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PHOTOTRANSPORT I N  LADDER TYPE POLYMERS 

J. REICHENBACH, J. ANDERS, s. ROTH, I .  BELAISH*, D. DAVIDOV* 
Max-Planck- Inst i tu t  f. Festkorperforschung, Heisenbergstr.1, 
D-7000 S t u t t g a r t  80, FRG 
* Racah I n s t i t u t e  o f  Physics, Hebrew Univers i ty ,  Jerusalem, I s r a e l  

Abst ract  Photoconduct iv i ty measurements are a powerful t o o l  t o  
i nves t i ga te  the  charge c a r r i e r  t ranspor t  and recombination mecha- 
nisms i n  so l i ds .  We r e p o r t  measurements o f  photoconduct iv i ty  i n  
f i l m s  o f  the ladder- type polymer BBL (benzimidazobenzophenanthro- 
l ine-polymer) .  Both cw and t rans ien t  experiments on d i f f e r e n t  t ime 
scales have been c a r r i e d  out.  The r e s u l t s  suggest t he  existence o f  
a f a s t  photoconductive response, s i m i l a r  t o  t h a t  found i n  other  
conjugated polymers such as t rans-polyacetylene. I n  add i t i on  the  
dependencies o f  the photocurrent upon the  appl ied e l e c t r i c  f i e l d ,  
temperature and i n t e n s i t y  o f  the i nc iden t  l i g h t  have been inves- 
t igated. 

Keywords: Ladder-type polymers, BBL (benzimidazobenzo phenanthroline), transient photocon- 
ductivity 

INTRODUCTION 

Recently ladder- type polymers have received considerable a t t e n t i o n  as 
a new c lass o f  ma te r ia l s  w i th  i n t e r e s t i n g  e l e c t r i c a l ,  o p t i c a l  and me- 
chanical  properties.',* They are we l l  known f o r  t h e i r  exce l l en t  t h e r -  
mal and chemical s t a b i l i t y ,  h igh modulus and t e n s i l e  s t rength as w e l l  
as f o r  t h e i r  r a t h e r  l a rge  o p t i c a l  n ~ n l i n e a r i t i e s . ~ - ~  

R i g i d  ladder- type polymers such as BBL, which i s  so lub le and f i l m -  
forming, are p a r t i a l l y  conjugated (see Fig.  1) and character ized by an 

FIGURE 1 Chemical s t ruc tu re  o f  BBL. 

extens ive ly  de local ized n -e lec t ron  system. I n  i t s  p r i s t i n e  form BBL i s  
an i n s u l a t o r  w i t h  a band gap o f  approximately 1.8 t o  2.0 eV bu t  i t  
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318 PHOTOTRANSPORT IN LADDER POLYMERS 

can be doped chemically and electrochemically* to both n-type and p- 
type materials with conductivities up to 2 S/cm. 

In this respect BBL is very similar to other conjugated systems 
like polyacetylene, PPV, e t ~ . ~ ,  which have been extensively investi- 
gated. Especially from photoconductivity measurements a lot was 
1 earned about transport and recombination mechanisms. Therefore, simi - 
lar experiments may yield valuable information about photoinduced 
charge-carriers in ladder-type polymers like BBL as well. 

EXPERIMENTAL 

BBL was synthesized according to the 1 iterature pro~edure.~3 lo For 
film-formation 1 g of the resultant black powder was dissolved in 
40 ml of methansulfonic acid. Evaporation of the acid on a glass slide 
at 150 'C  forms the polymer film with a thickness in the range of 1 pm 
to 10 pn. The golden-yellow, flexible films were extracted from the 
glass with water and put on a substrate for the photoconductivity 
measurements. Drying it in a vacuum oven at 150 'C for 24 hours re- 
moves the remaining acid and adheres the film onto the substrate. 

The photoconductivity was measured using the Auston-switch-tech- 
nique.l1 A 100-500 p gap between the 50 n microstrip lines served as 
the active area of the photoconductor. 

The dark current measurements using this configuration showed al- 
most ohmic behaviour. Dependent upon the sample size and thickness, 
the current was found to be in the pA range. The signal was detected 
using a lock-in amplifier for cw measurements or a transient digitizer 
(Tektronics AD 7912, 700 MHz) to measure the fast electrical response 
of a short pulse photoexcitation. To vary the temperature, the sub- 
strates were mounted in a nitrogen cryostat. 

Measurements were made with a Rh6G dye laser which was synchro- 
nously pumped by a modelocked Nd-Yag laser. The laser output had a 
wavelength of 570 nm, a pulse length of about 4 ps at a repetition 
rate of 76 MHz with an average power of 200 mW. This was used as a cw 
light source for steady state photocurrent measurements with the power 
attenuated by a factor o f  100. 

For transient measurements short pulses o f  high energy were ob- 
tained using a regenerative amplifier in combination with a pulse 
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J.  REICHENBACH ET AL. 319 

tunable a m p l i f i e r  t o  increase the energy per pulse o f  the dye l a s e r  
output. Thus, pulses of 10 ps length w i t h  energies o f  1-100 pJ a t  
590 nm wavelength were used f o r  t h e  shor t  photoexc i ta t ion i n i t i a t i n g  
the t r a n s i e n t  e l e c t r i c a l  response. The r e p e t i t i o n  r a t e  was reduced t o  
30 Hz. 

RESULTS AND .DISCUSSION 

Fig.  2 shows the t rans ien t  photoconductive response o f  a BBL-f i lm a t  
room temperature due t o  a 70 pJ pulse o f  2.1 eV (590 nm) . An intense 

100I .-...-...,........., 

t i m p  Cel 

FIGURE 2 Transient photocurrent o f  BBL (E = 8000 V/cm). 

sho r t  pu lse w i t h  a pulse width o f  approximately 750 ps can be seen, 
fo l lowed by small o s c i l l a t o r y  peaks, which may be due t o  some e l e c t r i -  
ca l  r e f l e c t i o n s  on the  m i c r o s t r i p  l i n e ,  The t ime r e s o l u t i o n  i n  t h i s  
case i s  l i m i t e d  by the instrumentat ion and the re fo re  t h e  observed 
pulsewidth can only  be taken as an upper l i m i t  f o r  t he  actual  decay 
t ime o f  t he  i n i t i a l  photocurrent. 

The most i n t e r e s t i n g  feature o f  t h i s  response i s  i t s  l a c k  o f  
dependence on temperature. This can be seen i n  F i g  3, where the  behav- 
i o u r  o f  t he  t rans ien t  peak-photocurrent i s  compared t o  the steady 
s t a t e  photocurrent i n  the  temperature range from 100 K t o  300 K. (Note 
the  sca l i ng  f a c t o r  o f  10000 f o r  the f a s t  response.) I n  the steady 
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Temperature dependence of the photocurrent. Transient 
and steady state behaviour can clearly be distin- 
gui shed. 

state case we find a strong temperature dependence indicating a ther- 
mally activated process with an activation energy o f  approximately 
200 meV. 

Fig. 4 shows the dependence of the photoconductivity as a function 
of the incident light intensity in an applied electric field of 
20000 V/cm. Within an intensity range of up to three orders o f  magni- 
tude a linear and sublinear behaviour i s  observed for the fast and 
steady state photocurrent, respectively. The measurements were taken 

Intensity dependence of the transient (A, right scale) 
and steady (t, left scale) state photocurrent. 
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J. REICHENBACH ET AL. 321 

3 

d I .  lo 

at room temperature, but no significant change was observed upon 
cool i ng . 

Electric field measurements on the other hand are temperature de- 
pendent as displayed in Fig. 5. A change in the power law from a line- 
ar to a superlinear dependence was observed with decreasing tempera- 
ture. 

Transient btocurent 

7 

b 

4 .  * *  
4 

StoacrV State RDtOanmt 

FIGURE 5 Electric field dependence of the transient and steady 
state photocurrent. 

The most important result is the fact that the transient response 
and its temperature dependence, as shown in Figures 2 and 3, are very 
similar to that found in conjugated polymers. For example this has 
been thoroughly studied in polyacetylene.l* The general observation is 
a strong temperature-independent fast component followed by a slow 
decay lasting for nanoseconds or more which is temperature-dependent. 
However, in our case the limited time resolution only shows the 
existence of a fast initial response. The steady state measurements on 
the other hand allow the investigation of the photocurrent under 
equilibrium conditions. The observed temperature dependencies indicate 
different transport mechanisms. 

In the case of conjugated systems it was proposed that the fast 
component may be due to "hot-electrons", thermalizing rapidly on a 
pico- or even subpicosecond time scale.13 In this time regime the mo- 
bil i ty and recombination processes are independent of temperature. 
After thermal ization the carriers get trapped at defects and localized 
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322 PHOTOTRANSPORT IN LADDER POLYMERS 

states i n  the  gap and f r o m  then on the t ranspor t  i s  dominated by t h e r -  
mal a c t i v a t i o n .  

This would be consistent w i t h  the observed temperature dependence 
f o r  t h e  steady s t a t e  current,  s ince i n  t h i s  case we look  a t  a t ime 
scale long a f t e r  thermal izat ion.  

Furthermore i n  contrast  t o  the t rans ien t  photocurrent, we observe 
a subl inear behaviour f o r  t h e  i n t e n s i t y  dependence i n  the steady s t a t e  
case (Iph-Into.8). This i s  another i n d i c a t i o n  o f  t he  i n f l uence  o f  t he  
t raps o f  t he  steady s t a t e  photocurrent. I f  the t rans ien t  response i s  
due t o  hot  electrons, t raps should not  a f f e c t  the recombination and 
one would expect a l i n e a r  dependence on the  i n t e n s i t y .  As 
thermal i z a t i o n  occurs the t raps come i n t o  p lay  changing the dependence 
on the i n t e n s i t y  o f  t he  i nc iden t  l i g h t .  

F i n a l l y  the pecu l i a r  dependencies o f  t he  e l e c t r i c  f i e l d  measure- 
ments on t he  temperature should be pointed out. I n  the steady s t a t e  
case we f i n d  a change i n  the  exponent o f  t h e  power law from 1 t o  1.7 
w i t h  decreasing temperature. The behaviour o f  the t r a n s i e n t  cu r ren t  i s  

s i m i l a r  but  l e s s  pronounced w i t h  the power-law changing from 0.8 t o  
1.3. The reason f o r  t h i s  i s  y e t  no t  c lea r .  

I n  conclusion the photoconductive response o f  the ladder type 
polymer BBL shows common features i n  comparison t o  other  conjugated 
polymers. However, i n  order t o  ge t  more d e t a i l e d  in format ion about 
t ranspor t  and recombination k i n e t i c s  an improved t ime r e s o l u t i o n  would 
be desirable.  

ACKNOWLEDGEMENT 

This work was supported i n  p a r t  by the  ESPRIT Basic Research Act ions 
Nos. 3200 - OLDS and 3314 - MOLSWITCH. 

REFERENCES 

1. L.R. Dalton, J. Thomson and H.S. Nalwa, Polymer, 28, 543 (1987) 
2. L.R. Dalton, i n  Nonl inear ODtical and E lec t roac t i ve  Polymers, 

3. R.L. van Deusen, O.K. Goins and A.T. Sicnee, J .  o f  Polvm. Sci A, 

ed i ted  by P.N. Prasad and D.R. U l r i c h  (Plenum, New York and London, 

- 1, 1777 (1968) 
R.L. van Deusen, J.  o f  Polvm. Sci B, 4, 211 (1966) 

1988), pp. 243-271 

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

0:
20

 1
9 

Fe
br

ua
ry

 2
01

3 



J. REICHENBACH ET AL. 323 

4. S.R. Al len,  R.J. F a r r i s  and E.L. Thomas, J. o f  M a t .  Sci . , 20, 2727 
and 4583 (1985) 

5. J.R. Lindle,  F.J. B a r t o l i ,  C.A. Hoffman, 0.-K. Kim, Y.S. Lee, 
J.S. Sh i r k  and Z.H. Ka fa f i ,   ADD^. Phvs. Lett., 56, 712 (1990) 

6. L.P. Yu and L.R. Dalton, Svnth. Met., 29, E463 (1989) 
7. F. Coter, I .  Belaish, 0. Davidov, L.R. Dalton, E. Ehrenfreund, 

M.R. McLean and H.S. Nalwa, Svnth. Met., 3, E471 (1989) 
8. 0.-K. Kim, Mol. C r v s t .  L ia .  Crvst . ,  105, 161 (1984) 
9. Handbook o f  Conductina Polymers, ed i ted by T.A. Skotheim (Marcel 

Dekker, New York and Basel, 1986), Vols. I and I 1  
10. D. Davidov, I .  Belaish, C .  Re t to r i ,  M.R. McLean and L.R. Dalton, 

PreDri n t  
11. D.H. Auston, i n  Picosecond ODtoelectronic Devices, ed i ted  by 

C.H. Lee (Academic Press, New York, 1984), Chap. 4, pp. 73-117 
12. H. B le ie r ,  S. Roth, Y.Q. Shen, D. Schafer-Siebert and G. Leis ing,  

Phvs. Rev. B, 38, 6031 (1988) 
M. S i n c l a i r ,  D. Moses and A.J. Heeger, Sol .  State Commun., S, 343 
(1986) 

13. S.D. P h i l l i p s  and A.J. Heeger, Phvs. Rev. B, 3, 6211 (1988) 

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

0:
20

 1
9 

Fe
br

ua
ry

 2
01

3 




