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SEMICONDUCTING PHOTOCONDUCTORS FROM AMORPHOUS FILPE OF 
DY E-S ENS I T  I ZED POLY PH ENYLACETY LENE 
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"' Depar tmen t  o f  Chemica l  E n g i n e e r i n g  
""Department  of  E l e c t r i c a l  and Computer E n g i n e e r i n g  
S t a t e  U n i v e r s i t y  o f  New York a t  B u f f a l o  
Amhers t ,  N e w  York 14260  

.** .L 

Trans-polyphenylacetylene (PPA), i n  t h e  form o f  amorphous 
f i l m s  t h a t  are s e v e r a l  ym t h i c k ,  i s  a s e m i c o n d u c t i n g  
p h o t o c o n d u c t o r ,  b o t h ,  undoped a n d  doped w i t h  c e r t a i n  
e l e c t r o n - a c c e p t i n g  compounds. T h i s  r e p o r t  d e s c r i b e s  t h e  
p h o t o c o n d u c t i v i t y  i n  PPA s e n s i t i z e d  w i t h  t h e  d y e s  p y r o n i n  
Y and m e t h y l e n e  b l u e ,  wh ich  s e n s i t i z e  t h e  p h o t o r e s p o n s e  
i n  t h e  r e g i o n  of  t h e  d y e s '  a b s o r p t i o n  bands  a n d  
d e s e n s i t i z e  i t  e l s e w h e r e .  The m a j o r  p h o t o c o n d u c t i v i t y  
mechanism i s  c o n c l u d e d  t o  be  t h e  i n j e c t i o n  o f  e l e c t r o n s  
t h a t  a re  p h o t o g e n e r a t e d  i n  t h e  d y e  i n t o  t h e  c o n d u c t i n g  
s ta tes  of  t h e  p o l y m e r ,  f o l l o w e d  by t r a n s p o r t  t h r o u g h  t h e  
po lymer  by a t r a p - m o d u l a t e d  b a n d l i k e  mechanism.  

INTRODUCTION 

P o l y p h e n y l a c e t y l e n e  (PPA), i n  t h e  f o r m  of f i l m s  wh ich  
a r e  2 - 8 u m  t h i c k ,  i s  p h o t o c o n d u c t i v e ,  b o t h ,  undoped and  
when doped w i t h  c e r t a i n  i n o r g a n i c  and  o r g a n i c  e l e c t r o n -  
a c c e p t i n g  compounds.1,2 Trans-PPA i s  more p h o t o c o n d u c t i v e  
t h a n  t h e  c i s - i s o m e r ,  and u n i f o r m l y - d o p e d ,  c r a c k - f r e e  f i l m s  
a re  more r e a d i l y  p r e p a r e d .  The p h o t o c o n d u c t i v i t y  a c t i o n  
s p e c t r a  i n d i c a t e  a modes t  p h o t o r e s p o n s e  i n  t h e  r e g i o n  of  t h e  
p o l y m e r ' s  1r-n;'' t r a n s i t i o n  ( s h o r t  w a v e l e n g t h  p h o t o c o n d u c t i v i t y )  
a n d  b e t t e r  p h o t o s e n s i t i v i t y  i n  t h e  r e d  and n e a r - i n f r a r e d  
beyond t h e  E-Tr;'' a b s o r p t i o n  edge  o f  a b o u t  525 nm ( l o n g  wave- 
l e n g t h  p h o t o c o n d u c t i v i t y ) .  Doping e n h a n c e s  t h e  
p h o t o s e n s i t i v i t y  i n  b o t h  r e g i o n s .  T h e s e  two r e g i o n s  are  
s e p a r a t e d  by a minimum l o c a t e d  n e a r  t h e  a b s o r p t i o n  e d g e .  
The l o n g  w a v e l e n g t h  p h o t o c o n d u c t i v i t y  i s  a t t r i b u t a b l e  t o  
p h o t o d e t r a p p i n g  from s h a l l o w  t r a p s  i n  t h e  undoped 
i n  PPA doped w i t h  i o d i n e  o r  2,3-dichloro-5,6-dicyano-p- 

305 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
30

 2
0 

Fe
br

ua
ry

 2
01

3 



306 

b e n z o q u i n o n e  ( D D Q ) ,  t h e  l o n g  w a v e l e n g t h  p h o t o s e n s i t i v i t y  
s e t s  i n  r o u g h l y  where  t h e  c h a r g e  t r a n s f e r  a b s o r p t i o n  b e g i n s  
t o  exceed  t h a t  of  t h e  p u r e  The c h a r g e  t r a n s f e r  
b a n d s  a re  b r o a d  a n d  e x t e n d  i n t o  t h e  n e a r  i n f r a r e d . 4 s 5  
The p o l y m e r - a c c e p t o r  i n t e r a c t i o n  wh ich  g i v e s  r i s e  t o  t h e s e  
s p e c t r a  d e p e n d s  o n  t h e  p o l y m e r ' s  i s o m e r i c  s t r u c t u r e ,  i n v o l v e s  
complexes  o f  d i f f e r e n t  s t o i c h i o m e t r y  and  h a s  s o  f a r  o n l y  b e e n  
a n a l y z e d  i n   art.^,^ Whateve r  t h e  e x a c t  n a t u r e  o f  t h e  c h a r g e  
t r a n s f e r  complexes ,  t h e y  i n t r o d u c e  i n t e r g a p  s t a t e s  which  
become t h e  s o u r c e ,  as w e l l  as s i n k  o f  p h o t ~ c a r r i e r s l ~ ~  a n d  
p r o b a b l y  of d a r k  c h a r g e  c a r r i e r s  as 

s t u d i e d  i n  d e t a i l .  I ts  enhancemen t  i n  t h e  doped p o l y m e r ,  
o u t s i d e  o f  t h e  c h a r g e  t r a n s f e r  band ,  may b e  a t t r i b u t a b l e  t o  
t h e  i n t e r a c t i o n  o f  c h a r g e  ca r r i e r s ,  o r  e x c i t o n s ,  c r e a t e d  i n  
t h e  s h o r t  w a v e l e n g t h  r e g i o n  w i t h  t r a p p e d  c h a r g e  o r i g i n a t i n g  
f rom t h e  c h a r g e  t r a n s f e r  i n t e r a c t i o n .  

A t  f i e l d s  g r e a t e r  t h a n  a b o u t  10" V/cm, t h e  d a r k  c u r r e n t  
due t o  e l e c t r o n s  b e g i n s  t o  exceed  t h e  h o l e  c u r r e n t ,  and  
undoped PPA b e h a v e s  as a n  n - t y p e  s e m i c o n d u c t o r .  The p r e s e n c e  
of  s t r o n g l y  u n i p o l a r ,  t r a p - c o n t r o l l e d ,  non-ohmic e l e c t r o n  
c u r r e n t s  i n  undoped t r a n s - P P A , l  t o g e t h e r  w i t h  a s t u d y  o f  
p h o t o c o n d u c t i v i t y  p a r a m e t e r s  i n  undoped and  a c c e p t o r - d o p e d  
PPA, i n d i c a t e  t h a t  i n t e r a c t i o n s  o f  m o b i l e  e l e c t r o n s  w i t h  
s h a l l o w  t r a p s ,  as w e l l  as w i t h  r e c o m b i n a t i o n  c e n t e r s ,  p l a y  a 
key r o l e  i n  p h o t o t r a n s p o r t  . l Y 2  

must  t h e r e f o r e  d i s t i n g u i s h  be tween  m o b i l e  a n d  t r a p p e d  c a r r i e r s  
and  t h e  mechanism c a n  be  r e f e r r e d  t o  as " t r a p - m o d u l a t e d  
b a n d l i k e  t r a n s p o r t . "  It  i s  a s s o c i a t e d  w i t h  s h o r t  c a r r i e r  l i f e -  
t imes - -mic roseconds  i n  doped  PPA a n d  less i n  t h e  undoped 
polymer2--compared t o  t h o s e  c h a r a c t e r i s t i c  o f  p o l y v i n y l c a r -  
b a ~ o l e , ~  wh ich  i s  a p h o t o c o n d u c t i v e  i n s u l a t o r .  

c o n c l u d e d  t o  o c c u r  by i n j e c t i o n  o f  c h a r g e  c a r r i e r s  f rom h i g h  
work f u n c t i o n  metal  e l e c t r o d e s ,  s u c h  as C r ,  Pd o r  Cu, i n t o  
d e f e c t  s t a t e s  i n  t h e  bandgap  of  t h e  p o l y m e r ,  f rom which 
e l e c t r o n s  a r e  p romoted  i n t o  t h e  c o n d u c t i n g  s t a t e s  a c r o s s  a 
band o r  m o b i l i t y  e d g e ,  w i t h  h o l e s  s t r o n g l y  t r a p p e d ;  i n  
a c c e p t o r - d o p e d  PPA, p o s i t i v e  and  n e g a t i v e  car r ie rs  a re  
c r e a t e d  i n  a p p r o x i m a t e l y  e q u a l  numbers  by i n j e c t i o n  i n t o  
c o n d u c t i n g  s t a t e s  f rom c h a r g e  t r a n s f e r  s t a t e s  which  a c t  also 
as  t r a p s  o r  r e c o m b i n a t i o n  c e n t e r s .  A l t h o u g h  t h e  s o u r c e  o f  
c a r r i e r s  l i e s  o u t s i d e  t h e  po lymer  i n  t h e  f i r s t  c a s e  and 
w i t h i n  i t  i n  t h e  s e c o n d ,  t h e  p h y s i c a l  m o d e l s  p r o p o s e d  f o r  
e i t h e r  case2 i n v o l v e  a n  e q u i l i b r i u m  be tween  m o b i l e  s t a t e s  and  
t r a p s  ( s h a l l o w  and  d e e p ) .  The p h o t o c a r r i e r  g e n e r a t i o n  and  
r e c o m b i n a t i o n  k i n e t i c s  c a n  t h e n  b e  c o n s i d e r e d  w i t h i n  t h e  

E.  T. KANG, P. EHRLICH AND W .  A. ANDERSON 

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

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

The g e n e r a t i o n  o f  m o b i l e  c a r r i e r s  i n  undoped PPA w a s  
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SEMICONDUCTING PHOTOCONDUCTORS 307 

g e n e r a l  f r amework  of t he  band m o d e l s  p r o p o s e d  by 
A s  shown by Rose, t h e  e x p o n e n t  a r e l a t i n g  t h e  p h o t o c u r r e n t  
d e n s i t y ,  J p h ,  and  t h e  i n t e n s i t y  o f  t h e  a b s o r b e d  l i g h t ,  I ,  i n  
t h e  e x p r e s s i o n  
s h a l l o w  t r a p  d i s t r i b u t i o n s  l o c a t e d  a b o v e  t h e  Fe rmi  l e v e l  and  
i n  e q u i l i b r i u m  w i t h  t h e  c o n d u c t i o n  band.  
l i g h t  i n t e n s i t y - d e p e n d e n c e  of  ~ J p h  i n  undoped and a c c e p t o r -  
doped PPA a re  g e n e r a l l y  c o n s i s t e n t  w i t h  t h a t  p i c t u r e .  
I n  a d d i t i o n ,  t h e  s u p e r l i n e a r  f i e l d  dependence  of  Jph s u g g e s t s  
a h i g h  r a t i o  o f  t r a p p e d  t o  m o b i l e  
t h i s  t y p e  o f  mode l .  

s e n s i t i z e d  t rans-PPA, whose p h o t o r e s p o n s e  d i f f e r s  i n  
s i g n i f i c a n t  r e s p e c t s  f rom t h a t  d e s c r i b e d .  A l t h o u g h  t h i s  
c a l l s  f o r  some c h a n g e s  i n  t h e  d e t a i l s  o f  t h e  p h y s i c a l  mode l ,  
t h e  d a t a  a p p e a r  t o  g i v e  L u r t h e r  s u p p o r t  t o  t h e  c o n c e p t  t h a t  
e x t e n d e d  s t a t e s  p l a y  a s i g n i f i c a n t  r o l e  i n  t h e  pho toconduc-  
t i v i t y  o f  t h i s  s e m i c o n d u c t i n g  c o n j u g a t e d  po lymer .  

J p h  = c o n s t  Ia e q u a l s  0 .5  f o r  some common 

The d a t a  on t h e  

as  r e q u i r e d  by 

T h i s  p a p e r  deal. ;  w i t h  p h o t o c o n d u c t i v i t y  i n  dye-  

EXPERIMENTAL SECTTON 

The t rans-PFA s a m p l e  used  i n  t h i s  s t u d y  had b e e n  
p r e p a r e d  w i t h  W(CO)6 c a t a l y s t  i n  CCl4 s o l u t i o n  u n d e r  
i r r a d i a t i o n  by  a h i g h  p r e s s u r e  m e r c u r y  lamp and  o b t a i n e d  
t h r o u g h  t h e  c o u r t e s y  of  P r o f e s s o r  H i g a s h i m u r a ,  Kyoto 
U n i v e r s i t y .  The po lymer  sample  i s  room t e m p e r a t u r e - s o l u b l e  
a n d  h a s  a n  a v e r a g e  m o l e c u l a r  w e i g h t  o f  80,000, a s  measu red  by 
osmometry.9 
b l u e  (MB) were o b t a i n e d  f r o m  A l d r i c h  Chemical  Company. 

d i l u t e  s o l u t i o n s  o f  PPA a n d  p i g m e n t ,  b o t h  i n  c h l o r o f o r m ,  
f o l l o w e d  by c a s t i n g  t h e  m i x t u r e  o v e r  NESA (Sn02) g l a s s  
s l i d e s .  
F i l m s  o f  3 - 6 p m  were u s e d  i n  t h i s  s t u d y .  The c o m p o s i t i o n  
o f  t h e  f i l m  c o u l d  be c a l c u l a t e d  from t h e  i n i t i a l  c o m p o s i t i o n  
o f  t h e  two component s o l u t i o n s  and i s  r e p r e s e n t e d  as  w e i g h t  
p e r c e n t  d y e  (Y). Due t o  t h e i r  l i m i t e d  s o l u b i l i t y  i n  
c h l o r o f o r m  as  w e l l  as t h e i r  l i m i t e d  s t r u c t u r a l  c o m p a t i b i l i t y  
w i t h  t h e  po lymer ,  o n l y  a b o u t  2 w e i g h t  p e r c e n t  of  t h e  d y e s  c a n  
b e  i n c o r p o r a t e d  i n t o  t h e  po lymer  w i t h o u t  s e v e r e  c r a c k  d e v e l o p -  
ment o r  v i s i b l e  g r a i n  f o r m a t i o n  i n  t h e  f i l m .  A t h i n  A 1  l a y e r  
o f  d e f i n e d  area ( 0 . 0 4  - 2 cm’) was t h e n  vacuum d e p o s i t e d  on 
t o p  of  t h e  po lymer  f i l m .  I n  t h i s  manner ,  t h e  f i l m  s a m p l e s  
were i n  a d i o d e l i k e  o r  s a n d w i c h  c o n f i g u r a t i o n  o f  t y p e  
Al/PPA-dye/Sn02. 

T h e  dye  s a m p l e s ,  p y r o n i n  Y (PY) and  m e t h y l e n e  

Dye s e n s i t i z e d  po lymer  f i l m s  w e r e  p r e p a r e d  by m i x i n g  

The t h i c k n e s s  o f  t h e  f i l m  was d e t e r m i n e d  by w e i g h i n g .  
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S n 0 2  

FIGURE 1 E x p e r i m e n t a l  Ar rangemen t  

The e x p e r i m e n t a l  a r r a n g e m e n t  i s  shown i n  F i g u r e  1. 
The c o n t i n u o u s  l i g h t  s o u r c e  w a s  a S c h o e f f e l  150 W Xenon a r c  
g a s  d i s c h a r g e  lamp (Model L-124) w i t h  a S c h o e f f e l  LPS 251 HR 
power s u p p l y .  The s p e c t r a l  d i s t r i b u t i o n  of t h e  s o u r c e  was 
c a l i b r a t e d  a g a i n s t  a s t a n d a r d  t e s t  s i l i c o n  s o l a r  c e l l  (NASA 
s t a n d a r d )  u n d e r  AM1 c o n d i t i o n s .  The s p e c t r a l  c o n t e n t  o f  t h e  
l i g h t  s o u r c e  w a s  v a r i e d  by u s i n g  10 nm w i d e  band pass f i l t e r s  
( O r i e l  Corp . )  a n d  v a r i o u s  c u t - o f f  a n d  n e u t r a l  d e n s i t y  f i l t e r s  
( E a l i n g  O p t i c s ) ,  whose s p e c t r a l  c h a r a c t e r i s t i c s  a n d  t r a n s m i t -  
t a n c e  had been  d e t e r m i n e d  s p e c t r o p h o t o m e t r i c a l l y .  The v o l t a g e  
s o u r c e  w a s  a d c  H e w l e t t - P a c k a r d  Model 6216A power s u p p l y  wh ich  
c o u l d  put a p o s i t i v e  o r  n e g a t i v e  b i a s  on t h e  t o p  e l e c t r o d e .  
C u r r e n t s  were f e d  i n t o  a FET c o n v e r t e r - a m p l i f i e r  c i r c u i t  and  
d i s p l a y e d  on a T e k t r o n i x  Model 4 6 6  s t o r a g e  o s c i l l o s c o p e .  
The f i e l d - d e p e n d e n t  quantum y i e l d  i s  d e f i n e d  as 
Q = Jpl l /Ce(l-T)  where  .Jpk, i s  t h e  p h o t o c u r r e n t  d e n s i t y ,  e i s  
t h e  e l e c t r o n i c  c h a r g e ,  T i s  t h e  f r a c t i o n a l  t r a n s m i t t a n c e  of  
t h e  s a m p l e  and  @ i s  t h e  p h o t o n  f l u x .  

RESULTS 

The d a r k  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  f o r  u n s e n s i t i z e d  
t rans-PPA as w e l l  as f o r  PPA s e n s i t i z e d  w i t h  p y r o n i n  Y (PY) 
a n d  m e t h y l e n e  b l u e  (MB) a r e  shown i n  F i g u r e  2 .  In undoped PPA, 
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QAI /PPA / S-02 
QAI /PPA-PYRONIN Y/SmO* 

A @I / PPA-METHY BLUE /SnOz 

Y - 2 %  

*/* 
/ 

/* 
/* 

L:- 
-A-x.i- 

I 1 I I I 
1 

I 
2 3  4 5 6 

111 v I VOLTI'" 

FIGURE 2 Dark  C u r r e n t s  i n  S e n s i t i z e d  and  i n  U n s e n s i t i z e d  
PPA 

t h e  d a r k  c u r r e n t s  ( J d )  obey  t h e  S c h o t t k y - R i c h a r d s o n  e q u a t i o n  
f o r  d i f f u s i o n - c o n t r o l l e d ,  f i e l d - a s s i s t e d  t h e r m i o n i c  e m i s s i o n  
(JdCiV3'2) when t h e  m e t a l  e l e c t r o d e  i s  n e g a t i v e l y  b i a s e d ,  
w h e r e a s  quasi-Ohmic d a r k  c u r r e n t s  a r e  o b t a i n e d  w i t h  a 
p o s i t i v e l y  b i a s e d  m e t a l  e 1 e c t r o d e . l  
t i z e d  PPA f i l m s ,  t h e  n e g a t i v e l y  and  p o s i t i v e l y  b i a s e d  d a r k  
c u r r e n t s  a re  Ohmic and e q u a l .  

The p h o t o c o n d u c t i v i t y  a c t i o n  s p e c t r a  and quantum y i e l d s  
f o r  u n s e n s i t i z e d  t r ans -PPA,  a s  w e l l  as f o r  PPA-PY and PPA-MB 
a r e  shown i n  F i g u r e s  3 a n d  4 .  The c h a r a c t e r i s t i c s  and  
i n t e r p r e t a t i o n  of t h e s e  s p e c t r a  i n  t h e  undoped po lymer  were 
o u t l i n e d  i n  t h e  I n t r o d u c t i o n .  F i g u r e s  3 and 4 show t h e  

bands  u n d e r ,  b o t h ,  p o s i t i v e  and  n e g a t i v e  b i a s .  I n  undoped 
PPA, v i r t u a l l y  no p h o t o c o n d u c t i v i t y  i s  o b s e r v e d  u n d e r  p o s i t i v e  
b i a s  and o t h e r w i s e  similar c 0 n d i t i o n s . l  
complexes ,  a s u b s t a n t i a l  enhancement  of  t h e  p h o t o c o n d u c t i v i t y  

However, i n  d y e  s e n s i -  

' enhancemen t  o f  t h e  p h o t o c o n d u c t i v i t y  i n  t h e  d y e s '  a d s o r p t i o n  

I n  t h e  PPA-PY 
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310 E. T.  KANG, P. EHRLICH AND W .  A .  ANDERSON 

rn eAl/PPA-PYRONIN Y /S.Q 

o mAl/ PPA-PYRONIN Y /SmO> 

WAVELENGTH A I nm 1 

FIGURE 3 ( l e f t )  Absorbance  and P h o t o c o n d u c t i v i t y  A c t i o n  
S p e c t r a  of PPA and PPA-PY 

FIGURE 4 ( r i g h t )  Absorbance  a n d  P h o t o c o n d u c t i v i t y  A c t i o n  
S p e c t r a  of PPA and  PPA-MB 

o u t s i d e  t h e  r e g i o n  o f  maximum d y e  a b s o r p t i o n  w a s  a l s o  
o b s e r v e d  when t h e  metal  e l e c t r o d e  w a s  u n d e r  n e g a t i v e  b i a s .  
However,  t h e  l o n g  w a v e l e n g t h  p h o t o c o n d u c t i v i t y  c h a r a c t e r i s t i c  
of  u n s e n s i t i z e d  PPA d i m i n i s h e s  c o n s i d e r a b l y  upon i n c o r p o r a t i o n  
o f  e i t h e r  d y e .  A c o m p a r i s o n  of  t h e  m a g n i t u d e  o f  p h o t o c u r r e n t s  
i n  t h e  f a r  v i s i b l e  and  nea r - IR  r e g i o n s  be tween  p r i s t i n e  and 
d y e - s e n s i t i z e d  PPA i s  g i v e n  i n  F i g u r e  5 .  

( I )  dependence  o f  t h e  p h o t o c u r r e n t s  i n  t h e  r e g i o n  of  d y e  
a b s o r p t i o n  i n  PY a n d  MB s e n s i t i z e d  PPA f i l m s .  The pho to -  
c u r r e n t s  i n  PPA-PY depend  a p p r o x i m a t e l y  l i n e a r l y  on l i g h t  
i n t e n s i t y  when t h e  meta l  e l e c t r o d e  i s  u n d e r  p o s i t i v e  b i a s .  
However,  upon r e v e r s i n g  t h e  b i a s ,  a s i g n i f i c a n t l y  l a r g e r  
p h o t o c u r r e n t  wh ich  d e p e n d s  s u b l i n e a r l y  on  l i g h t  i n t e n s i t y  
( Jph ,110 .7 )  i s  o b s e r v e d .  In PPA-MB, t h e  p h o t o c u r r e n t  v s .  
l i g h t  i n t e n s i t y  c u r v e  c h a n g e s  f rom a p p r o x i m a t e l y  l i n e a r  a t  
low l i g h t  i n t e n s i t i e s  t o  a s l i g h t l y  s u b l i n e a r  form a t  h i g h  
i n t e n s i t i e s ,  r e g a r d l e s s  of t h e  b i a s  on t h e  me ta l  e l e c t r o d e .  
In u n s e n s i t i z e d  PPA, t h e  i n t e n s i t y  e x p o n e n t  i s  a l w a y s  
5 0.5.'~~ 

F i g u r e s  6 and 7 i l l u s t r a t e ,  r e s p e c t i v e l y ,  t h e  i n t e n s i t y  
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+ 
z w a n 3 

‘s 18- 
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16’- 

I 

31 I 
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/* /*’ 

X >700nrn 

I I I 
10’ 

FIELD E / V / C M l  
10‘ 

FIGURE 5 F i e l d  Dependence o f  P h o t o c u r r e n t  i n  S e n s i t i z e d  
and  U n s e n s i t i z e d  PPA 

The f i e l d  (E) -dependence  of  .Jph f o r  P Y - s e n s i t i z e d  PPA 
o b t a i n e d  w i t h  b o t h  p o s i t i v e  and n e g a t i v e  b i a s  o n  t h e  t o p  
me ta l  e l e c t r o d e  i s  shown i n  F i g u r e  8. The c u r r e n t  u n d e r  
p o s i t i v e  b i a s  i s  s l i g h t l y  s u p e r l i n e a r ,  i n d i c a t i n g  t h e  p r e s e n c e  
of s p a c e  c h a r g e  p e r t u r b a t i o n .  A s t r o n g e r  s u p e r l i n e a r  f i e l d  
d e p e n d e n c e  i s  o b s e r v e d  when t h e  meta l  e l e c t r o d e  i s  u n d e r  
n e g a t i v e  bias. The p r e s e n c e  o f  a s t r o n g e r  s p a c e - c h a r g e -  
p e r t u r b e d  p h o t o c u r r e n t  i n  PPA-PY w i t h  t h e  metal  e l e c t r o d e  
u n d e r  n e g a t i v e  b i a s  a n d  the s u b l i n e a r  i n t e n s i t y  d e p e n d e n c e  may 
b e  a s s o c i a t e d  w i t h  some i n . j e c t i o n  o f  e l e c t r o n s  by t h e  
e l e c t r o d e s  i n t o  s h a l l o w  t r a p s  i n  t h e  po lymer  ( s e e  D i s c u s s i o n ) .  

T a b l e  L summar izes  tile p h o t o c o n d u c t i v e  p r o p e r t i e s ,  i n  
terms of t h e  p h o t o c u r r e n t  t o  d a r k  c u r r e n t  r a t i o ,  of  dye- 
s e n s i t i z e d  PPA i n  f i l m s  t h a t  are  a p p r o x i m a t e l y  3 pm t h i c k .  
B o t h  PPA-MB and PPA-PY a r e  s t a b l e  a t  t h e  s t a t e d  f i e l d  and 
l i g h t  i n t e n s i t y .  The p h o t o c o n d u c t i v e  g a i n  c a n  be  i n c r e a s e d  
c o n s i d e r a b l y  a t  a h i g h e r  f i e l d  and  l i g h t  i n t e n s i t y .  

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
30

 2
0 

Fe
br

ua
ry

 2
01

3 



312 E.  T.  KANG, P. EHRLICH AND W. A. ANDERSON 

TABLE I (E = 7.5 x 10" V / c m ;  I 4 x p h o t o n s / c m " - s e c  

P h o t o c u r r e n t ,  J 
wt . % Dark  C u r r e n t ,  ph Sample Jph ( h P / c m 2 ,  
__ Dye J~ ( h p / c m ' )  510<X<700 nm) Jd 

PPA-PY 2 %  1 . 7  x 10-9 7.22 x 425 
PPA-MB 2 %  1.7 6 .94  x 408 

DISCUSSION 

P o s s i b l e  mechanisms f o r  p h o t o c a r r i e r  g e n e r a t i o n  in dye-  
s e n s i t i z e d  o r g a n i c  a n d  p o l y m e r i c  p h o t o c o n d u c t o r s  have  been 
d i s c u s s e d  i n  t h e  A d i s t i n c t i o n  mus t  b e  made 
b e t w e e n  car r ie r  g e n e r a t i o n  i n  t h e  po lymer  p romoted  by t h e  
t r a n s f e r  of  e x c i t a t i o n  e n e r g y  from t h e  p h o t o e x c i t e d  d y e  
( r a d i a t i o n  a n d  F o r s t e r  e n e r g y  t r a n s f e r 1 3 )  a n d  i n j e c t i o n  o f  
c h a r g e  c a r r i e r s  c r e a t e d  i n  t h e  d y e  by l i g h t .  The f i r s t  o f  
t h e s e  mechanisms i s  u n l i k e l y  t o  make t h e  major c o n t r i b u t i o n  
t o  c a r r i e r  g e n e r a t i o n  i n  t h e  d y e - s e n s i t i z e d  PPA b e c a u s e  o f  
t h e  weak o v e r l a p  be tween  t h e  po lymer  and  dye  a b s o r p t i o n  b a n d s  
whose maxima l i e  a t  550 nm (PY)  a n d  667 nm (MB), r e s p e c t i v e l v  
The a d d i t i o n a l  p o s s i b i l i t y  o f  e n e r g y  t r a n s f e r  f rom t h e  d y e  LO 

- 1  / 

I I I 
.l 5 1 %  10% 

RELATIVE INTENSITY , I 

A eAl /PPA-METHY BLUE / SnOi 

1 
.I % 1 %  10% I0 

RELATIVE INTENSITY I 

FIGURE 6 L i g h t  I n t e n s i t y  Dependence of  P h o t o c u r r e n t  i n  PPA-PY 
FIGURE 7 L i g h t  I n t e n s i t y  Dependence of P h o t o c u r r e n t  i n  PPA-FIB 
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SEMICONDIJCTING PHOTOCONDUCTORS 313 

16°t Al / PPA-PYRONIN Y / 5.01 
Y - 2 %  

- 8 I A S  
0 +BIAS 

X >510 nm 

1 I 
10' 10' 

FIELD , E 1 V/CM 1 

FIGURE 8 F i e l d  Dependence o f  P h o t o c u r r e n t  i n  PPA-PY 

t r a p p e d  ca r r i e r s  must n o t  b e  e x c l u d e d .  I f ,  on t h c  o t h e r  
h a n d ,  t h e  c h a r g e  i n j e c t i o n  mechanism is o p e r a t i v e ,  bot i !  .he 
s e n s i t i z a t i o n  e f f i c i e n c y  a n d  t h e  s p e c t r a l  r e s p o n s e  must  be  
cha rac t e r i s t i c  o f  t h e  s e n s i t i z e r  a l o n e  and n o t  o f  t h e  p h o t o -  
c o n d u c t o r ,  w i t h  t h e  l a t t e r  s e r v i n g  o n l y  as  a t r a n s p o r t  
medium. F i g u r e s  3 a n d  4 c l e a r l y  i n d i c a t e  t h a t  t h e  s p e c t r a l  
r e s p o n s e  i n  PY- and  M B - s e n s i t i z e d  PPA i s ,  i n  f a c t ,  
c h a r a c t e r i s t i c  o f  t h e  s e n s i t i z e r s  a n d  n o t  of t h e  pho toconduc-  
t i v e  t r a n s p o r t  medium. The a p p e a r a n c e  of  p o s i t i v e l y  b i a s e d  
p h o t o c u r r e n t s  i n  PPA-PY a n d  PPA-MB s y s t e m s  and t h e i r  e x a c t  
c o r r e s p o n d e n c e  w i t h  t h e  a b s o r p t i o n  s p e c t r a  of  t h e  d y e s ,  t h e  
d i s a p p e a r a n c e  of  t h e  n e a r - I R  p h o t o c o n d u c t i v i t y  upon d y e  
s e n s i t i z a t i o n ,  and  t h e  i n c r e a s e  i n  t h e  i n t e n s i t y  e x p o n e n t  
f rom 2 0.5 i n  p r i s t i n e  PPA19* toward  a b o u t  1 i n  PPA-PY and  
PPA-MB a re  a l l  d i f f e r e n t  f rom t h e  i n h e r e n t  p h o t o c o n d u c t i v e  
r e s p o n s e  of  t h e  po lymer .  Thus,  t h e  p r e s e n t  e x p e r i m e n t a l  
o b s e r v a t i o n s  g e n e r a l l y  s u p p o r t  t h e  v i e w  t h a t  dye  s e n s i t i z a -  
t i o n  i n  PPA i n v o l v e s  t h e  i n i t i a l  c r e a t i o n  of  e x c i t e d  c a r r i e r s  
( e l e c t r o n s )  i n  t h e  p i g m e n t ,  f o l l o w e d  by t h e i r  i n j e c t i o n  i n t o  
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3 14 E T KANG, P EHRLICH AND W .  A.  ANDERSON 

t h e  c o n d u c t i o n  s t a t e s  o f  t h e  po lymer .  
An a p p r o x i m a t e l y  f i r s t - p o w e r  d e p e n d e n c e  o f  J p h  on  t h e  

l i g h t  i n t e n s i t y ,  I ,  i s  c o n s i s t e n t  w i t h  c a r r i e r  i n j e c t i o n  from 
t h e  e x c i t e d  d y e  i n t o  t h e  c o n d u c t i o n  s t a t e s  of  t h e  po lymer ,  
f o l l o w e d  by c a r r i e r  d r i f t  t o  t h e  o p p o s i t e  e l e c t r o d e  i n  t h e  
p r e s e n c e  of pe rmanen t  t r a p s ,  b u t  i n  t h e  a b s e n c e  o f  s h a l l o w  
t r a p s ,  s u c h  t h a t  s p a c e  c h a r g e  f r e e  (SCF) c o n d i t i o n s  a r e  main- 
t a i n e d .  T h e s e  c o n d i t i o n s  a p p e a r  t o  be  a p p r o a c h e d  i n  PPA-MB, 
e x c e p t  a t  h i g h  l i g h t  i n t e n s i t y  u n d e r  e i t h e r  b i a s  ( F i g .  7 ) ,  
and  i n  PPA-PY, u n d e r  p o s i t i v e  b i a s  o n l y  ( F i g .  6 ) .  SCF c o n d i -  
t i o n s  a re ,  however ,  n o t  l i k e l y  t o  be  m a i n t a i n e d ,  i f  e l e c t r o n s  
are  a l s o  i n j e c t e d  f rom t h e  e l e c t r o d e  i n t o  t r a p p i n g  s t a t e s  
l y i n g  i n  t h e  bandgap  o f  t h e  p o l y m e r ,  a mechanism t h a t  a c c o u n t s  
f o r  t h e  p h o t o c o n d u c t i v i t y  i n  undoped PPA.ly2 I n  t h e  p r e s e n c e  
o f  e l e c t r o n  e x c h a n g e  be tween  s h a l l o w  t r a p s  and  c o n d u c t i o n  
s t a t e s ,  t h e  li h t  i n t e n s i t y  exp0ner . t  o f  J l i e s  i n  t h e  r a n g e  
of  0 .5  t o  l . 0 . 8  The d a t a  on  t h e  I -dependence  of J p h  i n  
n e g a t i v e l y - b i a s e d  PPA-PY, t o g e t h e r  w i t h  t h e  g r e a t e r  m a g n i t u d e  
o f  t h e  n e g a t i v e l y - b i a s e d  p h o t o c u r r e n t ,  t h e r e f o r e  s u p p o r t  t h e  
v i e w  t h a t ,  i n  t h i s  c a s e ,  e l e c t r o n  i n j e c t i o n  f rom t h e  e l e c t r o d e  
i n t o  d e f e c t  s t a t e s  i n  t h e  p o l y m e r ' s  bandgap c o n t r i b u t e s  t o  t h e  
p h o t o c u r r e n t ,  a s  d o e s ,  c o n c e i v a b l y ,  e n e r g y  t r a n s f e r  t o  t h e  
t r a p p e d  e l e c t r o n s .  The more s t r o n g l y  s u p e r l i n e a r  f i e l d -  
dependence  of J p h  i n  n e g a t i v e l y - b i a s e d  PPA-PY ( F i g .  8 )  may  
a l s o  be  c i t e d  i n  s u p p o r t  of e l e c t r o n  i n j e c t i o ,  i n r c  ~ e , e . _ t  
s t a L c b .  

P h 

eV 

-' I PPA ' METHY BLUE 

FIGURE 9 Energy  L e v e l s  i n  PPA-MB 
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SEMICONDUCTING PHOTOCONDUCTORS 315 

The p r o p o s e d  mechanism of  e l e c t r o n  i n j e c t i o n  from t h e  
d y e  i n t o  t h e  po lymer  r e q u i r e s  t h a t  t h e  e x c i t e d  s t a t e  o f  t h e  
d y e  l i e  a b o v e  t h e  p o l y m e r ' s  c o n d u c t i o n  s ta tes .  F i g u r e  9 i s  
t h e  p r o p o s e d  e n e r g y  d i a g r a m  o f  t h e  PPA-MB i n t e r f a c e  b a s e d  on 
t h e  b e s t  c u r r e n t l y  a v a i l a b l e  i o n i z a t i o n  p o t e n t i a l s  of  PPA3 
a n d  t h e  d y e . 1 4  
a p p e a r s  a t  0 .2  e V  be low t h a t  uf t h e  d y e ,  some u n c e r t a i n t y  i n  
t h e  p a r a m e t e r s  c h o s e n  and  t h e  p r o b a b l e  d i f f u s e n e s s  of  t h e  
bandedges15  a l l o w  u s  t o  o f f e r  t h e  e n e r g y  d i a g r a m  o f  F i g u r e  9 
i n  s u p p o r t  o f  t h e  p r o p o s e d  i n j e c t i o n  mechanism. The m a r g i n a l  
e n e r g y  c o n t e n t  f o r  i n j e c t i o n  i n t o  PPA o f  t h e  d y e ' s  e x c i t e d  
s t a t e  m i g h t ,  i n  f a c t ,  b e  o f f e r e d  i n  s u p p o r t  o f  t h e  f u r t h e r  
o b s e r v a t i o n  o f  a n  a p p a r e n t  i n c i p i e n t  s a t u r a t i o n  phenomenon in 
PPA-MB, where  J p h  becomes s u b l i n e a r  i n  I a t  h i g h  I 
( F i g u r e  7 ) .  T h i s  phenomenon i s  a b s e n t  w i t h  PY, a more p - type  
d y e , 1 4  a g a i n  i n  s u p p o r t  o f  t h e  mechanisms p r o p o s e d .  

A l t h o u g h  t h e  d y e ' s  c o n d u c t i o n  band edge  

CONCLUSION 

The s p e c t r a l  r e s p o n s e  o f  p o l y p h e n y l a c e t y l e n e  c a n  be  
c o n t r o l l a b l y  m o d i f i e d  a n d  s i g n i f i c a n t l y  enhanced  by s e n s i t i -  
z a t i o n  w i t h  o r g a n i c  d y e s .  In t h e  r e g i o n  of d y e  a b s o r p t i o n ,  
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  of  PPA can be  i n c r e a s e d  by a t  
l ea s t  o n e  o r d e r  o f  m a g n i t u d e ,  a t  least  f o r  t h e  two t y p e s  o f  
d y e  s t u d i e d .  The mechanism of  s p e c t r a l  s e n s i t i z a t i o n  i s  
c o n s i s t e n t  w i t h  c h a r g e  ( e l e c t r o n )  t r a n s f e r  f rom e x c i t e d  d y e  
m o l e c u l e s  t o  t h e  c o n d u c t i o n  s t a t e s  o f  t h e  po lymer  a n d / o r  t h e  
t r a n s f e r  o f  e x c i t a t i o n  e n e r g y  f rom the d y e  m o l e c u l e s  t o  
t r a p p e d  carr iers  i n  t r a p p i n g  s t a t e s .  The l a t t e r  i s  p r o b a b l y  
o p e r a t i v e  o n l y  i n  t h e  p r e s e n c e  of  e l e c t r o n  i n j e c t i o n  from t h e  
e l e c t r o d e  i n t o  t h e  t r a p p i n g  s t a t e s  of  t h e  po lymer .  D i s t i n c -  
t i o n  be tween  t h e s e  two mechanisms r e q u i r e s  a c a r e f u l  s t u d y  
o f  t h e  t e m p e r a t u r e  dependence  of  t h e  p h o t o c u r r e n t .  I n  c a s e  
o f  d i r e c t  c h a r g e  t r a n s f e r ,  t h e  p h o t o c u r r e n t  s h o u l d  be  n e a r l y  
i n d e p e n d e n t  o f  t e m p e r a t u r e , 1 6  and  i n  c a s e  of e x c i t a t i o n  
e n e r g y  t r a n s f e r  t o  t r a p p e d  c a r r i e r s ,  a s t r o n g  t e m p e r a  
dependence  s h o u l d  b e  o b s e r v e d .  
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