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Summary:  R e s u l t s  o f  e x p e r i m e n t s  on d a r k -  and  p h o t o c o n d u c t i -  
v i t y  o f  p o l y m e r i c  d i b e n z [ b , i ] l , 4 , 8 , 1 1 - t e t r a a z a C 1 4 ] a n n u l e n a t o -  
( a - p y r a z i n ) i r o n ( I I )  [ F e t a a ( p y z ) ]  n a r e  d e s c r i b e d .  By s t u d y i n g  
t h e  d e p e n d e n c e  o f  p h o t o c o n d u c t i v i t y  on e l e c t r i c  f i e l d ,  i n t e n -  
s i t y  and  w a v e l e n g t h  i t  i s  shown t h a t  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  o c c u r r e d  a t  s h o r t  w a v e l e n g t h s  b y  an  O n s a g e r  m e c h a n i s m  
and  i n  t h e  n e a r - i n f r a r e d  r e g i o n  b y  a p h o t o i n j e c t i o n  p r o c e s s  
f r o m  t h e  e l e c t r o d e s .  

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

I t  h a s  r e c e n t l y  b e e n  d e m o n s t r a t e d  t h a t  p o l y m e r i c  p h t h a l o c y a n i -  
n e s  f o r m e d  b y  p o l y m e r i z a t i o n  o f  s q u a r e p l a n a r  p h t h a l o c y a n i n e  
r i n g s  t o  l i n e a r  c h a i n s  e x h i b i t  p h o t o e l e c t r i c  p r o p e r t i e s  (MEIER 
e t  a l .  1985a ,  1 9 8 5 b ) .  F o r  i n s t a n c e ,  p o l y m e r i c  ~ - c y a n o - p h t h a l o -  
c y a n i n a t o - c o b a l t ( I I I )  w h i c h  i s  c h a r a c t e r i z e d  b y  a h i g h  d a r k  
c o n d u c t i v i t y  (DATZ e t  a l .  1984,  METZ and  HANACK 1985)  c a n  be  
c o n s i d e r e d  a s  an o r g a n i c  p h o t o c o n d u c t o r  w i t h  a r e m a r k a b l e  p h o -  
t o e l e c t r i c  s e n s i t i v i t y  (HEIER e t  a l .  1 9 8 5 b ) .  T h i s  o b s e r v a t i o n  
s u g g e s t s  t h a t  f o r  a p p l i c a t i o n s ,  e . g .  a s  c o m p o n e n t s  i n  p h o t o -  
v o l t a i c  d e v i c e s ,  o r g a n i c  p h o t o c o n d u c t o r s  w i t h  r e l a t i v e l y  h i g h  
t h e r m a l  c o n d u c t i v i t y  and  a p p r e c i a b l e  s t a b i l i t y  i n  a i r  may b e -  
come a v a i l a b l e .  

H o w e v e r ,  no e x p e r i m e n t a l  r e s u l t s  a r e  known t o  us  s h o w i n g  c o r -  
r e l a t i o n s  os  d i f f e r e n t  c o m b i n a t i o n s  o f  m a c r o c y c l e s ( X 4 ) ,  b r i d -  
g i n g  l i g a n d s ( L )  and  c e n t r a l  m e t a l  a t o m s ( M )  t o  t h e  p h o t o e l e c -  
t r i c  p r o p e r t i e s  o f  t h i s  t y p e  o f  o n e - d i m e n s i o n a l  c o n d u c t o r  
[X4Y~]n.  T h e r e f o r e ,  s t u d i e s  seem n e c e s s a r y  f o r  c o m p l e t i n g  d a t a  
on t h e  e f f e c t  o f  c h e m i c a l  s t r u c t u r e  by  i n c l u d i n g  p o l y m e r s  w i t h  
d i f f e r e n t  b r i d g e d  s t r u c t u r e s  and  m e t a l s .  

I n  t h i s  p a p e r  f i r s t  r e s u l t s  o f  s t u d i e s  on d a r k -  and  p h o t o c o n -  
d u c t i v i t y  o f  p o l y m e r i c  d i b e n z [ b , i ] l , 4 , 8 , 1 1 - t e t r a a z a [ 1 4 ] a n n u -  
l e n a t o ( a - p y r a z i n ) i r o n ( I I )  a r e  g i v e n .  

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

P o l y m e r i c  d i b e n z E b , i ] l , 4 , 8 ~ l l - t e t r a a z a [ 1 4 ] a n n u l e n a t o ( ~ - p y r a -  
z i n ) i r o n ( I I ) ,  a b b r e v i a t e d  as  [ F e t a a ( p y z ) ] n ,  h a s  b e e n  s y n t h e -  

* To whom offprint requests should be sent 
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s i z e d  a s  d e s c r i b e d  b y  KOCtt a n d  t~NACK ( 1 9 8 3 ) .  
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The p h o t o e l e c t r i c  p r o p e r t i e s  o f  [ F e t a a ( p y z ) ] n  h a v e  b e e n  m e a s -  
u r e d  w i t h o u t  a n y  a d d i t i v e  i n  s u r f a c e - t y p e  c e l l s  e m p l o y i n g  
c o p p e r / z i n c  c o n t a c t s  w i t h  e l e c t r o d e  d i s t a n c e s  o f  0 . 2  mm (MEIER 
e t  a l .  1 9 8 2 ) .  I n  a d d i t i o n ,  d a r k  c o n d u c t i v i t y  was  i n v e s t i g a t e d  
i n  s a n d w i c h - t y p e  c e i l s  o f  c o m p r e s s e d  p e l l e t s  ( t h i c k n e s s  L 
1 . 6  nun).  

The s a m p l e s  w e r e  m e a s u r e d  a t  p r e s s u r e s  o f  10 - 5  - 10 - 6  T o r t  a n d  
1 b a r ,  r e s p e c t i v e l y ,  i n  t h e  t e m p e r a t u r e  r a n g e  o f  298  - 595 K. 
D a r k -  a n d  p h o t o c u r r e n t s  w e r e  r e g i s t e r e d  w i t h  a K e i t h l e y  480  
p i c o a m m e t e r  i n  c o m b i n a t i o n  w i t h  a f a s t  r e c o r d e r .  

The l i g h t  s o u r c e  c o n s i s t e d  o f  a 1000 W x e n o n  l a m p ,  f o c u s s e d  b y  
q u a r t z  l e n s e s  on  t o  t h e  p h o t o e l e c t r i c  c e l l .  M o n o c h r o m a t i c  
l i g h t  i n  t h e  s p e c t r a l  r a n g e  550  - 1900 nm was o b t a i n e d  w i t h  
b a n d  p a s s  f i l t e r s  w i t h  b a n d  w i d t h s  o f  50 nm ( S c h o t t ) .  L i g h t  
i n t e n s i t i e s  w e r e  v a r i e d  w i t h  n e u t r a l  d e n s i t y  f i l t e r s  a n d  r e -  
c o r d e d  w i t h  a M o l l  t h e r m o p i l e .  

3 .  R e s u l t s  a n d  d i s c u s s i o n  

3 . 1 .  Da rk  c o n d u c t i v i t y  

The  v a r i a t i o n  o f  d a r k  c o n d u c t i v i t y  ~D w i t h  t e m p e r a t u r e  c a n  b e  
d e s c r i b e d  b y  

~D = ~o exp  ( - S E / 2 k W )  ( 1 )  

w h e r e  k = B o l t z m a n n ' s  c o n s t a n t ~  T = a b s o l u t e  t e m p e r a t u r e ,  ~o = 
p r e - e x p o n e n t i a l  c o n d u c t i v i t y  a n d  bE = a c t i v a t i o n  e n e r g y .  The 
p a r a m e t e r s  d e r i v e d  f r o m  a n  A r r h e n i u s  p l o t  g i v e n  i n  F i g .  1 a r e  
bE = 0 . 9 5  eV a n d  a o = 5 . 8  x 1 0 2 ~ - 1  c m - I  a t  T ) 290  K. 

The i n c r e a s e  o f  d a r k  c o n d u c t i v i t y  w i t h  t e m p e r a t u r e  c o r r e s p o n d -  
i n g  t o  Eq .  ( 1 )  i s  t y p i c a l  f o r  o r g a n i c  s e m i c o n d u c t o r s  (GUTMAN 
a n d  LYONS 1 9 6 7 ,  MEIER 1 9 7 4 ) .  I t  may r e s u l t  f r o m  a d i r e c t  g e -  
n e r a t i o n  os c a r r i e r s  a c r o s s  a n  e n e r g y  gap  o r  b y  a n  e x c i t a t i o n  
o f  d o n o r  o r  a c c e p t o r  s t a t e s .  
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F i g .  1 T e m p e r a t u r e  d e p e n d e n c e  o f  d a r k  c u r r e n t  o f  
[ F e t a a ( p y z ) ]  n .  U = 100 V. L = 1 . 6  mm. 

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

I D = aU s ( 2 )  

w h e r e  U i s  v o l t a g e  a n d  a i s  a c o n s t a n t  w i t h  s ~ 1. The p a r a -  
m e t e r  s ~ 1 p o i n t s  a t  o h m i c  c o n d u c t i v i t y  due  t o  t h e r m a l l y  g e -  
n e r a t e d  c a r r i e r s .  T h e r e f o r e ,  i n 3 e e t i o n  o f  c a r r i e r s  f r o m  t h e  
e l e c t r o d e s  d o e s  n o t  s eem t o  b e  d o m i n a n t .  

3 . 2 .  R b o t o c o n d u c t i v i t y  

As i n  p o l y m e r i c  p h t h a l o c y a n i n e s ,  s u c h  a s  EPcGeS] x a n d  
[PcCoCN]x ,  t h e  c o n d u c t i v i t y  o f  E F e t a a ( p y z ) ]  n i n c r e a s e s  r a p i d l y  
(i.e., within 1 s) on irradiation with visible light. In dis- 
cussing the photoresponse of [Fetaa(pyz)] n the following rela- 
tionships should be taken into account: 

1. Photocurrents increase with light intensity IB~ yielding 
curves of 

: b*~ ( s )  I p h  D 

as  shown  i n  F i g .  2 (b  = c o n s t a n t .  ~ i n t e n s i t y  p a r a m e t e r ) .  

The p a r a m e t e r  y = 0 . 8 9  (T = 298  K) c a n  b e  u n d e r s t o o d  i s  we 
a s s u m e  p h o t o s e n s i t i v e  o h m i c  c u r r e n t s  i n  t h e  p r e s e n c e  o f  e x p o -  
n e n t i a l l y  d i s t r i b u t e d  t r a p s  t h a t  c o n t r o l  c u r r i e r  r e c o m b i n a t i o n  
(ROSE 1963~ NEIER 1 9 7 4 ) .  I n  t h i s  c a s e  t h e  p h o t o c u r r e n t  w i l l  be  
a p p r o x i m a t e l y  g i v e n  b y  



F i g .  5 

Tc/Tc+T 
I p h  ~ I B ( 4 )  

resulting in T c of the order of 2400 K. This high T c value 
points to exponentially distributed traps that may behave ap- 
proximately like linear distributed trapping states. 
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Fig. 2 Dependence of photocurrent on light intensity in 
E F e t a a ( p y z ) ]  n .  t = 647 nm. U = 70  V. IB  ( 1 0 0  %) = 
5 . 4  x 1015 p h o t o n s  s - 1  p e r  s a m p l e  s u r f a c e .  

2 .  P h o t o c u r r e n t s  i n c r e a s e  w i t h  i n c r e a s i n g  v o l t a g e  c o r r e s p o n d -  
i n g  to  

I : ~ u  s ( 5 )  
ph 

a s  d e m o n s t r a t e d  i n  F i g .  3 ( a  = c o n s t a n t ,  s = v o l t a g e  p a r a m e t e r ) .  
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D e p e n d e n c e  o f  p h o t o c u r r e n t  on  a p p l i e d  v o l t a g e  i n  
[ F e t a a ( p y z ) J  n .  I B ( u n f i l t e r e d )  ~ 20 mW p e r  s a m p l e .  
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The p a r a m e t e r  s = 1 . 4  i s  i n  a g r e e m e n t  w i t h  t h e  ohmic c h a r a c t e r  
o f  t h e  p h o t o c u r r e n t .  

5. The photoconductive spectrum of EFetaa(pyz)J n is character- 
ized by a main peak at 350 nm and a small peak at about 420 nm 
followed by a broad photoconductive band in the ~ng-wavelength 
part of the spectrum (see Fig. 4). In Fig..4 as measure of the 
relative photoconductivity the parameter I~/Nq is given be- 
cause of its independence of the incident photon flux Nq. 

Fig. 4 
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~q t o c o n d u c t i v e  s p e c t r u m  o f  [ F e t a a ( p y z ) J n  ( p i o t t e d  as  
l~I/Nq in  t e l . % )  and a b s o r p t i o n  s p e c t r u m  in  KBr 
o t t e d  l i n e ) .  

Fo r  c o m p a r i n g  p h o t o s e n s i t i v i t y  o f  E F e t a a ( p y z ) ]  n 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  and i n  t h e  l o n g - w a v e l e n g t h  p a r t  o f  t h e  s p e c -  
t rum t h e  f o l l o w i n g  p o i n t s  s h o u l d  be n o t e d :  

( a )  The a c t i o n  s p e c t r u m  o f  E F e t a a ( p y z ) ]  n c o r r e s p o n d s  l a r g e l y  
w i t h  t h e  a b s o r p t i o n  s p e c t r u m .  T h e r e  i s  o n l y  a s m a l l  s h i f t  o f  
a b o u t  60 nm o f  t h e  p h o t o r e s p o n s e  t o  l o n g e r  w a v e l e n g t h s .  T h e r e -  
f o r e ,  one can  d i s c u s s  an i n t r i n s i c  p h o t o g e n e r a t i o n  p r o c e s s .  Be- 
c a u s e  a p l o t  os I p h / E  v e r s u s  E g i v e s  i n  a c c o r d a n c e  w i t h  Eq. (6 )  

I p h / E  = ( e~TIAV/L)~  o e x p ( - r c / r  o)  ( 1 +  e r c E / 2 k T  (6) 

a l i n e a r  d e p e n d e n c e  as  shown in  F i g .  5 t h e  g e n e r a t i o n  os f r e e  
c a r r i e r s  may be c a u s e d  by  t h e  0 n s a g e r  t w o - s t e p  mechan i sm 
(ONSAGER 1938,  BATT e t  a l .  1 9 6 9 ) .  I n  Eq. 6 e = e l e c t r o n i c  
c h a r g e ,  ~ = m o b i l i t y a  r = c a r r i e r  l i f e t i m e ,  I h = number o f  
p h o t o n s  p e r  s and cm ~  V = volume o f  t h e  s a m p l e ,  L = e l e c t r o d e  
d i s t a n c e ,  ~o = p r i m a r y  quantum y i e l d ,  r o = i n i t i a l  c h a r g e  s e -  
p a r a t i o n  d i s t a n c e ,  r c = O n s a g e r  d i s t a n c e ,  E = f i e l d  s t r e n g t h .  

From l e a s t - s q u a r e s  a n a l y s i s  o f  t h i s  p l o t  a s l o p e  t o  i n t e r c e p t  
r a t i o  o f  6 . 7  x 10 - 4  cm/V i s  o b t a i n e d .  T h i s  v a l u e  e x c e e d s  t h e  
v a l u e  p r e d i c t e d  by  t h e  0 n s a g e r  model  wh ich  ( c o r r e s p o n d i n g  to  
e r c / 2 k T )  i s  3 . 4  x 10 -5  cm/V a t  296 K ( w i t h  e = 3 . 2 ) .  However ,  
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t h e  d i f f e r e n c e  b e t w e e n  e x p e r i m e n t a l  and t h e o r e t i c a l  v a l u e s  may 
be a t t r i b u t e d  t o  f r e e  c a r r i e r - t r a p p e d  c a r r i e r  r e c o m b i n a t i o n  
(CHANCE and BRAUN 1 9 7 3 ) .  
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F i g .  5 P l o t  o f  I p h / E  v s .  e l e c t r i c  f i e l d  E f o r  [ F e t a a ( p y z ) ]  n.  
= 647 nm. T = 296 K. 

(b )  The l o n g - w a v e l e n g t h  p h o t o r e s p o n s e  may be e x p l a i n e d  by  
p h o t o - 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  i n t o  ~ F e t a a ( p y z ) ]  n f rom 
e l e c t r o d e s  l i k e  i n  a n t h r a c e n e  s i n g l e  c r y s t a l s  and p o l y c r i -  
s t a l l i n e  2 , 4 ~ 7 - t r i n i t r o - 9 - f l u o r e n o n e  f i l m s  (BAESSLER and  
KILLESREITER 1972,  BULYSHEV e t  a l .  1 9 8 4 ) .  I n  a g r e e m e n t  w i t h  
t h i s  m e c h a n i s ~ n a  F o w l e r  p l o t  ( s e e  FOWLER 1931) o f  t h e  quantum 
e f f i c i e n c y  ~1/~  v e r s u s  hv (eV) g i v e s  a c c o r d i n g  t o  

~ (hv - ~)2 (7 )  

a l i n e a r  d e p e n d e n c e  as  d e m o n s t r a t e d  i n  F i g .  6 (~ = t h r e s h o l d  
e n e r g y ) .  From e x t r a p o l a t i n g  o f  t h i s  p l o t  a t h r e s h o l d  e n e r g y  V= 
0 . 5 2  eV f o r  p h o t o 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  i n t o  
E F e t a a ( p y z ) ]  n i s  o b t a i n e d .  
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F o w l e r  p l o t  f o r  E F e t a a ( p y z ) ]  n a t  E = 2 . 5  x 10 2 V/cm. 
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4.  An e s t i m a t e  o f  t h e  p h o t o c o n d u c t i v e  g a i n  G, d e f i n e d  a s  t h e  
number  o f  c h a r g e  c a r r i e r s  p a s s i n g  t h r o u g h  t h e  s a m p l e  p e r  a b -  
s o r b e d  p h o t o n ,  a c c o r d i n g  t o  Eq.  8 

Iph/e 
G (S) 

IAV 

g i v e s  G ~ 5 . 9  x 10 - 5  a t  x = 555 nm and  E = 2 . 5  x 105 V/cm. 
From p l o t s  o f  t h e  p r o d u c t  o f  g a i n  and  e l e c t r o d e  d i s t a n c e  
a g a i n s t  t h e  f i e l d  t h e  mean d i s t a n c e  o f  t h e  c a r r i e r  d r i f t  (~TE,  
Schubweg ;  ~ ,  c a r r i e r  r a n g e )  c a n  be  d e r i v e d  b e c a u s e  we h a v e  
t h e  r e l a t i o n  

l o g  (GL) l o g  ( ~ v )  + z l o g  E (9) 

(z  = c o n s t a n t ) .  T h e s e  p a r a m e t e r s  a r e  n e c e s s a r y  f o r  d e s c r i b i n g  
p h o t o v o l t a i c  c h a r a c t e r i s t i c s  u n d e r  s o l a r  l i g h t  (GALL~ZZI 1 9 8 5 ) .  
The v a l u e s  a r e  ~v = 6 . 7  x 10 - 1 2  cm z ,  ~vE = 1 . 5  x 10 - ~  (E = 
2 x 105 V/cm) i f  t h e  c a r r i e r  g e n e r a t i o n  e f f i c i e n c y  w o u l d  h a v e  
t h e  v a l u e  ~ ~ 1 ( s e e  F i g .  7 ) .  
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o 

10 - 7  

10 - 8  

100 
| I ! 

500 1000 5000 

E ( v o l t / c m )  

Fig. 7 Plot of G-L against the field for [Fetaa(pyz)J n at 
647 nm. 
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