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PHOTOCARRIER GENERATION AND TRANSPORT I N  POLYENE CRYSTALS 

PRABIR PAL AND T.N. MISRA 
Department of Spectroscopy, Ind ian  Association f o r  t h e  
C u l t i v a t i o n  of Science,  Jadavpur,  Calcutta-700 032, I N D I A .  

Abs t rac t  Photoconductive p r o p e r t i e s  of polyenes have been 
s tudied .  The r e s u l t s  sugges t  t h a t  a s i n g l e  desc re t e  t r app ing  
l e v e l  is involved i n  carrier genera t ion .  SCLC theory  has been 
used t o  eva lua te  var ious  t r a n s p o r t  parameters. Polyenes behave 
as a non-extrinsic material f o r  dark conduction but  f o r  
photoconduction t h e s e  become e x t r i n s i c .  The l i g h t  i n t e n s i t y  
dependence sugges ts  t h a t  carrier genera t ion  is one-photon 
process  and is t r a p  l imi t ed .  The photoconduction a c t i o n  spectrum 
sugges ts  two d i s t i n c t  mechanisms of pho toca r r i e r  genera t ion ,  
one through photo in jec t ion  from t h e  i l lumina ted  e l e c t r o d e  and 
t h e  o t h e r  through d i r e c t  e lec t ron-hole  p a i r  production. 

INTRODUCTION 

Photoconductive p r o p e r t i e s  of b i o l o g i c a l l y  impor tan t  polyene compounds 

have been and cont inue  t o  be of much i n t e r e s t .  Highly conjugated 

R e l e c t r o n i c  s t r u c t u r e  of t hese  molecules r e s u l t s  i n  t h e i r  semi- 
1 and photoconductive p r o p e r t i e s  i n  t h e  s o l i d  s ta te  . All - t rans  

6 -carotene,  i ts  va r ious  isomers and 6 -apo-8'-carotenal have been 

s tud ied  ex tens ive ly  and t h i s  has  l e d  t o  photoconductive theory  of 
v i s u a l  r ecep to r  process' 3. I n v e s t i g a t i o n  on t h e  photoconductive 

p r o p e r t i e s  of o the r  polyenes is, however, rare. We have, t h e r e f o r e ,  

undertaken a programme t o  s tudy  t h e  photoconductivity of some c rys t a -  

l l i n e  polyenes as a func t ion  of app l i ed  f i e l d ,  temperature,  l i g h t  
i n t e n s i t y  and e x c i t a t i o n  wavelength. I n  t h i s  paper w e  r e p o r t  t h e  

r e s u l t s  of our i n v e s t i g a t i o n .  

EXPERIMENTAL 

Highly pure polyenes were obta ined  as a g i f t  from Hoffman La-Roche 

Co., Switzerland and were used without f u r t h e r  p u r i f i c a t i o n  a f t e r  

checking t h e  p u r i t y  of t h e  sample spec t roscop ica l ly .  Details of 

t h e  experimental  procedure has  been repor ted  elsewhere4. 

[649]/157 

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

4:
10

 1
8 

Fe
br

ua
ry

 2
01

3 



158/(650] P. PAL AND T.N. MISRA 

RESULTS AND DISCUSSION 

1. Current-Voltage C h a r a c t e r i s t i c s  

We have measured dark- and photocurren t  i n  methylb ix in ,  a s t a c i n ,  

c r o c e t i n ,  c roce t ina ldehyde  and lycopene as a func t ion  of a p p l i e d  

vo l t age  and tempera ture .  I n  F ig .  1 we  show t h e  r e p r e s e n t a t i v e  

I-V p l o t s  i n  dark  and i n  i l l u m i n a t e d  cond i t ion  a t  room tempera ture  

( =  3OOC) f o r  lycopene. The I - V  c h a r a c t e r i s t i c  i s  a lmost  i d e n t i c a l  

i n  a l l  t h e  o t h e r  polyenes.  A t  h igh  f i e l d  t h e  square  law behaviour 

i s  observed whereas a t  low f i e l d  it is ohmic. The c r o s s  over f i e l d s  

(Vt) from ohmic t o  space charge  l i m i t e d  c u r r e n t  (SCLC) r eg ion  of 

d i f f e r e n t  polyenes are given i n  Table 1 f o r  both dark  and i l l u m i n a t e d  

cond i t ion .  The dark  I-V c h a r a c t e r i s t i c  f o r  c roce t ina ldehyde  is found 

l i n e a r  i n  t h e  exper imenta l  range  (up to  1x10 4 Volt/cm). 

The squa re  l a w  behaviour may be i n t e r p r e t e d  i n  terms of e i t h e r  

a s i n g l e  d i s c r e t e  t r app ing  l e v e l  o r  of exponen t i a l  t r ap  

d i ~ t r i b u t i o n ~ ’ ~ .  For a s i n g l e  d i s c r e t e  t r a p  l e v e l ,  t h e  s l o p e  f o r  

Arrhenius p l o t  is independent of app l i ed  v o l t a g e ,  whereas, fo r  

exponen t i a l  t r a p  d i s t r i b u t i o n  t h e  s l o p e  i s  vo l t age  dependent. A 

r e p r e s e n t a t i v e  Arrhenius p l o t  a t  d i f f e r e n t  app l i ed  v o l t a g e s  for  

lycopene i s  shown i n  Fig.  2 .  A cons t an t  s l o p e  of p l o t s  show t h a t  

a s i n g l e  d i s c r e t e  dominant t r app ing  l e v e l  i s  involved  i n  dark- and 

photoconduction. S imi l a r  r e s u l t s  have been observed i n  o t h e r  polyenes 

also. For s i n g l e  d i s c r e t e  t r a p p i n g  l e v e l  t h e  SCL c u r r e n t  i s  given 

by 

( 1 )  
2 3  

4 
IscL = (9 /8)  E ~ E U  [Nc/Nt(s)lA exp (-Es/kT)(V /d 1 

where t h e  n o t a t i o n s  have t h e i r  u s u a l  meanings . The q u a n t i t y  

[Nc/N(s)]Exp(-E,/kT) is u s u a l l y  denoted by 0 which i s  t h e  r a t i o  

of  f r e e  t o  t rapped  charges .  The ohmic c u r r e n t  (In ) i s  given by 

I, = n,qp (A/d)V ( 2 )  

where n i s  t h e  free carrier dens i ty .  Combining eq. 1 and eq. 2 
0 

t h e  o n s e t  of t h e  SCLC i n j e c t i o n  t a k e s  p l ace  

which can  be expressed  as 

2 Vt = (8 /9) (qd  no/€ EoO ) 

2 
= (8 /9) (d  / U  e ~ ~ o )  = ( 8 / 9 )  (d2e/ ue€ E ~ )  

a t  cross-over vo l t age  

( 3 )  

( 4 )  
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PHOTOCARRIER GENERATION AND TRANSPORT IN POLYENES [651]/159 

FIGURE 1 I - V  C h a r a c t e r i s t i c s  FIGURE 2 Arrhenius  p l o t s  of 
of lycopene  lycopene a t  d i f f e r e n t  v o l t a g e s  

Here T = E / a  i s  t h e  ohmic r e l a x a t i o n  time and u = u-8 . The 

d i e l e c t r i c  c o n s t a n t  of B -caro tene  is 2 .5  . Using t h i s  v a l u e  f o r  

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

may be c a l c u l a t e d  from eq.  4 .  The v a l u e  of no/ 8 can be o b t a i n e d  

from eq .3 .  The v a l u e s  of t h e s e  parameters  are summarised i n  Table  

1. It c a n  be s e e n  t h a t  t h e  v a l u e s  of  u e  are v e r y  small. The low 

v a l u e  of  U ' s  observed may s u g g e s t  t h a t  t h e  conduct ion  mechanism 

through t h e s e  polyene samples  i s  hopping . Decrease i n  cross-over  

v o l t a g e  due t o  i l l u m i n a t i o n  s u g g e s t s  a d d i t i o n a l  carrier i n j e c t i o n  

which may be due t o  p h o t o i n j e c t i o n  from t h e  e l e c t r o d e s .  

2. Temperature  Dependence o f  Dark- and Photoconduct ion 

The t e m p e r a t u r e  dependence of s t e a d y  state d a r k  c u r r e n t  ( I d )  and 

p h o t o c u r r e n t  ( I p h )  of o r g a n i c  materials g e n e r a l l y  f o l l o w  t h e  

e x p r e s s i o n s  

e 7 

8 e 

Id = Iod exp(-Ed/2kT) (5)  

I = I exp(-Eph/kT) ( 6 )  

are t h e  d a r k  and p h o t o a c t i v a t i o n  energy  r e s p e c t i v e l y .  

I n  eq .  5 w e  have used  a h a l f  energy  as w a s  o r i g i n a l l y  done by 

Ph OP 
where Ed and E 

Ph 
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16046521 P. PAL AND T.N. MISRA 

TABLE 1 Values of d i f f e r e n t  t r a n s p o r t  parameters ,  dark  and 

pho toac t iva t ion  e n e r g i e s  of polyenes.  

Ph 
Polyenes Type of Vt us us ing  no/9 Ed and E 

(Volt/cm) eq.4[cm2 a t  3038 (eV) 
conduc- 
t i v i t y  

V-lsec-') ( crn-3) 

Methyl- Dark 2 . 6 8 ~ 1 0 ~  7 . 6 9 ~ 1 0 ~ ~  3 . 1 ~ 1 0 - l ~  1.98 
b i x i n  Photo 2 . 0 8 ~ 1 0 ~  2 . 1 4 ~ 1 O - ~  2 . 4 2 ~ 1 0 ~ ~  0.20 

Astac in  Dark 7 . 8 ~ 1 0  1 . 3 ~ 1 0 - ~  2 . 4 4 ~ 1 0 ~ ~  1.32 
Photo 6 .  35x103 2 . 2 ~ 1 0 - ~  1 . 9 7 ~ 1 0 ' ~  0.43 

Croce t in  Dark 9 . 1 ~ 1 0 ~  2 . 6 4 ~ 1 0 - ~  2 . 8 4 ~ 1 0 ' ~  1.66 
Photo 3 . 7 ~ 1 0 ~  6 . 2 ~ 1 0 - ~  1 . 1 6 ~ 1 0 ~ ~  0.175 

1.52 Croce t ina l -  Dark ---- 
dehide  Photo 3 . 3 ~ 1 0 ~  6 . 6 ~ 1 0 - ~  1 . 0 > ~ 1 0 ~ ~  0.15 

Lycopene Dark 3.8~10 3.08~10-~ 1 . 3 3 ~ 1 0 ' ~  1.22 

---- ---- 

Photo 2.2xlO 5 . 1 8 ~ 1 0 - ~  7 . 7 3 ~ 1 0 ~ ~  0.225 

9 Rosenberg . T h i s  assumes t h a t  dominant e l e c t r o n  and dominant whole 

l e v e l s  c o n t r i b u t e  equa l ly  t o  t h e  conduction i n  t h e s e  wide gap 

materials. These type  materials are known as "non e x t r i n s i c "  

semiconductors . However, f o r  photoconduction it is more real is t ic  

t o  w r i t e  down t h e  a c t i v a t i o n  energy accord ing  t o  t h e  convent ion  of 

e x t r i n s i c  semiconductors.  E is now equa l  t o  E (photo)  i n  eq .  

1. These v a l u e s ,  as shown i n  F ig .  2 are independent of app l i ed  f i e l d .  

Ed and E v a l u e s  eva lua ted  from Arrhenius p l o t s  of d i f f e r e n t  polyenes 

are summarised i n  Table 1. The photoconduction a c t i v a t i o n  energy 

is t h e  thermal  energy r equ i r ed  for carrier gene ra t ion  after 

pho toexc i t a t ion .  This may be e i t h e r  t h e  energy d i f f e r e n c e  between 

t h e  t r a n s p o r t  band edge and t h e  h i g h e s t  exc i ton  l e v e l  o r  j u s t  depth  

of sha l low e x c i t o n  t r a p s .  

10 

Ph S 

Ph 

3. E x c i t a t i o n  l i g h t  i n t e n s i t y  dependence of photocurren t  

The dependence of photocurren t ,  I on l i g h t  i n t e n s i t y ,  IB, is given 
Ph' 

by 

I Ph =I; ( 7 )  
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where t h e  s l o p e ,  V ,  i s  t h e  c h a r a c t e r i s t i c  of  t h e  photoconduct ive  

system. For a g iven  range  of l i g h t  i n t e n s i t y  one recombina t ion  

c h a n n e l  predominates  and t h i s  p a r t i c u l a r  channel  d e t e r m i n e s  t h e  v a l u e  

of v . I n  g e n e r a l ,  f o r  po lyenes ,v  l ies between 0.5 >V > 1. T h i s  

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

i n d i c a t e s  t h e  presence  of  s e v e r a l  d e f e c t  s tates i n  t h e  c r y s t a l  . 
The r e s u l t  a l s o  s u g g e s t s  t h a t  t h e  photo g e n e r a t i o n  p r o c e s s  i s  one 

photon p r o c e s s .  A t  a p a r t i c u l a r  t e m p e r a t u r e  w i t h  t h e  i n c r e a s e  of 

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

T h i s  s u g g e s t s  t h a t  t h e r e  is  a t  least one  k i n e t i c a l l y  i m p o r t a n t  p r o c e s s  

which i s  weakly f i e l d  dependent ;  t h i s  may be a rate of  d e t r a p p i n g  

which i n c r e a s e s  o r  a rate of recombina t ion  which d e c r e a s e s  w i t h  

i n c r e a s i n g  electric f i e l d  . 
4.  Photoconduct ion  a c t i o n  s p e c t r a  

I n  Fig. 3 w e  r e p r e s e n t  t h e  wavelength dependence of  p h o t o c u r r e n t  

i n  c r o c e t i n a l d e h y d e  and a l s o  its o p t i c a l  a b s o r p t i o n  spectrum i n  t h i n  

s o l i d  f i l m .  Two photoconduct ion  bands,  one i n  t h e  300-400 nm r e g i o n  

and t h e  o t h e r  i n  550-750 nm r e g i o n ,  do n o t  show any c o r r e l a t i o n  w i t h  

t h e  a b s o r p t i o n  band. The s h o r t  wavelength photoconduct ion band c a n  

be a t t r i b u t e d  t o  p h o t o i n j e c t i o n  of c h a r g e  carriers from t h e  

e l e c t r o d e  . The Fowler r e l a t i ~ n s h i p ' ~  should be v a l i d  i n  t h a t  case 
and t h e  p h o t o c u r r e n t  quantum y i e l d  Q should  s a t i s f y  t h e  r e l a t i o n  

11 

12 

13 

Q a ( @ - O 1 ) '  

v h e r e  @ is t h e  photon energy  and 

r r v U r m t r ,  ---, 

FIGURE 3 Absorpt ion  spectrum(A) 
and photoconduct ion  a c t i o n  
spectrum(B) of  Croce t ina ldehyde  

@ is t h e  e l e c t r o n  o r  h o l e  

FIGURE 4 Flower p l o t  f o r  
Sn02 e l e c t r o d e  i n j e c t i o n  

c u r r e n t  i n t o  c r o c e t i n a l d e h y d e  
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photoinjection threshold energy. A plot of the square root of 
photocurrent versus photon energy should be linear and from the 
intercept, photoinjection threshold energy should be obtainable. 
In Fig. 4 such a plot is shown and a value of 2.68eV is obtained 
for 41, a reasonable value . 

The long wavelength peak has also been reported in some other 
polyenes l3’I5. If we extrapolate the long wavelength tail of this 
band, it intersects the abscissa at 1.6eV. This is the photon energy 
at which the compound displays photoconductivity. This value is 
in excellent agreement with the thermal activation energy for dark 
conduction obtained from eq. 5. These results suggest that 
intrinsic mechanism of carrier generation is operative both in dark 
and photoconduction. 

13 
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