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Israel 
**Bell Laboratories, Murray Hill, N.J. 07974, U.S.A. 

-Résumé - Nous avons mis en évidence des phonons actifs dans l'infrarouge 
dans le trans (CH) par une technique d'absorption photoinduite. Il y a 
une corrélation avec une bande d'absorption photoinduite d'origine élec­
tronique. Nos résultats montrent la photoproduction de défauts libres 
chargés avec un temps de vie long. 

abstract - We measured photogenerated ir active phonons in trans-(CH) by 
the photoinduced absorption technique, a correlation was found to exist 
with a photoinduced absorption band in which electronic transitions are 
involved. Our results show photoproduction of free charged defects with 
long lifetimes. 

1 
In the photoinduced optical absorption technique (PA), the signal arises from the 
change Acs in the optical absorption spectrum of the semiconductor due to the 
presence of excited carriers. Recently, Orenstein and Baker have reported 
measurements of the PA spectrum in (CH) at a delay time of 1Ousec following 
excitation, in the energy range 0.5eV to 1.6eV. In trans - (CH) they observed 
two new subgap PA bands at 1.36eV and at 0.5eV. These bands appear to be 
uncorrelated to each other due to their different decay time and different 
temperature dependence . Very recently the resultant interband bleaching at 2eV 
and the PA spectrum from 1 .2eV to 1 .9eV were measured with picosecond pulse 
excitation. It was shown that the gap states and their resultant interband 
bleaching are produced in less then 10 sec and that the photogenerated carriers 
are localized but highly mobile . 

In this work we report the steady state PA spectrum in trans (CH) in the energy 
range 0.09 to 1.1 eV, which includes also the phonons energy range . The 
photoinduced changes in the sample optical absorption spectrum were measured with 
an incandescent light source dispersed by a monochromator. The light transmitted 
through the sample(T) and its changes (AT) were measured with a solid state 
detector having a wide spectral range. The laser beam used for excitation was a 
CW Ar with photon energy of 2.4eV which is larger than the gap of trans-(CH) . 
Phase detection techniques improved the sensitivity of AT/T to 10 for most parts 
of the spectrum. The sample was in the form of thin film of (CH) grown on NaCl 
substrate, initially polymerised as cis-(CH) and subsequently isomerized to trans-
(CH) . ~ ~ x 

x 
In Fig. 1 the induced absorption (-AT/T) at 10K obtained with a laser absorbed 
power of 20mWcm is plotted versus the probe photon energy. The PA spectrum 
consists of an assymetric band peaked at 0.43 eV with a FWHM of 0.35eV and a much 
narrower doubly peaked feature with maxima at 1 70meV( 1 360cm ) and 157meV(1256cm ) 
with FWHM of less than 4meV (32cm ). At higher temperatures these bands decrease 
in intensity and shift up in energy (172meV and 0.48eV at 200K). We identify the 
narrow PA bands as induced ir active phonons, due to their energy location ' and 
sharpness . The broader assymetric PA band is due to electron transitions from 
photoinduced localized states in the gap (with a delta function energy distribution) 
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t o  t h e  n e a r e s t  band edges (wi th  
an a lmost  square  r o o t  
s i n g u l a r i t y  i n  a quaz i  I D  
system l i k e  (CH) ) However we 
no te  t h a t  this ~ 2 n d  i s  s h a r p e r  
than h a l f  t h e  width  of t h e  
in t e rband  abso rp t ion  of t r a n s -  
(CH) (which i s  about  1.5eV). 
The Tack of induced bleaching 
(Aa<o) i n  t h e  whole energy 
range below t h e  gap shows t h a t  
t h e  induced l o c a l i z e d  s t a t e s  
cannot  be a s s o c i a t e d  wi th  
i o n i z a t i o n  of ingap n a t u r a l  
i m p u r i t i e s .  Also  t h e  l ack  of 
induced bleaching i n  t h e  energy 
range of t h e  n a t u r a l  ir a c t i v e  
phonons l o c  t e d  i n  trans-(CHI 

9 

a t  1 01 5 cm-' and at= cm- : 
Fig.1 - ~ h o t o i n d u c e g  abso rp t ion  spectrum. 

Aa - 2 . 5 ~ 1 0  AT/T. 

shows t h a t  t h e  photoinduced phonons t o  n o t  t a k e  t h e ~ r  l a r g e  o s c i l l a t o r  s t r e n g t h  from 
t h e  C-H v i b r a t i o n s .  Both P A  bands ( t h e  e l e c t r o n i c  and t h e  v i b r o n i c )  d e r i v e  t h e i r  
s t r e n g t h  d i r e c t l y  from t h e  lf-fl t r a n s i t i o n s .  I n  f a c t  we observed ( n o t  shown i n  F ig .  
I ) ,  photoinduced bleaching f o r  *w above E which we could  a s s o c i a t e  wi th  t h e  
appear  n e of t h e  new PA bands. This  pro$es t h a t  t h e s e  bands a r e  i n t r i n s i c  i n  9-2 
o r i g i n  - 

The PA bands a t  0.43 eV and a t  0.15-0.17 eV s h a r e  a common o r i g i n  s i n c e  t h e i r  
abso rp t ion  s t r e n g t h  Au(=uL A T / T , ~ ~  i s  t h e  abso rp t ion  c o e f f i c i e n t  a t  t h e  l a s e r  
f requency)  e x h i b i t $ s i m i l a r  dependencies on t h e  l a s e r  i n t e n s i t y ,  l a s e r  chopper 
f requency and sample temperature .  An example is  shown i n  F i g .  2 where t h e i r  
i n t e n s i t i e s  a t  80K a r e  p l o t t e d  a s  a f u n c t i o n  of t h e  l a s e r  chopping frequency; t h e  
PA s t r e n g t h  f o r  each l i n e s  s a t u r a t e 3 a t  about  200Hz. Since  Aa=N o (where N 1s t h e  
s t e a d y  s t a t e  d e n s i t y  and o is t h e  d e f e c t  abso rp t ion  c r o s s - s e c t s o n ) ,  t h i s  ? r e  uency -9 
dependence shows t h a t  s t eady  s t a t e  cond i t ion  i s  reached on y a t  about  5x10 s e c ,  -3 
implying t h a t  t h e  recombination l i f e t i m e  is  longe r  than 10 s e c  a t  80K. We meagured 
t h e  dependence of Aa on t h e  l a s e r  i n t e n s i t y - I  ( F i g . 3 ) .  Au f o r  both  bands has  a I' 

1 
behaviour ,  c h a r a c t e r i s t i c  o f  birnolecular recombination k i n e t i c s ,  followed by 
s a t u r a t i o n  a t  h igh i n t e n s i t i e s .  The PA s t r e n g t h  f o r  both bands d e c r e a s e s  wi th  

temperature :  a slow dec rease  
up t o  150K, where t h e  dec rease  
becomes more pronounced. We 
conclude t h e r e f o r e  t h a t  t h e  
e l e c t r o n i c  and t h e  v ib ron ic  PA 
a r e  due t o  t h e  same photo- 

O 0 0 0 0 0  
induced d e f e c t s .  

+ 0.43 eV 
0.17 eV 

We can e s t i m a t e  N shown i n  
O 0 

+ Fig .  1 assuming t g a t  t h e  
doping induced and t h e  photo- 
induced d e f e c t s  have s i m i l a r  
C. From t h e  doping induced 
"midqaa" abso rp t ion  band and 

F L ~ .  2 - The dependence of AT/T on t h e  I n t e g r a t i n g  t h e  0.43eV 
l a s e r  chopplng frequency. abso rp t ion  i n  r i g .  1,we 

I I 

- .  
t h e  a s s o c i a t e d  impuri ty  

1 I I I I I 

10 lo2 lo3 4 d e n s i t y  we e v a l u a t e  t h e  d e f e c t  " i n t e g r a t e d  abso rp t iop  c r  
FREQUENCY ( s ~ c - '  s e c t i o n  ~ = j o d ~ = 4 x l 0 -  6 cm 'ZsS- ev.  
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c a l c u l a t e  NZ6x10 ~ m - ~ .  From 
t h i s  we can e s t i m a t e  t h e  
g e n e r a t i o n  quantum e f f i c i e n c y  
I; of t h e s e  d e f e c t ~ , ~ s i n c e  N = 

S .  
G ~ T .  Taking ~"5x10-  s e c ,  n i s  
of  o r d e r  This  q is  
c o n s i s t e n t  w i th  t h e  decay i n  
t h e  picosecond t ime range which 
was i n t e r p r e t e d  a s  due t o  
geminate recombination4; t h e  
induced s i g n a l  jn =-(CH) 
decays  t o  5x1 0- of i t s  
s t r e n g t h  a t  t=O i n  1 . 5 x 1 0 - ~  s e c  
a t  8 0 ~ :  

Fig .  3  - The dependence of AT/T 
d e f e c t s  a r e  charged. However 

a t  80K on t h e  l a s e r  i n t e n s i t y - I  
there is an 
d i f f e r e n c e  between t h e  induced 

0 

I I I 

spec  r a  i n  t h e  phonon range ob ta ined  by t h e  two d i f f e r e n t  methods. I n  t h e  e a r l i e r  E 
work two s t r o n g  ir a c t i v e  phonons were observed 
a  narrow (50cm-I) m d e  a t  1370cm-'and a  broader  
r e c e n t  exper imentJ0a  t h i r d  weaker v i b r a t i o n  was observed a t  1270 
of photogenerat ion we observe  on ly  t h e  two high f r e y e n c y  v i b r a t i o  s  ( s l i g h t l y  -P 
s h i f t e d  a t  ? O K ) ,  namely a t  1360cm-~ and a t  1255 cm . The 900cm mode i s  

11 
complete ly  miss ing from t h e  PA spectrum ( s e e  Fig .  1 ) .  I n  t h e i r  o r i g i n a l  work , 
S u , S c h r i e f f e r  and Heeger i n t e r p r e t e d  t h e  doping induced ir a c t i v e  v i b r a t i o  s a s  due -P 
t o  charged s o l i t o n  v i b r a t i o n s .  However t h e  lower frequency mode a t  900cm was 
a s c r i b e d  t o  v i b r a t i o n s  of t h e  s o l i t o n  a g a i n s t  t h e  impuri ty ,  and t h e r e f o r e  it i s  a  
pinned mod g i 7  L a t e r ,  some con t rave r sy  about  t h e  o r i g i n  of t h i s  mode appeared i n  t h e  
l i t e r a t u r e  . I n  ou r  case  t h e  photoinduced d e f e c t s  a r e  n o t  connected t o  
i m p u r i t i e s  and t h e r e f o r e  should n o t  be pinned. The f a i l u r e  t o  observe  t h i s  mode i n  
t h e  photoinq;prjd experiment conf i rms t h e r e f o r e  t h a t  t h e  900cm-I mode i s  indeed t h e  
pinned mode . 

The i n f r a r e d  a c t i v i t y  i n  t h e  

Based on B. Horovi tz  g e n e r a l  a n a l y s i s ' ,  we can t e n t a t i v e l y  a s s o c i a t e  each new ir 
a c t i v e  mode t o  phonons l ' n e s  of C=C s t r e t c h  c h a r a c t : ~  which a r  observed i n - p y a n  
s c a t t e r i n g .  The 136 cm-+line J s  i h e  modifed 1470cm C=C modeJ, t h e  1255cm IS -9 
t h e  modified I~qOcm c-C mode (which appears  we k e r  i n  Raman s c a t t e r i n g )  and t h e  
s t r o n g  1090 cm mode observed i n  Raman sca t t e r ing '  i s  s h i f t e d  t o  f requency lower 
than  750cm-I (ou r  exper imenta l  lower l i m i t )  and is transformed i n t o  t h e  pinned mode 
of  t h e  f r e e  d e f e c t  which t h e o r e t i c a l l y  is s h i f t e d  t o  w=o. 

lo2 
phonon range i n  both photo- 

I I0 lo lnduc d  and do  i n g  induced 
INTENSITY ( mw/cm2) c a s e s  % , proves  -f' t h a t  t h e  induced 

Based on o u r  c a l c u l a t i o n  of N we can e s t i m a t e  t h e  d e f e c t  mass ( a  more p r e c i s e  
c a l c u l a t i o n  which i s  n o t  base8 on N w i l l  be  p u b l i ~ h e d  e l sewhere ) .  The induced 
abso rp t ion  s t r e n g t h  Aa a t  0.17 eV fs  about  350cm- ; s i m i l a r  i n  s t r e n g t h  t o  t h e  
absorpt+qn 05 t h e  n a t u r a l  ir a c t i v e  phonons of t r a n s  - (CHI '. Taking 
N =6x10 cm- , t h e  o s c i l l a t o r  s t r e n g t h  p e r  induced d e f e c t  i g  enhanced by more than 
3'order of magnitudes a s  compared t o  t h e  n a t u r a l  v i b r a t i o n s  of t h i s  compound. A 
d e f e c t  ( o r  impysi ty)  mode i r  o s c i l l a t o r  s t r e n g t h  i s  i n v e r s l y  p ropor t iona l  t o  i t s  
v i b r a t i n g  mass ; We conclude t h e r e f o r e  t h a t  t h e  d e f e c t  mass should  be of o r d e r  
of ( e l e c t r o n  mass ) .  

Our r e s u l t s  show t h a t  supergap l i g h t  abso rp t ion  i n  t r a n s  -(CH) produces mobile , 
l i g h t  mass charged d e f e c t s  w i th  a s s o c i a t e d  ingap l o c a l i z e d  s tages ,  whose l i f e t i m e  i s  
l onge r  than few mil iseconds .  These f ind ing2  may show indeed t h a t  f r e e  charged 
s o l i t o n s  a r e  photogenerated i n  t rans-(CH) s l n c e  they f i t  t h e  expected s o l i t o n  

p r o p e r t i e s  . However t h e r e  a r e  y e t  two uGresolved problems i n  t h i s  p i c t u r e  
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connected wi th  ou r  f i n d i n g s :  ( i )  The e l e c t r o n i c  PA band i s  loca ted  a t  0.43eV(with 
t h r e s h o l d  a t  0.25 e v ) ,  q u i t e  f a r  from t h e  expected s o l i t o n  abso rp t ion  a t  midgap(0.7 
eV). (ii) The PA s t r e n g t h  s a t u r a t q a t  Pigh 3 i g h t  i n t e n s i t i e s ;  We e s t i m a t e  t h e  - 
s a t u r a t i o n  d e f e c t l q e n s i t y  t o  be 2-4x10 cm . S o l i t o n s  possess  a r e v e r s e  charge- 
s p i n  r e l a t i o n s h i p  and it was t h e o r e t i c a l l y  shown t h a t  photoinduced e-h p a i r  
decays  t o  charged s o l i t o n - a n t i s o l i t o n  p a i r  ( J . R .  S c h r i e f f e r ,  Les A r c  confe rence ) .  
S ince  o u r  experiment d e f i n i t e l y  shows t h e  e x i s t e n c e  of photoinduced charged d e f e c t s ,  
t h e  c r u c i a l  experiment needed now t o  prove s o l i t o n s  photogenerat ion i n  *-(CHI 
is  t o  measure t h e  unpaired s p i n s  photogenerat ion quantum e f f i c i e n c y  . However theX 
s a t u r a t i o n  a t  h igh  i l l u m i n a t i o n  i n t e n s i t i e s  and t h e  sma l l  charged d e f e c t s  quantum 
e f f i c i e n c y  c e r t a i n l y  i n f l u e n c e  t h e  conc lus ions  of t h i s  c r u c i a l  experiment.  
P re l imina ry  r e s u l t s  where t h e s e  e f f e c t s  were taken i n t o  c o n s i d e r a t i o n  ( A .  Heeger, 
Les Arc conference)  sugges t  t h a t  t h i s  quantum e f f i c i e n c y  i s  indeed s m a l l .  

On t h e  o t h e r  hand o u r  r e s u l t s  might f i t  photoproduct ion of  charged polarons .  The 
energy t h r e s h o l d  of t h e  e l e c t r o n i c  PA a t  0.25eV t w e l l  t h e  p r e d i c t e d  low energy 
t r a n s i t i o n  of t h e  charged po la ron  i n  =-(CHI ""6. However a second c o r r e l a t e d  
t r a n s i t i p s  a t  h i g h e r  energy (1  .I t o  1 .4  eV) ,  wh?ch was a l s o  p r e d i c t e d  f o r  charged 
po la rons  was n o t  found i n  t h e  PA exper iments  (J. Orens te in  e t - d l . ,  Les Arc 
confe rence ) .  

A p a r t  of t h i s  work was done a t  Brown U n i v e r s i t y  wh i l e  one of u s  (Z.V.) was suppor- 
t e d  by t h e  NSF MRL program and by NSF Grant ;  We thank P ro f .  J. Tauc f o r  h i s  k ind ly  
suppor t ,  T. K i r s t  and D .  P f o s t  f o r  t e c h n i c a l  a s s i s t a n c e  and B. Horovitz f o r  
f r u i t f u l  d i s c u s s i o n s .  
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