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(§)  Low  field  electrophotographic  process. 

  An  electrophotographic  process  in  which  a  photocon- 
ductive  insulating  element,  comprising  a  layer  of  intrinsic 
hydrogenated  amorphous  silicon  in  electrical  contact  with  a 
layer  of  doped  hydrogenated  amorphous  silicon,  is  electro- 
statically  charged  to  a  low  level  of  surface  voltage,  such  as, 
for  example,  a  level  of  ten  volts,  provides  an  advantageous 
combination  of  very  high  electrophotographic  sensitivity 
with  minimal  electrical  noise. 



T h i s   i n v e n t i o n  r e l a t e s   in  g e n e r a l   t o  

e l e c t r o p h o t o g r a p h y   and  in  p a r t i c u l a r   to  a  n o v e l   l o w  

f i e l d   e l e c t r o p h o t o g r a p h i c   p r o c e s s .   M o r e  

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

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

p h o t o c o n d u c t i v e   i n s u l a t i n g   e l e m e n t   wh ich   e x h i b i t s  

h i g h   q u a n t u m   e f f i c i e n c y   at   low  v o l t a g e .  

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

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

c o n d u c t i v e   m a t e r i a l   w h i c h   is  i n s u l a t i n g   in  the   d a r k  

bu t   wh ich   b e c o m e s   c o n d u c t i v e   upon  e x p o s u r e   t o  

r a d i a t i o n .   A  common  t e c h n i q u e   fo r   f o r m i n g   i m a g e s  

w i t h   such   e l e m e n t s   is  to  u n i f o r m l y   e l e c t r o s t a t i c a l l y  

c h a r g e   the   s u r f a c e   of  t he   e l e m e n t   and  t h e n   i m a g e w i s e  

e x p o s e   i t   to  r a d i a t i o n .   In  a r e a s   where   the   p h o t o -  

c o n d u c t i v e   l a y e r   is  i r r a d i a t e d ,   m o b i l e   c h a r g e  

c a r r i e r s   a r e   g e n e r a t e d   wh ich   m i g r a t e   to  the   s u r f a c e  

of  t he   e l e m e n t   and  t h e r e   d i s s i p a t e   t he   s u r f a c e  

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

n o n i r r a d i a t e d   a r e a s ,   r e f e r r e d   to  as  a  l a t e n t   e l e c t r o -  

s t a t i c   i m a g e .   T h i s   l a t e n t   e l e c t r o s t a t i c   image  c a n  

t h e n   be  d e v e l o p e d ,   e i t h e r   on  the   s u r f a c e   on  wh ich   i t  

is  f o r m e d ,   or  on  a n o t h e r   s u r f a c e   to  wh ich   i t   h a s  

been   t r a n s f e r r e d ,   by  a p p l i c a t i o n   of  a  l i q u i d   or  d r y  

d e v e l o p e r   c o m p o s i t i o n   wh ich   c o n t a i n s   e l e c t r o s c o p i c  

m a r k i n g   p a r t i c l e s .   T h e s e   p a r t i c l e s   a re   s e l e c t i v e l y  

a t t r a c t e d   to  and  d e p o s i t   in  the   c h a r g e d   a r e a s   or  a r e  

r e p e l l e d   by  the   c h a r g e d   a r e a s   and  s e l e c t i v e l y  

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

m a r k i n g   p a r t i c l e s   can  be  f i x e d   to  the   s u r f a c e   o n  
wh ich   t h e y   a r e   d e p o s i t e d   or  t h e y   can  be  t r a n s f e r r e d  

to  a n o t h e r   s u r f a c e   and  f i x e d   t h e r e .  



P h o t o c o n d u c t i v e   e l e m e n t s   can  c o m p r i s e   a  

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

m a t e r i a l ,   or  t h e y   can  c o m p r i s e   m u l t i p l e   a c t i v e  

l a y e r s .   E l e m e n t s   w i t h   m u l t i p l e   a c t i v e   l a y e r s  

( s o m e t i m e s   r e f e r r e d   to  as  m u l t i - a c t i v e   e l e m e n t s )  

have   a t   l e a s t   one  c h a r g e - g e n e r a t i n g   l a y e r   and  a t  

l e a s t   one  c h a r g e - t r a n s p o r t   l a y e r .   The  c h a r g e -  

g e n e r a t i n g   l a y e r   r e s p o n d s   to  r a d i a t i o n   by  g e n e r a t i n g  

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

l a y e r   f a c i l i t a t e s   m i g r a t i o n   of   t he   c h a r g e   c a r r i e r s  

to   t he   s u r f a c e   of   t h e   e l e m e n t ,   w h e r e   t h e y   d i s s i p a t e  

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

a r e a s   and  form  t h e   l a t e n t   e l e c t r o s t a t i c   i m a g e .  

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

t he   r a d i a t i o n  n e c e s s a r y   to  fo rm  t he   l a t e n t   image   a r e  

t he   q u a n t u m   e f f i c i e n c y ,   t h e   t h i c k n e s s ,   t h e  

d i e l e c t r i c   c o n s t a n t ,   and  t h e   e x i s t e n c e   of   t r a p p i n g .  

In  t h e   s i m p l e s t   c a s e ,   w h e r e   t r a p p i n g   can   b e  

n e g l e c t e d ,   t h e   e x p o s u r e   can  be  e x p r e s s e d   a s :  

w h e r e   E  is   t h e   e x p o s u r e   in   e r g s / c m 2  ε  t h e  

r e l a t i v e   d i e l e c t r i c   c o n s t a n t ,   L  t h e   t h i c k n e s s   in  c m ,  

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

n m ,   t he   q u a n t u m   e f f i c i e n c y ,   k  a  c o n s t a n t   e q u a l   t o  

5 .2   X  1 0  - 1 3   a n d   ΔV  t h e   v o l t a g e   d i f f e r e n c e   b e t w e e n  

t h e   image   and  b a c k g r o u n d   a r e a ,   V i  -   Vb.  T h e  

q u a n t u m   e f f i c i e n c y ,   w h i c h   c a n n o t   e x c e e d   u n i t y ,  

r e p r e s e n t s   t h e   f r a c t i o n   of   i n c i d e n t   p h o t o n s   t h a t   a r e  
a b s o r b e d   and  r e s u l t   in   f r e e   e l e c t r o n - h o l e   p a i r s .  

For   e l e c t r o p h o t o g r a p h i c   p r o c e s s e s   k n o w n  

h e r e t o f o r e ,   ΔV  is   t y p i c a l l y   4 0 0 - 5 0 0   V.  A s s u m i n g  

t y p i c a l   v a l u e s   o f  ε  =   3 . 0 ,   =   500  nm,  and  L  = 
10-3 cm,  t h e   a b o v e   e q u a t i o n   p r e d i c t s   an  e x p o s u r e  

e n e r g y   of  1 1 . 8   to  1 4 . 7   e r g s / c m 2 .   T h i s   a s s u m e s  

t h a t   t h e r e   i s   no  t r a p p i n g   and  is   b a s e d   on  t h e  



a b s o r b e d   r a d i a t i o n .   In  p r a c t i c e ,   t h e   r a d i a t i o n   i s  

no t   c o m p l e t e l y   a b s o r b e d ,   and  t h e   e x p o s u r e   i s  

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

r e q u i r e   e x p o s u r e s   in  t he   r a n g e   of  2 0 - 1 0 0   e r g s / c m 2  

to  form  an  e l e c t r o s t a t i c   i m a g e .   T h e s e   a r e  

e q u i v a l e n t   to  ASA  r a t i n g s   b e t w e e n   0 .1   and  0 . 0 2 .   I n  

c o n t r a s t ,   t h e   e x p o s u r e   r e q u i r e d   to  fo rm  a  l a t e n t  

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

in   t he   r a n g e   of   10 -2   to  10 -1  e r g s / c m 2 ,   o r  

l e s s ,   a n d ,   a c c o r d i n g l y ,   t he   r a d i a t i o n   s e n s i t i v i t y   o f  

e l e c t r o p h o t o g r a p h y   i s   l e s s   t h a n   t h a t   of  c o n v e n t i o n a l  

s i l v e r   h a l i d e   p h o t o g r a p h y   by  a  f a c t o r   of  a t   l e a s t  
1 0 3 .  

W h i l e   i n c r e a s e s   in  e l e c t r o p h o t o g r a p h i c  

s e n s i t i v i t y   can  be  r e a l i z e d   by  i n c r e a s e s   i n  

t h i c k n e s s   or  q u a n t u m   e f f i c i e n c y ,   t h e s e   e f f e c t s   a r e  

l i m i t e d .   I n c r e a s e s   in   p h o t o r e c e p t o r   t h i c k n e s s   t e n d  

to  r e s u l t   in  t r a p p i n g ,   w h i c h   g i v e s   r i s e   to   a  s h a r p  

d e c r e a s e   in  s e n s i t i v i t y .   S i n c e   t h e   q u a n t u m  

e f f i c i e n c y   c a n n o t   e x c e e d   u n i t y ,   i n c r e a s e s   i n  

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

in  t he   p r e c e e d i n g   p a r a g r a p h ,   t h e   maximum  i n c r e a s e   i n  

s e n s i t i v i t y   w o u l d   be  a  f a c t o r   of  a b o u t   5.  I n  

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

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

e t c . ,   w o u l d   l i m i t   t he   i n c r e a s e   to  p r o b a b l y   no  m o r e  

t h a n   a  f a c t o r   of  a b o u t   3.  C o n s e q u e n t l y ,   i f   t h e  

s e n s i t i v i t y   is   to  be  s i g n i f i c a n t l y   i n c r e a s e d ,   t h e  

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

image   and  b a c k g r o u n d   a r e a s   mus t   be  r e d u c e d .  

M o r e o v e r ,   i f   t h e   s e n s i t i v i t y   i s   to  be  i n c r e a s e d  

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

n o i s e ,   t h e   m a g n i t u d e   of   Vb  mus t   a l s o   be  r e d u c e d ,  

s i n c e   a  r e d u c t i o n   in   ΔV  w i t h o u t   a  c o r r e s p o n d i n g  
r e d u c t i o n   in  Vb  r e s u l t s   in   a  v e r y   low  s i g n a l   t o  

n o i s e   (S /N)   r a t i o .  



A  r e d u c t i o n   in  b o t h   AV  and  Vb  r e q u i r e s  

t h a t   the   p h o t o r e c e p t o r   be  i n i t i a l l y   c h a r g e d   to  v e r y  
low  v o l t a g e s ,   e . g . ,   V   =  10  v o l t s .   H o w e v e r ,   w i t h  

p h o t o c o n d u c t i v e   e l e m e n t s   of  b o t h   t h e  

s i n g l e - a c t i v e - l a y e r   and  m u l t i p l e - a c t i v e   l a y e r   t y p e s ,  

t he   q u a n t u m   e f f i c i e n c y   t y p i c a l l y   d e c r e a s e s   s h a r p l y  

w i t h   d e c r e a s i n g   v o l t a g e .   [See  D.  M.  Pai   and  R.  C.  

Enck ,   P h y s .   Rev.  11,  5163,   ( 1 9 7 5 ) ;   P.  J.  M e l z ,  

J .   Chem.  P h y s .   57,  1694 ,   ( 1 9 7 2 ) ;   and  P.  M. 

B o r s e n b e r g e r   and  D.  C.  H o e s t e r e y ,   J.  A p p l .   P h y s .   5 1 ,  

4248  ( 1 9 8 0 ) ] .   As  a  r e s u l t ,   e l e c t r o p h o t o g r a p h i c  

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

s u c h   as  500  v o l t s ,   and  e l e c t r o s t a t i c   l a t e n t   i m a g e  

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

of  20  to  100  e r g s / c m 2 .  

Thus ,   the   p r o b l e m   of  t h i s   i n v e n t i o n   is  t o  

p r o v i d e   a  h i g h   s p e e d   e l e c t r o p h o t o g r a p h i c   p r o c e s s  
wh ich   e x h i b i t s   m i n i m a l   e l e c t r i c a l   n o i s e .   T h e  

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

g r a p h i c   p r o c e s s   in  wh ich   a  p h o t o c o n d u c t i v e   i n s u l a t i n g  

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

i m a g e - w i s e   e x p o s e d   to  a c t i v a t i n g   r a d i a t i o n   to  t h e r e b y  

fo rm  a  l a t e n t   e l e c t r o s t a t i c   image  on  the   s u r f a c e  

t h e r e o f ,   c h a r a c t e r i z e d   in  t h a t   s a i d   e l e m e n t   ( 1 )  

c o m p r i s e s :  

(a)  an  e l e c t r i c a l l y - c o n d u c t i v e  

s u p p o r t ,  

(b)  a  b a r r i e r   l a y e r   o v e r l y i n g   t h e  

s u p p o r t ,  
and  (c)  a  p h o t o c o n d u c t i v e   s t r a t u m   o v e r -  

l y i n g   the   b a r r i e r   l a y e r   wh ich   c o m p r i s e s   a  

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

s i l i c o n   in  e l e c t r i c a l   c o n t a c t   w i t h   a  l a y e r  

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

in  wh ich   the   doped   l a y e r   is  v e r y   t h i n   i n  

r e l a t i o n   to  the   t h i c k n e s s   of  the   i n t r i n s i c  

l a y e r ,  



and  (2)  is  u n i f o r m l y   e l e c t r o s t a t i c a l l y   c h a r g e d  

to  a  s u r f a c e   v o l t a g e   in   t he   r a n g e   of  f rom  5  to   50  

v o l t s .  

The  t e r m   " a c t i v a t i n g   r a d i a t i o n "   as  u s e d  

h e r e i n   is   d e f i n e d   as  e l e c t r o m a g n e t i c   r a d i a t i o n   w h i c h  

is   c a p a b l e   of   g e n e r a t i n g   e l e c t r o n - h o l e   p a i r s   in  t h e  

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

Use  of  a  v e r y   low  i n i t i a l   v o l t a g e   in   t h e  

p r o c e s s   of  t h i s   i n v e n t i o n ,   t h a t   is   a  v o l t a g e   in  t h e  

r a n g e   of  5  to  50  v o l t s ,   in  c o m b i n a t i o n   w i t h   use   o f  

an  a m o r p h o u s   s i l i c o n   e l e m e n t   of  t h e   p a r t i c u l a r  

s t r u c t u r e   d e s c r i b e d   h e r e i n   has   b e e n   u n e x p e c t e d l y  

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

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

e x c e s s i v e   e l e c t r i c a l   n o i s e .   The  low  Vb  and  l o w A V  

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

by  t he   u n i q u e   e l e c t r o p h o t o g r a p h i c   p r o p e r t i e s   of  t h e  

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

e f f i c i e n c y   at   low  v o l t a g e .  

The  i n v e n t i o n   is  h e r e i n a f t e r   d e s c r i b e d   i n  

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

in  w h i c h :  

FIGURE  1  i s   a  l o g a r i t h m i c   p l o t   of  q u a n t u m  

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

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

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

e l e m e n t .  

FIGURE  2  is   a  V - l o g E   p l o t   f o r   t he   t e s t  

e l e m e n t   and  c o n t r o l   e l e m e n t   of   FIGURE  1 .  

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

s i l i c o n ,   h e r e i n a f t e r   r e f e r r e d   to  as  ∝ - S i ,   by  t h e  

g low  d i s c h a r g e   d e c o m p o s i t i o n   of   s i l a n e   g a s ,   S i H 4 ,  
has   b e e n   known  f o r   a  n u m b e r   of   y e a r s .   ( S e e ,   f o r  

e x a m p l e ,   R.  C.  C h i t t i c k ,   J .   H.  A l e x a n d e r   and  H.  F .  

S t e r l i n g ,   J .   E l e c t r o c h e m .   S o c . ,   116,   77,  1969  a n d  



R.  C.  C h i t t i c k ,   J.  N - C r y s t .   S o l i d s ,   3,  255,   1 9 7 0 ) .  

I t   i s   a l s o   known  t h a t   t h e   d e g r e e   of   c o n d u c t i v i t y   a n d  

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

by  d o p i n g   w i t h   s u i t a b l e   e l e m e n t s   in  a  m a n n e r   a n a l o -  

gous   to  t h a t   o b s e r v e d   in   c r y s t a l l i n e   s e m i c o n d u c t o r s .  

( S e e ,   f o r   e x a m p l e ,   W.  E.  S p e a r   and  P.  G.  L e C o m b e r ,  

S o l i d   S t a t e   Commun. ,   17,  1 1 9 3 ,   1 9 7 5 ) .   F u r t h e r m o r e ,  

i t   is   w i d e l y   r e c o g n i z e d   t h a t   t h e   p r e s e n c e   of  a t o m i c  

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

o p t i c a l   p r o p e r t i e s   of  t h e s e   m a t e r i a l s   ( s e e ,   f o r  

e x a m p l e ,   M.  H.  B r o d s k y ,   Th in   S o l i d   F i l m s ,   50,  5 7 ,  

1978)   and  t h u s   t h e r e   is   w i d e s p r e a d   c u r r e n t   i n t e r e s t  

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

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

r e f e r r e d   to   as  ∝ - S i ( H )  .  

The  f i e l d   of  e l e c t r o p h o t o g r a p h y   is   one  i n  

w h i c h   t h e r e   is   e x t e n s i v e   c u r r e n t   i n t e r e s t   in  t h e  

u t i l i z a t i o n   of  t h i n   f i l m s   o f  ∝ - S i ( H ) .   To  d a t e ,   t h e  

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

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

i n t r i n s i c   a n d / o r   doped   ∝ - S i ( H )  ,   w h i c h   a r e   a d a p t e d  

f o r   use   in   e l e c t r o p h o t o g r a p h i c   p r o c e s s e s .   (As  u s e d  

h e r e i n ,   t h e   t e r m   "a  d o p e d   / - S i ( H )   l a y e r "   r e f e r s   t o  

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

b e e n   d o p e d   w i t h   one  or  more  e l e m e n t s   to  a  d e g r e e  
s u f f i c i e n t   to  r e n d e r   i t   e i t h e r   n - t y p e   or  p - t y p e ) .  

I n c l u d e d   among  t h e   many  p a t e n t s   d e s c r i b i n g  

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

l a y e r s   of  i n t r i n s i c   a n d / o r   d o p e d   / - S i ( H )   a r e   t h e  

f o l l o w i n g :  

K e m p t e r ,   U.  S.  p a t e n t   4 , 2 2 5 , 2 2 2 ,   i s s u e d  

S e p t e m b e r   30,  1 9 8 0 .  

H i r a i   e t   a l ,   U.  S.  p a t e n t   4 , 2 6 5 , 9 9 1 ,   i s s u e d  

May  5,  1 9 8 1 .  

F u k u d a   e t   a l ,   U .S .   p a t e n t   4 , 3 5 9 , 5 1 2 ,   i s s u e d  

N o v e m b e r   16,  1 9 8 2 .  



S h i m i z u   e t   a l ,   U.  S.  p a t e n t   4 , 3 5 9 , 5 1 4 ,  

i s s u e d   N o v e m b e r   16,  1 9 8 2 .  

I s h i o k a   e t   a l ' ,   U.  S.  p a t e n t   4 , 3 7 7 , 6 2 8 ,  

i s s u e d   March   22,  1 9 8 3 .  

S h i m i z u   e t   a l ,   U.  S.  p a t e n t   4 , 4 0 3 , 0 2 6 ,  

i s s u e d   S e p t e m b e r   6,  1 9 8 3 .  

S h i m i z u   e t   a l ,   U.  S.  p a t e n t   4 , 4 0 9 , 3 0 8 ,  

i s s u e d   O c t o b e r   11,  1 9 8 3 .  

Kanbe  e t   a l ,   U.  S.  p a t e n t   4 , 4 4 3 , 5 2 9 ,  

i s s u e d   A p r i l   17,  1 9 8 4 .  

N a k a g a w a   e t   a l ,   U.  S.  p a t e n t   4 , 4 6 1 , 8 1 9 ,  

i s s u e d   J u l y   24,  1 9 8 4 .  

As  h e r e i n a b o v e   d e s c r i b e d ,   t he   p r e s e n t  

i n v e n t i o n   makes   use   of   a  p a r t i c u l a r   t y p e   o f  

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

t h e   p r e s e n c e   of   b o t h   doped   and  i n t r i n s i c   l a y e r s   o f  

∝ - S i ( H ) ,   in  an  e l e c t r o p h o t o g r a p h i c   p r o c e s s   i n  

w h i c h   t h e   e l e m e n t   is   e l e c t r o s t a t i c a l l y   c h a r g e d   to  a  

low  s u r f a c e   v o l t a g e ,   t h a t   is   a  v o l t a g e   in   t he   r a n g e  
of  f rom  5  to  50  v o l t s .   More  s p e c i f i c a l l y ,   t he   p h o t o -  
c o n d u c t i v e   i n s u l a t i n g   e l e m e n t   u t i l i z e d   in  t he   e l e c -  

t r o p h o t o g r a p h i c   p r o c e s s   of  t h i s   i n v e n t i o n   c o m p r i s e s :  

(a)  an  e l e c t r i c a l l y - c o n d u c t i v e  

s u p p o r t ,   by  w h i c h   i s   m e a n t   a  s u p p o r t   m a t e r i a l   w h i c h  

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

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

c o a t e d   w i t h   an  e l e c t r i c a l l y - c o n d u c t i v e   l a y e r ,  

(b)  a  b a r r i e r   l a y e r   o v e r l y i n g   t h e  

s u p p o r t ,   by  w h i c h   is   m e a n t   a  l a y e r   w h i c h   s e r v e s   t o  

p r e v e n t   t h e   m i g r a t i o n   of  c h a r g e - c a r r i e r s   from  t h e  

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

e l e m e n t ,  

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

o v e r l y i n g   t he   b a r r i e r   l a y e r   w h i c h   c o m p r i s e s   a  l a y e r  

of  i n t r i n s i c   @ - S i ( H )   in  e l e c t r i c a l   c o n t a c t   w i t h   a  

l a y e r   of  d o p e d   @ - S i ( H )   and  in   w h i c h   the   doped   l a y e r  



i s   v e r y   t h i n   in  r e l a t i o n   to  t he   t h i c k n e s s   of  t h e  

i n t r i n s i c   l a y e r .  

I t   i s   c r i t i c a l   to  t he   i n v e n t i o n   t h a t   t h e  

p h o t o c o n d u c t i v e   s t r a t u m   c o m p r i s e   b o t h   an  i n t r i n s i c  

@ - S i ( H )   l a y e r   and  a  doped   @ - S i ( H )   l a y e r ,   s i n c e  

use   of  an  i n t r i n s i c   @ - S i ( H )   l a y e r   a l o n e   wou ld   n o t  

be  an  e f f e c t i v e   means   of  g e n e r a t i n g   the   n e c e s s a r y  

c h a r g e   c a r r i e r s   when  e m p l o y i n g   a  low  s u r f a c e  

v o l t a g e ;   w h i l e  u s e   of  a  d o p e d   (Dz-Si(H)  l a y e r   a l o n e  

wou ld   r e s u l t   in   too   h i g h   a  d a r k   c o n d u c t i v i t y   f o r   t h e  

e l e m e n t   to   be  u s e f u l   in  t h e   low  f i e l d   p r o c e s s   o f  

t h i s   i n v e n t i o n .   I t   i s   a l s o   v e r y   i m p o r t a n t   t h a t   t h e  

doped   l a y e r   be  v e r y   much  t h i n n e r   t h a n   t h e   i n t r i n s i c  

l a y e r ,   s i n c e ,   i f   t h i s   were   no t   t h e   c a s e ,   t h e   d a r k  

c o n d u c t i v i t y   wou ld   be  e x c e s s i v e l y   h i g h   f o r   use   i n  

t h e   low  f i e l d   p r o c e s s   of  t h i s   i n v e n t i o n .  

I t  i s   a l s o   c r i t i c a l   to   t he   i n v e n t i o n   t h a t  

t h e   e l e m e n t   be  e l e c t r o s t a t i c a l l y   c h a r g e d   to  a  v e r y  
low  s u r f a c e   v o l t a g e ,   t h a t   i s   a  v o l t a g e   in   t h e   r a n g e  
of   f rom  5  to  50  v o l t s .   Only   by  t h e   use   of  such   a  

low  v o l t a g e   is  i t   p o s s i b l e   to  a c h i e v e   v e r y   h i g h  

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

w h i c h   is   so  h i g h   t h a t   t h e   e l e m e n t   can  be  r e a s o n a b l y  

c h a r a c t e r i z e d   as  a  c a m e r a - s p e e d   m a t e r i a l   --   w i t h o u t  

t h e   g e n e r a t i o n   of  e x c e s s i v e   e l e c t r i c a l   n o i s e .   I t   i s  

t h i s   use   of   v e r y   low  v o l t a g e   w h i c h   s p e c i f i c a l l y  

d i s t i n g u i s h e s   t h e   p r o c e s s   of   t h i s   i n v e n t i o n   f r o m  

c o n v e n t i o n a l   e l e c t r o p h o t o g r a p h i c   p r o c e s s e s   w h i c h  

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

P h o t o c o n d u c t i v e   i n s u l a t i n g   e l e m e n t s ,  

w h e t h e r   of  t he   s i n g l e - a c t i v e - l a y e r   or  m u l t i p l e -  

a c t i v e - l a y e r   t y p e s ,   t y p i c a l l y   e x h i b i t   a  q u a n t u m  

e f f i c i e n c y   a t   low  v o l t a g e   w h i c h   i s   much  l e s s   t h a n  

t h e y   e x h i b i t   a t   h i g h   v o l t a g e .   H o w e v e r ,   t he   p h o t o -  
c o n d u c t i v e   i n s u l a t i n g   e l e m e n t s   d e s c r i b e d   h e r e i n  

e x h i b i t   a  q u a n t u m   e f f i c i e n c y   at   low  v o l t a g e   w h i c h   i s  



s u b s t a n t i a l l y   t he   same  as  t h a t   a t   h i g h   v o l t a g e .   I t  

is  t h i s   c h a r a c t e r i s t i c   w h i c h   r e n d e r s   them  e s p e c i a l l y  

s u i t a b l e   f o r   u se   in   t h e   n o v e l   low  f i e l d  

e l e c t r o p h o t o g r a p h i c   p r o c e s s   of   t h i s   i n v e n t i o n .  

The  e l e m e n t s   e m p l o y e d   in  t h e   p r o c e s s   of  t h i s  

i n v e n t i o n   u t i l i z e   an  e l e c t r i c a l l y - c o n d u c t i v e   s u p p o r t ,  
and  s u c h   s u p p o r t   can  be  e i t h e r   an  e l e c t r i c a l l y -  

c o n d u c t i v e   m a t e r i a l   or  a  c o m p o s i t e   m a t e r i a l  

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

c o a t e d   w i t h   one  or  more  c o n d u c t i v e   l a y e r s .   T h e  

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

r e l a t i v e l y   r i g i d   m a t e r i a l   and  p r e f e r a b l y   one  t h a t  

has   a  t h e r m a l   e x p a n s i o n   c o e f f i c i e n t   t h a t   is   f a i r l y  

c l o s e   to  t h a t   of   a  l a y e r   of   @ - S i ( H ) .   P a r t i c u l a r l y  

u s e f u l   m a t e r i a l s   i n c l u d e   a l u m i n u m ,   s t e e l ,   and  g l a s s  

t h a t   has   b e e n   c o a t e d   w i t h   a  s u i t a b l e   c o n d u c t i v e  

c o a t i n g .   P r e f e r a b l y ,   t he   s u p p o r t   is   f a b r i c a t e d   in  a  

drum  or  t u b e   c o n f i g u r a t i o n ,   s i n c e   s u c h   c o n f i g u r a t i o n s  

a r e   mos t   a p p r o p r i a t e   f o r   use   w i t h   a  r e l a t i v e l y  

b r i t t l e   and  f r a g i l e  m a t e r i a l   s u c h   as  « G - S i ( H ) .  

A  p a r t i c u l a r l y   i m p o r t a n t   f e a t u r e   of  t h e  

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

p r o c e s s   of  t h i s   i n v e n t i o n   is   t he   b a r r i e r   l a y e r .   I t  

s e r v e s   to   p r e v e n t   t he   i n j e c t i o n   of  c h a r g e   c a r r i e r s  

f rom  t h e   s u b s t r a t e   i n t o   t h e   p h o t o c o n d u c t i v e   s t r a t u m .  

S p e c i f i c a l l y ,   i t   p r e v e n t s   t h e   i n j e c t i o n   of  h o l e s  

f rom  t h e   s u b s t r a t e   when  t h e   p h o t o r e c e p t o r   is   c h a r g e d  

to  a  n e g a t i v e   p o t e n t i a l ,   and  i t   p r e v e n t s   t h e  

i n j e c t i o n   of  e l e c t r o n s   f rom  t h e   s u b s t r a t e   when  t h e  

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

E i t h e r   p o s i t i v e   or  n e g a t i v e   c h a r g i n g   c a n ,   of  c o u r s e ,  
be  u s e d   in   t he   p r o c e s s   of   t h i s   i n v e n t i o n ,   a s  

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

e l e m e n t   is   n e c e s s a r y   in  o r d e r   f o r   t h e  e l e m e n t  t o  

p r o v i d e   a d e q u a t e   c h a r g e   a c c e p t a n c e .  



A  n u m b e r   of   m a t e r i a l s   a r e   known  to  b e  

u s e f u l   to  form  a  b a r r i e r   l a y e r   in   an  a m o r p h o u s  

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

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

s i l i c o n   o x i d e   (S iO)   or  a l u m i n u m   o x i d e   ( A 1 2 0 3 ) .  

P r e f e r a b l y ,   t h e   b a r r i e r   l a y e r   i s   a  l a y e r   of  @ - S i ( H )  

w h i c h   has   b e e n   h e a v i l y   doped   w i t h   a  s u i t a b l e   d o p i n g  

a g e n t .   The  t e r m   " h e a v i l y   d o p e d " ,   as  u sed   h e r e i n ,   i s  

i n t e n d e d   to  mean  a  c o n c e n t r a t i o n   of   d o p i n g   a g e n t   o f  

a t   l e a s t   100  p p m .  
The  t e r m   "a  p h o t o c o n d u c t i v e   s t r a t u m "   i s  

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

i n t r i n s i c   @ - S i ( H )   l a y e r   and  a  doped   @ - S i ( H )   l a y e r  

in   e l e c t r i c a l   c o n t a c t   t h e r e w i t h .   S i n c e   t h e  

e s s e n t i a l   r e q u i r e m e n t   i s   m e r e l y   t h a t   t h e   a c t i v a t i n g  

r a d i a t i o n   be  i n c i d e n t   upon   t h e   doped   l a y e r ,   t h e  

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

d u c t i v e   s t r a t u m   is   no t   o r d i n a r i l y   c r i t i c a l .   F o r  

e x a m p l e ,   t h e   doped   l a y e r   can   be  t h e   o u t e r m o s t   l a y e r  

and  t h e   e x p o s u r e   can  be  f rom  t he   f r o n t   s i d e   of  t h e  

e l e m e n t ,   or  t he   o r d e r   of  t h e   d o p e d   and  i n t r i n s i c  

l a y e r s   can  be  r e v e r s e d   and  t h e   e x p o s u r e   can  be  f r o m  

t h e   r e a r   s i d e .  

The  l a y e r   of  i n t r i n s i c  @  - S i ( H )   can  b e  

f o r m e d   by  p r o c e s s e s   w h i c h   a r e   w e l l   known  in  t he   a r t .  

Most  c o m m o n l y ,   t he   p r o c e s s   e m p l o y e d   i s   a  gas  p h a s e  

r e a c t i o n ,   known  as  p l a s m a - i n d u c e d   d i s s o c i a t i o n ,  

u s i n g   a  s i l a n e   ( f o r   e x a m p l e   S iH4)   as  t h e   s t a r t i n g  
m a t e r i a l .   The  h y d r o g e n   c o n t e n t   of  t h e   i n t r i n s i c  

@ - S i ( H )   l a y e r   can   be  v a r i e d   o v e r   a  b r o a d   r a n g e   t o  

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

G e n e r a l l y ,   t h e   h y d r o g e n   c o n t e n t   i s   in   t he   r a n g e   of  1 

to  50  p e r c e n t   and  p r e f e r a b l y   in  t he   r a n g e   of  5  to  25 

p e r c e n t  ( t h e  c o n t e n t   o f  h y d r o g e n   b e i n g   d e f i n e d   i n  

a t o m i c   p e r c e n t a g e ) .  



The  l a y e r   of  doped   @ - S i ( H )   can  be  f o r m e d  

in  t h e   same  m a n n e r   as  t h e   l a y e r   of  i n t r i n s i c  

@ - S i ( H ) ,   e x c e p t   t h a t   one  or  more  d o p i n g   e l e m e n t s  

a r e   u t i l i z e d   in  t he   l a y e r - f o r m i n g   p r o c e s s   in   a n  

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

p - t y p e .   ( D o p i n g   e l e m e n t s   can  a l s o   be  u s e d   in  t h e  

f o r m a t i o n   of  t he   i n t r i n s i c   l a y e r   s i n c e   a  l a y e r   o f  

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

p r e p a r e d   by  t he   p l a s m a - i n d u c e d   d i s s o c i a t i o n   o f  

S i H 4 ,   is   s l i g h t l y   n - t y p e   and  a  s l i g h t   d e g r e e   o f  

p - d o p i n g   is   t y p i c a l l y   e m p l o y e d   to  r e n d e r   i t  

i n t r i n s i c . )   The  h y d r o g e n   c o n c e n t r a t i o n   in  t h e   d o p e d  

l a y e r   can  be  in  t h e   same  g e n e r a l   r a n g e   as  in  t h e  

i n t r i n s i c   l a y e r .  

Many  d i f f e r e n t   d o p i n g   a g e n t s   a r e   known  i n  

t h e   a r t   to  be  of  u t i l i t y  i n   a d v a n t a g e o u s l y   m o d i f y i n g  

the   c h a r a c t e r i s t i c s   of   a  l a y e r   of   @ - S i ( H ) .  

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

of  Group  VA  of   t h e   P e r i o d i c   T a b l e ,   n a m e l y   N,  P,  A s ,  
Sb  and  Bi ,   w h i c h   p r o v i d e   a n  n - t y p e   l a y e r   --   t h a t  

i s ,   one  w h i c h   e x h i b i t s   a  p r e f e r e n c e   f o r   c o n d u c t i o n  

of  n e g a t i v e   c h a r g e   c a r r i e r s   ( e l e c t r o n s )   --   and  t h e  

e l e m e n t s   of  Group  I I I A   of   t he   P e r i o d i c   T a b l e ,   n a m e l y  

B,  A1,  Ga,  In  and  T1,  w h i c h   p r o v i d e   a  p - t y p e   l a y e r  

--  t h a t   is  one  w h i c h   e x h i b i t s   a  p r e f e r e n c e   f o r  

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

p r e f e r r e d   d o p i n g   a g e n t   f o r   f o r m i n g   an  n - t y p e   l a y e r  

is   p h o s p h o r u s ,   and  i t   is  c o n v e n i e n t l y   u t i l i z e d   i n  

t h e   p l a s m a - i n d u c e d   d i s s o c i a t i o n   in   t he   form  of   p h o s -  

p h i n e   gas   (PH3) .   The  p r e f e r r e d   d o p i n g   a g e n t   f o r  

f o r m i n g   a  p - t y p e   l a y e r   is   b o r o n ,   and  i t   i s  

c o n v e n i e n t l y   u t i l i z e d   in  t he   p l a s m a - i n d u c e d   d i s s o c i a -  

t i o n   in  t he   form  of  d i b o r a n e   gas  ( B 2 H 6 ) .  
The  c o n c e n t r a t i o n   of  d o p i n g   a g e n t   e m p l o y e d  

in  f o r m i n g   the   doped   « - S i ( H )   l a y e r   can  be  v a r i e d  

o v e r   a  v e r y   b r o a d   r a n g e .   T y p i c a l l y ,   t h e   d o p i n g   a g e n t  



is  e m p l o y e d   in  an  amoun t   of  up  to  1 , 0 0 0   ppm  in  t h e  

g a s e o u s   c o m p o s i t i o n   used   to  form  the   doped   l a y e r ,   a n d  

p r e f e r a b l y   in  an  a m o u n t  o f   15  to  150  ppm.  When  a 

doped   / - S i ( H )   l a y e r   is  u t i l i z e d   as  the   b a r r i e r   l a y e r  

in  the   e l e m e n t ,   i t   is  t y p i c a l l y   a  h e a v i l y   d o p e d  

l a y e r ,   fo r   e x a m p l e ,   a  l a y e r   f o r m e d   f rom  a  c o m p o s i t i o n  

c o n t a i n i n g   500  to  5 , 0 0 0   ppm  of  t he   d o p i n g   a g e n t .  
The  t h i c k n e s s   of  the   v a r i o u s   l a y e r s   m a k i n g  

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

in  the   p r o c e s s   of  t h i s   i n v e n t i o n   can  be  v a r i e d  

w i d e l y .   The  b a r r i e r   l a y e r   w i l l   t y p i c a l l y   have   a 

t h i c k n e s s   in  the   r a n g e   of  from  0 . 0 1   to  5  m i c r o n s ,  

and  p r e f e r a b l y   in  the   r a n g e   of  f rom  0 . 0 5   to  1 

m i c r o n .   The  i n t r i n s i c   @ - S i ( H )   l a y e r   w i l l   t y p i c a l l y  

have   a  t h i c k n e s s   in  the   r a n g e   of  from  1  to  50 

m i c r o n s ,   and  p r e f e r a b l y   in  the   r a n g e   of  f rom  3  to  30  

m i c r o n s .   The  doped   @ - S i ( H )   l a y e r   w i l l   t y p i c a l l y  

have   a  t h i c k n e s s   in  the   r a n g e   of  from  0 .01   to  0 . 2  

m i c r o n s ,   and  p r e f e r a b l y   in  the   r a n g e  o f   f rom  0 . 0 2   t o  

0 .1   m i c r o n s .  

The  doped   @ - S i ( H )   l a y e r   mus t   b e  

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

d e g r e e   of  d a r k   r e s i s t i v i t y ,   g e n e r a l l y   a  d a r k  

r e s i s t i v i t y   of  at  l e a s t   1011  ohm-cm,   and  m o s t  

t y p i c a l l y   in  t he   r a n g e   of  1011  to  1014  o h m - c m .  

W h i l e   the   e x a c t   r a t i o   of  the   t h i c k n e s s   of  t he   d o p e d  

l a y e r   to  the   t h i c k n e s s   of  the   i n t r i n s i c   l a y e r   is  n o t  

c r i t i c a l ,   the   doped   l a y e r   is  t y p i c a l l y   v e r y   t h i n   i n  

r e l a t i o n   t o  t h e   t h i c k n e s s   of  the   i n t r i n s i c   l a y e r .  

I t   is  p r e f e r r e d   t h a t   the   r a t i o   of  the   t h i c k n e s s   o f  

the   doped   @ - S i ( H )   l a y e r   to  the   t h i c k n e s s   of  t h e  

i n t r i n s i c   @ - S i ( H )   l a y e r   be  l e s s   t h a n   0 .01   a n d  

p a r t i c u l a r l y   p r e f e r r e d   t h a t   i t   be  in  the   r a n g e   o f  

f rom  0 . 0 0 1   to  0 . 0 0 5 .  

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

d o p i n g   a g e n t   for   f o r m i n g   an  n - t y p e   l a y e r   i s  



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

f o r m i n g   a  p - t y p e   l a y e r   i s   b o r o n .   T h e s e   a g e n t s   a r e  

p r e f e r a b l y   u t i l i z e d   in  t h e   doped   l a y e r   a t  a  

c o n c e n t r a t i o n   of  15  to   150  p p m .  
The  a m o u n t   of   d o p i n g   a g e n t   u t i l i z e d   n e e d s  

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

r e s u l t s .   For   e x a m p l e ,   an  a m o u n t   of  d o p i n g   a g e n t  
w h i c h   i s   too   low  w i l l   r e s u l t   in  an  u n d e s i r a b l y   l o w  

q u a n t u m   e f f i c i e n c y ,   w h i l e   an  a m o u n t   of  d o p i n g   a g e n t  
t h a t   i s   too   g r e a t   w i l l   r e s u l t   in  an  e x c e s s i v e l y   h i g h  

d a r k   c o n d u c t i v i t y .  

In  a d d i t i o n   to  t h e   e s s e n t i a l   l a y e r s   d e s -  

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

e l e m e n t s   e m p l o y e d   in   t h e   p r o c e s s   of  t h i s   i n v e n t i o n  

can  c o n t a i n   c e r t a i n   o p t i o n a l   l a y e r s .   For  e x a m p l e ,  

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

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

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

ing   an  a n t i - r e f l e c t i o n   l a y e r ,   and  i s   a d v a n t a g e o u s l y  

e m p l o y e d   a t   a  t h i c k n e s s   of  0 .1   to  0 .5   m i c r o n s .  

In  t h e   p r o c e s s   of  t h i s   i n v e n t i o n ,   t h e  

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

c a l l y   c h a r g e d   to  a  s u r f a c e   v o l t a g e   of  5  to  50  v o l t s ,  

and  mos t   p r e f e r a b l y   of   10  to   20  v o l t s .   C h a r g i n g   t o  

t h i s   low  v o l t a g e   p r o v i d e s   t he   b a s i s   f o r   a  v e r y   h i g h  

s p e e d   e l e c t r o p h o t o g r a p h i c  p r o c e s s .   The  p r o c e s s   i s  

a l s o   a d v a n t a g e o u s   in  t h a t   t he   e l e m e n t   has   a n  

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

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

can  be  r e a d i l y   a d a p t e d   to  p r o v i d e   p a n c h r o m a t i c  

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

h y d r o g e n   c o n t e n t .  

The  i n v e n t i o n   i s   f u r t h e r   i l l u s t r a t e d   by  t h e  

f o l l o w i n g   e x a m p l e   of   i t s   p r a c t i c e .  

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

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

i n d i c a t e d   o r d e r :  



(1)  a  g l a s s   s u b s t r a t e ,  

(2)  a  v a c u u m - d e p o s i t e d   l a y e r   of   a l u m i n u m ,  

(3)  a  b a r r i e r   l a y e r   c o n s i s t i n g   of  a  0 . 1 5  

m i c r o n   t h i c k   l a y e r   of  S i O ,  

(4)  a  10  m i c r o n   t h i c k   l a y e r   of   i n t r i n s i c  

@ - S i ( H ) ,  

and  (5)  a  0 . 0 3  m i c r o n   t h i c k   l a y e r   of  @ - S i ( H )  

w h i c h   had  b e e n   doped   w i t h   p h o s p h o r u s  b y   i n c o r p o r a t i n g  

p h o s p h i n e   gas  a t   a  c o n c e n t r a t i o n   of  100  ppm  in  t h e  

s i l a n e   c o m p o s i t i o n   u s e d   to   form  t he   l a y e r .  

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

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

400  nm,  t he   q u a n t u m   e f f i c i e n c y   was  d e t e r m i n e d   i n  

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

(The  q u a n t u m   e f f i c i e n c y   is   d e f i n e d   as  t h e   r a t i o   o f  

t he   d e c r e a s e   in  t he   s u r f a c e   c h a r g e   d e n s i t y   to  t h e  

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

r e l a t e d   to  t he   s u r f a c e   v o l t a g e   by  t h e   g e o m e t r i c a l  

c a p a c i t a n c e ) .   The  r e s u l t s   a r e   shown  in  F i g u r e   1 ,  
w h i c h   a l s o   p r o v i d e s   t he   r e s u l t s   f o r   an  o t h e r w i s e  

i d e n t i c a l   c o n t r o l   e l e m e n t   w h i c h   d id   no t   have   t h e  

doped   @ - S i ( H )   l a y e r .   In  t he   f i g u r e ,   w h i c h   is   a  

l o g a r i t h m i c   p l o t   of  q u a n t u m   e f f i c i e n c y   ( φ )  v e r s u s  

e l e c t r i c   f i e l d ,   t he   r e s u l t s   f o r   t h e   t e s t   e l e m e n t   o f  

t he   i n v e n t i o n   a r e   shown  by  open  c i r c l e s ,   w h i l e   t h o s e  

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

As  shown  in  F i g u r e   1,  t h e   q u a n t u m   e f f i c i e n c y   of  t h e  

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

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

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

v o l t a g e s .   Wi th   b o t h   t h e   c o n t r o l   and  t e s t   e l e m e n t s ,  
t he   q u a n t u m   e f f i c i e n c y   a t   h i g h   v o l t a g e   was  u n i t y .  
As  d e m o n s t r a t e d   by  F i g u r e   1,  t h e   t h i n   l a y e r   o f  

d o p e d   @ - S i ( H )   is   a  c r i t i c a l   c o m p o n e n t   of  t h e   p h o t o -  
c o n d u c t i v e   i n s u l a t i n g   e l e m e n t s   w h i c h   a r e   u s e f u l   i n  



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

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

e f f i c i e n c y   and  t h e r e b y   g i v e s   r i s e   to  t he   h i g h  

s e n s i t i v i t y   t h a t   is   o b s e r v e d   a t   low  f i e l d s .  

The  e x p o s u r e   d e p e n d e n c e   of  t h e   s u r f a c e   v o l t -  

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

w i t h   an  i n i t i a l   p o t e n t i a l   of   10  v o l t s ,   is   shown  i n  

F i g u r e   2.  In  o b t a i n i n g   t h e s e   d a t a ,   t he   e x p o s u r e   w a v e -  

l e n g t h   was  400  nm,  t h e   e x p o s u r e   d u r a t i o n   was  1 6 0  

m i c r o s e c o n d s ,   and  t h e   v o l t a g e   was  s a m p l e d   0 .5   s e c o n d s  

a f t e r   t he   c e s s a t i o n   of   e x p o s u r e .   A s  s h o w n   by  F i g u r e  

2,  t h e   c o n t r o l   e l e m e n t   e x h i b i t e d   d i s c h a r g e   from  V  
to  Vo/2  w i t h   an  e x p o s u r e   o f  0 . 2 9   e r g s / c m  ,  

c o r r e s p o n d i n g   t o  a n   ASA  r a t i n g   of  a b o u t   12,  w h i l e   t h e  

t e s t   e l e m e n t   r e q u i r e d   o n l y   0 . 1 1   e r g s / c m 2 ,  

c o r r e s p o n d i n g   to  an  ASA  r a t i n g   of  a b o u t   3 0 .  



1.  An  e l e c t r o p h o t o g r a p h i c   p r o c e s s   in  w h i c h  

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

e l e c t r o s t a t i c a l l y   c h a r g e d   and  i m a g e - w i s e   e x p o s e d   t o  

a c t i v a t i n g   r a d i a t i o n   to  t h e r e b y   form  a  l a t e n t  

e l e c t r o s t a t i c   image  on  the   s u r f a c e   t h e r e o f ,  

c h a r a c t e r i z e d   in  t h a t   s a i d   e l e m e n t   (1)  c o m p r i s e s :  

(a)  an  e l e c t r i c a l l y - c o n d u c t i v e  

s u p p o r t ,  

(b)  a  b a r r i e r   l a y e r   o v e r l y i n g  

s a i d   s u p p o r t ,  
and  (c)  a  p h o t o c o n d u c t i v e   s t r a t u m   o v e r -  

l y i n g   s a i d   b a r r i e r   l a y e r ,   s a i d   s t r a t u m  

c o m p r i s i n g   a  l a y e r   of  i n t r i n s i c   @ - S i ( H )   i n  

e l e c t r i c a l   c o n t a c t   w i t h   a  l a y e r   of  d o p e d  

∝ - S i ( H ) ,   s a i d   doped   @ - S i  ( H )   l a y e r   b e i n g  

v e r y   t h i n   in  r e l a t i o n   to  t he   t h i c k n e s s   o f  

s a i d   i n t r i n s i c  @  - S i ( H )   l a y e r ,  

and  (2)  is  u n i f o r m l y   e l e c t r o s t a t i c a l l y   c h a r g e d   to  a 
s u r f a c e   v o l t a g e   in  the   r a n g e   of  from  5  to  50  v o l t s .  

2.  A  p r o c e s s   as  c l a i m e d   in  c l a i m   1  w h e r e i n  

s a i d   s u r f a c e   v o l t a g e   is  in  the   r a n g e   of  f rom  10  t o  

20  v o l t s .  

3.  A  p r o c e s s   as  c l a i m e d   in  e i t h e r   o f  

c l a i m s   1  or  2  w h e r e i n   s a i d   d o p e d  @ - S i ( H )   l a y e r   i s  

doped   w i t h   an  e l e m e n t   of  Group  I I I A   or  Group  VA  o f  

the   P e r i o d i c   T a b l e .  

4.  A  p r o c e s s   as  c l a i m e d   in  any  of  c l a i m s  

1,  2  or  3  w h e r e i n   s a i d   d o p e d  @ - S i ( H )   l a y e r   is  d o p e d  

w i t h   p h o s p h o r u s   at   a  c o n c e n t r a t i o n   of  15  to  150  p p m .  



5.  A  p r o c e s s   as  c l a i m e d   in  any  of  c l a i m s  

1,  2,  3  or  4  w h e r e i n   t he   h y d r o g e n   c o n c e n t r a t i o n   i n  

b o t h   s a i d   i n t r i n s i c   @ - S i ( H )   l a y e r   and  s a i d   d o p e d  

∝ - S i ( H )   l a y e r   i s   in  t h e   r a n g e   of  5  to  25  p e r c e n t .  

6.  A  p r o c e s s   as  c l a i m e d   in   any  of  c l a i m s  

1,  2,  3,  4  or  5  w h e r e i n  t h e   t h i c k n e s s   of  s a i d  

i n t r i n s i c   ∝ - S i ( H )   l a y e r   is  in  t he   r a n g e   of  3  to  3 0  

m i c r o n s   and  t h e   t h i c k n e s s   of  s a i d   doped   ∝ - S i ( H )  

l a y e r   i s   in   t h e   r a n g e   of  0 . 0 2   to  0 .1   m i c r o n s .  

7.  A  p r o c e s s   as  c l a i m e d   in  any  of  c l a i m s  

1,  2,  3,  4,  5  or  6  w h e r e i n  t h e   r a t i o   of  t h e  

t h i c k n e s s   of  s a i d   d o p e d   ∝ - S i ( H )   l a y e r   to  t h e  

t h i c k n e s s   of   s a i d   i n t r i n s i c   ∝ - S i ( H )   l a y e r   is   in  t h e  

r a n g e   of  f rom  0 . 0 0 1   to   0 . 0 0 5 .  
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