NIO If5 P 2% i o _zr G la s s 36 70 No EER

1 NOVA-101
j

As 0.1 4x 1 0 '* Glass+M oly. 220 5 yes yes

iNOVA-102i As 0 .05 4 Glass+M oly. 220 5 yes yes

! NOVA-103 As 0 .2 25 G lass 220 5 yes yes

NOVA-190 As 20 0 .4 3 C -S i 36 1 yes yes

NOVA-191 As 500 0 .4 G la s s 220 10 yes yes

SPIN-138 P 55 0 .25 Glass(M o) 220 8 yes yes

SPIN-137 P 110 0 .25 Glass(Mo) 220 3 yes yes

GLAD 35AB P 0 .3 0 .3 10 C-Si 220 0 .4 yes yes

|CLAD 35B P 0.15 0 .15 10 S n 0 2 /g la s s 220 0 .4 yes yes

FN6 #6 P 21 20 G la s s 36 20 yes yes

FN13 HU P 22 3x10 ' 2 G la s s 17 70 yes yes

j FN14 II2 P 22 10” 2 S t a i n .  S t . 36 2 yes yes
j  FN10 If 3 P 2% 4 x l0 “ 2 S t a i n .  S t . 36 4 yes yes



Table  VI : Summary o f  Raman spec trum  and EER f e a t u r e s  o f  a number o f  h ig h  te m p e ra tu re  
th e r m a l ly  a n n e a le d  a s  v e i l  a s  u n a n n e a le d  S i:H (B ) s a m p le s .  The number l i s t e d  
in  t h e  sq u a re  b r a c k e t s  i n  t h e  Raman F e a tu r e  Column i n  t h e  l i n e w i d th  in  cm"*. 
G la s s  s u b s t r a t e  m a t e r i a l  i s  7059 Corning  g l a s s .

Sample
Doping A nnea ling

te m p e ra tu re
( ° C )

Raman F e a tu r e  
(cm"*)

EER F e a tu r e
type c o n c e n t r a t io n

(ppm)
E1 & Ep
( 3 .4 e v )

e2
( 4 .5 e v )peak l in e w i d th

44A B 50 u n an n ea led 480 80 No No

44B B 50 1000 517(a) 14 No No

NOVA-51A B 500 900 517(a) 17.5 Yes Yes

NOVA-5 IB B 500 1000 516(a) 15.5 Yes Yes

(a )  Small s h o u ld e r  a t  495 cm"*.
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Table VII : Summary o f EER and Raman spectrum fea tu res  o f a number o f (h ea v ily  doped 
n -type) a-S i:F :H , high temperature therm ally annealed as w ell as unannealed 
a-Si:H (B) and c -S l sam ples.

Samples
Doping A nnea ling  

tem p. ( • C)
S u b s t r a t e
m a t e r i a l EER S t r u c t u r e s

Raman 
p e a k ( cm- 1)type concen t .(ppm )

C-SI S i Bulk Yes C r y s t a l l i n e 522

NOVA-191 S i:F :H As 500 Unannealed c - S i Yes M i c r o c r y s t a l l i n e 516

SPIN-138 S i:F :H P 50 Unannealed Glass(Mo) Yes M i c r o c r y s t a l l i n e 520

SPIN-137 S1:F:H P 110 Unannealed Glass(Mo) Yes M i c r o c r y s t a l l i n e 520

44A Si:H B 50 U nannealed G la s s No Amorphous 480

44B Si:H B 50 1000 G la s s Yes Improve c r y s t a l l i n i t y 517

NOVA-51A Si:H B 500 1000 G la s s Yes Improve c r y s t a l l i n i t y 517

NOVA-5IB Si:H B 500 900 G la s s Yes Improve c r y s t a l l i n i t y 516



AMORPHOUS SOLID 
(IDEAL CRN)

AMORPHOUS SOLID WITH 
STRUCTURAL DEFECTS

F i g . ( 2 .1 )  Schem atic  d raw ing  o f  c o n t in u o u s  random n e tw ork  (CRN) m odel. 
(R ef.  52)
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W

( 2 . 2 a )

d o n o r s
a c c e p t o r s

( 2 . 2 c ) ( 2 . 2 d )

F i g . ( 2 . 2 )  D r a w i n g  o f  d e n s i t y  o f  s t a t e s  ( DOS)  v e r s u s  e n e r g y  
o f  a m o r p h o u s  s e m i c o n d u c t o r s .  ( Re f .  53)

( 2 . 2 a )  D e n s i t y  o f  s t a t e s  o f  C o h e n - F r i t z s c h e -  
O v s h i n s k y  ( CFO)  m o d e l .

( 2 . 2 b )  D e n s i t y  o f  s t a t e s  o f  D a v i s - M o t t  m o d e l .

( 2 . 2 c )  D e n s i t y  o f  s t a t e s  o f  m o d i f i e d  D a v i s -

M o t t  m o d e l .

( 2 . 2 d )  D e n s i t y  o f  s t a t e s  f o r  a r e a l  g l a s s

with d e f e c t  s t a t e s .
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F i g . ( 2 . 3 )  Room t e m p e r a t u r e  c o n d u c t i v i t y  o f  n -  and
p - ty p e  a - S i  s p e c im e n s ,  p l o t e d  a s  a  f u n c t i o n  
o f  t h e  g a s e o u s  im p u r i ty  r a t i o .  F o r  t h e  r i g h t  
hand c u r v e ,  t h i s  i s  th e  num ber o f  p h o s p h in e  
t o  s i l a n e  m o le c u le s  in  t h e  g a s  m i x t u r e  used  
f o r  specim en  p r e p a r a t i o n s .  On t h e  l e f t  i t  i s  
t h e  c o r r e s p o n d in g  d ib o ra n e  t o  s i l a n e  r a t i o .  
The c e n t r e  r e f e r  t o  undoped s p e c i m e n s .
(R ef .  63)
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— — — — ->■ — — — e l e c t r o n

_ _    — — --------- h o le

pho ton

I n t e r a c t i o n  v e r t e x

F i g . ( 3 . 2 . 1 )  The s c h e m a t ic s  o f  t h e  e le m e n ta ry  Raman s c a t t e r i n g  
p r o c e s s .
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C - S i  ( S 3 !  C*n')

yUC- Si" ( S cF -v s-3» «*•**')

Si ( loo)

A- S i  ( 4 So Cr*)' )

LO, LA

F ig .  0 . 2 . 2a) D i s p e r s i o n  c u r v e s  o f  
phonon  A7(q) f o r  
s i n g l e  c r y s t a l  
s i l i c o n .

Ij^(Raman i n t e n s i t y )

F ig .  ( 3 . 2 . 2b) S c h e m a t ic  Raman
s c a t t e r i n g  s p e c t r a  
f o r  a - S i ,  / i c - S i ,  
c - S i .

g

«o

l a s e r  l i g h t  

X .-A 965A

„ j c :  m i c r o c r y s t a l l i n e  

a :  am orphous  

y u c - S i : F:H ( P ^ I X )  

J y - 0 .2 9  C 3/UC/ I a )

519 .5  Om‘-I

> uc-phase

a - p h a s e

Raman f re q u e n c y  (cm )

F i g . (3 . 2 . 2 c )  Two component d e c o n v o lu t io n  o f  Raman s p e c t r u m  
f o r  ->uc-Si :F :H  a l l o y s .  ( R e f .27)
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6 Watt Ar Gas Laser - - V 1

H.V.

Scanning 
System of 
Monochomator

• I.r. . Cyl
j ___ ; . _ ! ______

I  IPin Hole
• - #

_______ 1
Photoc 
Elect r< 
System

.........
aunting 
anic

'
Strip
Chart
Recorder

Collecting
Lense

- -r

Double Grating Spectrometer

F i g . ^ 3 - 2 . 3 )  Schem atic  f u n c t i o n a l  b lo c k  d ia g ra m  o f  Raman 
s c a t t e r i n g  a p p a r a t u s .
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512

508

-Si:F:H(a s )

Hi
NOVA-103

476NOVA-101

a - S i : F : H

088

a - S i : H

5504 5 0  500
R A M A N  S H I F T ( c m “ l )

40 0350

F i g . ( 3 . 2 . 4 )  R a n a n  s p e c t r a  o f  a - S i : H  a n d  / j c - S i : F : H  a l l o y s .
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400 450 500 
RAMAN SHIFT (cm'1)

550

F i g . ( 3 . 2 . 5 )  E x p e r im e n ta l  Raman s c a t t e r i n g  s p e c t r a  f o r  t h e  
specim en a - S i : H ,  a - S i : F : H  and a -S i :F :H ( A s )  
(K ef. 27)
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9

A 95 cm
8

44B

H TA -a-Si:H (B )

7

6

5
480 490 500

4

3

2

1

Raman F req u en cy  (cm- *) 
400 520480

F i g . ( 3 .2 .6 )  Raman s p e c t r a  o f  h ig h  t e m p e r a tu r e  th e rm a l ly  a n n e a le d  
a -S i:H (B )  s a m p le .  HTA -a-Si:H (B ) sample w ith  50 ppm 
Boron i s  a n n e a l e d  a t  t e m p e r a t u r e  1100 *C abou t 10 
m in . .  Peak  p o s i t i o n  i s  a t  517 cm- * . D e t a i l s  o f  th e  
s p e c t r a  in  t h e  r e g i o n  be tw een  480 -  500 cm- *, w hich  
shows a  s m a l l  s h o u l d e r  a ro u n d  495 cm~l, i s  d i s p l a y e d  
in  th e  i n s e r t .
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100100

- S i  :H

a - S i

o<

ioJc ~u) )
w

M i c r o c r y s t a l l i n e  7 y « 
S i : F : H ( P )

X S i n g l e  C r y s t a l  
S i 2020

480 500 520

F i g . ( 3 . 2 . 7 )  Raman w id th  and  p a r t i c l e  s i z e  (d a s h e d ;  
v e r s u s  Raman f r e q u e n c y  f o r  /uc-S i  
( I n c l u d i n g  a - S i ) . ( R e f . 28)
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  u n p e r t u r b e d

  p e r t u r b e d

d i f f e r e n c es t r e s s

( - ) ( a )

F i g . ( 3 . 3 . 1 a )  A sc h e m a tic  d ia g r a m  o f  th e  change  i n  
t h e  im a g in a ry  p a r t  o f  t h e  d i e l e c t r i c  
f u n c t i o n  e x p e c t e d  f o r  f i r s t - d e r i v a t i v e  
m o d u la t io n  p r o c e s s .

e l e c t r i c  f i e l d

(b)

F i g . ( 3 . 3 . l b )  A sc h e m a tic  d ia g r a m  o f  t h e  change in  
t h e  im a g in a ry  p a r t  o f  t h e  d i e l e c t r i c  
f u n c t i o n  e x p e c te d  f o r  e l e c t r i c  f i e l d  
m o d u la t io n .  ( Re f .  34)
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L o io ]



«

^ 0 7

6 -

2 -

M t « r

k » (00 0)  k -^ O O O )  k « ^ ( " 0 )  k - i o o o )

F i g . ( 3 .3 .3 )  Band s t r u c t u r e  o f  c r y s t a l l i n e  s i l i c o n .  
(R e f .  87)



-  116 -

S i  n - l y p e

AO16 c m ' 3 
[ l i O ]  f ace

5 .0

2 .5

F i g . ( 3 . 3 . A) T y p ic a l  EER ( E l e c t r o l y t e  E l e c t r o v e f l e c t a n c e )( E l e c t r o l y t eT y p ic a l EERA)
spec trum  of n - t y p e  c - S i .  (R e f .  88)



o Xe Arc Light Source
R e f e r e n c e  E l e c t r o d e  

( P t )

Monochromatic Light
M onochrom ator Sam ple

B ia s

r e  f .

S e r v o L o c k - I n F u n c t  i o n
P o w e r
S u p p l y

A t n p l i f  i e r A m p l i f i e r G e n e r a t o r

V  vou t

S t r i p  C h a r t  

R e c o r d e r

F i g . ( 3 . 3 . 5 )  S c h e m a t i c  f u n c t i o n a l  b l o c k  d i a g r a m  o f  EER s e t  u p .
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A
R

/R

SPIN-138 pc-Si:F:H(P) 

SPIN-137 pc-Si:F:H(P)

-2.

o

x

✓ S  E(eV)

-Z

F i g . (3 .3 .6 )  EER spectrum of d i f f e r e n t  co n ce r t r a t ion  of P-doped >ic-Si:F:H a l lo y s .
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FN13 9U 

FN14 *2
FN6 #6 

FN10 03

E(eV)

F i g . ( 3 .3 .7 )  EER s p e c t r a  o f  h e a v i l y  P-doped u c -S i :F :H  a l l o y s  w hich  was d e p o s i t e d  
on s t a i n l e s s  s t e e l  o r  g l a s s  s u b s t r a t e .  (Ref .  28)
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•N

E( e V)

GLAD 35AB 

GLAD 35B 

NOVA-190

F i g . ( 3 . 3 . 8 )  EER s p e c t r a  o f  P - d o p e d  > u c - S i : F : H  and A s - d o p e d
ju c -S i:F :H  a l l o y s .  (Ref .  27)
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4 . 0

NOVA-103
{T  • J S I O h m  c m |  

M O O V O I T A C F J V  p l o p  

t f c  6 i « a  : - 2 . S ¥
2 .0

1.0

NOVA-102
f T  : 4 | O h m  c m  )

- 1.0

M O O . V O L T A C C  4 V  p  | «  p  

« C l U l O

4 . 0

J.O

( I f  C T R O L  V T £ : 0 . 0 0  1 N  K C I  S O L U T I O N2.0

2 2 0  M i  M O O .

1.0

NOVA-101
Q  O  O O A l O h m  c m ) '  

M O O . V O L T  A C C : 3 V  

4 c e i « » o
1.0

1.0

1.0
2.0 4 . 0 S.O1.0

PHOTON E N E R G Y  ( e V )

F i g . ( 3 . 3 . 9 )  EER s p e c t r a  o f  d i f f e r e n t  c o n c e n t r a t i o n  o f  
As--doped / i c - S i : F : H  alloys ( NOVA - 1 0 1 ,  
NOVA- 1 0 2 ,  N O V A - 1 0 3 ) .  ( R e f .  2 6 )



  NOVA-191

-  -  NOVA-190
uc-Si:F:H(AsJ

uc-Si:F:H (A s)

V

E(eV) \l

F i g . (3 .3 .1 0 )  EER sp ectra  o f d if fe r e n t  c in cen tra tio n  o f As-doped uc-Si:F:H  a llo y s  

(NOVA-190 and NOVA-191).



SPIN-138 p c -S i :F :H ( P )  
-S i :F :H (A s )NOVA-190

E(eV) ,

F ig . (3 .3 .1 1 )  Comparision o f EER sp ectra  for  P-doped and As-doped uc-As:F:H a l lo y s .



a/a v

fm-36Hz, .VDC- 0 ,  Va(.-8V<P-P)

 ̂ NOVA-51A (900*C)

 TNOVA-5IB (1000'C)

HTA-a-Si :H(B)

4 p \

F ig .  ( 3 . 3 . 1 2 )  EER s p e c t r a  o f  HTA-a-Si :H(B) sair.r l e s  w i th  d i f f e r e n t a n n e a l i n g  t e m p e r a t y r e .



NOVA-51A HTA-a-Si :H(B) 

GLAD-35AB /u c -S i :F :H (P)

E(eV)

F i g . ( 3 . 3 . 1 3 )  Com pari s ion  o f  EER s p e c t r a  o f  HTA-a-Si :H(B) and ^ ic -S i :F :H (P )  samples .
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F i g . ( 3 . 3 . 1 4 )  EER s p e c t r a  o f  ion  demaged (100 Kev S i ) ,  l a s e r  
a n n e a l e d  S i  w i t h  d i f f e r e n t  e n e rg y  d e n s i t y .
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F i g . ( 3 . 4 . 1 )  Schemat ic  f u n c t i o n a l  b l o c k  d iagram of  r o t a t i n g  l i g h t  p i p e  r e f l e c t o m e t e r .  
(Refi  41)
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f u n c t i o n  f o r  h e a v i l y  doped n - t y p e  a - S i : F : H  
a l l o y s .



R
E

FL
E

C
T

IV
IT

Y
 

(

70

60
c -S i ( lO O )

50

40

30

20

4 62 8 1 00

F i g . ( 3 . 4 . 6 )  The r e f l e c t a n c e  s p e c t r a  f o r  HTA-a-S i :H (B) , u nannea led  Si :H^B) and c - S i .



-  1J'» -

4 0 “

u »

44 1

30

IS
I  (* V )70

F i g . ( 3 . 4 . 7 )  The i m a g in a r y  p a r t  ^  (W) o f  d i e l e c t r i c  
f u n c t i o n  f o r  H T A - a - S i : H ( B ) , u n a n n e a l e d  
S i :H (B )  and c - S i .



re
fl

e
c

ti
v

it
y

 
( 

%•
>

70

f  X/ A60

50

40 NOVA-5IB

\  NOVA-51A

20

4 6 82 1 00

F i g . ( 3 . 4 . 8 )  The r e f l e c t a n c e  s p e c t r a  f o r  HTA-a-Si :H(B) and c - S i .



-  136 -

c-SI

w

c-S l

7.5
* (•*>

ffiecon IncrtT (•* )

F i g .  ( 3 . A. 9) The im a g ina ry  p a r t  6 2 ^ )  o f  t h e  d i e l e c t r i c  
f u n c t i o n  f o r  HTA-a-Si :H(B) and c - S i .
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F i g . ^ 3 - 4 .1 0 )  The e f f e c t i v e  number o f  e l e c t r o n s  p e r  atom 
c o n t r i b u t i n g  t o  o p t i c a l  a b s o r p t i o n .
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IMPLICIT CCMPLF.X + 16 <F-G>
Dlf E.JSIOU 11( 3 0 0  ) .  *F . \EFF(300)  ,Y1 ( 2 0 0 )
J i r E J S I O ’ r ( 3 0 0 ) . H ( 3 0 0 ) . T M K 2 1 » , F ( 5 0 l . r l ( 3 0 0 ) .

1 T»«A ( 300 I . TrJ( 3 0 0  ) . OK (3 00 )  . A L F (3 00)  « W (3 0 0 ) .
2 TRM/S(3GD . E O I 3 0 D )  , E T ( 3 0 0 )

TH=5.5E-1
SOO r<EAD(5.55c . E i : 0 = 9 9 9 )  U5 
555 FORMAT( 1 5 )

wR I T E ( 6 . c 2)  L5 
62 FORMAT ( / / I X .  9HU’5= . 1 5 )  

r.5P=D5+l 
ALF( 1 ) = 0 . 0  
E 0 ( l ) = 0 . 0  
ET( 1 ) = 0 . 0  
OK( 1 ) = 0  • 0 
0 N ( 1 ) = 0 . 0  
TRAf.'S (1)  = 0 . 0 
00 3 1 = 1 . N5 
REAO( 5 . 5 )  F ( I ) . K ( I )

5 F O R MA T ( F5 . 3 . F 5 . 3 )
11=1-1 

3 CONTINUE 
7 3NAX=R(I1)

EMA>.=E ( I I )
12=11-1
WRITC<6.60) ( E ( I > . 1 = 1 »Nb)

80 F 0 R M A T ( / / . 1 0 ( 2 X . F 7 . 9 . 3 X ) )
WK1TE<6.60) (R(  I )  . 1 = 1  «fJb)

10 P ( l ) = l
00 200 1 = 2 . 9 0  

200 P( I )=P( 1-1 ) +.€>
PMAX=P(3)
19=1
13=0

19 IF ( P ( 1 3) . E Q .  PMaX) GO TO 95 
13=13+1
WRITE ( 6 . 1 5 )  P ( I 3)

15 FORMAT( 1H1• 5H P = . 1 P E 1 5 . 9 / / / )
WRITE ( 6 . 1 6 )

16 FORMAT ( 1H . 1 1 H  WAVELENGTH , 2X . 6PEf.ERGY, IX «
1 12HREFLECTIVITY.9X.5HALPFiA.6X.  1FN.8X.1HK ,
2 8X«THTHETA.OX . 1HT »1 0 X. 2 H E0 , 8X .2 FE T» / / )

00 92 J = 2 . 12
UO 21 1 = 1 .  I I
IF ( E ( I ) . E O . C ( J ) ) GO TO 17 
XD=P. ( I )'
I F ( ADS( XD-1•  ) . G T .  1E-1U) GO TO 70 
XLn=XO-l•
GO TO 72 

70 XLD=AL0G(XP>
72 COf'Tr.'UE 

XE=R(J)
1F(A3S( XE-1 . > .GT.. 1 E - 1 J )  GO TC 71



-  145 -

XLE = XE_-1.
>0 TO 73 

71 XLH = '\LGG ( v f  )
73 COi'T I JGE 

K-i=XLJ-XLL 
XEJI  = E ( . J ) * * ? - E d  >**2 
XCC = R- . /XCJ l
r i d  ) = x c c
..0 TO 19 

17 XIH = K ( 1-1  1
IF(ABS(  X r ■--1.  ) .GT.  IEI-10) GO TO 90 
XliviL3 = X If i -  1 .
GO TO 92

90 XI!“LG = AL0G < XliM)
92 c o n t i n u e :

XIP = 0 ( I  + l  >
I F < A R S ( X I F - 1 . ) » GT. I E - 1 0 )  GC TO 91 
X I P L G = X I P - 1 .
GO TO 93

91 XIPLG=AL0GCXIP)
93 COKTI/JUE

Y J I P = E C J ) * * 2 - E ( I - l > * * 2  
Y J I P = E ( J ) * * 2 - E ( I + l l * * 2  
X J = R I J )
XJJ=ALOG(XJ)
YY=0 . 5 *  ( ( XTMLG- XJ J» / YJ IM+ ( XI FL G -X JJ ) /Y J I P )
Y I d ) = Y Y
Z 1 = Y I I J )

19 I F d  . E G .  I I )  GO TO 23 
21 CON TI DUE 
23 00  25  1 = 1,115

Y I ( I ) = ( Y 1 ( I ) + Y 1 ( 1 + 1 ) ) * « E ( I + 1 ) - F ( I ) ) * . 5  
IF CI . E a .  12)  GO TO 27 

25 COFTlr-JUE

27 THA( J )=0
Y I ( J - 1 ) = Z 1 * ( E ( J ) - E ( J - 1 )  )
Y I (J ) =21*  t F(J  + l )-E( J )  )
00  2 9  1 = 1 . 1 2
THA ( J )=THA ( J ) + Y I U ) * F ( J ) / 3 . 1 ‘*159 
I F C I . E Q .  1 2 )  GO TO 31 

29 COr.'Tli;UE 
31 Y=AbS( Et tAX-C( J ) )

AX = l < C j ) / P f  AX
I F ( A3SI XX- 1 • ) .GT.  I E - 10) GO TC 61 
XLG=XX- 1  .
GO TO 65

61 XLG=ALOGCXX)
65 YY = ABS( (EF.AX + EC J )  ) /Y)

' I F ( A 3 S f Y Y - 1  . I .GT.  1E-1U) GO TC F2 
YMG = YY-1 . 0 
GO TO 69

62  YHG=Al OG( YY)



n 
n 

n 
n 

ci

-  146  —

fa** COI'.'Tltl'JC
THAIJ)=THA <J )  + ( 0.15915*4)*XLG*YNG 
2 =  0.0

32 DO 3 3  1 = 1 . 5 0  
Z = Z + 1 . 0
e e c = e ( JJ /FKAX
T H A I J ) = T H M J ) + ( P (  I 3 ) ♦ t ( 2 . 0 * Z - 1 . 0 ) * * l - 2 )  ) *

1 C EC + *( 2 * 1 - 1 ) ) / 3 . 14159
33 CONTINUE

•JM J )  = < l . O - R ( J )  ) / ( 1 . 0  + R ( J ) - 2 . 0 * S C R T ( R ( . j )  ) *
1COS( T HA( J ) )  )

O K I J ) =< 2 . n+SQRT ( K ( J )  I*SIN(THA ( J )  1 l / (  1 . 0  +
1*> ( J  ) - 2 . 0+S0RT( R ( J )  ) *C0S ( THA ( J  ) ) )

*♦2 CONTINUE 
*4*« DO **6 J = 2 . K 5

U I J )  = 1 . 2 3 P*4 6 / E ( J )
ALF < J  >=*+. 0 *3 •  1 *41 59* OK ( J ) /  W( J  )
Uf J > = A T A M 2 . 0 *O K(  J ) / (  (0U ( J ) * 0 r j (  J )  > + (0K( J ) *

1 0K CJ )  1 - 1 . 0 )  )
T RAfJS ( J  ) = ( * ( 1 - 0-R ( J ) >**2) + (*4.0*R( J ) * S I N ( U (  J )  1* 

1 S 1 N ( U ( J ) ) ) ) * E XP ( - A LF ( J >* T H ) /
2(  1 . 0 - P I  J )  *R( J ) * E X P (  -2 .0*ALF(  J ) * T F  1 1

C O ( J ) = O N ( J ) * » 2 - U K ( J ) * * 2  
E T t  J ) =2*0I . <  J ) * 0 K (  J )
WRITE ( 6 ,  251 W(J)  » E< J ) «P < J l » A L F < J I  « Of.' ( J  1 . OK ( J 1 » 

1 T H A ( J ) . THANS( J ) . E C ( J ) * E 1 ( J )
35 FOPPATI1H . 1 P 1 0 E 1 0 . 2 )

*46 CONTINUE
THI S PARTS ARC CALCULATING THE EFFECTIVE DENSITY 
OF ELECTRONS NEFF(E)  CONTRIBL'TI NG TO ABSORPTION 
BELOW ENERGY E.
THE RESULTS OF NEFF(E) BUST KULTIPY THE ORDER 
OF OF KiAGf.'ITUDE ( TEN OF 20 1 .
CONST = *4.6195 
DO 3 DC J = 2 . 1 2  
SUN-0 . 0 
DO **00 1 = 2 . J  
OE=E( I » - E ( 1 - 1 )
XF N E= E ( I > * E T( I >* 0 E  
SUP=SUK+XFNE

**00 COK'TII.UE
XFf.EFF ( J)=SU'1*C0.IST 
Y 1 ( J ) =XFUEFF( J )

300 CONTINUE
WHITE ( 6 , 5 0 0 )  ( ( XFUEFF( J ) , J = 1 , 1 2 )  )

500 FORMAT( 1 H , 1 P I 0 E 1 0 . 2 )
CAI.L NPLCT ( Y1 . 1  . 1 . N 5 , . 1.  . 1)
GO TO 1*4 

*45 19 = 1*4 + 1 
999 STOP 

Cfjr*
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SU=»HOUTITir .'PLOT (A.  IO^S* IM A\ , J*  A X , YM I N , D Y ) 
l> I MU IS I Of* AC 1) , I tic 11)  , I 'aiT C1 0 1 > ,  I SYR C 11 >
PAT A I S Y b / l U l , 1 H 2 , 1 H 3 » 1 H 4 , 1H5 , l H f  , 1 H 7» 1 H 8»1H9«1HA, 1H«/  
DATA IMLAK, It OT, l MSYn/ l h  , l H . , l H r /  
lXRC- = 10n  
ANir;=A < i >
A' *X = AC 1 »
J1 = 0
[-0 1 J = l . J f AX 
LO 5 1 = 1 , 1* A<
I 1 = 1 + J 1
IT I A t 1 1 l - . H I M 3 . o 2

3 A f l f r A d l )
2 IFC A ( 1 1 > - M  AX) 5 . 5 , 8
4 A fi A X = A CI1J
5 CCPTINOt

1 J 1 = J 1 + 1 0 " S
XRAl:G = Av!Ay-AI-1Ifv 
DX=XRAFG/CIXKG-1)
IF CL‘X - l . E - 2 7  > 3 0 0 , 3 0 0 , 2 2

22  XSC AL = 1•
I F ( XSCAL-CX) 2 3 , 2 1 , 2 0

20 XSCAL=XSCAL+0.1 
I F ( D X - X S C / L ) 2 0 , 2 1 , 2 1

2 3  XSCAL=<SCAL«10.
IF(DX-XSCAL > 2 5 , 2 1 , 2 3  

25  XSCAL=XSCAL*0.1
21 XSCAL=XSCAL*0.1 

I =DX/ XSCAt +0 . 5
OX=I*XSCAL
IF<AMlW*ArAX> 3 0 , 3 0 , 3 1  

30 AK=0.
1 = 1
DX10=DX*10.

3 1* IF ( AM-AMIf- > 3 2 , 3 2 , 3 3  
3 3  A^=AM-0X1P 

I=I + 1C  
GO TO 38 

32 A!i= 0 •
37 1 F ( AfJ-Â  AX > 3 5 ,  3 6 ,  36

3 5  AN = AtJ + PX10
1 = 1 +1 0  
GO TO 37

36 I FC 1 - 1 0 1  ) 8 0 , 8 0 , 8 1  
81 CX=nx+vSCAL

GO TO 30  
40  IXRG1=I  
4 5  IRX=0 

T=AP/OX 
IF C T ) ° P , 9 0 , 9 2  

9 0  I b ( 1 >=T- A . S  
GO TC ' , 0
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9 2  i P ( i >  = T + r . r;
GC TO LI-

31  i=A^it . . / r  z - n . 5
Ah = 1 * 1>X 

52 IF ( AM-Af 11;) 5 0 , 5 0 , 5 1
51  Ar'=Ah-rx

.;o TO 52 
5*1 I = ( AVA-'-f* J/OX + l  . 5

I X H G ] = ( I - 2 1 / 1 C * 1 0+11  
IF ( I XKSl-1 ill ) 5 5 , 5 5 , 5 4  

5C '■ X=OX+VSC AL­
GO TO 31

5 5  I f  ( AHS<* f / ; : X  > - i ' 0 0 .  > 4 5 , ' - c , 5 h  
5b IF X=A;> < 1 . 0 + G . 5*C X ) /DX

I D ( 1 )=0 
60 T=YKI^/HY

J F ( T >9 3 , 93 , 54
93 IY = T- 0 . 5  

GO TO 95
94 IY = T + 0 . 5
95 II<Y = 0

T = nX + C , ‘-*>StAL 
IF ( I Y-7C-0) 1 3 , 1 3 , 1 4  

14 1RY=IY 
1 Y = 0

13 v . - r t l i r t f  *9111 )
V.RITE t G «100 ) I (< X , T , I F“ Y «T Y 

9 1 H  FOP^ATf 1H1 )
100 FOi<l 'AT</, l>,  'RELATIVE ZKf'C LF X-AXIS IS * , I 5 , 2 0 X ,  

X'SCALE LF X-AXIS I S  ‘ . F I D , 4 ,
Y / . I X , ' R E L A T I V E  7H-0 OF Y-AXIS IS , , I 5 » 2 0 X ,
y ' s cale  of y- a x i s  i s  ’ , E i 2 . 4 / )

J p = l
00  70 1=11, IXNG1, 1 0  

Jl< = JR+1 
70 13 ( J f \ ) = JL ( J l ’. - 1 ) + 1 U

WRITE( 6 , 1 0 2 ) I ID ( I ) , T=1 , JR >
192 FufthAT( 1H , 1 1 5 , 1 0 1 1 0 )

Jl->1 = ( J  * A X - 2 ) / 1 0 * i O + l l  
J 1  = 0 

00 GO J = l . J - ’l 
J O 01 1 = 1 ,1/f ul 

e l  10UT ( I ) = l»*l A* 
i c r = i o  

I F  ( J - 2 H - 3  , 1 4 2 ,  1 4 3
142 ICH=5 

GO TO 145
143 IF ( J - j : * 1 + 1 )144 , 14 2 , l ' H
144 I F ( J - J / ’ n * l n - l  ) 1 -  5 ,  1 +  1 , * 4 5  
141 IC! =1
145 !':) 151 I = 3 , 1 »I ' - 1 , I C--1 
1 51 1 r i • T f I ) = T! J r



-  i<»y -

1 F ( J - J / b » ‘ - 1 )  3 5 2 . 1 5 3 , 1 ^ 2
1^3 i o «.t < p »= i r . m

I OUT ( 1 XMC1-1 ) = 1L>0T
1 5 2  I F ( J - J r U X )  1 5 5 . 3 . 5 8 . 3 6 5  
l 5 8  0 0  1 6 0  1 = 1 . IMAX

I I = J l ♦ I
i n = ( A (  T1 ) - A r , } / 0 X  + 1 . 5  

I F  C10UT ( I P ) - I B L A h  ) I t ,  1 . 1 6 2 . 1 M
161 I F  ( I OUT ( I 0  ) -  TOC 7 ) 3 6 3 . 2 - > ? , l £ . 3  
1<V3 I OUT ( 1 [ i ) = I f ' SY J

GO TO 160
162 IOL T ( 1 D1 = I SYR( I I 
1 6 ( CCfIT I. 'LE
lCS I F ( l C - i - l )  1 7 0 , 1 7 1 . 1 7 1 )
17 l  V'f ITC ( f . ,  1 0 3 )  IY,  ( I OUT IK) . K= l  » T X KGl )

I Y = I Y + l 0 
GO TO 3 0

170 I.RITE ( 6 .  104 ) ( I OUT ( K ) .K = l , I x » G l )
00 J l  = J l+IPf - 'S

W R T T E ( b , 1 0 2 ) < I E ( I ) . 1 = 1 • J R )
301 PF TUR'1'
1 0 3  F 0I< f AT ( I I :  .  I  1 1 . 1 X ,  1 0 1 A1  >
10«, F OM- a T ( I P  » 1 2 X , 101  Al  )

300 Ul’I T E U  ,1 05 )  UX 
GO TO 301

10b FOKfATC* PX=* . E12 . A ,5X.  * ALL CURVES ARE STRAIGHT LI f.E S * ) 
liETUK-g 
EM)


