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Summary: P h o t o c o n d u c t i v i t y  os o r g a n i c  p o l y m e r s  c an  be g r e a t l y  

e n h a n c e d  and  e x t e n d e d  i n t o  t h e  v i s i b l e  r e g i o n  by  t h e  a d d i t i o n  

o f  s m a l l  amoun t s  o f  a d d i t i v e s ,  s u c h  as  e l e c t r o n  a c c e p t o r s  and  

d y e s .  These  e f f e c t s  can  be e x p l a i n e d  as  t h e  r e s u l t  o f  p h o t o -  

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

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

o f  c h a r g e  c a r r i e r s .  

1. I n t r o d u c t i o n  

There is an increasing interest in using organic photoconduc- 

tors for studying scientific questions and for an application, 

among others, in the field of electrophotography (SCHAFFERT 

1971, BALTAZZI 1981) or in photoeiectrodes capable os the dis- 

sociation of water by utilizing solar energy (MEIER et al. 

1979). However, photoelectric sensitivity of organic materials 

may be restricted up to now by inhibitions of synthesizable 

structures (MEIER 1974). Therefore, the possibility os an im- 

provement of photoconductivity os organic solids, especially 

polymers, by the addition of dopant molecules is very impor- 

tant. 

In this paper some remarks about the mechanisms of doping with 

electron acceptors and dyes are given. Results are restricted 

above all to poiy-N-vinylcarbazole (PVCA) which is used in 

electrophotographic imaging processes (REUCROFT and TAKAHASHI 

i977, TERRELL and KILLAT 1980, WEIGL 1977, LUEBBE and MALTZ 

1980) .  
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2.  E x p e r i m e n t a l  

P V C A w i t h o u t  a n y  b i n d e r  was p r e p a r e d  b y  d i p p i n g  m e t a l - c o a t e d  

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

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

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

f o r e  p r e p a r a t i o n .  The a c c e p t o r s  u s e d  a s  d o p a n t s  w e r e  i o d i n e ~  

t e t r a c y a n o e t h y l e n e  (TCNE),  t e t r a c y a n o c h i n o d i m e t h a n e  (TCNQ) and  

o - c h l o r a n i l  ( o - C A ) .  

F o r  t h e  e l e c t r i c a l  m e a s u r e m e n t s ~  among o t h e r s ~  t h e  v i d i c o n  

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

(MEIER and  ALBRECHT 1969,  MEIER 1976)  and  t h e  t i m e - o f - f l i g h t  

t e c h n i q u e  (KEPLER 1960,  MEIER e t  a l .  1976)  was e m p l o y e d .  The 

f l u o r e s c e n c e  e m i s s i o n  o f  PVCA was m e a s u r e d  w i t h  a P e r k i n  E l m e r  

6 5 0 - 1 0  S f l u o r e s c e n c e  s p e c t r o p h o t o m e t e r .  

3 .  R e s u l t s  and  discussion 

In discussing the influence of dopant molecules various types 

of doping on photoconductivity of polymers should be distin- 

guished: Impurity doping, photosensitization with dyes, accep- 

tot (donor) doping and acceptor/dye doping (i.e., supersensi- 

tization). Concerning these different types of doping the fol- 

lowing facts and mechanisms can be pointed out. 

3.1. Impurity doping 

Impurity doping is characterized by a reduction of the photo- 

conductivity of organic materials by the incorporation of 

small amounts of specific compounds. This effect may often be 

ascribed to a reduction of the mobility of free charge carri- 

ers as a result of multiple trapping as proven by photocurrent 

transients (ITOH et al. 1973). The reason is that foreign 

molecules can act 

- as hole traps if their ionisation energy is smaller than the 

ionisation energy of the host or 

- as electron traps if their electron affinity is greater than 
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t h e  e l e c t r o n  a f f i n i t y  o f  t h e  h o s t  m a t e r i a l .  

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

t i e s ,  a d d i t i v e s  ( e . g o ~  a n t i o x i d a n t  a g e n t s )  o r  d i s t u r b a n c e s  o f  

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

t r o n  t r a p p i n g  i n  p o l y m e r s  (BAUSER 1 9 7 2 ) .  F o r  i n s t a n c e ,  t h e  o b -  

s e r v a t i o n  o f  a d e c r e a s e  o f  p h o t o s e n s i t i v i t y  os d y e - s e n s i t i z e d  

PVCA b e y o n d  a c e r t a i n  c o n c e n t r a t i o n  o f  t h e  dye  ( e . g . ,  m a l a -  

c h i t e  g r e e n  a s  d i s c u s s e d  b y  MORT and  PFISTER ( 1 9 7 9 ) )  may be  

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

s t a t e .  H o r e o v e r ,  0 . 5 6  eV t r a p s  o b s e r v e d  b y  KITAYAMA e t  a l .  

( 1 9 8 0 )  w i t h  UV l i g h t - t h e r m a l l y  s t i m u l a t e d  c u r r e n t s  may b e  f o r -  

med~ among o t h e r s ~  b y  p h o t o o x y d a t i o n  p r o d u c t s  o f  PVCA a c t i n g  

a s  e l e c t r o n  a c c e p t o r s  a s  s u g g e s t e d  b y  PFISTER and  WILLIAMS 

( 1 9 7 4 ) .  

3~176  P h o t o s e n s i t i z a t i o n  w i t h  d y e s  

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

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

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

a s  r e v i e w e d  b y  ROCHLITZ ( 1 9 7 6 ) )  b e l o n g i n g  t o  d i f f e r e n t  c l a s -  

s e s ;  s e e ,  e ~ 1 7 6  HEIER e t  a i .  ( 1 9 7 2 )  and  PENWELL e t  a l .  ( 1 9 7 8 ) o  

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

s h o u l d  be  n o t i z e d ~  among o t h e r s ~  

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

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

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

w i t h  i n c r e a s i n g  e l e c t r o n  a f f i n i t i e s  (HINEGISHI e t  a l .  1974)  

- t h a t  t h e  e f f i c i e n c y  o f  dye  s e n s i t i z a t i o n  may d e p e n d  upon  t h e  

c o n c e n t r a t i o n  os  d o n o r  s i t e s  w h i c h  may b e  fo rmed~  e . g . ,  i n  

PVCA, b y  monomer u n i t s  o r  i n  c a r b a z o l - s u b s t i t u t e d  t h e r m o p l a -  

s t i c  PVCA b y  m e t h a c r y l a t e  o r  s t y r e n e  u n i t s  (TERRELL 1 9 7 7 ) .  

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

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

t r a n s f e r r e d  b e t w e e n  t h e  e x c i t e d  dye  m o l e c u l e  and  a p o l y m e r  

c h r o m o p h o r  o r  d o n o r  s i t e ~  T h e r e f o r e ~  r e l a t i v e  r e d o x - p o t e n t i a l s  
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o f  t h e  e x c i t e d  dyes  and t h e  u n e x c i t e d  d o n o r  u n i t s  o f  p o l y m e r s  

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

f r e e  c a r r i e r s .  Moreover~ c o m p e t i t i v e  p r o c e s s e s ~  e i t h e r  r a d i a -  

t i v e  o r  n o n r a d i a t i v e  i n  n a t u r e  (MORT and  PFISTER 1979) )  and  

t h e  t r a p  c h a r a c t e r  o f  u n e x c i t e d  d y e s  mus t  be  t a k e n  i n t o  a c -  

c o u n t .  

As an example  o f  p h o t o s e n s i t i z a t i o n )  i n  f i g u r e  l ~ , c u r v e  1 

shows t h e  e x t e n s i o n  o f  t h e  p h o t o c u r r e n t  o f  PVCA i n t o  t h e  v i s -  

i b l e  r a n g e  by  t h e  a d d i t i o n  o f  m e t h y l e n e  b l u e .  
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Fig. I Action spectrum of photoconductivity of PVCA 

PVCA + methylene blue 

PVCA + methylene blue + TCNE 

Sandwich-type cell: Vidicon arrangement. 
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3 : 5 .  h c c e p t o r  ( d o n o r )  d o p i n  6 

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

f i r s t  o b e r v e d  by  HOEGL e t  a l .  ( 1 9 7 2 )  i s  c h a r a c t e r i z e d ,  among 

o t h e r s ,  by  t h e  f o l l o w i n g  f a c t s :  

1. P h o t o c o n d u c t i v i t y  o f  PVCA can  be  i n c r e a s e d  r e m a r k a b l y  by  

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

as  i o d i n e ,  o-CA, TCNE o r  TCNQ. 

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

w i t h  t h e  c o n c e n t r a t i o n  o f  t h e  d o p a n t  ( a c c o r d i n g  t o  eph = a - c 

w i t h  ~ = 2 . 4  i n  PVCA/o-CA). 

5.  Be tween  e l e c t r o n  a f f i n i t i e s  o f  a c c e p t o r s  and  t h e i r  a b i l i t y  

f o r  d o p i n g  b e c a u s e  o f  s t e r i c  e f f e c t s  no c l e a r  c o r r e l a t i o n  

e x i s t s .  

A c c e p t o r  d o p i n g  c a n n o t  be c o n s i d e r e d  as  t h e  r e s u l t  o f  t h e  i n -  

f l u e n c e  o f  d o p a n t s  upon  t h e  t r a n s p o r t  o f  h o l e s  as  shown by  

bEIER e t  a l .  ( 1 9 6 9 ) .  Horeove r~  i t  i s  d i f f i c u l t  t o  p o s t u l a t e  

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

doped  INCA. T h e r e f o r e ,  d o p i n g  may be  c o n n e c t e d  w i t h  t h e  p h o t o -  

g e n e r a t i o n  s t e p .  Tha t  means ,  t h e  e f f i c i e n c y  o f  p h o t o g e n e r a t i o n  

w i l l  be  i n c r e a s e d  by  t h e  f o r m a t i o n  o f  c a r r i e r s  as  a r e s u l t  o f  

c h a r g e - t r a n s f e r  b a n d  e x c i t a t i o n  ( a )  o r  as  a r e s u l t  o f  t h e  f o r -  

m a t i o n  o f  e x c i p l e x e s  (b )  and  e x c i t o n s ,  r e s p e c t i v e l y  (MEIER e t  

a l .  1 9 8 1 ) :  

( a )  Wi th  r e g a r d  t o  t h e  c h a r g e - t r a n s f e r  mechan i sm i t  i s  r e m a r k -  

a b l e  t h a t  t h e  CT-band w h i c h  i s  s i t u a t e d  a t  600 nm i n  INCA- 

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

(b )  The d o p i n g  e f f e c t  r e s u l t s  f rom an e n h a n c e m e n t  o f  t h e  i n -  

t r i n s i c  p h o t o c o n d u c t i v i t y  o f  t h e  p o l y m e r  ( s e e  f i g u r e  2 ) ,  an 

o b s e r v a t i o n  w h i c h  wou ld  be  i n  a g r e e m e n t  w i t h  an e x c i p l e x  mech-  

a n i s m .  However ,  t h e  d e g r e e  os f l u o r e s c e n c e  q u e n c h i n g  o b s e r v e d  

i n  INCA by  t h e  a d d i t i o n  os a c c e p t o r s  d e v i a t e s  f r o m  t h e i r  a b i l -  

i t y  f o r  d o p i n g  p h o t o c o n d u c t i v i t y :  F l u o r e s c e n c e  q u e n c h i n g  i s  i n  

t h e  o r d e r  12 ( o-CA < TCNQ and t h e  e n h a n c e m e n t  o f  p h o t o c o n d u c -  

t i v i t y  f o l l o w s  t h e  o r d e r  TCNQ < TCNE ( o-CA ( 12.  T h i s  o b s e r -  

v a t i o n  i s  c o n t r a r y  t o  t h e  e x p e c t a t i o n  t h a t  t h e  q u e n c h i n g  o f  
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PVCA f l u o r e s c e n c e  by  a c c e p t o r s  s h o u l d  go p a r a l l e l  w i t h  t h e  

a b i l i t y  o f  t h e  d o p a n t s  i n  i n c r e a s i n g  t h e  c h a r g e  c a r r i e r  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  (LOUTFY and HENZEL 1 9 8 0 ) .  
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F i g .  2 A c t i o n  s p e c t r u m  o f  p h o t o c o n d u c t i v i t y  o f  PVCA 

S a n d w i c h - t y p e  c e l l  ( i l l u m i n a t e d  e l e c t r o d e :  p o s i t i v e )  

O PVCA ( p u r i f i e d ) :  w i t h o u t  an y  d o p a n t  

Q o - c h l o r a n i l / P V C A  (monomer)  = 1 .44  x 10 - 2  

0 o - c h l o r a n i l / P V C A  (monomer)  = 2 . 1 6  K 10 - 2  

o - c h l o r a n i l / P V C h  (monomer)  = 2 . 8 8  ~ 10 - 2  

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

PVCA we t h i n k  t h a t  a combined  mechan i sm s h o u l d  be d i s c u s s e d  

r e s u l t i n g  f r o m :  

�9 C h a r g e - t r a n s f e r  comp lex  f o r m a t i o n  o f  PVCA/Accep to r  p a i r s  i n  

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



511 

@ D i s s o c i a t i o n  o f  d i f f u s i n g  e x c i t o n s  (RIPPEN and KLOPFFER 1979)  

i n t o  f r e e  c a r r i e r s  w i t h i n  l o c a l  f i e l d s  (~SNN 1981)  f o r m e d  by  

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

Wi th  t h i s  mechanisms  among o t h e r s ~  t h e  c o r r e l a t i o n  b e t w e e n  

f l u o r e s c e n c e  q u e n c h i n g  and  i n c r e a s e  i n  c h a r g e  c a r r i e r  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  i s  u n d e r s t a n d a b l e .  However ,  f u r t h e r  m e a s -  

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

5 . 4 .  A c c e p t o r / D y e  d o p i n ~  ( S u p e r s e n s i t i z a t i o n )  

Wi th  c o m b i n a t i o n s  o f  a c c e p t o r  d o p a n t s  and  s m a l l  amoun t s  o f  

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

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

s p o n s e  o f  PVCA c o u l d  a l s o  be e x t e n d e d  f rom i t s  i n t r i n s i c  r a n g e  

i n t o  t h e  v i s i b l e  r e g i o n  (MEIER e t  a l .  1 9 7 2 ) .  T h i s  i n c r e a s e  can  

m a i n l y  be a s c r i b e d  t o  t h e  f o r m a t i o n  o f  an a d d i t i o n a l  p e a k  i n  

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

p o l y m e r -  and d y e - p e a k ,  as  shown i n  f i g u r e  1. Moreover~ t h e  i n -  

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

t h e  d y e .  F u r t h e r m o r e ~  t h e  p o s i t i o n  o f  t h i s  p e a k  depends  on t h e  

k i n d  o f  t h e  added  a c c e p t o r :  w i t h  TCNE t h e  p e a k  l i e s  a t  a b o u t  

490 um and  w i t h  TCNQ a t  a b o u t  410 nm. 

S u p e r s e n s i t i z a t i o n  may be e x p l a i n e d  by  t h e  t r a n s f e r  o f  e l e c -  

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

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

T h i s  r e s u l t s  i n  a r e d u c e d  dye and an  o x i d i z e d  a c c e p t o r  r a d i -  

c a l .  Whereas  t h e  r e d u c e d  dye p r o b a b l y  i n j e c t s  an e l e c t r o n  i n t o  

a c o n d u c t i n g  s t a t e  o f  PVCA t h e  a c c e p t o r  c an  be r e d u c e d  by  a 

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

i n  a d d i t i o n ~  a h o l e  m i g h t  be  g e n e r a t e d .  A c h a n g e  o f  h o l e  and 

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

i n  a g r e e m e n t  w i t h  t h i s  mechan i sm.  
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