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A BSTRA CT

Photoe lec trochem ica l an d  E lec tro ro f lec ta n c e  s tu d y  on 

O rg an ic  S em ico n d u c to rs ,  

by

D harm asena  P e ram unage  

A d v is o r :P r o fe s s o r  Micha Tomkiewicz

T e c h n iq u e s ,  th a t  a r e  t r a d i t io n a l ly  u s e d  to s tu d y  

S em ico n d u c to r /E lec tro ly te  in te r fa c e  of In o rg an ic  S em ico n d u c to rs ,  s u c h  

a s  E lec tro ly te  E le c tro re f le c ta n ce  (E ER ), P h o to c u r r e n t  S p e c tro sc o p y  

a n d  Im pedance  s p e c t r a l  A n a ly s is ,  w e re  u s e d  to  s tu d y  th e  O rgan ic  

S em ico n d u c to r /  E lec tro ly te  In te r f a c e .  E v e n th o u g h  one  e x p e c ts  compli­

ca t io n s  a r i s in g  from th e  spec ia l  topo logy  of th e  sp ace  c h a rg e  la y e r  

w ith in  th e  f ib re  an d  th e  p o ss ib i l i ty  of th e  film, u n d e rg o in g  chemical 

c h a n g e s  in a q u e o u s  e le c t ro ly te ,  we could  s t i l l  e x t r a c t  u se fu l  d a ta  

sp ec if ic  fo r  th is  in te r fa c e .

EER of l ig h t ly  d o p ed  P o ly ace ty len e  h a s  two p e a k s .O n e  

a t  1 .45ev  a n d  o th e r  a t  1 .55 e v .  T h e se  p e a k s  w e re  a s s ig n e d  t e n t a ­

t iv e ly ,  to an  exc iton ic  t r a n s i t io n  an d  d i re c t  b a n d  to b a n d  t r a n s i t io n .  

EER of N e u tra l  P o ly -3 m eth y lth lo p h en e  (P3MT) h a s  one  p eak  a t  2 .05 

e v ,  w hich  could  b e  f i t te d  to  a  t h i r d  d e r iv a t iv e  l in e sh a p e  e x p e c te d  

from  lowfield EER. L in esh ap e  c o r r e s p o n d s  to  a  b a n d g a p  va lue  of 2 .1

-ill-



e v ,  an d  It confirm s th e  q u a s i  one d im en tiona li ty  o f  th e  po lym er. EER 

o f m o d era te ly  d oped  P3MT showed an  ad d it io n a l  s t r u c t u r e ,  w hich 

could  be c o r re la te d  to  a po laron  level 0 .1 5 ev  below th e  con d u c tio n  

b a n d .  EER of bo th  t r a n s  - (C H )^  a n d  P3MT show ed e v id e n c e  fo r  firmi 

leve l p in n in g .

R elaxa tion  s p e c t r a  of m odera te ly  d oped  P3MT shows a 

f la t  b a n d  of ab o u t 0 .7  v v s .S C E .  T r a n s  ~ (C H )x a n d  n e u t r a l  P3MT 

g av e  Im pedance  s p e c t r a  which could not be  a n a ly se d  in te rm s  of f r e ­

q u e n c y  in d e p e n d e n t  p a ss iv e  e lem ents .

T h e  ac tion  s p e c t r a  o b s e rv e d  fo r  t r a n s  - ( C H ) x a n d  

P3MT w ere  a n a ly s e d ,  in te rm s  of th e  G a r tn e r  model. Both  po lym ers  

w ere  show n to  be d i re c t  gap  se m ic o n d u c tro rs .  T h e  d ep o si t io n  of P t 

im proved  th e  p h o to re s p o n se  w ith  th e  maximum som ew here  a ro u n d  

2x10 ^mol/cm^.
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C h a p te r  1

INTRODUCTION

Until th e  second world w ar , solid s ta te  a n d  m ateria l 

s c ie n t i s t s  pa id  v e ry  sca n ty  a t te n t io n  to w ard s  th e  s tu d y  of o rg an ic  

so lids  a s  p o ten tia l  e lec tro n ic  m a te r ia ls .  B u t e v e n tu a l ly ,  m echanical 

a n d  e lec tr ica l  p ro p e r t ie s  of o rg a n ic  solids were  ex p lo ited  in  th e  q u e s t  

fo r  d ev e lop ing  a s u b s t i t u t e  fo r  n a tu ra l  r u b b e r  a n d  b e t t e r  in s u la to r s .  

T h e  most a t t r a c t iv e  c lass  of o rg a n ic  m ate ria ls  seem ed to  b e  po lym ers . 

T h ey  p a r t ic u la r ly  c a p tu r e d  th e  w orld  a t te n t io n  b ecau se  of th e i r  am az­

ing v e r s a t i l i ty .  In th e  h a n d  of o rg an ic  s y n th e t ic  ch em is ts ,  po lym ers  

could  be ta ilo red  to an  am azing d e g re e  to  ob ta in  s u p e r io r  chemical 

a n d  m echanical p r o p e r t i e s ,  to comply w ith  re q u ire m e n ts  dem anded  b y  

millions of ap p lic a t io n s  [1] . D esign  an d  s y n th e s is  of po lym ers  became 

a s  much of an  a r t  a s  it was a  sc ience .

T h e  in v es t ig a t io n  of e lec tro n ic  an d  p h o to co n d u c t lv e  

p ro p e r t i e s  was a  n a tu r a l  e x te n s io n  of th i s  s i tu a t io n .  P a r t i c u la r ly  

g r e a t  p ro s p e c ts  have  been  o p en ed  u p  in th e  s y n th e s is  a n d  s tu d y  of 

o rg a n ic  solids  p o s se s s in g  e x te n d e d  con juga tion  of II e le c t ro n s  o r ,  th e  

a b il i ty  to  form c h a rg e  t r a n s f e r  com plexes. Such  com pounds a c q u i r e d  

th e  name "O rgan ic  Sem iconduc to rs"  [2] . P ara lle l to th e  s y n th e t ic  

e f f o r t s ,  th e  s tu d y  of th e  e lec tro n ic  p ro p e r t ie s  of o rg a n ic  so lids  

o p en ed  u p  an  in te r e s t in g  f r o n t ie r  fo r  solid s ta t e  p h y s ic i s t s  too. C on­

c e p ts  d ev e lo p ed  ex c lu s iv e ly  fo r  th e  u n d e r s ta n d in g  of in o rg a n ic  sem i­

c o n d u c to r s ,  e i th e r  c h a n g e d  o r  fo u n d  in a d e q u a te  [3] fo r th e  i n t e r p r e ­

-1-



ta t io n  of th e  e x p e r im en ta l  r e s u l t s .  C oncep t of soliton t r a n s p o r t  In 

P o ly ace ty len e  [4 ,5 ]  an d  n a tu r e  a n d  o rig in  of p ro p o se d  localized e le c ­

t ro n ic  s ta t e s  in a n th ra c e n e  [6 ] , can be  g iv en  a s  exam ples . On th e  

p ra c t ic a l  s id e ,  o rg a n ic  sem ico n d u c to rs  have  e s ta b l is h e d  th em se lv es  in 

a wide sp e c tru m  of commercial ap p l ic a t io n s  [7 ] .  Po ten tia l  u se  of 

o rg a n ic  sem ico n d u c to rs  in u n c o n v en tio n a l  ap p l ic a t io n s ,  s u ch  a s  d iode 

form ation [8] an d  Photoe lec trochem ica l cells  [9 ,1 0 ,1 1 ]  a r e  be ing  

ac t iv e ly  in v e s t ig a te d .

1.1  Polym ers w ith  l in e a r  con ju g a t io n  in  the  main chain

Po ly ace ty len e  can be c o n s id e re d  a s  a u n iq u e  exam ple 

fo r  th is  c lass  of po lym ers . Many s u b s i t i tu t e d  a ce ty le n e  po lym ers  hav e  

b een  r e p o r te d .  P o ly p ro p y n e ,  p o ly b u ty n - 1 ,  p o ly p e n ty n -1  a n d  po ly - 

p h e n y lac e ty le n e  [12] a r e  few exam ples . Being a model fo r  a q u a s i  one 

dim ensional m a te r ia l ,  po lyace*ylene a ro u s e d  a  g r e a t  deal of i n t e r e s t  

w ith in  th e  sc ien tif ic  com m unity in th e  p a s t  d e cad e .  A cety lene  can  be  

po lym erized  to P o lyace ty lene  in th e  p re s e n c e  of v a r io u s  c a ta ly s t s ,  

su c h  as  metal c a rb o n y ls  [13] o r  Z ieg le r -N a t ta  ty p e  [14] sy s te m s .  

B u t u n fo r tu n a te ly ,  th e  p r o d u c ts  o b ta in e d  w ith  th e s e  c a ta ly s ts  w ere  

e i th e r  in pow der form o r  sp o n g y  m asses  th a t  w ere  v i r tu a l ly  in so lub le  

in a n y  so lv en t .  T h is  fa c to r  alone could  h av e  b een  a  major ob jec tion  to  

th e  ex p lo ita tion  of th is  m ate ria l .  B u t a long aw aited  b r e a k  th r o u g h  

was ach iev ed  in  1974, which r e s u l te d  in th e  p r e p a r a t io n  of P o ly ace ­

ty le n e  a s  a  f r e e  s ta n d in g  s i lv e ry  films p o s s e s s in g  p -  ty p e  semicon- 

d u c t lv e  b e h a v io u r  [15]. T h is  ach iev em en t s t im u la ted  a  w orld  wide
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a c t iv i ty  on th is  m a te r ia l ,  to  in v e s t ig a te  i ts  fu n d am en ta l  p ro p e r t ie s  a n d  

p o ten tia l  ap p lic a t io n s  a s  well.

P o lyace ty lene  is ideally  a  p la n a r  com pound com posed of 

a su ccess io n  of CH u n i ts  joined by a l te rn a t in g  s in g le  a n d  double  

b o n d s .  B onding  o rb i ta ls  in po ly ace ty len e  a re  th e  SP2  h y b r id  of C a r ­

bon 2s and  2p o rb i ta l s  an d  bon d in g  is similar to  th a t  of E th y len e ,  

which r e s u l t s  in th e  form ation of a c a rb o n  cha in  b o u n d  to g e th e r  b y  

sigma b o n d s  an d  II e lec tro n  cloud delocalized o v e r  it .  In  chemical 

te rm s , th is  is a c o n ju g a ted  chain  and  may be p r e s e n te d  a s  a 

s e q u e n c e  of a l t e r n a t in g  s ing le  and  double  b o n d s .  When th e  polym er 

cha in  is of a p p re c ia b le  le n g th ,  th e re  may be  a wide choice o f  c o n fo r ­

mational s t r u c t u r e s .  T he  most p ro b ab le  isom ers a r e  show n in F i g . l

Cis a n d  T r a n s  c o n ten t  of P o ly ace ty len e  is s t ro n g ly  

d e p e n d e n t  on th e  po lym erisa tion  te m p e ra tu re .  At t e m p e ra tu re s  a s  low 

as -78°C th e  film is form ed com pletely  a s  th e  Cls isom er. T e m p e ra ­

tu r e s  a ro u n d  150°C o r  h ig h e r  g ive ex c lu s iv e ly  th e  t r a n s  m ate ria l .  

In te rm ed ia te  t e m p e ra tu re s  g ive  v a ry in g  am ounts  of Isomer c o n te n t s .  

F or exam ple, th e  film is ap p ro x im a te ly  60% Cis an d  40% T r a n s ,  if th e  

p re p a ra t io n  is c a r r ie d  o u t  a t  room te m p e ra tu re  (1 7 ,1 8 ,1 9 ) .  D if f e re n ­

tia l the rm ogram  of Cis Po lyace ty lene  e x h ib i ts  an  exo therm ic  p eak  

a ro u n d  140°C, w hich  h a s  been  a s s ig n e d  to  C is - T ra n s  iso m e r lsa t io n . 

In o th e r  w ords  th e  Cis isom er may be co n v en ie n t ly  c o n v e r te d  to th e  

therm odynam ically  more s tab le  T r a n s  isom er b y  h e a t in g  [19] . I n f r a ­

r e d  s p e c t r a  p ro v id e  an  easy  way to es tim ate  th e  r e la t iv e  q u a n t i t ie s  of 

Cis an d  T r a n s  iso m ers ,  in a  Po lyace ty lene  sam ple. R elative  in te n s i t ie s
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P o ly a c e ty le n e  -(C H )^.



of t r a n s  ou t of p lan e  h y d ro g e n  defo rm ation  b a n d  a t  1015 cm * an d  

Cis o u t  of p lane  C-H deform ation  b an d  a t  740 cm * can  b e  u se d  fo r  

th is  p u rp o s e  117] . U n d e r  th e  e le c tro n  m icroscope a P o lyace ty lene  

film is seen  a s  a random ly  o r ie n te d  mass of f ib e r s  w ith  d iam e te r  of 

a b o u t  200 A° an d  in d e f in i te  le n g th  (18] , T h e  bu lk  d e n s i ty  o b ta ined
3

from w eigh t a n d  p h y s ica l  volume ra n g e s  from 0 .3  to 0 .6  g /cm  .
3

C o n s id e r in g  th e  f loa ting  d e n s i ty  of 1.15 g /cm  , it is  c le a r  th a t  on ly  

one fo u r th  to one  half of th e  bu lk  volume of th e  film is rea lly  o c c u ­

p ied  b y  th e  f ib re  [19]. M orphology an d  d e n s i ty  of P o lyacety lene  

d e p e n d s  on ex p e r im en ta l  p a ra m e te rs  su ch  as th e  c a ta ly s t  c o n c e n t r a ­

tion , th e  a ce ty le n e  p r e s s u r e  a n d  th e  te m p e ra tu re  of th e  s y n th e s i s .  

D ep en d in g  on th e  cond itions  u sed  th e  m orphology  of th e  fina l p ro d u c t  

may v a ry  from f r e e  s ta n d in g  films to  a r e d d is h  gel [2 0 ,2 1 ,2 2 ] .  Radio 

q u e n c h in g  te c h n iq u e s  have  been  u sed  to  de te rm in e  th e  a v e ra g e  

m olecular w e ig h t  of P o lyace ty lene  [23 ] ,  T h is  s tu d y  h a s  show n th a t ,  

P o ly ace ty len e  made by  th e  s t a n d a r d  p ro c e d u re  c o n ta in s  an  a v e ra g e  of 

850 -CH u n i t s . In te rm s  of e lem en ta ry  Q uan tum  m echan ics ,  u s in g  

simple one dim ensional p a r t ic le  in a b o x ,  one  w ould Immediately a n t i c ­

ip a te  a  h ig h  c a r r i e r  mobility  a n d  c a r r i e r  c o n c e n tra t io n  in a  c o n ju g a ted  

s t r u c t u r e  of th is  m a g n itu d e .  B u t in p ra c t ic e ,  th is  s i tu a t io n  Is f a r  

from b e in g  a  r e a l i ty .  T h e  room te m p e ra tu re  c o n d u c t iv i ty  of films of 

p o ly ace ty len e  d e p e n d s  on th e  C i s /T r a n s  c o n te n t s  of th e  film r a n g in g  

from 10 ^ohm 'em  * fo r th e  t r a n s  isom er to  10 ^ohm ^cm 1 fo r  th e  cis 

m ate r ia l  [24] , w hich is q u i te  c o n t r a r y  to  o u r  e x p e c ta t io n s .  In  an y  

q u a s i  one d im ensional m ate r ia l  su c h  a s  P o ly ace ty len e ,  b o n d  a l te rn a t io n



d e fe c t  l e n d s  to  set in |2 o J .  As a r e s u l t  of th i s ,  a l t e r n a t iv e ly  long  

a n d  s h o r t  b o n d s  o c c u r  a n d  dclocalizn tion  becom es se lf  l im ited . In 

q u a n tu m  m echanical s e n s e ,  th is  s i tu a t io n  is  re c o g n iz e d  a s  P e ie r l 's  

d i s to r t io n  (4 ,2 6 ] .  Raman s tu d y  on t r a n s  P o ly ace ty len e  s u g g e s t s  th e  

e x is te n c e  of le n g th  d i s t r ib u t io n  fo r  u n d i s tu r b e d  co n ju g a t io n  [27 ] ,  

C ro s s  l in k in g ,  c h a in  b e n d in g  a lso  a f fe c t  th e  c o n d u c t iv i ty  o f  th e  

m a te r i a l .

1 .2  Po lym ers  c o n ta in in g  a rom atic  n u c le i  in  t h e  c h a in  of c o n ju g a t io n  

T h is  c lass  of po lym ers  is p o p u la r ly  know n as  P o ly a ro -  

m a tic s .  With r e g a r d s  to th e  c o n ju g a t io n ,  th e s e  p o ly m ers  re sem b le  Cis 

P o ly a c e ty le n e .  In th is  c a se ,  th e  c o n t in u i ty  of th e  c h a in  of c o n ju g a t io n  

is e s ta b l i s h e d  b y  th e  a rom atic  r i n g s  In c lu d ed  d i r e c t ly  In t h e  main 

c h a in .  A few exam ples  of th i s  k in d  o f m a te r ia ls  a r e ,  P -P o ly  p h o n y  lene  

[2 8 ] ,  P o ly p y r ro le  [29] . a n d  P o ly th lo p h en e  a n d  I ts  d e r iv a t iv e s  [30 ] .  

T h e s e  po lym ers  a r e  now c o n v e n ie n t ly  p r e p a r e d  b y  e lec tro ch em ica l  

m e th o d s .  Chem ical p re p a r a t io n  is a lso  fe a s ib le  [81 ] .  T h e s e  m a te r ia ls  

e s p e c ia l ly ,  p o ly th io p h e n e s  h av e  e x c e p t io n a l  th e rm a l  s t a b i l i ty ,  

200- 250°C in  a i r  a n d  700-800° C in  an  i n e r t  a tm o sp h e re  o r  v acu u m  

132).

P o ly th lo p h en e  has  a s t r u c t u r e ,  w hich  is  som ew hat an a l-
2

o g o u s  to th a t  of Cis - (C H ) c o n ta in in g  s p  p  c a r b o n s  In t h e  mainX Zt

c h a in ,  b u t  s tab i l ized  by  an  in t r a c h a in  s u l p h u r  b r id g e ,  w hich  c o v a ­

l e n t ly  b o n d s  to  two c a rb o n  atoms to  form  a f ive  m em bered  r in g .  E lec ­

t rochem ica l s y n th e s i s  of P o ly p y r ro le  o r  p o ly th io p h e n e s  r e s u l t s  In th e
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form ation  of a  po lym er ox id ized  to  a c e r ta in  d e g r e e .  In th e  case  of 

Po ly-3m ethy l th io p h e n e ,  e lec trochem ically  d e p o s i te d  from  a  so lu tion  

co n ta in in g  N fB u J ^ C F ^ S O ^  s u p p o r t in g  e le c t ro ly te ,  o x ida tion  leve ls  of 

a b o u t  25-30% can  be  ach ie v e d .  In o th e r  w o rd s  e lec trochem ically  

g r a f te d  po lym er, c o n s is t  of a po s i t iv e ly  c h a rg e  po lym er m a tr ix ,  i n t e r ­

ca la ted  w ith  an ions  from th e  s u p p o r t in g  e le c t ro ly te ,  to  p r e s e r v e  th e  

e lec tr ic a l  n e u t r a l i ty .  S t r u c t u r e  of Poly-3  m e th y l th io p h e n e  is shown in 

th e  f i g . 2, a long  w ith th a t  fo r  n e u t r a l  po lym er, w hich is o b ta in ed  

from th e  a s  g row n m ateria l by  e lec trochem ical r e d u c t io n  o r  chem i­

ca lly , by  re a c t in g  w ith d ilu te  ammonia.

T h e  m orphological s t r u c t u r e  of e lec trochem ically  p r e ­

p a r e d  P o ly -3 m eth y lth io p h en e  (P3MT) h a s  been  in v e s t ig a te d  b y  u s in g  

sc a n n in g  a n d  tra n sm is s io n  m icroscopes  (SEM a n d  (TEM) [33] . SEM 

h a s  re v e a le d  t h a t ,  u n d o p e d  th io p h en e  po lym ers  h a v e  "nood le” like 

s t r u c t u r e ,  a s  a l r e a d y  o b s e r v e d  in th e  case  of P o lyace ty lene  [18] . T h e  

d iam e te r  of th e s e  f ib e r s  was of the  o r d e r  of 250 A °, b u t  un like  

P o lyace ty lene  P3MT s t r u c t u r e  is fa ir ly  com pact. Doping p ro c e s s  has  

shown to be a s so c ia te d  w ith  an  in c re a s e  in d ia m e te r  of th e se  f ib r i i ls ,  

a s  much as 800A° a n d ,  w hen th e  d o p in g  d e n s i ty  becam e a b o u t  50%, 

th e  f ib r i l le r  s t r u c t u r e  could  no t be  d e te c te d  b y  TEM [33]. When th e  

po lym ers  a r e  g ra f te d  a s  th in  films, th e  po lym er s u r fa c e  h a s  show n to  

b e  hom ogeneous , r e g a r d le s s  of th e  an ion  of th e  s u p p o r t in g  e lec tro ly te  

u s e d  d u r in g  th e  g ra f t in g  p ro c e s s .  Hom ogeneous films of th is  ty p e  

made th em se lv es  v e r y  u se fu l  in a p p l ic a t io n s ,  su ch  a s  e lec troch rom ic  

m a te r ia ls  [34 ] .  T h ick  films a re  more like ly  to  p ro d u c e  inhom ogeneous
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F i t . 2 (a) H o l te u lu  t t r u c tu r a  of "aa grown"
FolF'SHothylthiophono w ith  on ox idation  la v a l o f 
231.

(b) M olanilar f t r x c t u n  of l a u t r a l
FalF -M athF lth lophana. lo th  rasananca o tru o tu raa  
a n  ihowt.
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s u r fa c e s .  A lso th e  id e n tity  of th e  in te rc a la tin g  an ion  Is a lso  

im p o rtan t in d e te rm in in g  th e  m orphology of th e  g ra f te d  po ly m ers . 

P ro p e r tie s  of th e  an ion  su ch  a s  th e  s ize , g eo m etry , p o la r lz a b ili ty , 

a n d  sym m etry  of th e  c h a rg e  p lay  a d ec id in g  ro le  in d e te rm in in g  th e  

fina l m orpho logy . In  th e  case  of P o ly -3 m eth y lth lo p h en e  C F^SO j is 

know n to  g ive  a po lym er w ith th e  h ig h e s t hom ogeniety  [33] .

1 .3  E lec tro n ic  s t r u c tu r e  of p o ly m ers .

As seen  b e fo re  p o ly en es  co n s is t of a c a rb o n  b ack  bone 

form ed by  C -C  sigm a b o n d s an d  II b o n d s , o r ig in a te d  from  2p o rb l-  

ta ls  in w hich  th e  c h a rg e  d e n s ity  is p e rp e n d ic u la r  to  th e  p lan e  of th e  

m olecule. In te rm s of an  e n e rg y  b an d  d e sc r ip tio n  th is  s itu a tio n  c o r ­

re s p o n d s  to  a low ly in g , com pletely  filled , b an d  fo rm ed b y  sigm a 

e le c tro n s  an d  h a lf filled  b an d  o rig in a te d  from  II e le c tro n s . T h ese  H 

e le c tro n s  cou ld  be m etallic p ro v id e d  th e re  is n eg lig ib ly  small d i s to r ­

tio n s  of th e  ca rb o n  c h a in .

E lec tro n ic  s t r u c tu r e  of po lym ers h a s  b een  th e  focus of 

a t te n tio n  ev en  in e a r ly  y e a r s .  In a  th e o re tic a l s tu d y  b a se d  on  H uckel 

th e o ry  o f m olecu lar o rb ita ls  J .E .L e n n a rd - J o n e s  [35] co n c lu d ed  th a t ,  

in  th e  limit of in fin ite  ch a in  le n g th  C -C  b o n d s in p o ly en es  a tta in  a 

lim iting  le n g th  of 1 .38A °. T h is  s tu d y  w as la te r  s u p p o r te d  b y  C oulson  

[36] . B u t ag reem en t be tw een  th e i r  co n c lu sio n s  a n d  ex p e rim en ta l 

o b s e rv a tio n s  seem ed n o t v e ry  p rom ising  [37] . A p p lica tion  of MO 

th e o ry  o r  f re e  e le c tro n  model to  a  p o lyene  in w hich  e le c tro n s  a re  

c o n s id e re d  aB delocalized  o v e r  th e  e n t i r e  c a rb o n  ch a in  show s th a t  th e
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e n e rg y  d iffe re n c e  b e tw een  LUMO a n d  HOMO d e c re a se s  w ith  r e s p e c t  to  

th e  in c re a s in g  ch a in  le n g th . T h is  ru le  w o rk ed  well w ith  low er 

p o ly e n e s . B ut e x p e rim en ta ly  fo r  th e  h ig h e r  p o ly en es  th e  e n e rg y  fo r  

th e  tra n s it io n  to  th e  low est e x c ite d  s ta te  re a c h e s  a lim iting  value  of 

a b o u t 2 ev  [3 7 ]. Bond a lte rn a tio n  in p o ly en es  h as  b een  a cco u n ted  fo r 

th is  lim iting value  [38] .

H igg ins a n d  Salim [25] c a r r ie d  o u t an  in d e p th  th e o ­

re tic a l  a n a ly s is  an d  co n clu d ed  th a t  th e  m ost s tab le  c o n fig u ra tio n  fo r 

an in fin ite  po lym er is one of u n e q u a l bond  le n g th . A lth o u g h  m any 

people  a d v an ced  e v id e n c e s  su ch  a s  o p tica l s p e c tra  [3 9 ], d ir e c t  e v i­

d en ce  fo r  th e  p re s e n c e  of u n e q u a l b o n d  le n g th s  came from  X -ra y  

m easu rem en ts . T h is  s tu d y  show ed th a t  th e  d o u b le  bond  is  a b o u t

0 .03A ° s h o r te r .  T h e  a lte rn a t in g  s h o r t  a n d  long b o n d s  can  be c o n ­

s id e re d  a s  a  P e ie r l 's  d is to r tio n  [40,41] , p ro d u c in g  a  g ap  a t  th e  ferm i 

e n e r g y . In  T ra n s  po lyac-sty lene , tw o s t r u c tu r e s  h a v in g  th e  doub le  

b o n d s  in  th e  two p o ss ib le  p o s itio n s , a re  p o ssib le  (sa y  A & B ). T he  

b an d  s t r u c tu r e  fo r a n y  of th e se  d e g e n e ra te  s t r u c tu r e s  is  show n in 

th e  F ig .3, w h ere  th e  bond  w id th  [4 2 ], 4T q=10 ev  an d  th e  d lm erisa - 

tio n  e n e rg y  gap  [43] E^=2A=4t^=l.4 e v .

As s ta te d  ab o v e , th e re  a re  two d e g e n e ra te  a r r a n g e ­

m en ts  of P o ly ace ty len e , A & B. O ne can  now im agine a  s itu a tio n  

w h ere  A an d  B co ex is t in a ch a in  w ith  a  t ra n s i t io n  re g io n  o r  a 

dom ain wall in b e tw een , co n n ec tin g  tw o p h a se s  w ith  o p p o s ite  bond  

a lte rn a t io n . In  e a r ly  ca lcu la tio n s  [4 4 ], It w as show n th a t  th e  dom ain 

wall co n ta in s  a s in g le  u n p a ire d  sp in . F u r th e r ,  th e  w id th  of th e  wall
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T ig .3 I - b u d  s tn ic tu r o  o f  Trono F o lyocoty lono  ( o f to r  r o f .4 )

-11-



w as assu m ed  to  be of one bond  le n g th , lead in g  to  a  la rg e  a c tiv a tio n  

e n e rg y  fo r m otion. B u t e le c tro n  re so n a n c e  s tu d ie s  [24 ,45] of -(C H ) A

s u g g e s t  th e  p re s e n c e  of h ig h ly  m obile, u n p a ire d  e le c tro n  sp ec ie s  even  

down to  10°K. In re a l s itu a tio n s  we e x p e c t th is  t ra n s i t io n  re g io n  o r 

domain wall e x te n d in g  o v e r  a n u m b er of la ttic e  s i te s  [5 ,4 6 ] . T h is  

s tro n g ly  m obile dom ain wall is r e f e r r e d  to  a s  a k in k  so lito n . I t  has 

been  show n th a t  th e  so liton  is a sso c ia te d  w ith  a  mid gap  localized 

s ta te  [4 ,5 ) an d  th is  e lec tro n ic  s ta te  is a  so lu tio n  of th e  s c h ro d in g e r  

e q u a tio n  in th e  p re se n c e  of th e  s t r u c tu r a l  dom ain wall a n d  can  th e re -  

fo r  accom odate 0 ,1  o r  2 e le c tro n s . T h e o re tic a l a n a ly s is  h a s  show n a 

c h a rg e d  so liton  r e p r e s e n ts  th e  sm allest p o ss ib le  e n e rg y  c o n fig u ra tio n  

fo r an e x c e s s  c h a rg e  on a t r a n s  -(C H ) c h a in . E n e rg y  fo r  c re a tio n
X

of a so liton  is  g iven  b y  [4 ,5 ,4 7 ]

Eg = (2/Il)A [1]

Soliton  mid g ap  s ta te s  h a v e  b een  in v o k ed  to  in te r p r e t  

a n  e x te n s iv e  body  of ex p e rim en ta l r e s u l t s .  E lec trochem ical V oltage 

S p e c tro sco p y  ,EVS [4 8 ], com bined w ith  in s i tu  o p tic a l s tu d ie s  [49] 

d e m o n s tra ted  th a t  th e  c h a rg e  is  s to re d  in  th e  mid g a p  s ta te s .  F u r ­

th e r ,  EVS d a ta  g ive d ire c tly  th e  th re s h o ld  fo r  c h a rg e  in jec tio n  an d  

rem oval [5 0 ]. A n a ly sis  of th e se  d a ta  g iv e s  a  v a lu e  fo r  th e  so liton  

fo rm ation  e n e rg y  Es , in  good ag re em e n t w ith  th e  e q . [ l ]  g iv en  ab o v e . 

V a rd en y  e t  al [51] an d  B lan ch e t e t a l [52] h av e  o b s e rv e d  th e  p h o ­
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to in d u c e d  a b so rp tio n  o r ig in a tin g  from  th e  m idgap  e le c tro n ic  tra n s i t io n  

an d  th e  a sso c ia te d  in f r a re d  a c tiv e  m odes in tro d u c e d  by  th e  local l a t ­

tice  d is to r t io n s . Esm ad e t  al (53] o b se rv e d  th a t  th e  p h o to c o n d u c tiv ity  

in t r a n s  - (C H )x tu r n s  on below  th e  s in g le  p a r tic le  g ap  an d  in c re a se  

ex p o n en tia lly  above th re s h o ld  a s  hv a p p ro a c h  2A. B ased  on th e ir  

r e s u l t s  th e y  co n c lu d ed  th a t  th e  P h o to g e n e ra te d  c a r r ie r s  a re  c h a rg e d  

so lito n s  g e n e ra te d  e i th e r  d ire c tly  ( th re s h o ld  4A/II) o r  in d ire c tly , 

th ro u g h  th e  co u p lin g  of th e  la ttic e  to  P h o to g e n e ra te d  e -h  p a ir s  ( 

hv>2A). In f ra re d  sp e c tro sc o p y  s tu d ie s  [54] of l ig h tly  d o ped  T ra n s  

-(C H ) h ave  d e m o n s tra te d  sp e c tro sc o p ic  fe a tu re s  o r ig in a tin g  from  

mid g ap  so liton  s ta te s  w hich  a r is e  upon d o p in g . F u r th e r , th e s e  d o p ing  

in d u c ed  a b so rp tio n s  a re  in d e p e n d e n t of th e  id e n ti ty  of th e  d o p an t 

an d  a r e  th e re fo r  id e n tif ie d  a s  in tr in s ic  f e a tu re s  o f th e  d o p ed  T ra n s  

- (C H )^  c h a in . T opolog ical so liton  h a s  been  in v o k ed  to  a n a ly se  th e  

m agnetic  re so n a n c e  [4 5 ,5 5 ,5 7 ] , an d  m agnetic  s u sc e p tib il i ty  [58,59] 

d a ta  fo r  u n d o p ed  P o ly a c e ty len e s .

T h ese  r e s u l t s  an d  o th e r s  in v o lv in g  lin e sh ap e  a n a ly s is  

[60] in d ica te  th a t  b o th  th e  p h o to in d u c e d  sp e c tro sc o p ic  f e a tu re s  an d  

th o se  in d u ced  by  d o p in g  a r e  a sso c ia te d  w ith  th e  same c h a rg e  s ta te .  

As in an y  o th e r  case  th e re  a re  c r i t ic s ,  who a rg u e  a g a in s t  th e  co n cep t 

of so liton lc  m idgap lev e ls  [61]. B u t c o n s id e rin g  a ll th e  ex p e rim en ta l 

e v id en c e s  th a t  go a long  w ith  th e  so liton  c o n ce p t, o d d s  a re  c e r ta in ly  

a g a in s t  them .

T h e  d e g e n e ra te  g ro u n d  s ta te  of T r a n s  - (C H )x  is  som e­

th in g  u n iq u e . In d e e d  th e re  e x is t  m any po lym ers an a lo g o u s to - (C H )x
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w ith  a  n e a r ly  d e g e n e ra te  g ro u n d  s ta te .  Exam ples a re  

p o ly ( p a ra p h e n y le n e ) p o ly p y rro le , p o ly th io p h e n e  an d  its  d e r iv a tiv e s .  

F o r p o ly th io p h en e  th e re  a re  two chem ical s t r u c tu r e s  c o rre sp o n d in g  to  

local minima in th e  G ro u n d  s ta te ,  as show n in f i g .2. b u t th e y  do no t 

h av e  th e  same e n e r g y . T h is  s itu a tio n  l i f ts  th e  g ro u n d  s ta te  d e g e n e r ­

acy  lead in g  to  th e  "confinem ent" of th e  so liton  p a ir s  in to  b ip o lo ro n s, 

w hich  is th e  low est e n e rg y  c h a rg e  t r a n s f e r  c o n fig u ra tio n  in su ch  a 

chain  [50}. D etailed  th e o re tic a l a n a ly s is  h as  b een  c a r r ie d  o u t fo r  C is 

- (C H )x [51] a n d , fo r  Poly (P a ra p h e n y le n e )  [5 2 J . I t  w as fo u n d  th a t ,  

tw o localized  e le c tro n ic  s ta te s  a p p e a r  sym m etrically  In th e  e n e rg y  

g ap . As in th e  case  of so liton  s ta te ,  th e se  mid gap  b ip o lo ro n s (o r  

co n fin ed  so lito n s) can  be re a d ily  ion ized  by  c h a rg e  t r a n s f e r  d o p in g  to  

g ive c h a rg e d  co n fin ed  so liton  a n tlso lito n  p a ir s  o r  b ip o lo ro n s  w ith  

c h a rg e  2 e . In  a s tu d y  on e lec tro ch em ica l v o ltag e  sp e c tro sc o p y  of 

P o ly th io p h en e , in con junction  w ith  v a ria tio n  o f o p tica l a b so rp tio n  w ith 

d if f e r e n t  d o p in g  le v e ls , C h u n g  e t  al d e m o n s tra te d  th e  p re s e n c e  of 

b ipo lo ron  e n e rg y  lev e ls  lo ca ted  w ith in  th e  g ap  [62 ]. T h e y  com pared  

th e i r  r e s u l ts  w ith  th e  well know n FBC model on p o lo ro n s [63].

1 .4  D oping  of o rg a n ic  sem ico n d u c to rs

T h e  c h a rg e  t r a n s f e r  in te ra c t io n s  be tw een  o rg a n ic  sem i­

c o n d u c to rs  an d  e le c tro n  d o n o rs  o r  a c c e p to rs  h a s  b een  s tu d ie d  e x te n ­

s iv e ly  [64] . All c h a rg e  t r a n s f e r  com plexes show  a m arked  in c re a se  

in  c o n d u c tiv ity  com pared  w ith  e i th e r  co m p o n en ts . I n te r e s t  in o rg an ic  

sem ico n d u c tin g  po lym ers h a s  b een  s tim u la ted  b y  th e  su c c e ss fu l dem ­
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o n s tra tio n  of c h a rg e  t r a n s f e r  d o p in g  of P o ly ace ty len e  w ith  a sso c ia ted

c o n tro l o f e le c tro n ic  p ro p e r t ie s  o v e r  a w ide ra n g e . As a r e s u l t  of

chem ical an d  e lec tro ch em ica l d o p in g , th e  e le c tr ic a l c o n d u c tiv ity  of

P o ly ace ty len e  can be v a rie d  o v e r  tw elve o rd e r s  of m a g n itu d e , s ta r t in g

from  in s u la to r  (o < 1 0  *®ohm *cra * ) , to  sem ico n d u c to r, to  m etal 
3 -1 -1(o>10 ohm cm ) ,  [65], By th e  u se  of d o n o rs  an d  a c c e p to rs  n ty p e  

o r  p ty p e  m a te ria ls  can  be p ro d u c e d  re s p e c tiv e ly  [G6-70] . V apour of 

e le c tro n ic  a c c e p to rs  B r^ , , A sF^, H^SO^, HCIO^ h ave  b een  u se d  to

dope P o ly a c e ty ly n e , w hich r e s u lte d  in a p - ty p e  m ate ria l [65] . T he  

p o ss ib ility  of u s in g  sp ec ie s  like  (NO) and  (NO 2 ) a s  p d o p a n ts  in a 

so lu tio n  p h a se  [71] h as  a lso  been  d e m o n s tra te d .

- (C H )^  films may be d o ped  e lec tro ch em ically  to  th e  sem ico n d u c to r o r  

m etallic reg im e [72], T h is  h as  b een  th e  m ost im p o rtan t a n d  p o p u la r  

dev elo p m en t in th e  d o p in g  p ro c e s s , s ince  it o p en ed  u p  a  sim ple g e n ­

e ra l an d  re a d ily  co n tro lab le  m eans of d o p in g , w ith  a  v a r ie ty  of s p e c ­

ie s , th a t  can n o t be  in tro d u c e d  b y  co n v en tio n a l m eans. In th is  c ase  p 

d o p in g  is done an o d ica lly  v ia  th e  e lec tro ch em ica l O x ida tion  re a c tio n  

[70):

(C H )x *xyLlC 1 0 4  ----- M - ( C H ) +y(C104 ) ]x *xyLI [2)

N ' ty p e  d o p in g  of -(C H ) in v o lv in g  e le c tro n  d o n a tin g

i . e . ,  "N- ty p e "  d o p a n ts  can  be accom plished  by  u s in g  a T H F so lu tio n  

of Sodium  n a p th a la te  [71).
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- (C H )x *0 .21xN a+N p th ' ---- ► [NaQ 2  - (C H ) | x +0.21xN pth 131

o r  e lec tro ch em ica lly , e .g :  E lec tro ly s is  of a  so lu tio n  o f

Lil In TH F u s in g  a -(C H ) film a s  th e  c a th o d e . C o n s id e rin g  th e  dop*
X

ing  of p r is t in e  -(C H )x> y v a lu e s  u p  to  .005 a re  c o n s id e re d  a s  

lig h tly  d o p e d , ra n g e  of y v a lu e s  .005<y<0.02 la know n a s  th e  p re~  

tra n s it io n a l re g io n  and  a t  y v a lu e s  b ey o n d  th is  lim it, t r a n s i t io n  from  

sem ico n d u c to r to  m etal ta k e s  p lace  |7 2 ] . M agnetic s u sc e p tib i l i ty  m e as ­

u re m e n ts  of lig h tly  doped  T r a n s  ~ (C H )x h av e  c a s t  some l ig h t in to  th e  

m echanism  of d o p in g . Below th e  p re tra n s i t lo n a l  re g io n , th e  n u m b e r of 

C u rie  sp in s  d o es  n o t show a n y  a p p re c ia b le  ch an g e  w ith  d o p in g . T h is  

h a s  b e en  in te rp re te d  in te rm s  of th e  c re a tio n  o f a  p a ir  o f c h a rg e d  

so li to m  th e re b y  k eep in g  th e  to ta l n u m b er of sp in s  a t  a  c o n s ta n t 

v a lu e .

n u m b e r o f c u r ie  sp in s  d ro p p e d  s h a rp ly  [5 8 ,5 9 ]. O u t of s e v e ra l  p o s s i ­

b le  in te rp re ta t io n s  , th e  p o s s ib il ity  of an lh ila tlo n  of th e  n e u t r a l

[4]

_3
W ithin th e  p re tra n s i t lo n a l  reg io n  i . e . ,  w hen  y>10 th e



d e fe c ts  is  th e  m ost p ro b a b le  one .

AAAAA IWVV^AA ,5>
T h e  c o n v ers io n  of a p a ra m ag n e tic  n e u tra l  so liton  in to

d iam ag n etic  c h a rg e d  so liton  cau se s  th e  to ta l n u m b e r of sp in s  to  

d e c re a s e . In th e  case  of p o ly th io p h e n e  [6 2 ], o r  i ts  m ethy l d e r iv a ­

t iv e ,  Poly 3 -m e th y lth io p h en e  (P3MT) th e  s to ry  is  som ew hat d i f f e r e n t .  

U nlike P o ly a c e ty le n e , w hich  is p re p a re d  chem ically , th e se  m a te ria ls  

a r e  c o n v en ie n tly  p re p a re d  e lec tro ch em ica lly  u n d e r  an o d ic  co n d itio n s . 

T h e  ano d ic  re a c tio n  Invo lves s im u ltaneous po ly m erisa tio n  an d  d o p in g , 

a n d  th e  r e s u l t in g  po lym ers show  re v e rs ib i l i ty  o f th e  d o p in g  a n d  

u n d o p in g  p ro c e s s . T h ey  can  be re d u c e d  to  a  n e u tra l  po lym er in a 

c a th o d ic  p ro c e s s  [3 2 ).

4 J
+  x c f , m s ;  i 6 >

T h e  r e v e r s e  p ro c e s s  c o rre sp o n d s  to  d o p in g
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1 .5  Is  b o n d  th e o ry  a d e q u a te  fo r  O rg an ic  S em ico n d u c to rs .

T ra d itio n a l o rg a n ic  sem ico n d u c to rs , su ch  a s  a n th ra c e n e  

w hich  a re  m ade of d is c re te  m olecules o r ,  o th e r  s a tu r a te d  po lym ers 

su ch  as  P o ly e th y len e  a re  no t b a n d g a p  sem ico n d u c to rs  in  th e  same 

sen se  a s  fo r  exam ple S i .G e ,o r  G aA s. T h e  b a s is  o f th is  d iffe re n c e  

a r is e s  d ire c tly  from  th e  m olecu lar n a tu re  of th e se  o rg a n ic  m a te ria ls . 

T h ey  in te ra c t  v e ry  w eakly  th ro u g h  Van d e r  Walls fo rc e s . T h e  la te r

re s u l ts  in small t r a n s f e r  in te g ra ls ,  w hich in tu r n  r e s u l t s  in  a n a rro w
>s-

b an d  w id th . V ery  h ig h  re d u c e d  m ass m is th e  d ire c t  r e s u l t  of a 

n a rro w  b an d  w id th . C o n se q u e n tly , t r a n s p o r t  m odels w hich  a re  d e v e l­

o p ed  fo r  in o rg a n ic  m etals an d  sem ico n d u c to rs  may n o t be a p p ro p r ia te  

fo r  o rg a n ic  sem ico n d u c to rs . In  a d d itio n  to  th is ,  s t ro n g  e le c tro n  p h o - 

non  in te ra c t io n s  an d  sp ac ia l v a r ia tio n s  in th e  local com position a n d  

s t r u c tu r e  c re a te  a d d itio n a l p rob lem s [3] .

H ow ever, po lym eric  o rg a n ic  sem ico n d u c to rs  w ith  

e x te n d e d  H sy stem  a re  fu n d am en ta lly  d if f e r e n t  from  c o n v en tio n a l 

o rg a n ic  sem ico n d u c to rs . S tro n g  in te ra c tio n s  w ith in  th e  JI sy stem  

m akes th e  t r a n s f e r  in te g ra l  t  as h ig h  as 2 - 2 .5  e v . T h is  e stim ate  

im plies a  b an d  w id th  of th e  o r d e r  of 8 -10  e v , w = 4 tQ [4 2 ]. T h is  

h ig h e r  b an d  w id th  m ake P o ly ace ty len e  an d  po lym eric  sem ico n d u c to rs  

w ith  e x te n d e d  II sy stem  m ore n e a r ly  an a lo g o u s to tra d it io n a l in o r ­

g an ic  sem ico n d u c to rs . H ow ever t r a n s v e r s e  b a n d  w id th  d u e  to  i n t e r ­

c h a in  co u p lin g  is  v e ry  small an d  th e  sy s te m  is  r e g a rd e d  a s  q u a s i one 

d im ensional [73] . T h e  fa c t th a t  th e  po lym eric  II sy s te m s  a re  an a lo g o u s  

to  in o rg a n ic  sem ico n d u c to rs , h a s  some fa v o u ra b le  c o n se q u e n c e s . I t
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re a lly  ju s t if ie s  o n e 's  p o s itio n  to  t r y  v a r io u s  e q u a tio n s , th a t  a re  

o r ig in a lly  d e r iv e d  to  deal w ith  th e  p h o to e lec tro ch em ica l p ro p e r t ie s  of 

in o rg an ic  sem ico n d u c to rs , e v e n  th o u g h  th e se  re la tio n s h ip s  o r ig in a te  

from  a model b ased  on an  a b ru p t  ju n c tio n  be tw een  th e  sem ico n d u c to r 

an d  th e  am b ien t. S ince " a b ru p t ju n c tio n "  is h a rd ly  a  re a li ty  fo r  

o rg a n ic  sem ico n d u c to rs , th e re  m ust be com plications a r is in g  from  th e  

s ta t ic  and  dynam ic d is o rd e r  a n d  from  th e  p o ro u s  o r  d if fu se d  n a tu re  

of th e  in te rp h a s e . B ut p o ss ib ility  of u s in g  e q u a tio n s  a lre a d y  a v a il­

a b le  to  e x t r a c t  u se fu l in fo rm atio n s  is e x tre m e ly  im p o rtan t to  in v e s t i ­

g a te  o th e rw ise , s till an  u n know n  t e r r i t o r y .

1 .6  S em ic o n d u c to r/E lec tro ly te  in te r fa c e  : Space  c h a rg e  e ffe c t

Space  c h a rg e  re g io n  is a sso c ia te d  w ith  all th e  P h o to e ­

lec tro ch em ica l phenom ena c o n n ec te d  w ith  sem ico n d u c to r e le c tro ly te  

ju n c t 'o n s  [7 4 -77 ], B ecau se , a ll th e se  p ro c e ss e s  p rim arily  d e p e n d  on 

th e  sem ico n d u c to r’s a b ility  to  s e p a ra te  c h a rg e  c a r r ie r s  a t  th e  i n t e r ­

face . C a r r ie r  s e p a ra tio n  ta k e s  p lace  in th e  sp ace  c h a rg e  re g io n .

A ssum e a liq u id  ju n c tio n  is c re a te d  by  b r in g in g  a  sem ­

ic o n d u c to r  in to  c o n ta c t w ith  an  e le c tro ly te  c o n ta in in g  a  su ita b le  red o x

co u p le . F o r sem ico n d u c to rs , e lec trochem ical p o te n tia l of e le c tro n s  is

s cg iv en  by  , w hich is  e q u iv a le n t to  th e  Ferm i lev e l in  th e  sem icon­

d u c to r .  F o r th e  e le c tro ly te , e lec tro ch em ica l p o te n tia l of e le c tro n s  
solU Is d e te rm in ed  by  th e  re d o x  p o te n tia l of th e  re d o x  co u p les  p r e s -G

e n t in  th e  e le c tro ly te  an d  th e s e  re d o x  p o te n tia ls  a re  a lso  id en tif ie d  

w ith  th e  so lu tion  Ferm i le v e l. S in ce , th e  in itia l e lec tro ch em ica l p o te n ­
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tia l of e le c tro n s  in th e  two p h a se s  a re  d if f e r e n t ,  c h a rg e  is 

t r a n s f e r r e d  from  one p h a se  to  th e  o th e r  u n til th e  e lec tro ch em ical 

p o te n tia l of e le c tro n s  in bo th  p h a se s  becom es e q u a l i . e . ,

s c  s o l  t _ .
= kc m

T h e  in itia l Ferm i level d iffe re n c e  b e tw een  th e  sem icon­

d u c to r  an d  th e  e le c tro ly te  is th e  p a ra m e te r  w hich  d e te rm in e s  th e  

d ire c tio n  of a c tu a l c h a rg e  t r a n s f e r .  In th e  case  of a p - ty p e  sem icon­

d u c to r ,  if th e  Ferm i level of th e  e le c tro ly te  is h ig h e r  th a n  th a t  of th e  

sem ico n d u c to r, e le c tro n s  will t r a n s f e r  from  so lu tio n  p h a se  to  th e  sem ­

ic o n d u c to r p h a se . T h is  p ro c e ss  w ill co n tin u e  u n til th e  sy stem  a tta in s  

eq u ilib riu m  a n d  a t  th e  e n d , so lu tion  p h a se  will c a r r y  an  e x c e s s  p o s i­

tiv e  c h a rg e  an d  th e  sem ico n d u c to r, an  e q u a l b u t  o p p o s ite  ex ce ss  

c h a r g e . T he e x c e s s  c h a rg e  In th e  sem ico n d u c to r will be d is t r ib u te d  in 

a reg io n  called  sp ace  ch a i ge re g io n . T h is  re g io n  is  s im ilar to  th e  

e le c tr ic a l d o u b le  la y e r  in th e  e le c tro ly te . T h e  d is tr ib u tio n  of c h a rg e  

in th e  space  c h a rg e  reg io n  is a sso c ia te d  w ith  an  e le c tr ic  fie ld  w hich 

is re p re s e n te d  b y  b e n d in g  of b a n d s  d o w n w ard s. A s a r e s u l t  of th is  

b an d  b e n d in g , an  e x c e s s  e le c tro n s  (m in o rity  c a r r ie r  in th is  c a se )  will 

move to w ard s  th e  s u r fa c e , w hile an  e x c e s s  holes (m ajo rity  c a r r ie r s  in  

th is  case ) will move to w a rd s  th e  b u lk . P h o to e lec trochem ica l a c t iv ­

ity  of th e  e lec tro d e  d e p e n d s  on th is  c a r r ie r  s e p a ra tio n  p ro c e s s . T he  

P o ten tia l d is tr ib u tio n  in  th e  sp ace  c h a rg e  re g io n  is show n In th e
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F ig . 4

T h e  p o te n tia l a t w hich  th e  e le c tr ic  fie ld  in  th e  sp ace  

c h a rg e  reg io n  v a n ish e s  is r e f e r r e d  to  a s  th e  f la t b a n d  p o te n tia l,

B ands become fla t an d  e x c e ss  c h a rg e  in th e  sp ace  c h a rg e  reg io n  v a n ­

ish e s . It w as show n [78] th a t  th e  th ic k n e s s  of th e  sp ace  c h a rg e  

reg io n  is g iv en  by

d = [ 2 EoEVB/e N D ] 1 / 2  (8 ]

H ere is th e  c o n c e n tra tio n  of a c c e p to r  im p u ritie s  an d  

V g is  th e  d iffe re n c e  be tw een  th e  g a lv an ic  p o te n tia l a t th e  su rfa c e  

a n d  th a t  of th e  B u lk , i . e . ,

If one m easu re s  p o te n tia ls  a g a in s t  a re fe re n c e  e le c tro d e  su ch  a s  SCE 

th e  follow ing re la tio n sh ip  h o ld s .

U ■ - V  V  Vr e f  tl°l

W here U, is th e  p o te n tia l m easu red  a g a in s t  a  re fe re n c e  

e le c tro d e , V g is th e  G alvan ic  p o te n tia l d ro p  In th e  H elm holtz re g io n .

-22-



V j  is  th e  G alvan ic  p o te n tia l d if f e re n c e  b e tw een  th e  r e fe re n c e  

e le c tro d e  an d  b u lk  of th e  e le c tro ly te . S ince  V g is  e q u a l to  z e ro  a t  

th e  f la t  b an d

U„, = V „  - Vfb H re f 111]

T h e  la s t  two e q u a tio n s  a re  com bined to  g e t th e  follow ing re la tio n

If one  c o n s id e r  a p - ty p e  m a te ria l, u n d e r  d e p le tio n  

la y e r  co n d itio n s  ( i . e . ,  a t  v e ry  p o s itiv e  v a lu e s  of V g a n d  in  th e  

a b se n c e  o f su r fa c e  s ta te s )  C ap ac itan ce  o f th e  sp ac e  c h a rg e  la y e r  is 

g iv e n  b y  (79)

(13]

o r  b y  s u b s t i tu t in g  fo r  V g follow ed b y  s q u a r in g
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_ i_  = ( .— z2 \  f  u  -  Uf. t  K l \  [14]
c *  \ e e ce.NA# J \  & )

T h is  eq u a tio n  Is ca lled  a M ott S c h o ttk y  re la t io n s h ip . A
2

plo t o f 1 /c  v s  P o te n tia l U sh o u ld  be l in e a r .  T h e  p o te n tia l w h e re  th e  

line  in te r c e p ts  th e  p o ten tia l ax is  y ie ld s  th e  v a lu e  o f a n d  s lope

will g iv e  th e  d o p in g  level P u r tu r b a t in g  e f fe c ts  su ch  a s  th o s e

a t t r ib u te d  to  s u r fa c e  s ta te s  can c au se  d e v ia t io n s  from  th is  p re d ic te d  

b e h a v io u r  [82] . P olym ers c re a te  a d d itio n a l p ro b le m s . Po lym ers c o n s is t  

o f  f ib r i ls  of a b o u t 200A° of w id th . S ince  th e  th ic k n e s s  of th e  d e p le ­

tio n  la y e r  is  r e la te d  to  th e  d o p in g  d e n s ity  a s  g iv en  b y  th e  e q u a tio n  

[ 8 ] th e r e  Is a  p o s s ib il ity  th a t  th e  p h y s ic a l w id th  of th e  f ib e r  cou ld  

be  sm alle r th a n  th e  th ic k n e ss  of th e  d e p le tio n  la y e r .  U n d er th is  s i t u ­

a tio n  v a lid ity  of Mott S c h o ttk y  e q u a tio n  seem s to  be  q u e s tio n a b le .

1.7 Photoeffect at the Semiconductor/Electrolyte interface.

As w ith  a n y  o th e r  se m ic o n d u c to r , w hen th e  o rg a n ic  

sem ico n d u c to r e le c tro ly te  In te rface  is Illum inated  w ith  l ig h t o f e n e r g y  

g r e a te r  th a n  th e  b an d  g ap , p h o to n s  a r e  a b s o rb e d  a n d  e le c tro n  ho le  

p a i r s  a re  c r e a te d .  B ut a s  show n b e fo re  [S 3], th e  P h o to c o n d u c tiv ity  

in  T r a n s  ~ (C H )x tu r n s  on b e fo re  th e  s in g le  p a r t ic le  gap  a n d  th is  h a s  

b e e n  a t t r ib u te d  to  th e  P h o to g e n e ra tio n  of so lito n  an tiso lito n  p a i r s .

T h e  a b so rp tio n  c o e ffic ien t o f th e  m a te ra l a s  a  fu n c tio n  

o f p h o to n  e n e r g y  is an  in tr in s ic  p ro p e r ty  of th e  m a te ria l, a n d  is
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d e te rm in e d  by  th e  b a n d  s t r u c tu r e  of th e  m a te ria l. I t  h a s  b een  show n 

th a t  n e a r  th e  b a n d  e d g e  th e  o p tica l a b so rp tio n  c o e ffic ien t of a  sem i­

c o n d u c to r  a can  be e x p r e s s e d  a s  [81]

ot -  A 0 »  -  E 8)  ^  , 15|
hy

W here hv = P h o to n  e n e r g y ,  A is  a c o n s ta n t, is  th e  b an d  gap  an d  

n = 1  fo r  d ire c t  gap  sem ico n d u c to rs  a n d  n - 4 fo r  in d ire c t  gap  sem i­

c o n d u c to rs . P ro v id e d  th e  k in e tic s  of th e  e le c tro d e  re a c tio n  do n o t 

lim it th e  p h o to c u r re n t ,  one  can  e x p re s s  th e  P h o to c u r r e n t  J  by

j  =  e f o  [ i e l

W here e  Is th e  e lec tro n ic  c h a rg e , is  th e  p h o to n  

f lu x , a is th e  a b s o rp tio n  co effic ien t U is  th e  a p p lie d  p o te n tia l ,  is 

th e  f la t b an d  p o te n tia l . is th e  m inority  c a r r i e r  d iffu s io n  le n g th

a n d  Wq is th e  d e p le tio n  la y e r  th ic k n e s s  fo r  one v o lt a c ro s s  th e  Ju n c ­

tio n . P ro v id ed  th e  a rg u m e n t of th e  e x p o n e n t in  e q u a tio n  [16] Is 

sm all th e  e q u a tio n s  [15] a n d  [16] can  be p u t to g e th e r  to  g iv e
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J tB L  =  { L ,  +  < 4 , ( u - ^ ) * j A ( h v . E g ) ‘ i  i h i

1 . 8  L ayou t

T h e  main o b je c tiv e s  of th is  s tu d y  a re  a )  P h o to e le c tro ­

chem ical c h a r a c te r is t ic s  of t r a n s  P o ly ace ty len e  an d  Poly 

3 m e th y lth lo p h en e , P3MT, in liq u id  ju n c tio n  cell c o n f ig u ra tio n , b )  EER 

s tu d y  to  in v e s t ig a te  th e  o p tica l p ro p e r t ie s  of th e  in te r fa c e .

T h re e  e x p e rim en ta l te c h n iq u e s , fu n d am en ta lly  u se d  to  

s tu d y  in o rg an ic  sem ic o n d u c to r/E le c tro ly te  in te r fa c e  w ere  em ployed in  

th is  s tu d y . W henever p o ss ib le , o b s e rv a tio n s  w ere  a n a ly se d  in  te rm s  

o f th e  b a sic  c o n c e p ts  a n d  m athem atical r e la t io n s h ip s , b a sica lly  d e v e l­

o p ed  to  d e sc r ib e  th e  p ro p e r t ie s  of an  a b ru p t  in te r fa c e .

In  C h a p te r  tw o , I will d is c u s s  th e  ex p e rim en ta l d e ta ils  

of th e  th re e  te c h n iq u e s  em ployed in th is  s tu d y .  T h e y  a r e ,  P h o to c u r­

r e n t  S p e c tro s c o p y , E le c tro ly te  E le c tro re f le c ta n c e  S p e c tro sc o p y  a n d  

R elax a tio n  S p e c tra l  A n a ly sis . T h is  C h a p te r  will a lso  in c lu d e  d e ta ils  on 

th e  sam ple p re p a ra t io n  a n d  e le c tro d e  p re p a ra t io n  e tc .

C h a p te r  th re e  is  e n tire ly  d e d ic a te d  to  th e  t r a n s  P o ly a ­

c e ty le n e  /E le c tro ly te  in te r fa c e . In itia lly , IR m easu rem en ts  re la te d  to  

th e  e lec tro ch em ica l d o p in g  of t r a n s  Poly ace ty le n e  will be p re s e n te d .  

T h e  r e s t  o f th e  c h a p te r  in c lu d e s  th e  ex p e rim en ta l r e s u l t s  of P ho to  

c u r r e n t  m e asu rem en ts  a n d  EER m easu rem en ts . P h o to c u r re n t  m e a su re ­

m en ts  in c lu d e  In v e s tig a tio n s  on th e  d e p en d e n c e  of p h o to re sp o n se  on
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th e  d o p in g  level a n d  e ffe c t of so ak in g  of t r a n s  P o ly ace ty len e  in an  

aq u eo u s  e le c tro ly te  on its  p h o to re sp o n se  p h o to c u r re n t /v o l ta g e ,  and  

ac tion  s p e c tra .  T h e  EER m easu rem en ts  b asica lly  in c lu d e , a c tu a l s p e c ­

t r a  an d  v a ria tio n  of p e ak  h e ig h t w ith  th e  ap p lied  p o te n tia l. R e su lts  

on th e  P h o to c u rre n t m easu rem en ts  will be  f i t te d  to  th e  G a r tn e r  model 

to  d e m o n stra te  th e  " d ire c t gap" n a tu re  of th e  b an d  to  b an d  p h o to e x ­

c ita tio n . EER d a ta  will be  p re s e n te d  an d  an  a tte m p t will be m ade to 

f it  them  to  a th e o re tic a l l in e sh a p e . T h is  C h a p te r  will a lso  in c lu d e  

some m easu rem en ts  re la te d  to a c h ie v in g  hom ogeniety  in d o p in g . C h a p ­

te r .  3 will co n clu d e  w ith  a sum m ary an d  th e  co n clu sio n s  re s u l te d  from 

th e  o b s e rv a tio n s  m ade on th is  in te r fa c e .

C h a p te r . 4 will be  d ea lin g  w ith  th e  Poly 

3 -m ethy lth iop  h e n e , P 3M T /E lectro Iy te  in te r fa c e . O b se rv a tio n s  on "as 

g ro w n " , n e u tra l  a n d  p a r tia lly  re d u c e d  P3MT will be  p re s e n te d .  T h ese

o b se rv a tio n s  a^e b a se d  on th e  ap p lica tio n  o f all th r e e  te c h n iq u e s

d e sc r ib e d  in C h a p te r .2. V aria tion  of th e  p h o to e ffe c t w ith  th e  dop in g  

d e n s ity  will be  d e sc r ib e d . A gain , a p p lic ab ility  of G a r tn e r  model to

a n a ly se  th e  P h o to c u rre n t m easu rem en ts  of "as  g row n" a n d  n e u tra l

P3MT will be d e m o s tra te d . EER m easu rem en ts  o b ta in e d  fo r  n e u tra l  an d  

p a r tia lly  re d u c e d  P3MT will be  a n a ly se d  fo r  th e i r  line  sh a p e . A su b  

b an d  gap  re s p o n se  o b se rv e d  in th e  EER of p a r tia lly  re d u c e d  P3MT 

will be  a n a ly se d  in te rm s of th e  po lo ron  m odel. T h e  s t ro n g  d e p e n ­

d en ce  of EER s ig n a l fo r  n e u tra l  P3MT on r e v e r s e  b ias  (d e p le tio n ) will 

b e  d is c u s s e d  in te rm s  of ferm i level p in n in g . A com parison  b e tw een  

th e  d o p ing  d e n s it ie s  e s tim ated  from  th e  coulom blc d a ta  a n d , from  Mott
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S c h o ttk y  p lo ts  will be a tte m p ted  O b se rv a tio n s  on th e  im provem ent of 

P ho toelec trochem ical re s p o n se  of P3MT by  th e  d ep o sitio n  of P t will be 

d e sc r ib e d . F in a lly , ev id en ce  fo r  th e  p o s s ib il ity  of P3MT u n d e rg o in g  

chem ical c h an g e s  in aq u eo u s  e le c tro ly te  will be  r e p o r te d .  Sum m ary 

a n d  co n clu sio n s  will e n d  th is  C h a p te r .

As th e  final fe a tu re  of th is  d is s e r ta t io n ,  a com parison  

of th e  p ro p e r t ie s  of P o ly ace ty len e  a n d  P3MT b a se d  on th e  o b s e r v a ­

tio n s  m ade in th is  s tu d y , will be p re s e n te d .
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C h a p te r  2

EXPERIMENTAL TECHNIQUES

Two m ajor e x p e rim en ta l te c h n iq u e s  h a v e  been  

em ployed In th is  w o rk . T h e se  a re  E le c tro re f le c ta n c e  S p e c tro sco p y  a n d  

Photochem ical S p e c tro sc o p y . A th i r d  te c h n iq u e , R elax a tio n  sp e c tra l  

a n a ly s is  w as u sed  to  a lim ited e x te n d . N e v e rth e le s s  all th r e e  te c h ­

n iq u e s  will be  d e s c r ib e d . B asica lly , th e se  th re e  a re  d if f e r e n t ,  w ith 

r e g a rd  to  th e  b a sic  p r in c ip le s  in v o lv ed  in th e  p ro c e ss  th a t  d e te rm in e  

th e  sy s te m 's  re s p o n se . EER in v o lv es  e le c tro  o p tic  c h a r a c te r is t ic s  of 

th e  sy stem  in q u e s tio n . In p h o to c u r re n t  s p e c tro s c o p y , on ly  th e  

o p tica l re s p o n se  of th e  sy stem  is so u g h t a n d  in  re la x a tio n  s p e c tra ,  

e le c tr ic a l re s p o n se  of th e  cell c o n s is tin g  of th e  e le c tro d e  in  q u e s tio n , 

to  a p a s sa g e  o f an  ac s ig n a l is  in v e s t ig a te d .

2 .1  E le c tro ly te  E le c tro re f le c ta n c e  S p e c tro sc o p y  (EER)

T h e  re la tiv e  m odulation  AR/R im p re sse d  o n to  th e  

re f le c te d  beam  of in te n s i ty  R b y , a  p e rio d ic  c h an g e  of an  e x te rn a l  

p a ra m e te r  su c h  a s  an  e le c tr ic  fie ld  is  th e  b asic  q u a n ti ty  m easu red  in 

E le c tro re f le c ta n c e  [82,86] . If th is  e x te rn a l  p a ra m e te r  is th e  e le c tr ic  

fie ld  in th e  space  c h a rg e  re g io n  of S e m ic o n d u c to r/E lec tro ly te  i n t e r ­

face , th e  te c h n iq u e  is  ca lled  E lec tro ly te  E le c tro re f le c ta n c e  (EER) 

[8 7 ]. EER is a p o w erfu l te c h n iq u e  to  s tu d y  d e ta ils  of e le c tro n ic  b a n d  

s t r u c tu r e  in in o rg an ic  S em ico n d u c to rs  [8 8 ] .

As s ta te d  e a r l ie r ,  b e ca u se  of th e  s t ro n g  in te ra c -  
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t io n s  a long  th e  c h a in , o rg a n ic  po lym ers w ith  a  b ack b o n e  of c o n ju ­

g a ted  b o n d s  h a v e  fe a tu re s  of w ide b an d  sem ico n d u c to rs . S e b a s tian  

a n d  W iser [8 9 ], d e m o n s tra te d  th e  u se fu ln e s s  of th e  ER m ethod fo r  

su c h  o rg a n ic  p o ly m ers .

T h e  fu n d am en ta l q u a n ti ty  th a t  d e s c r ib e s  th e  o p tica l

re sp o n se  of th e  m ateria l is th e  com plex d ie le c tr ic  fu n c tio n  [90] .

e (u)  = t ^ u )  + ic2 (w) [18]

For n e a r  norm al in c id e n ce , th e  re f le c tiv ity  a t  th e

b o u n d a ry  su r fa c e  s e p a ra t in g  th e  two m edia can  be w ritte n  u s in g  th e  

F re s e n e l 's  e q u a tio n  a s  (90)

R = ( "  - n fl) / ( n  ♦ n fl) 2  [19]

2 2 w h e re  n = t  a n d  n = t , an d  n an d  n sym bolize& A A
th e  re f ra c t iv e  in d ices  of th e  m ate ria l a n d  th e  am b ien t, w h ich  Is in  th e  

case  of EER, th e  e le c tro ly te , re s p e c tiv e ly . E x p e rim en ta lly , R show s 

p e ak s  in th e  sp ec tru m  th a t  can  be a t t r ib u te d  to  d ire c t  in te rb a n d  

tra n s i t io n s  a t p o in ts  on K sp a c e , c r i tic a l p o in ts  a t  w hich  th e  com­

b in e d  d e n s ity  o f s ta te s  fo r  o p tica l t ra n s it io n  h as  a  s in g u la r i ty  [90].

Ak [Ec (k )  - Ey (k ) ]  = 0 [20]
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In  EER th e se  c ritic a l p o in ts  can b e  o b s e rv e d  d ire c tly . 

I t  is a ssum ed  th a t  th e  d ie le c tr ic  fu n c tio n  show n ab o v e  is uniform ly  

c h an g e d  by  th e  m odulation by  an  am ount Ae^ an d  Ac^- As a  r e s u l t  of 

th is  R is c h an g e d  b y  AR a n d  re la tiv e  m odulation  AR/R is  m easu red  

w ith  r e s p e c t  to  w a v e le n g th . At su ff ic ie n tly  low v a lu es  of m odula ting  

e le c tr ic  field  (low field  reg im e) th e  ER s ig n a l fo r  th e  fu lly  d e p le ted  

space  c h a rg e  la y e r  is g iven  by  [8 6 ,9 1 ],

AR/R = -(2 e N .V  / t  )L (f i» )  [21]d sc s

w here  V is  th e  fu n d am en ta l harm onic  com ponent ofsc
th e  ap p lied  v o ltag e  a c ro ss  th e  sp ace  c h a rg e  la y e r  an d  e is th e  s ta t ics

p e rm itt iv ity . T h e  q u a n tity  L(fiw) is a s p e c tra l  l ln e sh a p e  fu n c tio n  

d e te rm in ed  by  th e  e le c tr ic  fie ld  d is tr ib u tio n  a n d  p ro p e r t ie s  of th e  

m ate ria l

T he s p e c tra l  lin e sh ap e  fo r each  c r itic a l p o in t in  th e  low 

fie ld  reg im e is  g iven  by  [84] .

AR/R = Re C e 1 0 (E -E g + tr) ' nJ  [ 2 2 ]

W here EgI C , a n d  0 a re  th e  e n e rg y  g ap , am p litu d e , 

a n d  th e  p h a se  fa c to r  r e s p e c tiv e ly , T is  th e  b ro a d n in g  p a ra m e te r  an d  

n > 2  is c h a ra c te r is t ic  of th e  c r itic a l p o in ts  fo r  sim ple p a rab o lic  m odels, 

n  = 3 .5  is fo r  one d im ensional m odel, n=2 Is fo r e x c ito n e s .

EER is  a p o w erfu l tool to  e lu c id a te  b o th  th e  o p tica l
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p ro p e r t ie s  of sem ico n d u c to rs  an d  th e  n a tu re  o f c h a rg e  accum ulation  

m odes a t  th e  in te r fa c e  w hich  g ive  r is e  to  th e  p o te n tia l d is tr ib u tio n  

th e re .  B y s tu d y in g  th e  v a ria tio n  o f th e  EER s ig n a l w ith  th e  b ia s  one 

could  d e te rm in e  th e  f la t b an d  p o ten tia l [9 2 ]. EER s ig n a l c h an g e s  i ts  

s ig n  a t  th e  H a tb a n d . A lso th e  p o te n tia l v a r ia tio n  o f th e  EER s ig n a l 

d e te rm in es  th e  s ta te s  of th e  fe rm ilevel in  s itu  a t  th e  sem ico n d u c to r/ 

e le c tro ly te  in te r fa c e  [9 3 ,9 4 ] . A cco rd in g  to  e q u a tio n  [2 1 ], fo r  a fu lly  

d e p le te d  space  c h a rg e  re g io n , th e  EER s ig n a l m ust b e  in d e p e n d e n t of 

th e  a p p lie d  d .c  b ia s . B u t if h igh  d e n s ity  of su r fa c e  s ta te s  a re  p r e s ­

e n t  a t  th e  in te r fa c e  th a t  a re  fa s t  en o u g h  to  e q u ilib ra te  a t  th e  m odu­

la tin g  f r e q u e n c y , th e n  on ly  a f ra c tio n  of th e  m odulation  v o ltag e  will 

a p p e a r  a c ro s s  th e  sp ac e  c h a rg e  la y e r .  T h is  r e s u l ts  in th e  s tro n g  

d e p en d a n c e  of th e  EER s ig n a l on th e  DC b ia i  [9 3 ,9 4 ] ,

F ig .5 show s th e  sch em atics  of th e  ex p e rim en ta l s e t  u p  

u sed  fo r  th e  EER m easu rem en ts  [8 3 ,9 2 ] . T h e  l ig h t so u rc e  is  a  150 

w a tt x enon  a rc  lam p (O r ie l) , in c o n ju n c tio n  w ith  a  h ig h  in te n s i ty  

m onochrom ator (H eath  model EU 700-56). T he m onochrom atic beam  of 

In te n s ity  I em erg in g  from  th e  m onochrom ater is  fo c u sed  o n to  th e  

sam ple b y  a  q a r tz  le n s , a n d  th e  sam ple is  m oun ted  on an  a p p ro p r ia te  

e le c tro d e  a n d  is im m ersed in  an  e le c tro ly te , w hich  is  co n ta in ed  in  a  

g la ss  cell w ith  a  q a r tz  w indow . T h e  cell is e q u ip p e d  w ith  a  r e f e r ­

en ce  e le c tro d e  , w hich  is  u su a lly  SCE ( f i s h e r ) ,  a n d  a P t c o u n te r  

e le c tro d e . T h e se  th re e  e le c tro d e s  a re  c o n n ec te d  to  a  p o te n tlo s ta tg G a l-  

v a n o s ta t (PAR model 173). A s ig n a l g e n e r a to r  (HP 3311 A) c o n ­

n e c te d  to  th e  p o te n t lo s ta t , su p p lie s  th e  m od u la tin g  v o ltag e  b e tw een
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th e  sem ico n d u c to r an d  th e  c o u n te r  e le c tro d e . D .C  b ia s  is  d e r iv e d  

from  th e  p o te n tio s ta t  an d  is  su p e rim p o sed  on th e  m odu la ting  v o ltag e . 

T h e  re f le c te d  l ig h t commlng on to  th e  p h o to m u ltip lie r h a s  two com po­

n e n ts ,  a  d .c  com ponent IqR a n d  a m odula ted  v a lu e  IqAR, T h e  dc o u t ­

p u t  of th e  p h o to m u ltip lie r Is k e p t a t  a c o n s ta n t level b y  th e  u se  of a 

s e rv o  m echanism , w hich a d ju s t  th e  H igh v o ltag e  to  th e  p h o to m u ltip lie r 

a c c o rd in g ly . T h e  ac com ponent I0AR Is d e te c te d  b y  p h a se  se n s itiv e  

d e te c tio n  u s in g  a lockin  am plifier ( I th a c o -D y n a tra c  391A Lockin a n a ­

ly s e r )  w ith  th e  re fe re n c e  s ig n a l from  th e  s ig n a l g e n e ra to r .  In  th is  

w ay th e  L ocking  am p lifie r g iv e s  an  o u tp u t  w h ich  is  e q u a l to  th e  

re la tiv e  re f le c ta n c e  AR/R. T h is  re la tiv e  s ig n a l is fed  In to  c h a r t  

r e c o rd e r .

2 .2  P h o to c u rre n t S p e c tro sco p y

T h e  m easu rem en t of l ig h t In d u ced  p h o to c u r re n t  is  th e  

b a s is  of th is  te c h n iq u e . A ctual m easu rem en ts  can be ta k e n  e i th e r  

d ire c tly  o r  u s in g  p h a se  s e n s itiv e  te c h n iq u e , d e p e n d in g  on th e  m ag n i­

tu d e  of th e  p h o to c u r re n t .  P h o to re sp o n se  o f a  sem ico n d u c to r d ip p e d  in 

an  e le c tro ly te , d e p e n d s  on se v e ra l fa c to rs  su ch  a s  o p tica l p ro p e r t ie s  

of th e  sem ico n d u c to r In q u e s tio n , I ts  f la t  b an d  p o te n tia l, p o s itio n  of 

e lec tro ch em ica l p o te n tia ls  In th e  sem ico n d u c to r a n d  In th e  e le c tro ly te , 

k in e tic s  of th e  c h a rg e  t r a n s f e r  a c ro s s  th e  In te r fa c e , su r fa c e  s ta te s ,  

recom bination  m echanism s an d  m ost Im p o rtan tly , T h e  e n e r g y  of th e  

in c id e n t ra d ia tio n  em ployed . E x p e rim en ta l m easu rem en ts  In c o n ju n c ­

tio n  w ith  th e o re tic a l d e r iv a tio n  h a s  led  to  th e  u n d e rs ta n d in g  o f th e
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n a tu re  of se m ic o n d u c to r/e le c tro ly te  in te r fa c e  [9 5 ,9 9 ],

F ig . 6  show s th e  sch em atics  of th e  e x p e r im en ta l s e t  up  

[98] em ployed fo r th e  p h o to c u r re n t  m easu rem en ts . 150 w a tt x en o n  a rc  

lamp (O rie l) is th e  lig h t s o u rc e . In  co n ju n ctio n  w ith  It is a  h ig h  

in te n s ity  m onochrom ator ( J e r r e l  A sh ) . T h e  o u tp u t  from  th e  m o n o ch ro ­

m ato r is ch o p p ed  w ith  a v a ria b le  f re q u e n c y  c h o p p e r  (I th ac o  B entham  

218 F ) . E lectrochem ical cell is f i t te d  w ith  a q a r tz  w indow  a n d  th re e  

e le c tro d e  co n fig u ra tio n  is a d o p ted  d u r in g  m e asu re m e n ts . A pp lication  

of p o te n tia l a n d  m easu rem en t of th e  c u r r e n t  o u tp u t  from  th e  cell is 

done by  a  com bination  of PAR 173 p o te n tio s ta t ,  PAR 175 u n iv e rs a l  

p ro g ram m er, an d  PAR 179 d ig ita l c o u lo m e te r /c u r re n t v o ltag e  c o n ­

v e r t e r .  O u tp u t from  th e  c u r r e n t  v o ltag e  c o n v e r te r  is fed  to  a lock in  

a n a ly s e r  ( I th a c o -D y n a tra c  391A ), w hich  m e asu re s  th e  p h o to re sp o n se  

w ith  re fe re n c e  to  th e  re fe re n c e  s ig n a l ta k e n  from  th e  c h o p p e r . O u t­

p u t  from  th e  lockin  am p lifie r is s e n t  to  th e  X -Y  re c o rd e r  (H ew let- 

P a c k e rd  7111A ) .

2.3 Relaxation Spectral Analysis

T h is  te c h n iq u e  is b a se d  on th e  m easu rem en t o f  com plex 

im pedance o v e r  a  ra n g e  of frquencieB  s ta r t in g  from  1-HZ, u p  to  a s  

h ig h  a s  13 MHz. T h is  te c h n iq u e  [100 ,101]. h a s  been  w ide ly  u s e d  to  

in v e s t ig a te  th e  e le c tr ic a l  p ro p e r t ie s  of se m ic o n d u c to r/e le c tro ly te  

in te r fa c e s  [97 ,1 0 0 -1 0 2 ]. T h e  b asic  goal Is to  e v a lu a te  th e  f re q u e n c y  

In d e p e n d e n t p a ss iv e  e lem en ts  in an  e q u iv a le n t c irc u it  r e p re s e n t in g  

th e  in te r fa c e . T h is  e q u iv a le n t c irc u it  is  d e s ig n e d , a c c o rd in g  to  d if-
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f e r e n t  c h a rg e  accum ula tion  m odes a t  th e  in te r fa c e .

F ig . 7 r e p r e s e n ts  th e  s e m ic o n d u c to r /e le c tro ly te  i n t e r ­

face , in w hich  th e  to ta l c h a rg e  is s h a re d  am ong all th e  c h a rg e  a c c u ­

m ulation  m odes [ 1 0 0 ] ,  Csc  s ta n d s  fo r th e  sp ace  c h a rg e  la y e r  c a p a c i­

ta n c e , and  R is th e  s e r ie s  re s is ta n c e  a sso c ia te d  w ith  th e  re s is ta n c e  s

of th e  sem ico n d u c to r p lu s  th a t  of th e  e le c tro ly te . is  th e  re s is ta n c e

a sso c ia te d  w ith  th e  fa ra d a ic  c u r r e n t  flow a c ro ss  th e  in te r fa c e . is

th e  im pedance of th e  o th e r  p o ssib le  c h a rg e  accum ula tion  m odes. T h e

o rig in  of th e se  c h a rg e  accum ulation  m odes may be s u r fa c e  s ta te s  o r

a d d itio n a l sp ace  c h a rg e  la y e r  w ith  a d if f e re n t  d o p in g  d e n s i ty  th a n  th e

m ain one [100] . D ep en d in g  on th e  re la x a tio n  time each  accum ulation

m ode, Z j may co n ta in  m ore th a n  one RC e lem en t. H elm holtz la y e r

c a p a c ita n c e , Cjj w hich sh o u ld  be in s e r ie s  w ith  th e  e n t i r e  t q u iv a le n t

c irc u it  is  d e lib e ra te ly  n o t show n in fig  8 ( a ) . In  a  g e n e ra l case

C a n d  w hen  C „  is in  s e r ie s  w ith  C one can  ap p ro x im a te  th e  sc H sc
e q u iv a le n t c ap a c itan c e  to  C se a lone . T h u s  a s  f a r  a s  th e  e x p e rim en t

is c o n ce rn e d  th e  to ta l c ap ac itan ce  in  s e r ie s  can  be c o n s id e re d  eq u a l

to  th a t  of sp ace  c h a rg e  la y e r ,  C o n ly . B u t if th e  in e q u a lity  g iv ens c
abo v e  is  n o t t r u e ,  one h a s  to  c o r re c t  th e  m easu red  c ap a c itan c e  fo r  

th a t  of H elm holtz la y e r ,  [102 ,103 ].

F ig . 8  show s th e  schem atics  of th e  e x p e r im en ta l s e t  u p , 

em ployed fo r  th e  re la x a tio n  s p e c tra l  a n a ly s is . What follows is  th e  

m ethodology  a n d  a n a ly s is  g iv en  In th e  o rig in a l p a p e r  b y  Tom kiew lcz 

[101]. T h e  f re q u e n c y  s y n th e s is e r  (h p  3320-B ) h a s  th e  c a p a b ility  of 

p ro d u c in g  an  ac  s ig n a l w ith in  th e  f re q u e n c y  ra n g e  from  1 Hz to  13
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F i | . l  Schoaatlc d l t i r i a  of tho i tp a r iM n t t l  u t  up fo r tho 
toctmiquo of R elaxation A nalysla. (A ftor ro f.1 0 0 )
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MHz.

T h is  ac s ig n a l su p erim p o sed  on th e  dc  b ia s ,  is  ap p lied  

a c ro s s  th e  s e r ia l com bination  of th e  sam ple cell a n d  re fe re n c e  im pe­

d an ce  c ir c u i t .  T h e  s ig n a l o r ig in a tin g  a t A a n d  B re s p e c tiv e ly  a re  

in p u t  to  th e  two c h a n n e ls  of th e  Gain P h ase  m e te r  (h p  3575A ), w hich 

m e asu re s  th e i r  re la tiv e  m ag n itu d e  M a n d , th e  p h a se  d if fe re n c e  8 , th is  

m easu rem en t is  e q u iv a le n t to  th e  com plex v o lta g e  ra t io  be tw een  th e  

tw o s ig n a ls  a t A, (E ^ )a n d  a t  B , (E g ) w hich can  be e x p re s s e d

^ -------- 123)
f* 2v + Zr

w here  a n d  a re  th e  im pedance  of th e  e le c tro ­

chem ical cell a n d  th a t  of th e  re fe re n c e  c irc u it  r e s p e c t iv e ly .

Ze l = R ♦ J (X )  [24]

a n d

Z = R - J /C  w [23]r  r  r  *

Com bining th e  e q u a tio n s  [2 3 ], [2 4 ] ,an d  [25]

X =
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R ftr 1 C o s e  UCrSiYld
[27 J

W here w is th e  a n g u la r  v e lo c ity , 8  is th e  P hase  a n g le , M is  th e  r e la ­

tiv e  m ag n itu d e , a n d  t = C pRr  is  th e  re lax a tio n  tim e of th e  r e f e r ­

en ce  c ir c u i t .  In th e  a c tu a l e x p e r im en t one m e asu re s  th e  R a n d  X a s  a 

fu n c tio n  of f re q u e n c y  f . A p p lica tion  of ac s ig n a l a n d  m easu rem en t of 

th e  e le c tr ic a l r e s p o n s e  o f th e  cell is  done u n d e r  c o m p u te r c o n tro l. 

R e su lts  a re  p re s e n te d  g ra p h ic a lly  a s  log(2Ilx) an d  lo g (R ) a g a in s t  

log (F )- In  g e n e ra l fo r  s u ff ic ie n tly  c o n c e n tra te d  'e le c tro ly te s ,  th e  

sp ac e  c h a rg e  la y e r  h as  th e  sm alles t time c o n s ta n t R  C T h u s  a tft SC

h ig h  f re q u e n c y , th e  n e tw o rk  th a t  r e p re s e n te d  in  F ig .7 ( a ) ,  r e d u c e s  to

a  se r ia l com bination of a  s in g le  c a p a c ito r , C (c  a n d  a  s in g le  r e s l s t e r

R . In  th is  f r e q u e n c y  ra n g e  th e  Im pedance of th e  cell c an  be g iv en  s

in d e p e n d e n t v a lue  w hich  is  e q u a l to  R a n d  im ag in a ry  p a r t  of th e  

im pedance is  in v e rs e ly  re la te d  to  u. In  o th e r  w o rd s  in  th is  f r e q u e n c y  

re g io n  lo g ( 2 Hx) is  lin e a r ly  re la te d  to  lo g (f)  w ith  a s lope  e q u a l to  - 1

a s ,

[28]

T h u s  th e  re a l  p a r t  of th e  im pedance is  a  f re q u e n c y

-41-



a n d  an  in te rc e p t ,  from  w hich  C can  be d e r iv e d . In  th e  low f r e -SO

q u e n c y  ra n g e , th e  re a l an d  im ag in ary  p a r t  of th e  im pedance  h a s  c o n ­

t r ib u t io n s  from  th e  o th e r  e lem en ts  of th e  e q u iv a le n t c irc u it .  A n a ly sis  

of th e  m easu red  Im pedance d a ta  can  be e x te n d e d  to  e lu c id a te  th e se  

RC com ponents [100], w hich  r e p r e s e n t  v a r io u s  c h a rg e  accum ula tion  

m odes. In th e  case  of polym eric  sem ico n d u c to rs  Im pedance te c h n iq u e  

was b a sica lly  u sed  a s  a m eans to  m easu re  th e  v a lu e  of sp ace  c h a rg e  

la y e r  c ap a c itan c e  a n d  th e  a n a ly s is  fo r  v a r io u s  RC e lem en ts  w as no t 

a t te m p te d .

2 .4  O th e r  E x p erim en ta l A sp e c ts .

2 .4 .1  P re p a ra tio n  of s a m p le s .

S y n th e s is  of P o ly ace ty len e  a n d  P3MT w as c a r r ie d  o u t a t  

S and ia  N ational L a b o ra to r ie s , New M exico, a n d  follow ing is  th e  m e th ­

odology  w hich  w as u se d  b y  them . P o ly ace ty len e  sam ples w ere  p r e ­

p a re d  b y  th e  S h irikaw a te c h n iq u e  [1 5 ], u s in g  th e  c a ta ly tic  sy stem  

(E tj)A l - T i(B u o )^  in  d r y  d is tille d  to lu en e  a t -7 8 ° ,In o rd e r  to  grow  

th e  C is isom er. T h e  a c e ty le n e  w as p u r if ie d  b y  b u b b lin g  th ro u g h  two 

su c c e ss iv e  c o n c e n tra te d  s u lp h u r ic  ac id  co lum ns, th e n  th ro u g h  a  KOH 

colum n a n d  a d ry in g  colum n. Films w ere  d e p o s ite d  on th e  in n e r

s u r fa c e  of th e  g la ss  re a c tio n  v e s s e l, p re v io u s ly  w e tted  b y  th e  c a ta ­

ly s t  so lu tio n . At th e  e n d  of th e  p o ly m erisa tio n , th e  sam ples w ere  

pee led  o ff th e  c o n ta in e r  wall an d  w ash ed  w ith  d ry  m eth y len e  c h lo r id e , 

th o ro u g h ly  to  rem ove th e  e x c e ss  c a ta ly s t .  F inally  film s w ere  t r e a te d  

a t  160 C° fo r  15 to  20 m in u tes  to  e f fe c t  th e  th e rm a l lso m erisa tio n  to
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t r a n s  isom er.

D oping  of t r a n s  P o ly ace ty len e  w as c a r r ie d  o u t in 0 .3  M 

p ro p y le n e  c a rb o n a te  so lu tio n  of LiClO^, follow ing th e  p ro c e d u re  

p u b lish e d  by  N ig rey  e t .  a l. [70] w ith  Li c o u n te r  a n d  re fe re n c e  e le c ­

tro d e s . T h e  d o p in g  w as done u n d e r  g a lv a n o s ta tic  c o n d itio n s  u su a lly
2

a t a c u r r e n t  d e n s i ty  of 0 .1yA /cm  to  e n s u re  d o p in g  u n ifo rm ity  u n til  

th e  d e s ire d  am ount of c h a rg e  w as p a s s e d .

Poly 3 -m e th y lth io p h en e  (P3MT) w as g row n e lec tro ch em - 

ically  from  ace ton  it rile  o r  p ro p y le n e  c a rb o n a te  e le c tro ly te  o n to  c lean  

m etallic s u b s t r a te s  (Au o r P t) by  p a ss in g  100 to  300 mA anod ic  c u r ­

r e n t  p u ls e . T h e  to ta l c h a rg e  p a sse d  fo r th e  g ro w th  r u n  w as ty p ic a lly
2

5 C oulom bs, fo r  a film of 6  cm a re a . T he e le c tro ly te  c o n s is te d  o f, 

d is til le d , d r ie d , 0 .5  M m ethy l th io p h e n e  w ith  1 .0  M B u^N + C F ^S O . 

a s  th e  s u p p o r t in g  e le c tro ly te , 'a s  g ro w n 1 m a te ria l o b ta in e d  th is  w ay 

cou ld  be  re d u c e d  by  th e  ap p lic a tio n  o f -1 .0  V v s .  A g+/A g  re fe re n c e  

e le c tro d e  in  a c e to n itr ile  o r  p ro p y le n e  c a rb o n a te  c o n ta in in g  s u p p o r tin g  

e le c tro ly te  o n ly , u n ti l  th e  c u r r e n t  flow becom es su ff ic ie n tly  small to  

a s s u re  q u a n ti ta t iv e  r e d u c t io n . In  p ro p y le n e  c a rb o n a te  w h ere  Li r e f e r ­

en ce  is u s e d , one cou ld  b r in g  th e  p o te n tia l down slow ly, s ta r t in g  

from  th e  o p en  c irc u it  p o te n tia l to  2 .5  V olts v s  L i* /L l an d  allow to  

s ta n d  a t  th a t  p o te n tia l u n til  th e  c u r r e n t  flow re d u c e d  to  su ff ic ie n tly  

low v a lu e s . Most of th e  tim e, re d u c tio n  w as c a r r ie d  o u t in P ro p y len e  

c a rb o n a te . In  o r d e r  to  o b ta in  in te rm e d ia te  d o p in g  le v e ls , a f ra c tio n  of 

th e  to ta l re c o v e ra b le  c h a rg e  w as rem oved  e i th e r  b y  p o te n tio s ta t ic  

c o n tro l a s  g iv en  above  o r a l te rn a t iv e ly  g a lv an o s ta tlc a lly  a t  su ff ic ie n tly
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low c u r r e n t  d e n s it ie s  u n til  th e  d e s ire d  am ount of c h a rg e  is rem oved .

2 .4 .2  E lec tro d e  C o n fig u ra tio n

specia l topo logy  of P o ly ace ty len e  an d  i ts  p o ro s ity  

dem and a new e lec tro d e  d e s ig n . P re se rv a tio n  of e lec tro d e  su rfa c e  

from  an y  m echanical dam age is of p a ram oun t im portance  in P h o to e lec ­

trochem ical e x p e r im e n ts . D etails of th e  w o rk in g  e lec tro d e  c o n f ig u ra ­

tion  a re  show n in th e  F ig .9.

T he gold c o n tac t p la te , r u b b e r  pad  an d  th e  c irc u la r ly  

sh ap e d  sam ple a re  p re s se d  to g e th e r  be tw een  two te flo n  p la te s  an d  a re  

t ig h te n e d  w ith  tw o nylon  sc rew s . All th e  e d g e s  In c lu d in g  th e  p e rim e­

te r  of th e  sam ple a re  c a re fu lly  sea led  w ith  w ax u s in g  a "ho t"  w ire . 

T h is  a r ra n g e m e n t p re v e n ts  th e  t r a n s v e r s e  flow of e le c tro ly te  In to  th e  

back  c o n ta c t. In th e  case  of P3MT, e le c tro d e  p re p a ra t io n  Is done In a 

r a th e r  co n v en tio n a l w ay. Film on one side  of th e  m etal s u b s t r a te  is  

s c ra p e d  an d  a  c o p p e r w ire is a tta c h e d  to  th a t  side  w ith  s i lv e r  ep o x y .

T h e n  all th e  ex p o sed  e d g es  In c lu d in g  th e  p e rim e te r  of th e  sam ple is
2

co v ered  w ith  o rd in a ry  ep oxy  leav in g  an  ap p ro x im a te ly  0 .2  Cm of th e  

film e x p o se d .

2 .4 .3  C hem icals

P ro p y len e  c a rb o n a te  (F ish e r )  is d is tille d  a t 80°C u n d e r  

re d u c e d  p re s s u re  u s in g  a 3 f t  f ra c tio n a tin g  colum n. O nly th e  m iddle 

fra c tio n  is  co llec ted . T h is  f ra c tio n  is  s t i r r e d  w ith  L inde 4A m olecu lar 

s iev e s  (A lfa ) , a c tiv a te d  a t  450° u n d e r  A r a tm o sp h ere  fo r  tw o d a y s ,
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followed by  f i l tra tio n  a n d  vacuum  d is tilla tio n . A gain on ly  th e  m iddle 

fra c tio n  is co lle c ted . LiClO^ s u p p o r t in g  e le c tro ly te  is m elted  in  v a c ­

uum  b e fo re  u se . M ethyl v io logen  (A ld rich ) a n d  N ajSO ^ w ere  u s e d  a s  

re c e iv e d . A n aly tica l g ra d e  Li (F ish e r )  is s c ra p e d  in d ry  p ro p y le n e  

c a rb o n a te  b e fo re  u se  and  c o n ta c ts  a re  m ade w ith  n ick e l m esh p re s s e d  

o n to  Li. In  p ro p y le n e  c a rb o n a te  Li w as u se d  as  b o th  re fe re n c e  an d  

c o u n te r  e le c tro d e s . W ater de ion ized  a t a m illipore d e io n iz in g  p la n t 

(18 MS2) w as u se d  th ro u g o u t . All so lu tio n s  w ere  p u rg e d  w ith  A r 

b e fo re  u s e . A r is p u r if ie d  by  se n d in g  f i r s t  th ro u g h  a  colum n of 

C u - tu rn in g s  a t  550°C to  rem ove o x y g e n , followed by  d ry in g  s u c c e s ­

s iv e ly  w ith  d r ie r i te  (F is h e r )  a n d  ^ 2 ^ 5 ’ O rg an ic  e le c tro ly te s  a re  h a n ­

d led  in a  d ry  box  filled  w ith  A r o r  h ig h  p u r i ty  N2 . A c tiv a ted  n e u ­

t r a l  alum ina (F ish e r)  is a d d e d  to  e lec tro ch em ica l cell to  e n s u r e  p u r i ty  

of th e  e le c tro ly te  in It a n d  to  rem ove t r a c e s  of m o is tu re  th a t  a re  

a b so rb e d  d u r in g  th e  e x p e r im e n t.
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Chapter 3

TRANS POLY ACETYLENE/ELECTROLYTE INTERFACE.

3 : EXPERIMENTAL R ESU LTS.

3.1 IR and Photoelectrochemical measurements.

Fig. 10 show s th e  IR s p e c tra  of t r a n s  P o ly ace ty len e  

a long  w ith  th a t  of lig h tly  d o p ed  m a te ria l. D u rin g  th e  a c tu a l e x p e r i ­

m en t, sam ple w as ex p o sed  to  a i r ,  b u t  re p e a te d  scan s  show  no v is ib le  

c h an g e  du e  to  a b so rb e d  o x y g e n . C u rv e  1 is fo r  th e  u n d o p e d  p r is t in e  

m a te ria l, C u rv e  2 r e p r e s e n ts  a sam ple of u n d o p ed  P o ly ace ty len e  

e x p o se d  to  a ir  fo r  15 h o u rs  a t  room te m p e ra tu re . C u rv e  3 is fo r  a

sam ple d o ped  e lec tro ch em ically  to  an  e s tim a te d  d e n s i ty  of th e  o r d e r  of 
17 33x10 d o p a n ts /C m  . C u rv e  4 is  fo r  a  sam ple w ith  h ig h e r  d o p in g  c o n ­

c e n tr a t io n . B efo r ta k in g  IR s p e c tr a ,  d o ped  sam ples w ere  w ash ed  

w ith  p ro p y le n e  c a rb o n a te  a n d  w a te r  followed b y  d ry in g  th o ro u g h ly  in 

v acuum . T h e  p ro m in en t fe a tu re s  of c u rv e s  2 a n d  3 a re  th e  d o p ing  

in d u c e d  b a n d s  a t  1400 cm * a n d  887 cm *.

F ig . 11 show s th e  v a ria tio n  of p h o to e ffe c t w ith  p o te n tia l

a s  a fu n c tio n  of d o p a n t c o n c e n tra tio n . T h e  d o p in g  w as c a r r ie d  o u t
2

g a lv an o s ta tic a lly  a t  100 nA /cm  , u n ti l  a  d e s ire d  am ount of c h a rg e  w as 

p a s s e d  th ro u g h . T h e  r e s u l t in g  d o p in g  d e n s ity  w as c a lc u la te d  in  te rm s  

of th e  c h a rg e  p a s s e d , by  a ssu m in g  100% c u r r e n t  e ff ic ie n c y . Each 

d a ta  p o in t w as ta k e n  few m in u tes  a f te r  th e  a p p lic a tio n  o f th e  p o te n tia l 

s te p , to  e n s u re  minimum e r r o r  d u e  to  c ap ac itiv e  t r a n s ie n t s .  T h e  

P r is t in e  po lym er a n d  th e  d o p ed  m a te ria l c o r re sp o n d in g  to  C u rv e  6  in
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F ig .10. I I  Spoctr* of Trtni Polyocotylono.

1) p r l i t ln t  trono P olyocotylono.

2) Priotino Polysor a f t e r  16 H ro.of tipoaur* to  A ir.

3) L ightly dopod polymer 10^^/co"3 J

4) Polymer w ith ■ h igher doping donoity . (1^* ArlO1^ ' " -3
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TABLE -  1

TIME
2

Q - b C / C b

CATHODIC

I-PHOTO

- 1 .0 V
nA

I-PHOTO
-0 .7 V  

n A

I-PHOTO
-0 .2 V

nA

I-PHOTO
+ 0 . 4V 

nA

Q - b C / C b ^

ANODIC

I-PHOTO

+ 0 .4 V  
nA

1 0  m ln 1 7 .0 3 3 .7 5 4 .0 5 2 . 55 1 . 5 1 8 .0 1 . 8

25 B i n 3 1 .0 6 .3 6 .4 5 3 . 75 2 . 8 6 3 4 .0 1 .5

50 m ln 6 2 .0 7 .8 1 0 .9 5 .5 4 .0 6 4 .0 1 . 3

1 0 0  a i n 9 7 .5 1 4 .0 1 3 .5 1 0 .0 5 1 0 .3 5 9 7 .0 1 .3

11 H rs* - 5 7 .7 5 4 9 .5 2 3 .0 1 2 .5 - -

16 H rs* - 61 .5 0 5 4 .0 2 8 .0 1 5 .5 - -

24 H rs * - 6 9 .0 6 1 .0 3 4 .5 19 .0 - -

36 H rs* - 6 9 .5 6 3 .0 3 5 .5 1 9 .5 - -

* STANDS FOR "OPEN CIRCUIT"



F ig . 11, g e n e ra lly  o ccu p ied  th e  same p o sitio n  in  th e  f ig u re  w hile th e  

maximum d o p in g  d e n s ity  fa lls  in b e tw een .

T ab le . 1 ta b u la te s  th e  p h o to c u r re n t/v o lta g e  d a ta  fo r

p o ly ace ty len e  in v iologen e le c tro ly te . A f r e s h ,  l ig h tly  d o ped  m ateria l 

w ith  optim um  p h o to e ffe c t was u sed  h e re . O rig in a lly  th e  p o te n tia l was 

s te p p e d  down to -1 .0V  v s . SCE a n d  allowed to  s ta y  fo r  some time 

b e fo re  m easu rin g  th e  p h o to c u r re n t .  T h e  ca th o d ic  c h a rg e  p a sse d  a t 

-1 .0V  v s .  SCE was re c o rd e d . T h en  th e  p o te n tia l w as sh if te d  to  -0 .7  

v , - 0 .2  v , a n d  +0.4 v , in su c c e ss iv e  s te p s ,  an d  th e  p h o to c u r re n t  a t 

e ach  s te p  w as m e a su re d . F inally  th e  e le c tro d e  w as allow ed to  s ta y  a t 

+0.4V u n til th e  p a ssa g e  of an  anod ic  c h a rg e  w hich  w as eq u a l to  th e  

ca th o d ic  c h a rg e  p a sse d  a t  -1 ,0V  v s .  SCE. At th e  e n d  th e  p h o to c u r ­

r e n t  a t  +0.4V w as re c o rd e d .

F ig . 12a I l lu s tr a te s  th e  ev o lu tio n  of p h o to c u r re n ts  in

v io logen e le c tro ly te  as  :t fu n c tio n  of so ak in g -tim e . T h e  e le c tro d e  was

allow ed to  soak  in  th e  e le c tro ly te  fo r  some time an d  th e  p o te n tia l was

s te p p e d  u p  s ta r t in g  from  -1 .0V  v s .  SCE to  - 0 .1 , - 0 .2 ,+ 0 .4V v s .  SCE 

s u c c e ss iv e ly . A fte r  a  b r ie f  p a u se  a t each  s te p  p h o to c u r re n t  was 

m e asu re d  an d  th e  o b se rv a tio n s  a re  ta b u la te d  in  T a b le .2 a s  a  f u n c ­

tio n  of cum ula tive  so ak in g -tim e .

F ig . 12b i l lu s tr a te s  th e  m easu rem en ts  ta k e n  in  an 

e x p e rim en t sim ilar to  th e  one d e sc r ib e d  ab o v e , b u t  u s in g  

N a 2 S ,S ,N aO H  ( 1 : 1 : 1 ) a s  th e  e le c tro ly te .

T a b le .3 ta b u la te s  th e  r e s u l t s  of an  e x p e r im e n t, p a ra lle l 

to  th e  one u s e d  to  o b ta in  th e  r e s u l ts  show n In F ig . 12a. B u t in  th is
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T a b le .2 : Evolution of p h o to cu rren ts  of l igh tly  doped t ra n s  *(CH)

in v io logen  e le c tro ly te  as a fu n c tio n  of S oak ing  tim e.

1------
| Time
| H ours
I

‘ T

1

1

|
- 1 . 0  v

P h o to c u rre n t 
-0 .7  v

2

nA /C m  a t  
- 0 . 2  v

i

+0.4 v |

| 0 . 0

I
1
1 ...

2 2 . 0 1 12.9 |
L . _  L

7 .2  | 3 .1  |

| 0 .5
1

I
j

34 .5
r  i 
I 2 2 . 8  | 
i

9 .2  | 3 .4  |

I 1 . 0

I
I. i—

41.5 | 3 0 .0  |
1 i

10 .3  | 2 .7  |

I 1 .5 1
I

47.5
1 t 
| 31 .0  |
j .  . .  i

1 0 . 1  | 3 .0  |

| 2 .5
I
1

J
63 .0

1 1 

I 3 7 .0  | 
j

13.4 |
1

1 . 8  |

| 4 .5
1

1
1

8 4 .0 | 4 8 .0  |
|

1

1 2 . 0  | 1 . 0  |

| 6 . 0

T

1 100.5 1 4 6 .0  |
1 i

1 0 . 8  | 1 . 0  |

1 8 .5 1i
105.0

1 1 

j  45 .0  j
i . . . . . . . . . . .  |

11 .7  | 1 .5  J
. |

I 10,5
i
1i

99 .0
t 1 

1 51 .0  |
1 |

12.3 |
1

1 . 2  j

t 24 .5
t
1

_ _ _ L
8 7 .0

I 1 

1 4 1 .0  |
i

8 .7  | 1 .7  |

| 26 .5 1
1

82 .5 1 3 4 .0  |
i i

9 .0  |
. . . . . . . . . . . . . . . . . . . . . . . . .

1.5  |
____ i

* all p o te n tia ls  v s . SCE

case  lig h tly  d o ped  P o ly ace ty len e  a lre a d y  so ak ed  fo r  n e a r ly  11 H o u rs  

in a q u eo u s  N ajSO ^ w as u s e d . T e s tin g  fo r th e  p h o to e ffe c t w as done 

In v io logen  e le c tro ly te . T h e  p h o to c u r re n t  a t  s e v e ra l p o te n tia l s te p s  

w ere  m easu red  a s  d e sc r ib e d  a b o v e . E ven th o u g h  so ak in g  in th e  e lec - 

t ro ly te  h a s  a fa v o u ra b le  e ffe c t on th e  o v e ra ll P h o to e ffec t, th e  la te r  

a lw ays d e te r io ra te d  a t  anod ic  p o te n tia ls . F o r exam ple , p h o to a c tiv ity  

of an  e le c tro d e  im proved th ro u g h  so ak in g  d e te r io ra te d  g ra d u lly , to  

u n d e te c ta b le  le v e ls , w hen it  is  k e p t a t  +0.4V v s .  SCE fo r  a  p ro -
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T a b le .3 : Variation of p h o to c u r re n t  of a t r a n s  "(CH) electrode

a lre a d y  so ak ed  fo r 1 1  h o u rs  in aq .N a^S O ^ a s  a fu n c tio n  

of time a t d if f e r e n t  p o te n tia ls .

| Time P h o to c u rre n ts  nA /Cm  a t

H ours -1 .0  v I -0 .7  v | 0 . 2  v
H-------------
i 14.2

+0.4 v

0.0 55 .3 33 .0 2 . 1

1.5 6 2 .0 33 .0 13 .8 2 .3

3 .0 5 7 .0 31.0 I 13.8 2 . 2

4 .5 62 .3 29.0 12.9 2 . 1

I 8.0 5 9 .0 30 .0 I 13.0 2 . 2

longed  p e rio d . B u t ag a in  th e  p h o to e ffe c t could  be p a r tia lly  r e ju v e n ­

a te d  ju s t  b y  allow ing th e  e le c tro d e  to  s ta n d  in  th e  e le c tro ly te  u n d e r  

open  c irc u it  c o n d itio n s . M easu rem en ts  ta k e n  in  th is  e x p e r im en t a re  

ta b u la te d  in T a b le .4. T h e  s p e c tra l  re s p o n se  o f an  e le c tro d e  w ith  

optim um  d o p in g  d e n s ity  is  show n in F ig . 13. A b so lu te  q u an tu m  e f f i­

c ien c ies  a re  low . T h e  p h o to re s p o n se , tu r n s  on in th e  v ic in ity  o f 800 

nm, a n d  th e n  b eg in s  to  r is e  g ra d u a lly  till  500 nm a n d  th e n  in c re a se s  

d ram a tica lly  to w a rd s  s h o r te r  w a v e le n g th s .

3.2 Electrolyte Electro Reflectance (EER) measurements.

EER s p e c tr a  o f l ig h tly  d o p ed  P o ly ace ty len e  ta k e n  a t

d if fe re n t  e le c tro d e  p o te n tia ls  a re  show n in  F ig . 14a. T h e  sp ec tru m  1 is

show n ag a in  in F ig . 14b fo r  th e  sak e  o f c la r i ty . D opan t c o n c e n tra tio n

18 3of th is  sam ple is of th e  o rd e r  of 3 .2  x  10 D o p an ts /C m  . Two p e ak s
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T a b le .4 : Rejuvenation of the  p h o to cu rren t  of an  *(CH)x electrode

a f te r  a 

in g .

p ro lo n g ed s ta y  a t  +0.4 V v s .S C E , th ro u g h  s

i i
| Time |
t .... _j....

P h o to c u rre n ts nA /Cm ^ a t
1 1 

| H ours |
i

- 1 . 0  v | -0 .7  v | - 0 . 2  v | +0.4 v

1 0 . 0  | 1 .3  | 0 . 6  | 
(

0 .3  |

1 0 .5  | 1 .5  |
t

0 . 8  | 0 .4  |

1 1-5 I 2 .5  | 1 . 2  | 0 . 8  |
1

0 .3

1 3 .5  | 5 .0  | 2 . 1  |
i

1 .4  | 0 .5

1 5 .5  | 1 2 . 0  | 5 .1  |
1

2 .5  | 1 . 1

1 7 -5  | 15 .8  | 7 .5  | 3 .1  | 1 . 6

1 9-5  | 19.2 | 9 .0  | 3 .5  | 1 . 8

1 11-5 | 18 .7  | 8 .9  |
j .

3 .2  | 
1

2 .3

I 21.5  |
i i

17 .6  |
i

8 . 2  ]
i

3 .1  |
i

2 .5
i

w ere  o b se rv e d  a t n e g a tiv e  p o te n tia ls , one a t  1 .45 ev  an d  th e  o th e r  a t 

1 .6  e v . B u t in  th e  re g io n  of p o s itiv e  p o te n tia ls , th is  sim ple sp ec tru m  

gave w ay to  a fa ir ly  com plex s p e c tr a  w ith  a  v e ry  b ro a d  s t r u c tu r e  

c e n te re d  a ro u n d  2 .1  ev  w ith  a  w id th  well o v e r  1 .5  e v . T h e  peak  

h e ig h t of b o th  EER s ig n a ls  p r e s e n t  in sp e c tru m . 1 v a r ie d  lin e a rly  w ith 

th e  m odu la ting  am p litu d es  a s  h ig h  a s  0 .6  v o lts . T h u s  th e  m odulation 

am p litu d e  of 0 .5  V olts  u sed  in ta k in g  th is  s p e c tra  s a tis f ie d  th e  low 

fie ld  re q u ire m e n t. V aria tion  of EER peak  h e ig h t w ith  p o te n tia l is 

show n in  F ig . 15. EER s ig n a ls  a t  1.45 e v  a n d  1 .6  ev  s ta r te d  low a t 

-1 .0 V  v s . SCE an d  th e n  a tta in e d  a  maximum a ro u n d  0 .0V  v s .  SCE.
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In  th e  reg io n  of p o te n tia ls  p o s itiv e  to  maximum, b o th  s ig n a ls  assu m ed  

a s te e p  d ec lin e  a n d  fin a lly  c ro s se d  th e  x  a x is  in th e  v ic in ity  of + 1.0V  

v s . SCE. T h e  peak  a t  2 .1  ev  w hich  b eg an  to  a p p e a r  a t  p o te n tia ls  

p o s itiv e  to  '0 .2 V  v s .  SCE, p a sse d  th ro u g h  a maximum a ro u n d  +1.0V 

v s . SCE a n d  th e n  dec lin e  slowly to w ard s  m ore p o s itiv e  p o te n tia ls . 

E xperim en ta l c o n d itio n s  u sed  in th e  EER. m easu rem en ts  w ere  th e  same 

as in p h o to c u r re n t  m easu rem en ts .

3 .3  M easu rem en ts  r e la te d  to  a c h ie v in g  hom ogen ie ty  of d o p in g .

O ne of th e  fa c to rs  th a t  d e te rm in e  th e  e lec tro ch em ical 

b e h a v io u r  of sem ico n d u c to r e le c tro d e s  is th e i r  hom ogen ie ty . Non l in ­

e a r  M ott- S c h o ttk y  p lo ts  o r  EER s p e c tra  w ith  e x c e s s iv e ly  b ro a d  p eak s  

and  d is to r te d  line  sh a p e s  a re  o fte n  c o n n ec ted  w ith  th e  lack  o f hom o­

g e n ie ty . Low c o n d u c tiv e  m a te r ia ls , e sp e c ia lly  O rg an ic  p o ly m ers , a re  

e x trem e ly  p ro n e  to  p ro d u c e  inhom ogeneously  d o ped  m a te r ia ls . T h is  

prob lem  is  e v e n  w o rse  fo r  P o ly ace ty len e , b e c a u se  d o p a n ts  a re  in itia lly  

in tro d u c e d  in to  a po lym er m a trix  w hich  Is alm ost an  in s u la to r .  T h e re  

is ex p e rim en ta l ev id en ce  s u p p o r tin g  th e  fa c t th a t  g as  p h a se  d o p in g  

o fte n  p ro d u c e s  an  inhom ogeneously  d o ped  m ate ria l u n le s s  sp ec ia l 

e x p e rim en ta l p ro c e d u re s  a re  a d o p ted  [72] . T h e  r a te  of in tro d u c tio n  of 

d o p a n ts  in to  th e  po lym er is an  im p o rtan t fa c to r  w hich  d e te rm in e  th e  

hom ogeniety  of th e  fin a l p ro d u c t .  In  th e  case  of e lec tro ch em ica l d o p ­

in g , th e  ra te  of In tro d u c tio n  of d o p a n ts  can  be  c o n tro lled  b y  r e g u la t ­

ing  th e  c u r r e n t  d e n s i ty .  D u rin g  th e  e x p e rim en ta l p ro c e d u re  d e sc r ib e d  

below , d o p in g  is  done g a lv an o s ta tic a lly  an d  ev o lu tio n  of th e  Cell v o l t ­

-59-



ag e  of P o lyace ty lene /0 ,5M  LiClO^ In P ro p y len e  C a rb o n a te /L l  Cell is 

m onito red  a s  a fu n c tio n  of d i f f e r e n t  c u r r e n t  d e n s i t ie s .

T h e  e lec trochem ical Cell was c o n s t r u c te d  by  u s in g  a 

sample of P o ly ace ty len e  as a w o rk in g  e le c t ro d e  a n d  Li a s  th e  c o u n te r  

a n d  re fe re n c e  e le c t ro d e .  In itia l p o te n t ia l  was found  to  be in th e  

v ic in i ty  of 3.1 V v s .  Li. T h e n  th e  d o p in g  was c a r r ie d  o u t  b y  p a s s in g  

a c o n s ta n t  anodic  c u r r e n t  th ro u g h  th e  cell. A f te r  a  c e r ta in  time 

in te rv a l  th e  p ro c e s s  was in t e r r u p t e d  an d  th e  cell was allowed to s t a ­

b ilize fo r  some time (ab o u t 1  min ) b e fo re  m e asu r in g  th e  cell v o ltag e .  

Doping is re su m ed  un til  th e  n e x t  v o ltage  m easu rem en t.  At h ig h e r  

c u r r e n t  d e n s i t ie s ,  th e  cell vo ltage  show ed a  s te e p  r is e  a t  th e  o n s e t  of 

d o p in g ,  an d  immediately r e t u r n s  to  a  slowly a s c e n d in g  p la te a u .  

S teep  r is e  of th e  cell vo ltage  a t  th e  o n s e t  is in d ica t iv e  of th e  lnhomo- 

g en eo u s  n a tu r e  of th e  dop ing  p ro c e s s .  As th e  c u r r e n t  d e n s i ty  w as 

b r o u g h t  down th e  in itia l s h a r p  r is e  in  th e  Cell p o ten tia l  w hich w as 

o b s e r v e d  a t  h ig h e r  d e n s i t ie s ,  became more g ra d u a l  a n d  th e  p la te a u  

w as re a c h e d  a t  h ig h e r  d o p ing  c h a r g e .  T h e  g ra d u a l  evo lu tion  of th e  

cell vo ltag e  is in d ica t iv e  of a  hom ogeneous d o p in g  p ro c e ss .

F ig . 16 Ind ica tes  th e  r e s u l t s  o b ta in e d  in  th e s e  m e a s u re ­

m e n ts .  At each  c u r r e n t  d e n s i ty  th e  cell was d oped  u n t i l  th e  p a s s a g e
2

of 21.4 mC/Cm , c o r re sp o n d in g  to  a  ca lcu la ted  d o p ing  d e n s i ty  of 6 .44  
18 2x 10 d o p a n ts /C m  . A t th e  e n d  of th e  d o p in g  p ro c e s s ,  r e s i s t a n c e  of 

a  film of 0 .5  Cm x 0 .2  Cm was m easu red  p a ra l le l  ( R ^ q ) fln d  p e r p e n ­

d ic u la r  to  th e  film s u r fa c e  b y  u s in g  p r e s s e d  p la tinum  c o n ­

ta c t s .  T a b l e .5 show s th e  resu ltB  o b ta in e d  In th e s e  r e s i s t iv i ty  m eas-
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u r e m e n t s . T h e  th i r d  column of th e  ta b le  show s th e  o p en  c i r c u i t
2

v o lta g e  of th e  cell a f t e r  th e  p a s s a g e  of 21 .4  m c/cm  , a t  th e  sp ec if ie d  

c u r r e n t  d e n s i t ie s  g iven  in th e  f i r s t  column of th e  same ta b le .

T a b le .  5 : C o n d u c t iv i ty  m e asu rem en ts  of ~(CH) d oped  a t  d i f f e r e n t
X

c u r r e n t  d e n s i t ie s .

r ---------------------------- T ------------------------------ T ---------------------------T ----------------------------- 1

I vA /cm 2  | R a b  I R a c  |
(.--------------------+--------------------- 1 -------------------+

|  5 | 2 .3 x l0 5  j 1 .6 x l0 6  |
h-------------------------f --------------------------- -j--------------------------j-

| 1 .25 | 2.5x10** | 3. Ix lO 7  |
h--------------------- +----------------------- +-------------------- +
I 0 .5  | 1 .7*10 5  I o.OxlO 7  |y--------------------1 --------------------- 1-------------------1

| 0 .2  | 2 . 3 x l0 5  | S.OxlO 7  |
(.---------------------f--------------------- 1--------------------f
| 0 .05  | 2.0x10** 1 8 .7 x l 0 7  |
t ______________ ±_______________ l -------------------- 1

D iagram . 1 : D iagram  show ing th e  p r e s s  c o n ta c ts  made to  a  T r a n s

P o lyace ty lene  film.
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3 : DISCUSSION AND CONCLUSIONS.

3 .4  IR  b e h a v io u r  of E lec tro rhem ica lly  d o p ed  P o ly ace ty len e .

IR s p e c t r a  shown in F ig . 10 a r e  in a g reem en t w ith th e  

p u b l ish e d  d a ta  on T r a n s  P o ly ace ty len e  117]. IR b a n d s  a t  1000 cm  ̂

a n d  740 cm * a re  a t t r i b u t e d  to  ou t of p lane  C-H d efo rm ations  of 

T r a n s  a n d  cis P o lyace ty lene  re s p e c t iv e ly .  B an d s  a t  1290 cm  ̂ an d  

1240 cm * a re  a s s ig n e d  to  T r a n s  an d  Cis , C-H  in  p lane  de fo rm a­

t ions  . P re s e n c e  of b o th  s e t s  of th e s e  b a n d s  in  th e  IR s p e c t r a  of 

t r a n s -P o ly a c e ty le n e  u sed  in th is  s tu d y ,  in d ica te s  the  p r e s e n c e  of cis 

m ate r ia l ,  w hich was es tim ated  to  be a ro u n d  7%. Cis an d  T r a n s  c o n ­

te n ts  of a Po lyace ty lene  specim en can  be es tim ated  b y  th e  u s e  of th e  

following form ula [18] .

Cis c o n te n t  (%) = 100[1.3  Ac ls / ( 1 . 3  A ^  ♦ Atp ftM >] [29]

Where A . a n d  A. s ta n d  fo r  th e  a b s o r b a n c e s  ofcis t r a n s
th e  740 an d  1015 cm b a n d s  in th e  sp e c t ru m  of a  sample r e s p e c ­

t iv e ly .  T h e  m ost im p o r tan t  f e a tu r e  shown In th e  s p e c t r a  3 a n d  4 In 

th e  F ig . 10 is th e  a p p e a ra n c e  of ad d it io n a l  b a n d s  In th e  s p e c t r a  upon  

d o p in g .  B ands  a t  1400 cm * a n d  887 cm * (0 ,1 7 e v ,  O . l l e v )  h a v e  been  

a t t r i b u t e d  to local IR modes of th e  c h a r g e d  Solitons. T h e  in te n s i ty  

of solltonic  b a n d s  in c re a s e s  w ith  th e  in c re a s in g  am oun ts  of c h a rg e  

u s e d  d u r in g  th e  e lec trochem ica l d o p in g .  T h is  in d ic a te s  th e  e f f e c t iv e ­

n e s s  of th e  d o p in g  p ro c e d u re  a d o p te d  in o u r  l a b o ra to ry .  S p e c tru m  4 

in  th e  F ig . 10 c o r re s p o n d s  to  a  sample w ith  a  Cis c o n te n t  o f  n e a r ly  

11%. T h is  o b s e rv a t io n  is  in  k e e p in g  w ith  th e  r e p o r te d  o b s e rv a t io n
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th a t  C i s /T r a n s  isomer r a t io  of a  P o lyace ty lene  specim en  is a l te re d  as  

a r e s u l t  of d o p in g .  A n o th e r  a s p e c t  t h a t  r e q u i r e s  m en tion ing  is th e  

c h a n g e  in th e  IR sp e c t ru m  upon  e x p o s u r e  to  A ir .  A gain  a  w eak b an d  

a p p e a r in g  a t  1400 cm * s u g g e s t s  th e  p o ss ib i l i ty  of a i r  (o x y g e n )  a c t ­

ing  a s  a d o p a n t  a lso . B ut no ad d itio n a l b a n d s  due  to  o x y g e n a te d  

m ate r ia l  a r e  o b s e r v e d .

A ssum ing a 100o c h a rg e  e ff ic ien cy  one  can  ca lcu la te  th e  

D oping d e n s i ty  in te rm s  of th e  q u a n t i ty  of c h a rg e  u s e d  d u r in g  th e

d o p ing  p ro c e s s .  A ssum ing  th e  bu lk  d e n s i ty  an d  th e  F loa ting  d e n s i ty
3

of t r a n s  P o ly ace ty len e  a s  0 .4  a n d  1.2 g /cm  re s p e c t iv e ly ,  an  anodic

-4 2c h a rg e  of 3 x 10 C u s e d  to oxid ize  a  sample of 1 cm a r e a  an d  0 .2 5
17

mm th ic k n e s s  would r e s u l t s  in a  d o p ing  d e n s i ty  of 2  x 1 0  d o p a n t s /  
2

cm . T h is  d o p in g  d e n s i ty  would c o r re s p o n d  to an  ox id a tio n  level of 

0.0004%, w hich is ex trem e ly  small an d  well below th e  sem ico n d u c to r-  

metal t r a n s i t io n  re g io n .

3 .5  P h o to e ffec t  a t  th e  L ig h tly  d o p e d  P o ly ace ty len e  /E le c t ro ly te  

in te r f a c e .

3 .5 .1  P h o to e ffec t  a s  a  fu n c t io n  of d o p in g  d e n s i ty .

As in th e  case  of In o rg an ic  sem ico n d u c to rs ,  c o n d u c t iv ­

ity  of th e  po lym er in c re a s e s  w ith , in c re a s in g  d o p in g  d e n s i ty .  T h is  

would e n h a n c e  th e  p h o to e ffec t  of th e  m ate r ia l .  B u t a t  th e  same time 

ad d it io n a l  e f f e c t s ,  s u ch  a s  in c re a s in g  d e g e n e ra c y  of im p u r i ty  le v e ls ,  

recom bination  th r o u g h  d e f e c t s ,  a n d  d e c r e a s e  in sp ace  c h a r g e  la y e r  

th ic k n e s s ,  w ould accom pany  th e  h ig h e r  d o p in g  d e n s i t ie s .  H ig h e r
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d o p in g  d e n s i t ie s  would a l t e r  th e  p o ten tia l  d is t r ib u t io n  a t  th e

s e m ic o n d u c to r /e le c t ro ly te  in te r fa c e  in su ch  a way, a  s ig n if ic a n t  p o r ­

tion of th e  p o ten tia l  d ro p  be tw een  th e  sem iconduc to r  an d  th e  e le c t r o ­

ly te  a p p e a r  in th e  Helmholtz p a r t  of th e  in te r fa c e .  T h is  would lower 

th e  e le c t r ic  field w ith in  th e  sp ace  c h a r g e  re g io n ,  th e r e b y  low ering  

th e  e f fe c t iv e n e s s  of th e  p h o to in d u ced  c h a rg e  s e p a ra t io n .  B ecause  of 

th e  h ig h e r  r e s i s t iv i ty  of th e  p r i s t in e  (u n d o p e d )  m ateria l o rg a n ic  sem­

ic o n d u c to rs  h av e  ad d itio n a l p rob lem s re la te d  to inhom ogenie ty  of th e  

d is t r ib u t io n  of d o p a n ts .  As a r e s u l t  of th e s e  e f fe c t s  of o p p o s in g  

n a t u r e ,  p h o to a c t iv i ty  of a sem ico n d u c to r  g e n e ra l ly  p a s s e s  th r o u g h  a 

maximum, w ith in c re a s in g  d o p in g  d e n s i t y .  D ata shown in F ig . 11 a re  

r e la te d  to op tim is ing  th e  d o p in g  d e n s i ty  fo r th e  h ig h e s t  p h o to c u r r e n t .  

S ta r t in g  from  po s it iv e  p o te n t ia ls  th e  p h o to e ffec t  r i s e s  to w a rd s  th e

n e g a t iv e  p o te n t ia ls .  T h is  a g r e e s  w ith  th e  p - ty p e  c o n d u c t iv i ty  of th e

l ig h t ly  d o p ed  t r a n s  P o ly ace ty len e .  T h e  t u r n  on p o te n t ia l  seems to  be 

p o s i t iv e  to  +0.25 V v s .  SCE. C athod ic  p eak  fo r  th e  one e le c tro n

re d u c t io n  of MV + +, is in  th e  v ic in i ty  of -1 .0  V v s .  SCE. Unlike 

in o rg a n ic  sem ico n d u c to rs ,  th e  p h o to e f fe c t  follows th e  In c re a se  in d a rk  

c u r r e n t  to w a rd s  n e g a t iv e  p o te n t ia ls  a n d  it goes th r o u g h  a  maximum 

p o s it iv e  to  th e  d a r k  c u r r e n t  p e ak .  T h is  b e h a v io u r  a g a in  is e x p e c te d  

fo r  a  p -  ty p e  sem ico n d u c to r .  E lec tro d e  w ith  optimum d o p in g  d e n s i ty  

show ed a  p h o to v o ltag e  of 80 to 150 mv.

O vera ll  sh ap e  of th e  p h o to c u r r e n t  vo ltage  c u rv e s  

show n in F ig . 11 a r e  in d ica t iv e  of an  e lec tro d e  w ith  a  la rg e  s e r ie s  

r e s i s t a n c e .  B ecause  of th e  low d o p in g  lev e ls  u s e d ,  th e  e le c t ro d e s
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u s e d  a re  in d eed  v e ry  r e s i s t i v e .  T h e  m ag n itu d e  of th e  p h o to c u r re n t  

w as fo u n d  to be in s e n s i t iv e  to  th e  d is ta n c e  be tw een  th e  c o u n te r  and  

w o rk in g  e le c t ro d e .  T h is  in d ic a te s ,  th a t  th e  r e s i s ta n c e  of th e  e l e c t r o ­

ly te  does n o t  c o n t r ib u te  s ig n if ic a n t ly  to th e  o v e r  all s e r ie s  r e s i s ­

ta n c e .  F ig . 11 in d ic a te s  th a t  th e r e  is an  optimum d o p in g  d e n s i ty  fo r 

th e  p h o to re sp o n se  of th e  m a te r ia l .  In th is  reg io n  of d o p in g  d e n s i t ie s  

e lec tr ic a l  c o n d u c t iv i ty  of th e  m ateria l shows a v e r y  s te e p  r is e  [67,69] 

T h is  e f fe c t  w hen com bined with th e  v a r ia t io n  of p r o p e r t ie s  of in d iv id ­

ual sam ples (m orphology e t c . )  would low er th e  p rec is io n  of th e s e  

p h o to c u r r e n t  m e asu rem en ts .  A n o th e r  f e a tu r e  w o r th  m en tion ing  is the  

p h o to e ffe c t  In th e  re g io n  of po s i t iv e  p o te n t ia ls .  C u rv e  2 a n d  3 of 

F ig . 11 show h ig h e r  P h o to re sp o n se  while sam ples w ith  h ig h e r  d o p ing  

leve ls  show li t t le  o r  no p h o to a c t iv i ty .  T h is  in d ic a te s  th e  in f lu en ce  of 

recom bination  e f fe c t s  in th e  d ire c t io n  of fo rw a rd  b ia s ,  w hich Is more 

s e v e re  w hen  th e  d o p ing  d e n s i ty  is h ig h .

3 .5 .2  In f lu en ce  of Soak ing  on th p  P ho toe ffec t  of l ig h t ly  d o p ed  

P o ly a c e ty le n e .

As show n in  th e  T a b le .  1, th e  time s p e n t  b y  th e  e le c ­

t ro d e  a t  -1 .0  V v s .  SCE a p p e a r s  to  h av e  a m arked  In fluence  o v e r  th e  

m ag n itu d e  of the  p h o to e ffe c t .  T h e  ca th o d ic  c h a r g e  p a s s e d  a t  - 1 .0  V 

v s .S C E  seems to  h a v e  a fa v o u ra b le  e f fe c t  on th e  p h o to c u r r e n t .  As 

show n in  T a b le .  1 o v e r  all p h o to e ffe c t  w ith in  th e  s p a n  of -1 .0  V v s .  

SCE to  +0.4 V v s .  SCE is in c re a s e d .  At th e  same time anod ic  c u r ­

r e n t s  seem to  r e v e r s e  th i s  ga in  in p h o to e ffe c t ,  r e g a r d le s s  of th e
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am ount of c h a rg e  invo lved  (column 8 , T a b le .  1 ) .  T h is  o b s e rv a t io n  is 

in  ag re em e n t  w ith  th e  s i tu a t io n  In w h ich , th e  d o p a n ts  a r e  mobile a n d  

th e  d o p in g  can  be c h a n g e d  b y  m an ip u la tin g  th e  e le c tro d e  p o ten tia l .  

B u t th e re  is a fu n d am en ta l  p rob lem  w ith th is  sp ec u la t io n .  As m en­

tio n ed  b e fo re ,  P o lyace ty lene  a c q u i r e s  I t 's  d o p ing  th r o u g h  a p ro c e ss  in 

w hich th e  polym er m a tr ix  u n d e rg o e s  ox id a tio n ,  t h e r e b y  c re a t in g  

c h a r g e  soliton c a r r i e r s .  F undam en ta lly  th is  k in d  of a  p ro c e s s  is 

fa v o re d  only a t anodic  p o te n t ia ls ,  w hich is q u i te  o p p o s i te  to  o u r  

o b s e r v a t io n s .  B es id es ,  th e  am ount of c h a rg e  in v o lv ed  is so h ig h ,  if 

u s e d  in 1 0 0 %, e ff ic iency  of th e  r e s u l t in g  m ateria l would  p o ss ib ly  show 

no p h o to e ffe c t ,  b eca u se  of the  h ig h  d o p in g  d e n s i ty .  T h e  re a so n  fo r  

th is  in c re a se  In p h o to e ffec t  a t  ca thod ic  p o te n t ia ls  Is no t c le a r ,  b u t  it 

is  sp ec u la ted  t h a t ,  a d so rp t io n  of a  r e d u c e d  so lu tion  sp ec ie s  fac il i ta tes  

th e  h e te ro g e n e o u s  e le c t ro n  t r a n s f e r  a c ro s s  th e  In te r f a c e .  B u t th e  

m ost in te r e s t in g  a sp e c t  show n in ta b le .  1  is th e  s ig n if ic a n t  ga in  in 

p h o to c u r r e n t  w hen th e  cell is allowed to  s ta n d  o p en  c i r c u i t .  T h is  

in d ic a te s  th a t  a n o th e r  f a c to r ,  w hich is no t t a k e n  in to  co n s id e ra t io n  

y e t ,  c o n t r ib u te s  to  th e  p h o to e ffe c t .  S u r p r i s in g ly ,  th e  e lec tro d e  

re c e iv e s  th is  ga in  b y  ju s t  s i t t in g  idle in th e  e le c t ro ly te .  R esu l ts  

g iv en  in th e  t a b le . 2  a r e  aimed a t p ro v id in g  an  u n d e r s t a n d in g  of th is  

phenom enon . As i l lu s t r a te d  in th e  F ig . 12a a n d  T a b l e . 2, soak ing  

seems to  hav e  a fa v o u ra b le  in f lu en ce  on th e  p h o to e ffe c t .  P h o to c u r re n t  

r e a c h e s  a  maximum va lu e  in a b o u t  10 h r s  of so ak in g .  S ince a  p a ra lle l  

e f fe c t  is o b s e rv e d  in  su lf id e  e le c t ro ly te ,  a s  show n in  F ig . 12b it is 

o b v io u s ,  th a t  th e  in c re a s e  of p h o to c u r r e n t  w ith  so ak ln g - t im e  does no t
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d e p e n d  on th e  id e n t i ty  of th e  red o x  m ate ria l .  E ffect of so ak in g  is 

f u r t h e r  e s ta b l ish e d  by  th e  time in v a r ie n t  ph o to e ffec t  o b s e r v e d  fo r  an 

e le c t ro d e  a lre ad y  soaked  In a q u eo u s  e lec tro ly te  fo r  1 0  h r s  as  shown 

in T a b l e .3 T h e  e ffec t of fo re ign  m ate r ia ls  a d s o r b e d  on o rg a n ic  solids 

h a s  b een  widely s tu d ie d  [104], Soaking  of a c ry s ta l l in e  po lym er s u r -  

face b y  a p o la r  so lven t is known to  in c re ase  Its am orphous  c h a r a c te r ,  

t h e r e b y  in c re a s in g  th e  mobility of ionic c a r r i e r s  in th e  reg io n  soaked  

b y  th e  so lv en t .  T h is  in c re a se  in ionic mobility has  a fa v o u ra b le  e ffec t  

on th e  h e te ro g e n e o u s  c h a rg e  t r a n s p o r t  in th a t  re g io n  th e r e b y  a u g ­

m en tin g  th e  p h o to e ffec t .  B ut still  th e  re a so n  fo r  th e  d e te r io ra t io n  of

th e  p h o to e f fe c t  a t  anod ic  p o ten tia ls  an d  i t ' s  re ju v e n a t io n  a t  ca thod ic

p o te n t ia ls ,  as shown in th e  t a b l e .4 is no t c le a r .

3 .5 .3  S p e c tra l  r e s p o n s e  of L igh tly  d oped  P o lyace ty lene .

T h e  s p e c t r a l  re s p o n se  of th e  film is shown in  F ig . 13. 

A bso lu te  qu an tu m  e ff ic ien ces  a re  low. T h e  g ro s s  f e a tu re s  of th e

s p e c t r a l  r e s p o n se  a g re e s  well with the  w ork  of Yamase e t  al [11] .

S ince th e  p h o to e ffec t  is p ro d u c e d  b y  the  g e n e ra t io n  of nonequ ilib r ium  

c a r r i e r s  upon  a b so rp t io n  of l ig h t  b y  th e  sem ico n d u c to r ,  th e  re la t io n ­

sh ip  of the  ph o to e ffec t  to th e  w av e len g th  of th e  In c id en t  ra d ia t io n  

norm ally  follows th e  c h a r a c te r i s t i c s  of the  s p e c t r a l  d is t r ib u t io n  of th e  

a b so rp t io n  coeffic ien t.  In p a r t i c u la r  th e  p h o to e f fe c t  re a c h e s  th e  m ax i­

mum va lue  close to th e  main a b so rp t io n  ed g e  of th e  sem iconduc to r  

[78], B u t P o ly ace ty len e  seems to  be  an  e x c e p t io n .  T h e  on ly  c o r r e la ­

tion  b e tw een  a b so rp t io n  sp e c t ru m  a n d  th e  ac tion  s p e c t r a  is e v id e n t  In
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th e  reg ion  of th e  commencement of the  ph o to resp o n se  .

T h e  sim plest approx im ation  to a c h a r g e  se p a ra t io n

a c ro s s  an  a b r u p t  in te r fa c e  is b ased  on th e  G a r tn e r  model [105]. T h e

model a ssu m e s ,  th a t  th e r e  Is no recom bination  of m ino r ity  c a r r i e r s  a t

th e  s u r fa c e  o r  in th e  sp ace  c h a rg e  re g io n . Recom bination ta k e s  place

only  in th e  bu lk  of th e  sem iconduc to r  and  is be in g  r e p r e s e n te d  by

th e  m inority  c a r r i e r  d if fu s io n  le n g th .  T h e  model p r e d ic t s  th a t  if

ad<<l an d  aLp<<l w here  a is th e  a b so rp t io n  coeffic ien t a n d  d Is th e

sp ace  c h a rg e  la y e r  th ic k n e s s  and  L is th e  m inority  c a r r i e r  d iffu s io n
P

le n g th ,  th e  p h o to c u r r e n t  shou ld  be l in e a r  w ith  o. O ften  most sy s tem s 

obey  th e  l in e a r i ty  e v en  w hen  th e  u n d e r l in e  a ssu m p tio n s  of th e  model 

p ro v e  to  be inva lid . F ig . 17 show s the  f it  of th e  s p e c t r a l  re s p o n s e  to  

th e  e q u a t io n  [17] fo r  a d i re c t  b a n d g a p  sem iconduc to r  w h e re  l in e a r i ty  

be tw een  a an d  th e  p h o to c u r r e n t  is a l re ad y  u s e d .  T h e r e  is an  a g r e e ­

m ent be tw een  o b s e rv e d  d a ta  a n d  th e  p re d ic te d  b e h a v io u r  in te rm s  of 

th e  G a r tn e r  model. L in ea r i ty  is o b s e r v e d  w ith  n= l in a  r a n g e  from

3 .5  ev  to 2 ev .  T h e  in te r c e p t  of n e a r ly  1 .7  ev  g ive  th e  b a n d  gap  

w hich is close to th e  p u b l ish e d  va lue  of 1.65 e v .

3 .6  A n a ly s is  of E le c tro re f le c ta n c e  d a ta  on P o ly a c e ty len e /E lec tro ly te  

i n t e r f a c e .

EER s p e c t r a  of P o lyace ty lene  shown in F ig . 14b h a s  two 

p e a k s ,  one a t  1 .4  ev  a n d  th e  o th e r  a t  1.55 ev .  T h e  line  sh ap e  of 

b o th  p e a k s  do no t fit th e  t h i r d  d e r iv a t iv e  line  sh ap e  e x p e c te d  from 

low fie ld  e le c t ro re f le c ta n c e ,  a l th o u g h  th e  pos ition  of th e s e  two p e a k s
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rem ain  th e  same in th e  ra n g e  from 0 .0 0  v  to  -0 .5  v v s .S C E .  O rgan ic  

P o lym er/ E lec tro ly te  in te r fa c e  is not s h a r p ly  d e f in e d .  B ecause  of th e  

p o ro c lty  of the  p o lym er, th e  e le c t ro ly te  may ac tu a lly  p e n e t r a te  th e  

polym er s u r f a c e ,  fo rm ing  a re g io n ,  w hich is u su a lly  a composite 

be tw een  th e  polym er a n d  th e  e le c t ro ly te .  On i t 's  way in an d  ou t of 

th e  s u r fa c e ,  th e  re f le c te d  l ig h t  t r a v e l  th is  com posite  reg io n  which 

m ight h av e  a h ig h ly  inhom ogeneous d is t r ib u t io n  of th e  e lec tr ic  f ie ld . 

T h e  m odulation of r e f le c te d  l ig h t  th e re fo re  r e p r e s e n t s  a complicated 

su p e rp o s i t io n  from a wide sp ec tru m  of v a lu es  of th e  e lec tr ic  field 

s t r e n g t h .  T h is  would p r e s e n t  a problem  fo r  th e  line sh ap e  d i s c u s ­

s io n s .  T h is  a s p e c t  to g e th e r  w ith th e  p o ss ib i l i ty  th a t  th e  m odula ted  

e lec tr ic  fie ld  g iv e s  r is e  to per iod ic  chemical c h a n g e s  in  th e  polym er 

may s e r io u s ly  d i s to r t  th e  line s h a p e .  Polym eric sem ico n d u c to rs  c f te n  

show e lec troch rom ic  b e h a v io u r .  T h e  m odu la ted  c h an g e  of color, 

c au se d  b y  th e  m odula ting  v o ltag e ,  c r e a te s  a m odula ted  c h an g e  of 

r e f le c ta n c e .  T h is  c o n tr ib u t io n ,  when c o n s id e re d  a s  a  fu n c tio n  of 

w a v e len g h , is v e r y  sim ilar to th e  a b so rp t io n  sp e c tru m  of th e  m ateria l 

I tse lf .  T h is  n o n c r i t ic a l  b a c k g r o u n d  m ight deform  th e  line sh ap e  a s s o ­

c ia ted  w ith  th e  t r a n s i t io n s  a t  c r i t ic a l  p o in ts .  T h e r e  is a  p o ss ib i l i ty  

t h a t ,  th e  hu g e  p eak  c e n te re d  a ro u n d  2 .1  e v ,  shown in F ig . 14a r e p ­

r e s e n t s  a n o n c r i t ic a l  b a c k g r o u n d ,  r e s u l te d  from th e  e lec trochrom ic  

b e h a v io u r  of P o ly ace ty len e .  T h is  p a r t i c u la r  p e ak  e x te n d in g  o v e r  an  

e n e r g y  sp an  of ab o u t 1 .5  ev  is too b ro a d  to a c c o u n t  fo r  a  t r a n s i t io n  

a t  a c r i t ic a l  p o in t .  P o lyace ty lene  h as  i t ' s  main a b s o rp t io n  p e ak  a ro u n d

2 .1  ev  a n d  I t 's  m ag n itu d e  c h a n g e s  w ith  th e  d o p in g  leve l .  When th e
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film Is p o la r iz ed  to  anodic  p o ten tia ls  th e r e  is a  p o ss ib i l i ty  t h a t ,  a t  

le a s t  the  ox ida tion  level of the  s u r fa c e  la y e r s  f lu c tu a te ,  in  r e s p o n d ­

ing  to th e  m odula ting  vo ltage , th e r e b y  c re a t in g  a n o n c r i t ic a l  EER 

b a c k g r o u n d .  S p e c tra  a t  n e g a t iv e  p o ten tia ls  do n o t  hav e  prob lem s du e  

to  e lec troch rom ic  e f fe c t s .  B ut still th e  e x p e r im en ta l  line s h a p e s  do 

not f it  to  th e  e x p e c te d  line sh a p e .  U n d er  th e s e  c irc u m stan c es  on ly  a 

te n ta t iv e  a ss ig n m e n t  of th e  two p e ak s  in th e  EER s p e c t r a  shown in 

Fig. 14b, can  be p r e s e n t e d .  T he  p eak  at 1.55 ev  an d  1 .4  ev  can  be 

a s s ig n e d  to  d i re c t  b an d  t ra n s i t io n  a n d  an  exc iton ic  t ra n s i t io n  r e s p e c ­

t iv e ly .  T h is  will p u t  an  exciton ic  level 0 .15  ev  below th e  b a n d  e d g e .

T h e  am plitude  of EER s ig n a l  c h a n g e s  i t 's  s ign  a t  th e

f la t  b a n d .  In v iologen e le c tro ly te ,  the  f la t  b a n d  p o ten tia l  of t r a n s  

P o ly a c e ty len e /E lec tro ly te  in te r fa c e  lies a ro u n d  1.1 v v s .  SCE, as

in d ica ted  in F ig . 15. As th e  space  c h a rg e  reg io n  is v a r ie d  from th e

f la t  b a n d  in to  th e  fu lly  d e p le ted  regim e th e  EER s ig n a l  does not

become in d e p e n d e n t  of b ias  as  r e q u i r e d  by  eq u a t io n  [ 2 1 ] ,  b u t  

d e c r e a s e s  d ram atica lly  to w a rd s  the  r e v e r s e  b ia s .  T h is  b e h a v io u r  is 

in t e r p r e te d  to  be d u e  to  Fermi level p in n in g ,  d u e  to s u r fa c e  s ta te  

lev e ls  th a t  a r e  f a s t  e n o u g h  to  e q u i l ib ra te  a t  th e  m odula ting  f r e ­

q u e n c y .  T h is  c au se s  a  p a r t  of th e  p o ten tia l  d ro p  to fall a c ro s s  th e  

Helmholtz la y e r ,  t h u s  m odu la ting  th e  pos it ion  of b a n d  e d g e s  re la t iv e  

to  th e  r e f e re n c e  e le c t ro d e .  T h is  r e s u l t s  In a d e c re a se  In m odulation 

am plitude  in th e  sp ac e  c h a rg e  la y e r  a n d  h e n ce  a d e c re a se  in e lc t ro re -  

f lec tan ce  s ig n a l .  When th e  ferm l level is com pletely  p in n e d  th e  s igna l 

in te n s i ty  goes dow n to  z e ro .
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3.7  c h a rg in g  ch a ra c te r is tic s  of Polyacety lene e lectrode

As m entioned  e a r l i e r ,  c ry s ta l l in e  f ib r i l le r  m orphology  of 

P o ly ace ty len e  m akes th is  polym er p ro n e  to  non un iform  d o p in g .  U n i­

form  d is t r ib u t io n  of d o p a n ts  can be e x p e c te d ,  on ly  if th e  r a te  of 

in t ro d u c t io n  of d o p a n ts  is slow e n o u g h  in  com parison  to  th e  ra te  of 

c h a rg e  t r a n s f e r  and  the  r a te  of d iffu s io n  of d o p a n ts  in to  th e  polym er 

b u lk .  T h e  o p en  c ircu it  p o ten tia l  of a P o ly ace ty len e /L i cell is  d e p e n ­

d e n t  on the  a c t iv i ty  o r  c o n ce n tra t io n  of d o p a n ts  a t  th e  P o ly ac e ty len e /

E lec tro ly te  in te r fa c e .  T he  in itia l s te e p  r is e  in th e  open  c i rc u i t  p o te n -
2

tial w ith th e  c u r r e n t  d e n s i ty  of 5uA/cm (F ig , 16) c lea r ly  in d ica te s  a 

s u r g e  of d o p a n ts  a t  the  in te r fa c e  in  a s h o r t  p e r io d  of time. A f te r  

th is  in it ia l  r i s e  th e  p o ten tia l  in c re a se s  v e r y  slowly, an d  It is p oss ib le  

th a t  d u r in g  th e  in itia l r i s e  of p o te n t ia l ,  d o p a n ts  farm  t in y  metallic 

is la n d s  th a t  m ain ta in  the  p o ten tia l  a t  th e  In te r fa c e  a t  a  n e a r ly  s te a d y  

v a lu e .  B u t a t  low er c u r r e n t  d e n s i t ie s  th e  r a +e of in t ro d u c t io n  of 

d o p a n ts  becom es more an d  more com patib le  w ith  th e  d iffu s io n  p ro c e s s .  

As a  r e s u l t  of th is  the  cell v o ltage  d ev e lo p s  more a n d  more g r a d u ­

a lly . A cco rd in g  to a r e c e n t  r e p o r t ,  th e  eq u il ib r iu m  time r e q u i r e d  to  

ach iev e  d o p in g  un ifo rm ity  in a  film of 70um th ic k n e s s  would be of th e  

o r d e r  of 300 h o u rs  d u e  to th e  slow ra te  of d iffu s ion  of d o p a n ts  in s id e  

th e  film. C o n s id e r in g  th e  fac t th a t  th e  film we u s e d  was a b o u t  250|im 

in  th ic k n e s s ,  it  is u n c e r ta in  w h e th e r  we c an  ach ieve  t r u e  hom ogenie ty  

w ith in  th e  time sca le  of an  e x p e r im en t .  L ow ering  th e  c u r r e n t  d e n s i ty

w ould he lp  th e  s i tu a t io n  a s  show n in F ig . 16. B u t r e d u c in g  th e  c u r -
2

r e n t  d e n s i ty  le ss  th a n  O .lyA /cm  .w h ic h  we norm ally  u s e d  in o u r
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ex p e r im en t  is r a t h e r  im prac tica l .

Even th o u g h  th e r e  a re  p rob lem s w ith m easu r in g  r e s i s ­

ta n c e  of h ig h ly  re s i s t iv e  films by  u s in g  two p ro b e  m ethod , th e  d a ta  

shown in T a b le .5 on p a ra l le l  a n d  p e rp e n d ic u la r  r e s i s ta n c e  of th e  film, 

following th e  in tro d u c t io n  of eq u a l  am ount of c h a rg e  (b u t  a t  d i f f e r e n t  

r a t e s ) ,  a re  c o n s is te n t  w ith  th e  d is cu ss io n  abo v e .  S ince th e  a ccu m u ­

la tion  of c h a rg e  a t  th e  in te r fa c e  (p ro b a b ly  form ing t in y  metallic 

is la n d s )  is p oss ib le  a t  h ig h  c h a r g in g  c u r r e n t  d e n s i t ie s ;  p a ra lle l  r e s i s ­

tan ce  shou ld  be more sen s i t iv e  to the  r a t e  of c h a r g in g .  From th e  d a ta  

p r e s e n te d  in T ab le  .5 on pa ra l le l  r e s i s ta n c e ,  one can  see  a t r e n d  to 

in c re a se  th e  pa ra lle l  r e s i s ta n c e  w ith  d e c re a s in g  c u r r e n t  d e n s i ty .  T h e  

open  c i rc u i t  p o ten tia l  o b s e r v e d  a t  th e  e n d  of a p a ssa g e  of eq u a l  

am ount of c h a r g e ,  com plem ents th e s e  f in d in g s .  T h e  low er vo ltag e  

r e s u l te d  a t  low c u r r e n t  d e n s i t ie s  in d ic a te s  th a t  the  a c t iv i ty  of 

d o p a n ts  (c o n c e n tra t io n )  a t  th e  po lym er e le c t ro ly te  in te r fa c e  is low, 

b e ca u se  a t  low c u r r e n t  d e n s i t ie s  more of them  h av e  en o u g h  time to  

d if fu se  in to  th e  po lym er.

3.8 Summary and conclusions.

Photoe lec trochem ica l an d  E lec tro re f le c ta n ce  c h a r a c t e r i s ­

t ic s  of t r a n s  P o lyace ty lene  w ere  s tu d ie d  in  th i s  p a r t  of th e  w o rk .  

T h e  p o ro u s  n a tu r e  an d  r e a c t iv i ty  of th e  film called fo r  spec ia l  h a n ­

d lin g  an d  a new d e s ig n  fo r  e le c t ro d e s  u se d  in P hotoe lec trochem lca l 

e x p e r im e n ts .  Doping of th e  po lym er can  be do n e  e lec trochem ically  a n d  

can  be  v e r if ie d  b y  ta k in g  th e  IR s p e c t r a  of d oped  sam ples . L ig h tly
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d oped  t r a n s  P o ly ace ty len e  form s a  pho tovo lta ic  Junction  with a q u eo u s

e le c t ro ly te  co n ta in in g  m ethy l viologen a s  th e  re d o x  m a te r ia l .  Even

th o u g h  th e  e x ac t  p h o tovo ltage  is sample d e p e n d e n t ,  i t ' s  m agn itude

g e n e ra l ly  fa lls  som ewhere a ro u n d  80-150 mv fo r  an  e le c t ro d e  w ith

optimum pho to  e f fe c t ,  p h o to c u r r e n t  b e h a v io u r  of t r a n s  P o ly ace ty len e

c o n s is te n t  w ith  a sem iconduc to r w ith  p - ty p e  sem ico n d u c tiv i ty .  T h e

t u r n  on p o ten tia l  seems to  be  po s i t iv e  to  +0.45 v  v s .  SCE. T h e  o v e ra l l

sh ap e  of p h o to c u r r e n t  v o ltage  c u rv e  re sem b les  an  e lec tro d e  w ith  a

la rg e  s e r ie s  r e s i s ta n c e .  P h o to c u r re n t  is o b s e r v e d  in a  n a r ro w  reg io n
18 3of d o p in g  d e n s i t ie s  w ith  a  maximum c o r re s p o n d in g  to  a b o u t  1 0  /cm  . 

Soaking  of th e  e lec tro d e  a p p e a r s  to have  a fav o u rab le  e f fe c t  on th e  

P h o to re sp o n se  of - ( C H )x and  it levels  off in a b o u t  10 h o u r s  of s o a k ­

ing in an  aq u eo u s  e le t ro ly te .  Similar e f fe c t  w as o b s e r v e d  r e g a r d le s s  

th e  id e n t i ty  of th e  re d o x  m ate r ia l .  T h e  pho toe lec trochem ica l b e h a v io u r  

of ~ (C H )x is un lik e  an y  know n in o rg an ic  sem ico n d u c to r  a n d  Is 

s t ro n g ly  c o r re la te d  with th e  anodic  c u r r e n t  w hich c au se s  d e te r io ra t io n  

of the  p h o to e f fe c t  a n d  ca thod ic  d a r k  c u r r e n t  w hich  c a u s e s  r e ju v e n a ­

tion of th e  p h o to e f fe c t .  T he  e x ac t  re a so n  fo r  th is  phenom enon  is 

u n c le a r ,  b u t  it may well be  c o n n e c te d  w ith  th e  p o ss ib le  chemical 

in te ra c t io n s  be tw een  th e  e le c t ro d e  an d  th e  e le c tro ly te  w hich  m ight 

a f fe c t  th e  e f fe c t iv e n e s s  of c h a rg e  s e p a ra t io n  a t  th e  in te r fa c e .  T h e  

q u an tu m  e ff ic ien cy  of th e  p h o to c u r r e n t  is low an d  th e  fac t th a t  q u a n ­

tum  e ff ic ienc ies  a t  v a r io u s  w ave le n g th  d id  no t c o r re s p o n d  to  th e  

a b so rp t io n  sp e c t ru m  make th i s  m ate r ia l  v e r y  d i f f e r e n t  from In o rg an ic  

S em ico n d u c to rs .  Only c o rre la t io n  b e tw een  th e  a b so rp t io n  s p e c tru m
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a n d  q u an tu m  e ff ic iency  fo r  c h a r g e  se p a ra t io n  is  found  in  th e  reg ion  

of p h o to c u r r e n t  o n s e t .  T h e  p h o to re s p o n se  of t r a n s  P o lyace ty lene  can  

be a n a ly se d  in te rm s  of th e  G a r tn e r  model, and  th e  f in d in g s  a r e  c o n ­

s i s t e n t  w ith  a d i re c t  b a n d  gap  sem iconduc to r  w ith  a b a n d  gap  of 

a b o u t  1 .7  e v .  EER of t r a n s  p o ly ace ty len e  a t  n e g a t iv e  p o te n t ia ls  c o n ­

s is t  of two p eak s  located  a t  1.4 ev  a n d  1.55 e v .  A lthough  bo th  of 

th e s e  s ig n a ls  s a t i s fy  th e  low field re q u ire m e n t ,  th e y  d id  no t fit to 

th e  t h i r d  d e r iv a t iv e  line sh ap e  e x p e c te d  fo r  low field  EER. In  th is  

case  only a te n ta t iv e  a ss ig n m e n t  could be  made. T h e  p eak  a t  1.55 ev 

was a s s ig n e d  to  d i re c t  b an d  t ra n s i t io n  a n d  th e  one  a t  1 .4  ev  was 

a s s ig n e d  to a  exciton ic  level 0 .15  e v  below th e  co n d u c tio n  b an d  e d g e .  

At p o s i t iv e  p o te n t ia ls ,  th e  EER s p e c t r a  of t r a n s  - ( C H )x  became more 

complex a n d  a  b ro a d  peak  a ro u n d  2.1 ev  *dth a w id th  o v e r  1 .5  ev  is 

sp e c u la te d  to  be a  non c r i t ic a l  b ack  g ro u n d  o r ig in a t in g  from  th e  e lec ­

tro ch ro m ic  n a tu r e  of p o ly a ce ty le n e .  T h e  am plitude  o f  b o th  EER p e a k s  

c h a n g e  th e  s ign  a ro u n d  1.2 v  v s .  SCE. T h is  position  is id en tif ied  as  

th e  f la t  b a n d  position  fo r  th is  in te r fa c e .  V aria tion  of EER p eak  h e ig h t  

w ith  p o ten tia l  in d ica te s  th a t  Fermi level p in n in g  o c c u r s  a s  th e  film 

e n t e r s  in to  d ep le t io n .  C o n s id e r in g  the  q u e s t io n  of hom ogenie ty  In 

th e  d o p ing  p ro c e s s  low c h a r g in g  c u r r e n t  d e n s i t ie s  seems to  prom ote  a 

hom ogeneous d o p ing  p ro c e s s .  High c u r r e n t  d e n s i t ie s  r e s u l t e d  in  a 

sample w ith  low re s is ta n c e  p a ra l le l  to  th e  film s u r f a c e ,  w hich  is 

i n t e r p r e te d  in te rm s  of th e  inhom ogen ie ty  of d o p in g  a t  h ig h  c u r r e n t  

d e n s i t ie s

C onclusions  of th i s  p a r t  of th e  s tu d y  can  be w ra p p e d  
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u p  as  foliows. T e c h n iq u e s  s u c h  as P h o to c u r r e n t  S p e c tro sco p y  a n d  

EER, which a re  t ra d i t io n a l ly  u sed  to  c h a ra c te r iz e  In o rg an ic  

S e m ic o n d u c to r /E lec tro ly te  in te r fa c e  can be  u s e d  to  s tu d y  th e  O rg an ic  

S em ico n d u c to r /E lec tro ly te  in te r fa c e  too, d e sp i te  th e  com plexity  of th e  

in te r fa c e .  T h e  p h o to c u r r e n t  s p e c t r a  can  be a n a ly s e d  in te rm s  of th e  

G a r tn e r  model and  th e  ban d  g ap  va lu e  o b ta in e d  from th is  a n a ly s is  

a g re e s  w ith th e  EER d a ta .  A m orphous c h a r a c t e r  in d u ced  b y  th e  

a b so rp t io n  of a  so lven t b y  a c ry s ta l l in e  polym er seems to f a v o r  th e  

c h a rg e  t r a n s f e r  k in e t ic s  be tw een  the  po lym er an d  th e  re d o x  e le c t r o ­

ly te .  Specfic  in te ra c t io n s  be tw een  th e  polym er s u r fa c e  a n d  th e  r e d o x  

m ate r ia l  seem s to  dom inate th e  p ro c e s s e s  a t  the  illum inated in te r fa c e ,  

b eca u se  no in o rg an ic  re d o x  couple  g iv e s  p h o to c u r r e n ts  com parab le  to 

th e  v iologen e le c t ro ly te  u sed  in th is  s t u d y .  High m odulation am p 'i tu d e  

r e q u i r e d  to o b s e r v e  th e  EER an d  p o ss ib ly  th e  inhom ogenle ty  of th e  

e lec tr ic  field a t  th e  in te r fa c e  d u e  to th e  p o ro u s  n a tu r e  of th e  p o ly ­

m er, may be  re sp o n s ib le  fo r  th e  d is to r t io n  of th e  EER line s h a p e  to  

th e  e x te n t  th a t  no line sh ap e  a n a ly s is  is p o ss ib le .  E lec trochrom ic  

b e h a v io u r  of th e  polym er seem s to  In t ro d u c e  b ro a d  s t r u c t u r e s  in to  

th e  EER sp e c tru m  th a t  in te r f e r e  w ith  EER o b s e rv a t io n s .  Even  th o u g h  

-(C H ) canno t be  c o n s id e re d  a s  a p o te n t ia l  c an d id a te  fo r  a p p lic a t io n s
X

s u c h  a s  so la r  e n e r g y  c o n v e r s io n ,  pho toe lec trochem ical a n d  EER in v e s ­

t ig a t io n s  on th e s e  m ate r ia l  a r e  fu ndam en ta l ly  im p o r tan t  to  c h a r a c te r i s e  

th e s e  sem iconduc tive  po lym ers .
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Chapter 4

POLY 3-METHYLTHIOPHENE/ELECTROLYTE INTERFACE.

4 : EXPERIMENTAL RESULTS

4.1 Photoeffects at the P3MT/Electrolyte interface.

Fig . 18 show s th e  Photoelectrochem Jcal r e s p o n s e  a s  a 

fu n c t io n  of d o p in g .  Doping co n ten t  was v a r ie d  b y  rem oving  a  f rac t io n  

of th e  to ta l r e c o v e ra b le  c h a r g e  e lec trochem ically  u n t i l  t h e  d e s i r e d  

o x id a tio n  level is a ch ie v e d .  R educ tion  could be  c a r r ie d  o u t  e i th e r

p o ten tiom etr ica lly  by  low ering  th e  e lec tro d e  p o ten tia l  down in small
2

s t e p s ,  o r  G a lv anos ta tica ily  a t  C u r r e n t  d e n s i t ie s  of 0 .27  pA/Cm .

E ssen tia l ly  th e  same E lec tr ica l  a n d  O ptical p r o p e r t i e s  w ere  o b s e r v e d

fo r  films th a t  w ere  r e d u c e d  by  u s in g  e i th e r  m ethod , p ro v id e d  th e

ca th o d ic  c h a rg e  invo lved  was th e  same. T o ta l  r e c o v e ra b le  c h a rg e  was

m e a su re d  p o ten tiom etr ica lly  by  b r in g in g  th e  p o ten tia l  down w ith th e

s ta r t i n g  po ten tia l  of 'a s  g row n ' film a t  3 .8  V v s .  Li, w hich was

b r o u g h t  down to  2 .5  V v s .  LI a t  th e  r a t e  of 1 .7  m v/m ln  a n d  f ina lly

c a r r y in g  o u t  th e  re d u c t io n  e x h a u s t iv e ly  a t  2 .5  Volts fo r  a n o th e r  30

h r s  u n t i l  th e  c u r r e n t  flow becomes small e n o u g h  to a s s u r e  complete

re d u c t io n .  T a b le . 6  r e p r e s e n t s  th e  d a ta  re la te d  to  th e  p re p a ra t io n  of

s ix  sam ples w ith v a ry in g  d o p in g  d e n s i t ie s .  [Q ( 6 )-Q ] in d ic a te s  th e

am ount of c h a rg e  rem oved . T h e  d a ta  ta b u la te d  in th e  la s t  column:

N ,j/cm  , w hich  is th e  d e n s i ty  of d o p a n ts  rem a in ing  in th e  film, was H
o b ta in e d  by  d iv id in g  th e  rem ain ing  c h a rg e  b y  th e  volume of th e  film. 

O x ida tion  level y ,  c o r re sp o n d in g  to  th e  form ula
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Table. 6 : P artia l reduction  of P3MT to ach ieve d iffe re n t doping

c o n c e n tra t io n s

r --------------- t------------------------------!...........    • ------------------------- i--------------------1
3

| Sample j Q ( re m o v e d ) ,  | Q ( 6 )-Q  | mole o / r i n g  j N ^ /cm  |

j  # | C /cm 3  | | (an ion )  | |
f-------------------- 1------------------- ----------■— |............   .— j -------------------------------- ------------------------ 1

t 1 | as  grow n | 280 .0  | 4 1 .6  | 1 .7 x l0 2* |
h --------------------------- -------------------------------1 ■■ ------------ 1 ------------------------------ -I----------------------- 1

j 2 ! 3 4 .0  j 246.0 I 36 .5  | 1 .5 x l0 2 1  |
f -̂-------------------------------------1 ----------------- j ------------------------------ 4----------------------- 1

| 3 j 6 5 .0  i 215 .0  | 31 .9  | 1 .3 x l0 2 1  |
I---------------------4-------------------------------------1------------------------ h------------------------------ H----------------------- 1

j 4 | 95 .2  I 384.8 j 27 .5  | l . l x l O 2 1  |
h h--      1------------------h---------------------- 4------------------ 1

2 0

| 5 | 175.3 | 104.7 | 15.6 | 6 .5 x H T u |
h - -------------- H----------------------------- 1------------------- (------------------------- )-------------------1

| 6  | 280.0  | 0 . 0  | 0 . 0  | 0 . 0  |
L________ .___ . . J_________________________________ I______________________L ___________________________ J ______________________ I

[ (P3M T)+^(C F gSO g) )x can  be ca lcu la ted  by  d iv id in g  th e  n u m b e r  of 

c h a r g e  c a r r i e r s  t h a t  rem ain , by  th e  n u m b er  of th io p h e n e  r in g s  in th e  

film th a t  was ca lcu la ted  from th e  w e ig h t  of th e  film. F ig . 19 shows th e  

sp e c t ra l  r e s p o n se  of 'a s  g row n ' P3MT m easu re d  a t  0 .0V  v s .  SCE a n d  

0 .5V  v s .  SCE. F ig .20 i l lu s t r a te s  th e  s p e c t r a l  r e s p o n s e  of fu lly  

re d u c e d  o r  n e u t r a l  sample ta k e n  a t  two d i f f e r e n t  p o te n t ia ls  0 .15V v s .  

SCE an d  -0 .5V  v s .  SCE. M easurem en ts  w ere  ta k e n  in v lologen e lec ­

t ro ly te  u n d e r  m onochrom atic  ra d ia t io n  of 410 nm. F i g .21 I l lu s t r a te s  

th e  p h o to c u r r e n t  p o ten tia l  a n d  d a r k  c u r r e n t  p o ten tia l  c h a r a c te r i s t i c s  

of 'a s  g ro w n ' P3MT m easu red  u n d e r  q u a s i  s te a d y  s ta te  c o n d it io n s .  In 

th is  case  a f t e r  th e  ap p lica t io n  of a p o te n t ia l ,  th e  e le c t ro d e  was 

allowed to  s ta n d  fo r  some time, long e n o u g h  to  a s s u r e  q u a s i  s te a d y
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s ta te  p h o to c u r r e n t .  F i g .22 i l lu s t r a te s  th e  p h o to c u r r e n t  p o ten tia l  c h a r ­

a c te r i s t i c s  of th e  re d u c e d  (n e u t r a l )  P3MT m e asu re d  u n d e r  similar 

c o n d i t io n s .

4 .1 .1  'a s  g ro w n ' and  n e u t r a l  Poly 3 -M otliy lth iophene .

Fig . 23a shows th e  EER s p e c t r a  of n e u t r a l  P3MT a t  v a r ­

ious e lec tro d e  p o te n t ia ls .  Agnin the  ex p er im en ta l  co n d itio n s  w ere  th e  

same as  in p h o to c u r re n t  m easu rem en ts .  Unlike P o ly ace ty len e ,  EER of 

n e u t r a l  P3MT showed only one  peak  w ith in  th e  reg ion  of p o te n t ia ls  

s tu d ie d .  But th e  position  of th e  peak  maximum sh if ted  tow ards  h igh  

e n e r g y ,  a s  th e  p o ten tia l  moved to w a rd s  th e  fla t b a n d  cond ition . 

F ig .24a  shows th e  v a r ia t io n  of th e  EER s ig n a l  w ith  th e  am plitude  of 

m odulation vo ltage . T h e  o b s e r v e d  l in e a r  d e p en d e n c e  is m ain ta ined  u p  

to , ab o u t 0 .5  V olts . T h e re fo re ,  o p e ra t in g  am plitude  of a b o u t  0 .2V  

v s .  SCE sa t is f ied  th e  low fie ld  r e q u ire m e n t  an d  th e  l in e sh ep e  a n a ly s is  

can  be p e rfo rm ed  a c c o rd in g  to  th e  th e o ry  of low field e le c t ro re f le c ­

ta n c e .  F ig .2 4 b  shows th e  v a r ia t io n  of EER s igna l am plitude  as a 

fu n c t io n  of ap p l ie d  p o te n t ia l .  S ignal s t a r t s  to  r i s e  s te e p ly  a s  th e  

p o te n t ia l  moves away from th e  reg ion  of f la tb a n d  to w a rd s  th e  r e v e r s e  

b ia s .  T h e  s ig n a l  p a s s e s  th r o u g h  a  maximum a t  abou t+0 .4V  v s .  SCE. 

B u t in s te a d  of m ain ta in ing  a s ignal am plitude  a t  c o n s ta n t  v a lue , as  

r e q u i r e d  by  eq u a t io n  2 1 , th e  s ignal b e g in s  to  lose i ts  h e ig h t  a ro u n d  

+0.4V v s .  SCE a n d  finally  d ro p s  n e a r ly  to zero  a s  it a p p ro a c h  0 .0V  

v s .  SCE. T h is  phenom enon  h a s  b een  a t t r i b u t e d  to th e  p in n in g  of th e  

ferm l level to  a mid gap  s u r f a c e  e n e r g y  s ta t e .
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Fig . 23b shows th e  EER sp e c tru m  of th e  "as  g row n" 

po lym er tak en  a t  +0.4V v s .  SCE. the  EER s ig n a l  a p p e a r s  a t  th e  same 

e n e r g y  a s  th a t  is o b s e r v e d  fo r  th e  n e u t r a l  po lym er. B u t th e  s igna l 

s t r e n g t h  does not show a l in e a r i ty  w ith th e  m odulation am p litu d e . 

T h u s ,  the  sp ec tru m  canno t be  a n a ly se d  in te rm s  of th e  th e o r y  fo r  

low field E ie c t ro re f lo c ta n c e . T he  sp e c tru m  shows a s t ro n g  re s p o n s e  

down to e n e rg ie s  lower th an  1.5  ev .

Fig. 25 show s th e  EER re s p o n se  of a P3MT sam ple w ith  

m odera te ly  h igh  dop ing  d e n s i ty .  Sample was p r e p a r e d  a s  d e s c r ib e d  in 

sec tion  3 .2  and it c o r r e s p o n d s  to  th e  sample 3 shown in T a b le .S .  Two 

s t r u c t u r e s  a re  c lea r ly  v is ib le .  In ad d it io n  to  th e  p eak  a ro u n d  2 ev  

th e r e  is a n o th e r  s t r u c t u r e  n e a r  1 .6  e v ,  w hich Is not p r e s e n t  in th e  

n e u t ra l  sample a n d ,  is d i f f e r e n t  from the  low e n e r g y  b ro a d  re s p o n se  

of th e  'as  g row n ' sam ple. Both p e ak s  s a t i s fy  th e  low fie ld  r e q u i r e ­

m ent, by  show ing a l in e a r  d e p e n d e n c e  w ith m odulation am plitude . 

T h e re fo re  th e se  two s t r u c t u r e s  can  be an a ly se d  in te rm s  of low field 

EER as an  o v e r la p  oL’ two EER s ig n a ls .

4 .2  Im pedance  m e asu re m e n ts .

F ig . 26a an d  2Gb, show ty p ic a l  im pedance s p e c t r a  of 'as  

g row n ' a n d  re d u c e d  P3MT re s p e c t iv e ly .  T h e s e  two sam ples c o r re s p o n d  

to  sample 1 and  sample G shown in T a b le . 6 . T h e  h ig h  f r e q u e n c y  p a r t  

of th e  s p e c t ra  of h ig h ly  d oped  sample (a s  g row n) b eh av e  a s  a  p a s ­

s ive  RC elem ent fo r w hich th e  Im pedance is g iv en  b y  th e  e q u a t io n .  28. 

In  th is  re g io n ,  log plot of th e  im ag inary  p a r t  of th e  im pedance sp ec -
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t r a  (log 2IIX) re la te s  to log (f)  w ith  a slope of -1 w h e rea s  th e  rea l  

p a r t  becomes in d e p e n d e n t  of f r e q u e n c y .  B ut th e  c ap ac itan ce  v a lu es  

do no t v a ry  w ith po ten tia l  a s  r e q u i r e d  b y  th e  M o tt-S c h o ttk y  re la t io n ­

sh ip  g iven  b y  th e  e q u a t io n .  14, in d ica t in g  th a t  th e  p a s s iv e  cap ac it iv e  

elem ent does not r e p r e s e n t  a space  c h a rg e  la y e r .  Fully re d u c e d  o r  

n e u t r a l  sample does not show a reg ion  w h e re  t h e r e  is a l in e a r i ty  

be tw een  log (2JIX) and  lo g (f )  w ith  a -1 s lope. Sample 2 a n d  3 

(T ab le . 6 ), bo th  showed a reg io n  w ith  a -1 slope in th e  im aginary  

p a r t  of th e i r  r e s p e c t iv e  im pedance s p e c t r a  an d  in bo th  c a s e s ,  th e  

cap ac it iv e  e lem en ts  v a r ie d  with the  e lec tro d e  p o ten tia l  a c c o rd in g  to 

th e  Mott S c h o ttk y  re la t io n  ( e q u a t io n . 14) a n d  th e  s t r a ig h t  l ine  g ra p h  

can  be  e x t ra p lo te d  to  c ro s s  th e  p o ten tia l  ax is  a t  +0.71V v s .  SCE. 

F i g .27 a a n d  b show th e  im pedance s p e c t r a  fo r  sample 3 a t  0 .4V  v s .  

SCE a n d  M o tt-S ch o ttk y  plot fo r  th e  sample 3 re s p e c t iv e ly .

4 .3  Q uan tum  e ff ic ien cy  m easu rem en ts  w ith  P t(0 )  c o a ted  P3MT 

e le c tro d e .

Fig. 28 in d ic a te s  th e  v a r ia t io n  of Q uantum  e ff ic ien cy  of 

n e u t r a l  P3MT w ith th e  a re a  c o n c e n tra t io n  of P t ( 0 ) ,  in viologen e le c ­

t r o ly te .  C oating  of e lec tro d e  w ith  P t(0 )  was done  e lec tro ch em ica lly , 

b y  p o te n t io s ta t in g  th e  e le c t ro d e ,  illum inated w ith  in te n s e  w hite  l ig h t  

a t  0 .1  v v s .  SCE in a so lu tion  of 1 mM I^ P tC lg  an d  0.1M NaClO^, 

u n ti l  a d e s i r e d  am ount of c h a rg e  is p a s s e d .  T e s t in g  of th e  e lec tro d e  

was done  in viologen e le c t ro ly te .  T h e  basic  p h o to c u r r e n t /v o l t a g e  

c h a r a c te r i s t i c s  of modified e le c t ro d e  is th e  same a s  th e  unm odified
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(1 ) Praah P3MT in  Viologan E le c tr o ly te , l l lu s in a t io n  

910 ns
(2) Sasa a lactrod a , a fta r  hold ing at -0 .5  v  va.SCE for  

2 hour*.
(3) Sasa a lactrod a , a fta r  hold ing at *0.75 v va.SCE for

1  K n i t P *
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P ig .29b. fhotocurrant/V oltaga bahaviour o f
(1 ) P3KT alactroda traatod w ith  EaBH  ̂ fo r  30 s ln u taa .
(2) Sasa alactroda traatad w ith  **2*2°I f ° r 30 nlna
(3 ) Sasa alactroda a fta r  h o ld in g  at >0.5 v va.SCE for 5 

hour*.
(9 ) Sasa alactroda a fta r  h o ld in g  at *0.73 v va.SCE for  

5 houra.
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one, excep t high p h o to resp o n se . Coating with P t(0 ) always im proved

t h e  p e rfo rm an ce  of th e  e le c tro d e  com pared  to th e  n a k ed  one  w ith a

-7 2maximum amount of P t(0 )  in th e  v ic in i ty  of 2x10 mol/cm

4.4  O b se rv a t io n s  r e la t in g  to  th e  s ta b i l i ty  of P3MT in  a q u eo u s

e le c t r o ly te .

Fig [29a] shows the  p h o to 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 ic s  of P3MT in viologen e le c t ro ly te .  T h e  s c a n n in g  w as done a t  1 

m v /sc e  and  illumination was 410 nm. T h e  f r e s h  sample showed a I /V  

c u rv e  w ith  a catliodic p h o to c u r re n t  p eak  in th e  v ic in i ty  of -0 .5  v 

v s .S C E ,  c o n s is te n t  w ith  p re v io u s  r e s u l t s .  T h en  the  e lec tro d e  was 

he ld  a t  -0 .5  v v s .  SCE fo r  2 h o u rs  w hich  re s u l te d  in an  I /V  b e h a v ­

iour shown in c a r v e  2. In th is  case  no t only  th e  m ag n itu d e  of the

p h o to c u r r e n t  is low, b u t  a lso  th e  p h o to c u r r e n t  p eak  h a s  sh if te d  

to w a rd s  p os it ive  p o te n t ia ls .  T h is  s h i f t  became l a r g e r  w ith  more time

th e  e lec tro d e  s p e n t  a t -0 .5  v v s .  SCE. If th e  same e lec tro d e  is he ld

a t  +0.75 v v s .S C E  for 3 h o u r s ,  th e  r e s u l t in g  I /V  c h a r a c t e r - i s  s im ilar 

to  c u rv e  3. A f te r  th r e e  h o u r s  a t  th e  anodic  p o te n t ia l  th e  p h o to e ffec t  

h a s  re ju v e n a te d  a n d  the  p h o to c u r r e n t  p eak  a p p e a r s  close to w h e re  it 

was fo r  the  f r e s h  e le c tro d e .

In Fig (2 9 b ] , c u rv e  1 show s th e  p h o to e ffec t  of an

e le c t ro d e ,  which w as in co n tac t  w ith  NaBH^ fo r  30 m in u tes .  T h is

tr e a tm e n t  r e s u l te d  in v e ry  low p h o to e ffec t  an d  a p h o to c u r r e n t  p eak  

sh i f te d  to  pos it ive  p o te n t i a l s . C u rv e  2 show s th e  I /V  b e h a v io u r  of 

th e  same e lec tro d e  a f t e r  the  o x id a tiv e  t r e a tm e n t  w ith  1 0 % so lu tion  of
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N a „S „0 Q. T h is ,  in c reased  th e  p h o to r e s p o n s e , an o r d e r  of m agn itude£ Z O
h ig h e r  th an  th e  e lec tro d e  t r e a te d  w ith NaBH^, a n d  sh if te d  th e  p h o to ­

c u r r e n t  p eak  to w ard s  th e  n e g a t iv e  p o te n t ia ls .  Now th e  same e lec tro d e  

can  be held at -0 .5  v v s .  SCE and  th e n  at +0.75, to  o b s e rv e  e s s e n ­

tia lly  the  same b e h a v io u r  a l re a d y  d e s c r ib e d .  C u rv e  3 r e p r e s e n t s  the  

s i tu a t io n  when th e  e lec tro d e  is held  at -0 .5  v fo r  5 h o u rs  a n d  C u rv e  

4 show s the  I/V  b e h a v io u r  of th e  same e lec tro d e  a f t e r  h o ld in g  It a t  

0 .75  v fo r  five h o u rs .
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4 : DISCUSSION AND CONCLUSIONS,

4.5 Photoeffect at the Poly 3-methylthiophene/Electrolyte interface

4 .5 .1  V aria tion  of p h o to e ffcc t  with th e  d o p ing  d e n s i ty .

It is e v id e n t  from Fig . IB th a t  fo r  Elect roc  hemically 

re d u c e d  sam ples th e  p h o to e ffec t  in c re a se s  w ith  d e c re a s in g  d o p ing  

d e n s i ty .  T h is  o b s e rv a t io n  is in a cco rd  w ith  th a t  of in o rg an ic  sem i­

c o n d u c to r s ,  which show a similar r e d u c t io n  of p h o to e ffec t  w hen th e  

solid becomes sem im ctallic . V aria tion  of th e  p h o to e ffe c t  can  be com­

p a re d  q u a l i ta t iv e ly  with a similar v a r ia t io n  of a b so rp t io n  coeffic ien t 

w ith  d o p in g  d e n s i t y .  A b so rp tio n  coeffic ien t fo r  th e  b a n d  gap  t r a n ­

s ition  d e c re a s e s  w ith  th e  dop ing  d e n s i ty  [62 ,106]. T h u s  o b s e rv a t io n s  

shown in F ig . 18 a r e  v e ry  m uch e x p e c te d .  B u t th e r e  is a major d i s a ­

g reem en t w o r th  m ention ing  too. When th e  d o p in g  d e n s i ty  of P3MT is 

in c re a s e d  s t a r t i n g  from th e  n e u t r a l  sam ple, in a d d i t io n  to th e  

d e c re a se  in b a n d  to  b an d  t r a n s i t io n ,  ad d it io n a l  s t r u c t u r e s  b eg in  to 

a p p e a r  in th e  a b so rp t io n  sp ec tru m . T h e  a b so rp t io n  p eak  a p p e a r in g  

a ro u n d  650 nm becom es th e  most v is ib le  s t r u c t u r e  w hen th e  d o p in g  

d e n s i ty  is in c re a s e d  to metallic re g io n .  T h is  add itiona l a b so rp t io n  

p e ak  has  been  a t t r i b u t e d  to  th e  p re s e n c e  of mid gap  b ipo loron  e n e r g y  

levels  [62] . B u t s u r p r i s in g ly ,  th e  p h o to c u r r e n t  s p ec tru m  does no t 

h a v e  a s t r u c t u r e  c o r re s p o n d in g  to  th is  b ipo loron  a b s o rp t io n  a t  a n y  

d o p in g  level in v e s t ig a te d .  A ccord ing  to  F ig . 18 th e  s p e c t r a l  r e s p o n se  

of th e  p h o to c u r r e n t  is a p p a r e n t ly  in sen s i t iv e  to th e  d o p ing  level ,  

e x c e p t  fo r  I ts  m ag n itu d e .  T h is  was re c h e c k e d  b y  norm alis ing  th e
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s p e c t r a  shown in th e  F ig . 18 to  th e  same peak  h e ig h t .  T h e y  v i r tu a l ly  

coincide w ith one a n o th e r  and  no ad d it io n a l  s t r u c t u r e  in th e  reg io n  of 

600 nm was o b s e r v e d .  T h is  o b se rv a t io n  is in c o n tra d ic t io n  to  a r e p o r t  

p u b l ish e d  [107] in which a s u b - b a n d  gap  r e s p o n s e  in th e  v ic in i ty  of 

GOO nm was o b s e rv e d  fo r  the  'as  g ro w n ' sam ples . T h e re  is  no immedi­

a te  ex p lan a tio n  fo r  th is  d is c r e p a n c y .  Being d e fec t  s e n s i t iv e  sy s te m s ,  

e lec tro n ic  p r o p e r t ie s  of o rg a n ic  po lym ers  may well be  in f lu en c ed  by  

th e  d i f fe re n c e s  in th e  p ro c e s s e s  and  s o lv e n t /e le c t ro ly te  sy s tem s  u sed  

fo r  th e  film dep o sit io n .  T h u s  the  d i f fe re n c e s  in th e  o b s e r v e d  p h o to e ­

lectrochem ical p ro p e r t ie s  a re  not u n e x p e c te d .

4 .5 .2  Photoe lec trochem ica l re s p o n s e  of P3MT.

As shown in Fig. 19 v a r ia t io n  of s te a d y  s ta te  p h o to c u r ­

r e n t  of 'a s  g row n ' P3MT w ith w ave le n g th ,  follows closely  th e  

a b so rp t io n  sp ec tru m  of the  m ateria l.  E ffic iency  of th e  p h o to c u r r e n t  is 

m uch h ig h e r  a t  -0 .5  V v s .  SCE com pared  to  th a t  a t  0 .0  V vs.. SCE. 

th i s  is e x p e c te d  fo r  a  p - ty p e  m ate r ia l ,  s ince  the  h ig h e r  r e v e r s e  b ias  

would c au se  m ore e f fe c t iv e  se p a ra t io n  of p h o to g e n e ra te d  c a r r i e r s .  

A c tua l m ag n itu d e  of th e  p h o to re sp o n se  is somewhat sample d e p e n d e n t ,  

b u t  th e  s p e c t ra l  r e s p o n s e  is a lw ays a rep lica  of th e  one shown in 

Fig . 19. F ig .30a  show s th e  fit of th e  s p e c t r a l  r e s p o n s e  a t  0 .0  V v s .  

SCE to the  eq u a tio n  [17]. From 2 .7 ev  down to  2. l e v  th e r e  is  a  l in ea r  

re la t io n  with n= l an d  in te r c e p t  a t  2 .09  ev .

In  th e  case  of re d u c e d  P3MT (F ig . 20) th e  ac tion  s p e c ­

tru m  a t  pos it ive  p o ten tia l  eg .  >0.15 V v s .S C E ,  closely  re sem b les  th e  

one w hich is shown in Fig. 19 fo r th e  'a s  g ro w n ’ po lym er. T h e  fit of

-98-



F
ig

.30. 
Fit 

of 
tho 

ip
tctn

l 
raaponaa 

of 
P

oly

Photon 
Energy 

(ev)

> 4  <
(P hotocurrent x Energy) x 10 (A. ev)

8mm ■n MK



th e  s p e c t r a l  r e s p o n s e  fo r th e  r e d u c e d  (n e u t r a l )  film a t  th i s  p o ten tia l  

u s in g  e q u a t io n  [17] is shown in F ig .3 0 b .  Similar to  th e  'as  g ro w n 1 

c ase ,  a l in e a r  re la tion  is o b s e rv e d  fo r  th e  n e u t ra l  film from 2 .5  ev 

down to ab o u t  2 . 1  ev  w ith an  in te r c e p t  of 2 . 0 0  ev  fo r  n = l ,  a lso  in d i ­

ca t in g  a d i re c t  t r a n s i t io n .  A fte r  p o te n t io s ta t in g  th e  n e u t r a l  e lec tro d e  

fo r abou t 3 h r s  at -0 .35  V v s .  SCE, d ram atic  c h an g e  in th e  sp e c tra l  

re s p o n s e  is o b s e r v e d .  As will be  d is c u s s e d  la t e r  th e  p h o to re s p o n se  in 

th is  reg ion  of po ten tia ls  d e te r io r a te s  ra p id ly .  In  ad d it io n  to  th e  

e x p e c te d  re d u c t io n  in q u an tu m  e ff ic ie n cy ,  a new peak  a ro u n d  630 nm 

is o b s e r v e d  (F ig .  20b). T he  pos ition  of th is  p eak  a g r e e s  w ith  the  

r e p o r te d  pos it ion  of th e  low e n e r g y  a b so rp t io n  p eak  of MV* [108). 

T h e se  r e s u l t s  s t ro n g ly  s u g g e s t  t h a t  w hen th e  n e u t r a l  film is k e p t  a t  

a  p o ten tia l  n e g a t iv e  e n o u g h  to  c au se  th e  re d u c t io n  of MV , some of
4  •

th e  r e d u c e d  MV a b s o r b s  on th e  po lym er. T h is  absof’b ed  la y e r  is 

capab le  of p ro d u c in g  pho toe lec trochem ical r e s p o n s e  a n d  th a t  th e  MV 

is s tab i l ized  on th e  s u r fa c e .

It is s p ec u la ted  th a t  coulomblc e f fe c t s  p lay  a  key  ro le
4 •

in th e  s tab i l isa t io n  of MV on th e  s u r fa c e .  In th is  ca se  one  would
4  •  *

e x p e c t  on ly  a  s lu g g ish  a b so rp t io n  of MV on to  th e  a s  g row n p o ly ­

m er .  B ecause , a s  grow n m ateria l is  a l re ad y  ox id ized , a n d  co n ta in s  a 

s u b s ta n t ia l  p o s i t iv e  c h a rg e  in th e  po lym er m a tr ix ,  it o p p o ses  th e  

ab so rp t io n  of like ly  c h a rg e d  MV* . T h e  ac tion  s p e c t r a  shown in 

F ig . 19 an d  20 a re  c o n s is te n t  w ith  th is  sp ec u la t io n .  T h e  n e u t r a l  

m ateria l shows a w eak s h o u ld e r  e v e n  a t  +0.15 V v s .  SCG (F ig .2 0 a ) ,  

w h e rea s  th e  action  s p e c t r a  of 'a s  g row n ' m ateria l shown in F ig . 19b,
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ta k e n  a t  more r e d u c in g  p o ten tia l  ' 0 . 5  V v s .  SCE, show s a more 

p ro n o u n c e d  sh o u ld e r .

T h e r e  is ye t a n o th e r  Im portan t a s p e c t  co n n ec ted  w ith  

F i g .30. As s ta te d  in C h a p te r .  1, po lym ers  su ch  a s  P o ly th io p h en e  with 

n o n d e g e n e ra te  g ro u n d  s ta te ,  s u p p o r t  localized c h a rg e  d e fe c ts  called  

b ip o lo ro n s ,  whicli a r e  the  most e re rg e t ic a l iy  fa v o u ra b le  c h a r g e  c o n ­

f ig u ra t io n  fo r  those  polym er sy s te m s .  When e le c t ro n s  a r e  rem oved 

from th e  po lym er cha in  d u r in g  the  d o p in g  p ro c e s s ,  b ipo lo ron  levels  

a re  c r e a te d  a s  sym m etrically  located  mid gap  levels  [109], S ince b ip o ­

lo ron  s t a t e s  coming in the  g ap  a re  t a k e n  from th e  VB an d  CB e d g e s  

b a n d  gap  of th e  m ate r ia l  is w idened  w ith  in c re a s in g  d o p ing  d e n s i ty .  

In  th e  case  of Poly p y r ro le  th e  b an d  gap  is known to  In c rease  from

3 .2  ev in th e  n e u t ra l  s ta t e  to 3 .6  ev in th e  33° d oped  s ta t e  [110]. In 

th e  case  of P o ly th io p h en e ,  th e  b an d  gap  t r a n s i t io n  in  th e  a b so rp t io n  

sp ec tru m  s h i f t s  b lu e ,  a s  th e  d o p ing  p r o g r e s s e s  from n e u t r a l  to  snm- 

imetalllc s t a t e  [1 0 6 ,62 ] . T he  o b s e rv a t io n s  p r e s e n te d  in F i g .30 a re  

c o n s is te n t  w ith  th e  o b s e rv a t io n s  g iven  ab o v e . T h e  f it  of th e  s p e c t r a l  

r e s p o n se  of n e u t r a l  a n d  'as  g ro w n ' P3MT to e q u a t io n  [17] y ie ld s ,  a 

b a n d  gap  va lue  2 .00  ev  fo r  th e  n e u t r a l  m ateria l an d  2 .09  fo r  th e  'as  

g row n ' m ate r ia l .  E v e n th o u g h  th e s e  v a lu e s  in d irec t ly  s u p p o r t  th e  e x i s ­

ten ce  of b ipo loron  s t a t e s ,  s u r p r i s in g ly  none  of th e  ac tion  s p e c t r a  of 

P3MT o b s e r v e d  so f a r  in th is  s tu d y  show an y  d i re c t  e v id e n c e  c o n ­

firm ing  t h e i r  p re s e n c e .

As show n in F i g .21 re d u c t iv e  p e ak  in th e  p h o to c u r r e n t  

s h i f t s  b y ,  more th a n  +0.15 V p o s it iv e  to  th a t  in th e  d a r k  c u r r e n t .
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T h is  'u p  h i l l 1 r e d u c t io n  of v io logen  is in ag re em e n t  w ith  th e  

p - c h a r a c t e r  of P3MT. But th e  ac tu a l  sh if t  in th e  p o ten tia l  may be 

in f lu en ced  by  sev e ra l  fa c to r s  in c lu d in g  p o ss ib le  chemical c h a n g e s  in 

th e  m ateria l i tse lf .  H owever a t th is  p o in t it is im portan t to  e s ta b l i s h ,  

th a t  th e  o r ig in  of th e  o b s e r v e d  p h o to e ffec t  is pho tovo lta ic  a n d  is not 

due  to  p h o to c o n d u c t iv i ty ,  o r  pho to s t im u la ted  u n d o p in g  of th e  p o ly ­

m er. T h e  fac t th a t  we o b s e r v e d  a po s i t iv e  s h i f t  of a b o u t  0 .1 9  V in 

th e  r e s t  p o ten tia l  d u e  to in te n se  w hite  l igh t illum ination, d e m o n s t ra te s  

th a t  th e  ju nc tion  indeed  a c t s  as a pho tovo ltic  dev ice .

4 .6  A n a ly s is  of EER d a ta  on P3M T /E lec tro ly te  In te r f a c e .

Set of EER s p e c t r a  shown in F ig .23a  fo r  r e d u c e d  P3MT 

c o n s is ts  of a s ing le  p eak  w ith th e  p os it icn  of maximum s h i f t in g  to 

h ig h e r  e n e rg ie s  a s  th e  p o ten tia l  s h i f t s  to w a rd s  th e  f la t  b a n d  p o te n ­

tia l.  C h an g es  of th e  pos ition  o r  sh ap e  of EER w ith  dc bien h av e  

b een  o b s e r v e d  b e fo re ,  fo r  In o rg an ic  sem iconduc to rs  [111] . T h e y  w ere  

i n t e r p r e t e d  to  o r ig in a te  from in te r f e r e n c e  e f fe c ts  be tw een  th e  f r o n t  

s u r fa c e  a n d  e i th e r  th e  e d g e  of th e  sp ace  c h a rg e  la y e r  o r  th e  b ack  of 

th e  film. In th e  case  of n e u t r a l  P3MT no in te r fe re n c e  f r in g e s  w ere  

o b s e r v e d .  T he  fo u r  p a ra m e te r s  In eq u a t io n  [22] th a t  d e te rm in e  th e  

l in e sh ap e  could be  f i t te d  to all f o u r  s p e c t r a .  R esu lt  of th e  f it  fo r  th e  

s p e c t r a  (a) an d  (d )  ( F i g .23) a r e  a s  follows.

s p ec tru m  (a) E^= 1.97 ev  T= 0 .19  ev  0= 28° n= 3 .5

sp e c tru m  (d )  E^= 2.01 ev  0 .2 8  ev  0= 72° n -  3 .5
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T he  va lue  of n is ind ica tive  of a one  d im ensional d i re c t

t r a n s i t io n .  T h e  va lue  of th e  b an d  gap  a g re e s  well w ith  th e  s p e c t ra l

r e s p o n s e  m easu rem en ts  an d  it is a lso  in a v e ry  good a g re e m e n t  with

op tica l ab so rp t io n  m easu rem en ts  J112). T h e  b ro a d n in g  p a ra m e te r  T

an d  th e  Phase  fa c to r  0 a re  s e n s i t iv e  to th e  d o p in g  level. From the

d a ta  g iven  above one  can see an in c re a se  in b o th  of th e s e  fa c to rs

from sp ec tru m  (a) to  sp ec tru m  ( d ) .  T h is  in c re a se  may be a sso c ia ted

w ith a removal of s u r fa c e  d e fe c ts  w hen the  e le c tro d e  is p o la r ized  to

anodic  p o ten t ia ls .  With r e fe re n c e  to th e  o b s e rv a t io n s  g iv en  in Fig. 22

one can see an in c re ase  in ph o to c ffec t  in the  reg io n  of pos itive

p o ten tia ls  a s  a r e s u l t  of a p ro lo n g e d  anodic  p o la r iza t ion  of th e  n e u t r a l

P3MT p h o to ca th o d e . T h is  o b s e rv a t io n  is c o n s is te n t  w ith  th e  removal

of su r fa c e  d e fe c ts .  In th is  case  th e  in c re a se  in  E In go ing  fromg
sp e c tru m  (a) to (d )  may be  s ig n if ic a n t  too, a s  d is c u s s e d  u n d e r  p h o ­

to c u r r e n t  m e asu rem en ts .  B ut in view  of th e  com plexities  of th is  s y s ­

tem f u r t h e r  c o n s id e ra t io n  of th is  e f fe c t  is u n w a r r a n te d .  F ig .31a

shows th e  f it  of th e  s p e c t ra l  l in esh ap e  of th e  sp e c t ru m  (c) (F ig . 23) 

to the  e q u a t io n  [2 2 ] w ith  th e  following p a ra m e te r s .

sp ec tru m  (c) E^= 1.99 ev  T= 0 .23  ev  0= 242° n= 3 .5

O b se rv a t io n s  g iven  in Fig. 24b a re  c o n s i s te n t  w ith  th e

Fermi level p in n in g .  As d is c u s s e d  b e fo re  Fermi level p in n in g  Is

o b s e r v e d  a s  a r e s u l t  of th e  d ro p  of m odulation v o ltage  a c ro s s  th e  

Helmholtz l a y e r  w hen  th e  film e n t e r s  in to  d e p le t io n .  T h is  d ro p  is 

a sso c ia te d  w ith a c h an g e  in th e  n u m b er  of ionized s u r f a c e  s ta t e s  N ss
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1.1L i

r i c . 31. ECU rasponaa o f roducod P3KT, at U * 0 .4  v v s .  SCI

( Eaparinant. (---------- - ) -  Bast f i t  to  aqua­

t io n  .[1 7 ]  w ith  tha paraaatsr (Ivan  in  tha t a x t .

(a ) Wautral (Faducad) Foly Inathylth iophana.

(b) "4s Crown" ( fu l ly  dopad) polynar.

(c )  P a r t ia lly  raducad polynar, w ith  a doping danaity  

o f  1 .3  a lO ^ .D a ta ils  o f Faak.A and Paak.B ara 

givan in  tha t a r t .
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If the Fermi level of the semiconductor is pinned, then equation [22J 

can be modified to yield |113)

tF = K(' -

where Is the capacitance of the Helmholtz layer, is the area

concentration of ionized surface states and U is the electrode poten~

tlal. The Fermi level will be pinned or partially pinned whenever

dN >0, in this case part of the modulated potential drop will result V s

in charging of the surface and will not be available for the modula­

tion of the space charge field. As a result of this EER amplitude will

be decreased. In the limiting case in which dN /d u  Is equal to Cu /e
I I  H

the EER amplitude will be reduced to zero. This situation Is shown in

Fig.24b. At 0 .0  v v s . SCE the Fermi level appears to be completely

pinned. Assuming that 6R/R attains its maximum value when

dN /du=0 the equation can be modified to characterize the surface  
8 8

_P— _6N$_[expzL-fu.. -  u + fY d u \2l  |3i]
i - p  cHrf(an)4 2« n  ) 1

states responsible for the pinning [113]. Where T stands for 1 -

, N, is the total concentration of surface sta tes. U. potential 
x *

at the maximum surface state density , o is the standard deviation of 

surface levels relative to the maximum. The data shown In Fig.24b
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gives an excellen t fit to th e  equation  [30] to  yield following

p a r a m e te r s .
1 A

Nt /C j j  = 7.6X10 , o = 0 .2 1 ,  = “0.31 v v s ,  SCE, A ssum ing  th e
2

Helmholtz la y e r  c ap ac i tan ce  to be 11 yF/Cm  , w hich is th e  va lu e

o b ta in e d  fo r  p o ly a ce ty le n e ,  if only  th e  e x te r io r  s u r fa c e  is w e t te d  b y
13th e  e le c t ro ly te  [114], can be e s t im ated  to be 8x10 , w hich is

close to  a one te n th  of a m onolayer o v e r  a geom etric  a r e a .

EER s p e c t r a  fo r  fully  d oped  P3MT shown in F ig . 23b

canno t be a n a ly se d  In te rm s  of th e  th e o ry  of low field e le c t ro r e f le c ­

ta n ce .  But in th e  case  of m o d era te ly  d oped  sample: sample 3

(T ab le .G ) bo th  EER p e ak s  could  be f i t te d  to  th e  e q u a t io n  [22] w ith  

th e  following p a r a m e te r s .

Peak (a) n=3 .5  E =1.99 ev  0 =169.8° T=0.320 ev
V * g

Peak (b )  n = 2 .0  E = 1 . 7 0 e v  0=32.1° r = 0 .2 3 8 e v
g

T h e  sp e c tru m  3 ( F i g .25) fo r  th e  sample 3 ( T a b le . 6 ) is r e p r o d u c e d  

w ith  th e  th e o re t ic a l  f it  to  the  e q u a t io n  [22] in F ig .3 1 c .  T h e  p a ra m e ­

t e r s :  n and  e v a lu a te d  fo r  th e  p e ak  (a) a r e  iden tica l  to  th o s e ,  

o b ta in e d  fo r  n e u t r a l  P3MT. No com parision  can be made fo r  0 a n d  T 

va lu es  b e ca u se  of th e i r  s e n s i t iv i ty  to  v a r ie ty  of s u r fa c e  c o n d it io n s ,  

a n d  d i f f e re n c e s  in th e s e  p a ra m e te r s  a re  e x p e c te d  fo r  sam ples w ith  

d i f f e r e n t  d o p ing  d e n s i t i e s .  B u t  E^ va lue  is v e r y  much in a g re em e n t  

w ith  th e  op tica l  d a ta  p r e s e n te d  e a r l i e r  a n d ,  s in ce  n  = 3 .5  c o r r e ­

sp o n d s  to  a  one  dim ensional c r i t ic a l  p o in t ,  th e  p e a k ( a )  can  be i d e n t i ­

fied  to  be  a s so c ia te d  w ith  th e  d i re c t  b a n d  to b a n d  t r a n s i t io n .  T h e
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F ig .  32. F i t  o f  th e  EER d a ta  fo r  N e u tr a l P3MT to  th e  
e q u a t io n .[3 1 ]

The param eter shown in  x a x is  i s , $ s

— a r / r
Where u i s  th e  p o t e n t i a l  v s .  SCE and 1 = 1
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q u e s t io n ,  w h e th e r  th is  su b  b a n d  e n e r g y  level w hich  g ive r is e  to 

p e a k ( b )  r e p r e s e n t s  a localized im p u r i ty  s ta t e ,  is y e t  to be re s o lv e d .  

T h e  EER b e h a v io u r  of localised s u b  b an d  gap  im purit ie s  h a s  been  

r e p o r te d  [115]. In th is  case  EER follows th e  p o te n t ia l  d e p e n d e n c e  of 

th e  d a r k  c u r r e n t  (h ig h  n e a r  the  flat ban d  a n d  low in d ep le t io n )  an d  

h a s  been  in te r p r e te d  in te rm s  of th e  m odula ted  c h a n g e s  in th e  

a b so rp t io n  coeffic ien t,  c au se d  b y  th e  c u r r e n t  in d u c ed  periodic  

c h a n g e s  in the  popula tion  of im purity  levels .  B u t a s  shown in the  

F ig . 25 m ag n itu d e  of bo th  p eak s  is v e ry  small a ro u n d  +1.0, w hich is 

th e  reg ion  of flat band  and in c re a s e s  to w ard s  th e  n e g a t iv e  p o ten tia ls  

a s  th e  film e n te r s  in to  dep le t ion  mode. Both p e ak s  e sse n t ia l ly  follow 

th e  sh if t  of the  fermi level re la t iv e  to th e  b a n d  e d g e s .  In o th e r  

w o rd s ,  th e  EER in te n s i ty  of peak  (B) t o e s  no t follow, w hat is 

e x p e c te d  fo r  localized, s u b  b a n d  im p u r i ty  s t a t e s .  T h is  s i tu a t io n  is 

e n t i r e ly  d i f f e r e n t  from th a t  fo r  n e u t r a l  P3MT fo r  w h ich , th e  in te n ­

s i ty  of th e  ban d  gap  t ra n s i t io n  r e d u c e s ,  a s  th e  film e n te r s  in to  

d ep le t io n  mode, d u e  to u n p in n in g  of th e  b an d  e d g e s  a s  d is c u s s e d  

b e fo re .  Since we a lre ad y  know th a t  P3MT s u p p o r t s  b lpo loron  e n e r g y  

le v e ls ,  an  a l te rn a t iv e  a p p ro a ch  is to  c o n s id e r  th e  p o ss ib i l i ty  of a 

po loron  level located  w ith in  th e  gap  g iv in g  r i s e  to th is  new su b  b an d  

EER re s p o n s e .  D epend ing  on the  level of pop u la t io n  ( sp in )  th e se  

m idgap  e n e r g y  levels  can be e i th e r  po lo rons  (sp in  =1 / 2 ) o r  b lpo lorons  

(sp in  =0). T he  po lo rons  a r e  a sso c ia te d  w ith localized mid gap  leve ls ,  

lo ca ted  sym m etrically  w ith  r e s p e c t  to  to  th e  gap  c e n te r  a s  show n in 

th e  D ia g ra m .2 [63]
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Diagram. 2 Representation of the direct gap and Poloron energy levels 

in Poly 3-methylthiophene.

j  A o  

E ’  1

In the case of Poloron three sub band optical absorp­

tions: E -E„, E - E , , E„-E, are expected . This situation has beenv 2 v 1' 2 1 r

experimentally observed for CIO  ̂ dop-id PPY [109], In the case of 

blpoloron only two optical absorption peaks: and E^-Ej are

possible. This has been experimentally verified for Polythiophene 

[62), which shows two sub band absorption peaks in the vicinity of 

0 .6  ev and 1.4 ev . The sum of these two is equal to the band gap as 

required by the symmetry of the poloron levels. Most Important fact 

is that both of these peaks are induced by doping.

The origin of the mid gap observed in EER for moder­

ately doped P3MT (Peak.B) can be discussed in relation to the polo­

ron model. The peak is induced by doping and neutral material does 

not show such transition. It does not represent a mid gap localized 

impurity state. Since our EER observation does not extend to the 

energy region corresponding to Ey-Ej* which is in the energy range: 

0.15 ev - 0 .3  ev , the origin of Peak (B),  as to whether Ey-Ej, or
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E 2 ~Ej is u n c e r ta in .  If peak  (B) is a s so c ia te d  w ith  th e  tran _

sit ion, it is seen  from th e  D ia g ra m .2 th a t  hwQ/ i  = 0 ,8 5 .  A cco rd in g  to

F ig .4 of Ref. [63] one can es tim ate  th a t  th i s  hu>o /A va lue  c o r re s p o n d s

to e i th e r  a poloron with th e  confinem ent p a ra m e te r  of 0 .4  o r  a b ipolo-

ron  w ith confinem ent p a ra m e te r  of 1 .5 . If th e  peak  (B) is  a s so c ia ted

with th e  E -E , t ra n s i t io n  hw A = 0 ,707 and  th is  va lue  c o r re s p o n d s  to v 1  o
e i th e r  a poloron  w ith confinem ent p a ra m e te r  of ze ro  o r  b lpo lo ron  w ith  

a confinem ent p a ra m e te r  of 2. With th e  availab le  d a ta ,  a n a ly s is  c an n o t 

be c a r r ie d  out f u r t h e r  th an  th is  p o in t .

4 .7  R elaxation  s p e c t r a l  a n a ly s is  of Poly 3 -M eth y lth io p h en e .

T h e  MS p lo ts  of Sample 3 (T ab le  5) c o n s is te n t  w ith  an  

a b r u p t  ju n c tio n  of a p - ty p e  semlcond ic to r  w ith  a  fla t b a n d  po ten tia l  

of 0 .71  v v s .S C E .  T h is  va lue  is c o n s is te n t  w ith th e  e le c t ro re f le c ta n c e  

d a ta  an d  Photoe lec trochem ica l d a ta  r e p o r te d  e a r l i e r .  From th e  slope of 

th e  Mott S c h o t tk y  plot d o p in g  d e n s i ty  of sample 2 an d  3 ( T a b le . 6 ) 

can be es tim ated  by  assu m in g  th e  va lue  of d ie lec tr ic  c o n s ta n t  a s  6 . 

T a b l e .2 shows com parison  of th e s e  v a lu es  w ith th e  ca lcu la ted  d o p in g  

T a b l e .7 : Com parision of Doping d e n s i t ie s  ca lcu la ted  from  Mott

S c h o t tk y  p lo ts  a n d  coulomblc d a ta .

r --------------- T------------------------T------------------------1

2 2 ! sample | N ^ /cm  | N ^ /c m  |
| | (coulomblc) | (MS p lo t)  |
h - - - - - - - - - - - - - - - - - - - - + - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - I - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - i
| 2 | l .S x lO 2 1  | 6 .6 x l0 2 0  |
I---------------- + ------------------------+ ------------------------^
| 3 t  1 .3 x l0 2 1  | 1 .6 x l0 2 0  |
L _________________ ± ___________________________ ±   J
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d e n s i t ie s  b a se d  on th e  c h a rg e  invo lved  in e lec trochem ical re d u c t io n .

T h e  d o p ing  d e n s i ty  c a lc u la ted  from th e  slope of MS 

p lo t d e s e r v e s  some com m ents. In th is  case  th e  a re a  of th e  sample was 

assum ed  to  be  th e  geom etric  s u r fa c e  a r e a .  Since th e  d e g re e  of p e n e ­

t r a t io n  of th e  e lec tro ly te  in to  the  po lym er is u n c e r ta in ,  th e r e  is an  

u n c e r ta in ty  a s  to the  t r u e  a r e a .  T he  r o u g h n e s s  fa c to r  is unkn o w n . 

C alcu la tion  of d o p ing  d e n s i ty  based  on th e  c h a r g e  rem oved d u r in g  

th e  e lec trochem ical re d u c t io n ,  a ssum es  a uniform  d is t r ib u t io n  of 

d o p a n ts  th ro u g h o u t  th e  po lym er, following th e  re d u c t io n .  On th e  

o th e r  h a n d ,  Im pedance m easu rem en ts  d ea ls  w ith  th e  in te r fa c e  and  th e  

ca lcu la ted  d o p ing  d e n s i ty  g ives  an  es tim ation  of th e  d o p a n ts  c o n c e n ­

t r a t io n ,  on ly  in the  in te rfac ia l  re g io n .  T h e s e  fu n d am en ta l  d i f fe re n c e s  

in th e  two m ethods of e s tim ating  th e  d o p in g  d e n s i ty  make th is  com­

p a r iso n  som ewhat q u e s t io n a b le .

T h e  va lue  of f la t  b a n d  was n o t  c o r r e c te d  fo r  th e  c o n ­

t r ib u t io n  from th e  e le c t ro ly te .  For th e  Mott S c h o t tk y  eq u a t io n  [14J to  

h o ld , it  is n e c e s so ry  th a t  anc* w ^ e re  *s t *ie

po ten tia l  d ro p  in th e  Helmholtz la y e r .  B u t th e  v a l id i ty  of th e  second  

In eq u a li ty  is q u e s t io n ab le  fo r  a s em ico n d u c to r ,  s u c h  a s  sample 2  a n d  

3 w ith  h ig h  d o p in g  d e n s i ty .  But e v en  u n d e r  th e s e  c irc u m stan c es  l in ­

e a r i ty  o f  Mott S c h o t tk y  p lo ts  is p r e s e r v e d ,  p ro v id e d  t h e r e  is no  

c h a r g e  p r e s e n t  in s u r fa c e  s ta t e s  (103). S ince no Fermi level p in n in g  

was o b s e r v e d  fo r  sample 3, th e re  is a  p o ss ib i l i ty  th a t  th e  p o pu la tion  

of s u r fa c e  s ta t e s  rem ain c o n s ta n t  w ith in  the  re g io n  from  fla t  b a n d  to  

ab o u t  0 .0  v v s .S C E .  T h u s ,  in s te a d  of h a v in g  a  s u r fa c e  s ta t e  f r e e
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sy s tem , one  can imagine a sy s tem  w ith  f ix ed  popu la tion  in su r fa c e  

lev e ls ,  and  an y  e r r o r  due  to th is  p o p u la t io n  shou ld  be  in c lu d ed  in 

th e  f la t  ban d  v a lue . Following the  t re a tm e n t  b y  De G ry se  e t  al [103] 

one can  estim ate  a fla t b a n d  va lue  e x c lu d in g  th e  c o n tr ib u t io n  from 

the  e lec tro ly te  to be 0 .94  v v s .S C E . A ssum ing C ^  = l l y F  a n d  d ie lec ­

t r i c  c o n s ta n t  of p3MT as  G one can e s tim ate  th a t  th e  Helmholtz la y e r  

a c c o u n ts  fo r  more th an  70°o of th e  p o ten tia l  d ro p  a c r o s s  th e  in te r fa c e ,  

w hen the  e lec tro d e  p o ten tia l  is +0,4 v v s .S C E . For h ig h  doped 

m ate r ia ls  eg .  sample 1 (T able .G ) th e  th ic k n e s s  of th e  in te r fa c e  domi­

n a te d  only by  th e  e le c t ro ly te .  In th is  case  poo r Mott S ch o t tk y  

b e h a v io u r  is o b s e rv e d  as  e x p e c te d .

4 .8  A ttem p ts  to  im prove P h o tie lec tro ch em ica l  p e rfo rm an ce  of P3MT 

th r o u g h  th e  dep o sit io n  of P t.

I t is well docum en ted  th a t  th e  m edia ted  e le c t ro n  t r a n s ­

f e r  a c ro s s  th e  P h o to e le c t ro d e /E le c t ro ly te  in te r fa c e  can be  e n h an c e d  

by  th e  in tro d u c t io n  of e le c t ro c a ta ly s ts  on th e  p h o to e lec tro d e  s u r fa c e ,  

deposit ion  of noble m eta ls , eg .  P t ,A u ,R h ,  th e  co v a len t a t ta ch m e n t  of 

a re d o x  m ed ia to r  to th e  p h o to e le c tro d e  s u r fa c e  [116] a n d  polym er 

films b e a r in g  pho toc lec trochem ically  d e p o s i te d  P t [117].

In  th is  s tu d y  we have  a l re a d y  seen  th a t  th e  illum inated 

P3MT can  be u sed  to e f fe c t  th e  u p  hill r e d u c t io n  of M ethyl viologen 

H y d ra te .

MV2+ ♦ e -------* MV+ [32]
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Since the  junction  showed a photo voltage of a ro u n d  200 m v, the

re d u c t io n  can  be e f fe c ted  a t  le a s t  2 0 0  mv more pos it ive  th a n  a t  a

re v e rs ib le  e lec tro d e  su ch  as P t . T h e  pho toe lec trochem ical g e n e ra t io n  
+ •

of MV lias a special s ig n if ic an ce ,  b ecau se  of th e  following reac tio n

(118].

2MV + * ♦ 2H0O  ► H ^(g) + 20H ♦ 2MV** [33]

T h is  re d u c t io n  allows th e  l igh t d r iv e n  evo lu tion  of H2  from H20  in an 

u p  hill s e n se .  T he  P3M T/viologen sys tem  c o n t r ib u te s  a t  le a s t  200 mv 

to w a rd s  the  1.23 v needed  to  sp lit  H^O a cco rd in g  to  th e  eq ua tion

[119].

H20  -  - »  H2 (g )  ♦ l / 2 0 2 (g )  [34]

R ed u c tio n  of MV to  MV alone is no t su f f ic ien t  to  g ive im provem ent

in p h o to g e n e ra t io n  of s ince  MV* does no t r e a c t  w ith  l ^ O  d e sp i te  

th e  fac t  th a t  re d u c t io n  of 1 ^ 0  is therm odynam ically  allowed fo r  a 

wide ra n g e  of pH (E ( MV^+ŷ + ) = -0 .6 9  v v s .  S C E ) . T h e  P t(0 )  

in c o rp o ra t io n  p ro c e d u re  p ro v id e s  a  m echanism  to e q u i l ib ra te

(MV^f//* ) ,  w ith  ( H j / ^ O ) . In o th e r  w ords  P t(0 )  a c ts  a s  a m ed ia to r  

fo r  th e  re a c t io n  [33] . T h e  e f fe c t iv e n e s s  of P t(0 )  a s  a m ed ia to r  has  

b een  d e m o n s t ra te d  [117,120]. In  th e  p r e s e n t  s tu d y ,  th e  c u r r e n t  d e n ­

s i t ie s  invo lved  a re  c e r ta in ly  no t la rg e  e n o u g h  to evo lve  an y  o b s e r v ­

ab le  q u a n t i t ie s  of H y d ro g en . B u t th i s  fa c to r  a lone is no t su f f ic ie n t  to 

ru le  o u t  the  p ro v e n  role of P t(0 )  a s  a m ed ia to r  fo r  H 2  evo lu t io n .

As shown in Fig [28 ] ,  d eposit ion  of P t  c a u s e d  an  

im provem ent of th e  q u an tu m  e ff ic ien cy  fo r  th e  c h a r g e  s e p a ra t io n  b y
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n e a r ly  a d e ca d e .  In th e  a b se n c e  of v io logen  a s  th e  re d o x  m ate r ia l ,  

n a k ed  P3MT shows on ly  a neg lig ib le  p h o to e f fe c t .  T h e  p la tin ized  P3MT 

seems to  h av e  an  im proved p e rfo rm an c e .  B ut still p h o to c u r r e n t  is too 

small to make any  q u a n t i ta t iv e  ev a lu a t io n .  T h is  s i tu a t io n  is v e r y  d i f ­

f e re n t  from th e  case  of Pt d e p o s i ted  p - t y p e  Si w h e re ,  p la tin iza t ion  

im proves  the  e ff ic iency  fo r  the  pho toe lec trochem ieal g e n e ra t io n  of 1 ^  

com pared  to  n ak ed  p - ty p e  Si [117a]. C o n s id e r in g  th e  a b se n c e  of any  

k in e t ic  limitation fo r  evo lu tion  of H y d ro g en  on Pt a n d  th e  lack  of s i g ­

n if ican t  im provem ent of p h o too ffec t  of p la tin ized  P3MT (in  the  a b se n c e  

of v io logen) in d ica te  th a t  th e re  is no e n h a n c e d  e lec tro n  t r a n s f e r  

be tw een  th e  c o n d u c tio n  b a n d  of P3MT and  Pt(O) w hich is on th e  s u r ­

face . T h is  in fe ren ce  is ex trem ely  p u zz lin g ,  b e c a u se  noble m eta ls  a re  

g e n e ra l ly  u s e d  a s  p r s s s u r e  c o n tac ts  fo r  o rg a n ic  sem lco n d u c tro rs  with 

p - t y p e  c o n d u c t iv i ty .  B u t,  th is  d if f icu l ty  c an n o t  be  re so lv e d  w ith  th e  

availab le  d a ta .

T he  Im provem ent of q u an tu m  e ff ic ien cy  show n in Fig
+ *

[28] may be th e  r e s u l t  of e f fe c t iv e  sc a v e n g in g  of MV in th e  v ic in i ty  

of th e  e lec tro d e  by  th e  s u r fa c e  Pt as g iven  in e q u a t io n  [33] combined 

w ith  th e  im proved  h e te ro g e n e o u s  e lec tro n  t r a n s f e r  be tw een  th e  sem i­

c o n d u c to r  a n d  th e  red o x  m ateria l m edia ted  b y  P t ( 0 ) . N a tu ra l ly  bo th  

of th e s e  e f fe c t s  would be fa v o u re d  b y  in c re a s in g  am oun ts  o f  P t ,  

t h e re b y  im proving  th e  e ff ic iency  s te a d i ly .  B u t a s  th e  q u a n t i ty  of 

P t(0 )  in c re a s e s ,  sem ico n d u c to r  b e g in s  to  fee l th e  e f fe c t  of a t ta n u a t io n  

of l ig h t  by  th e  P t(0 )  i s la n d s  re s id in g  on th e  s u r f a c e .  T h is  e f fec t  

would cau se  the  q u an tu m  effic iency  to go th r o u g h  a  maximum.
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4.9  S tab ility  of P3MT in aqueous e lec tro ly tes

D eter io ra tion  of th e  pho toeffec t of P3MT is common fo r  

bo th  'as  g row n ' nncl 'n e u t r a l '  po lym er, w hen th e y  a re  su b jec te d  to 

ca thod ic  po ten tia ls  fo r  an  e x te n d e d  p e rio d  of time. T h e  loss of p h o ­

to ac t iv i ty  may be re la ted  to a re d u c tio n  p ro c e ss  o r  w ith  eq u a l  

r e s u l t s ,  to  a com pensation  of d o p a n ts ,  w hich is possib ly  hav e  t r i g ­

g e re d  by  re d u c e d  viologen sp ec ie s .  T h e  n e u t ra l  P3MT a l re a d y  has  a 

low c o n ce n tra t io n  of d o p a n ts  an d  the  e ffec t of com pensation  ( r e d u c ­

tion) e v en  to a sm aller d e g re e  would be fe lt q u i te  s u b s ta n t ia l ly .  T h is  

view is c o n s is te n t  w ith  the  fact th a t ,  h ig h  doped  'as g row n ' m ateria l 

s u f f e r s  only  a m inor, d e te r io ra t io n  of its  ph o to e ffec t  a t  n eg a tiv e  

p o te n t ia ls .  D e te r io ra tion  of i.he ph o to e ffec t  is more p ro n o u n c e d  with 

th e  n e u t r a l  P3MT. It is h igh ly  p ro b a b le ,  th a t  th e  re d u c t io n  c r  com­

p e n sa t io n ,  would r e s u l t s  in th e  form ation of an  In su la tive  o v e r  la y e r ,  

on top  of p h o toac tive  P3MT. T h is  ex p la in s  th e  re d u c t io n  in p h o to e f ­

fec t  in th e  reg io n  of ca thod ic  po ten tia ls  a s  shown in Fig (22] a n d  Fig

[29] . B ut it does  not ex p la in  th e  sh if t  of ca thod ic  p h o to c u r r e n t  peak  

to w a rd s  the  pos i t iv e  p o te n t ia ls .  B ecause , a p u re  r e s i s ta n c e  would 

s h i f t  the  peak  f u r t h e r  to  th e  n eg a tiv e  s ide . One p o ss ib i l i ty  is th e  

slow d iffu sion  of viologen sp ec ie s  th ro u g h  th e  in su la t in g  la y e r ,  

th e r e b y  c re a t in g  a p re m a tu re  dep le tion  of re d o x  m ateria l close to  th e  

ac t iv e  s u r fa c e .

B ut th e  most im portan t p o in t is ,  w h a te v e r  the  t r u e  

c o u rs e  of th e  o b s e rv e d  re d u c t io n  of p h o to e ffec t  in  th e  reg io n  of 

c a th o d ic  p o ten tia ls  an d  re ju v e n a t io n  of th e  p h o to e ffec t  a t  anodic
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p o te n t ia ls ,  we could s im ulate  th e  same e f fe c t  chem ically , by  

su b je c t in g  th e  e le c t ro d e  to  s t ro n g ly  r e d u c t iv e  a n d  o x id a tiv e  e n v i r o n ­

m ent r e s p e c t iv e ly .  T h is  s t ro n g ly  s u p p o r t s  th e  idea , th a t  th e  P3MT 

is su cc e p t ib le  to  chemical c h a n g e s  in a q u eo u s  e le c t ro ly te s  an d  th is  

chemical c h a n g e  can be re la te d  to a r e v e r s ib le  re d u c t io n  a n d  o x id a ­

tion p ro c e s s  of the  polym er itse lf .

4 .10  Sum m ary of th e  d is c u s s io n  a n d  c o n c lu s io n s .

a s  g row n m ateria l is a l re a d y  in an  ox id ized  s ta t e  an d

th e  d o p ing  d e n s i ty  of 41 .6  in o lo /r in g ,  es tim ated  in th is  s tu d y  is a c t u ­

a lly  h ig h e r  th a n  25-30 1  p u b l is h e d  in th e  l i t e r a tu r e ,  'a s  g ro w n ' 

m ateria l could be r e d u c e d  e lec trochem ically  to a ch iev e  a  d e s i r e d  d o p ­

ing  level r a n g in g  from 'as  grown* to neu  ra l  s t a t e .  P3MT is o b s e rv e d  

to form a p h o tovo lta ic  ju n c t io n  w ith v iologen e le c t ro ly te  w ith  a p h o to ­

v o ltag e  a ro u n d  2 0 0  mv.

All th r e e  te c h n iq u e s ;  P h o to c u r r e n t  S p e c tro sc o p y ,  EER

a n d  Im pedance  S p e c t ra ,  w ere  u se d  to  s tu d y  th is  in te r fa c e .  T h e  pho to

c u r r e n t  b e h a v io u r  of P3MT is c o n s i s te n t  w ith  a  p - t y p e  sem iconduc to r  

w ith  a p h o to c u r r e n t  o n se t  in th e  v ic in i ty  of *0.5 v v s .S C E .  T h e  

p h o to  re s p o n s e  d e c r e a s e s  w ith  in c re a s in g  d o p ing  d e n s i ty  a s  in  th e  

case  of in o rg a n ic  sem ico n d u c to rs .  Action s p e c t r a  fo r  P3MT closely  

follows th e  a b so rp t io n  sp ec tru m  e x c e p t  in  th e  re g io n  of 600 nm, 

w h e re ,  an  a b so rp t io n  p e ak  a t t r i b u t e d  to  th e  t r a n s i t io n  to a b lpoloron  

level, b e g in s  to  a p p e a r  w ith  d o p in g .  T h e  ac tion  s p e c t r a  of 'a s  

g ro w n ' m ate r ia l  ta k e n  a t  0 .0 0  v , - 0 . 5  v . a n d  t h a t  of n e u t r a l  m ateria l
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ta k e n  a t  +0.15 v v s .S C E  could be a n a ly se d  in te rm s  of G a r tn e r  

model. T h is  a n a ly s is  confirm ed  th a t  th e  p h o to ex c i ta t io n  in P3MT is

d u e  to  re c t  ban d  t r a n s i t io n .  F u r th e r ,  th e  b a n d  gap  va lue  of n e u t ra l

m ate r ia l  is found  to  be 2 . 0 0  ev  and  'as  g ro w n ' m ate r ia l  has  a  ban d

gap  of 2 .09  ev .  T he  d i f f e r e n c e  be tw een  th e se  two c a s e s  can  be  d i s ­

c u s s e d  in te rm s of th e  po loron  model. T he  action  s p e c t r a  of n e u t r a l  

P3MT at -0 .5  v no t only  h a s  v e r y  low c u r r e n t  d e n s i t ie s ,  b u t  it a lso

h a s  a p eak  a ro u n d  G50 nm. It is sp ec u la ted  th a t ,  th is  new p eak  is to
+  *

be due  to  th e  re d u c e d  vio logen  sp e c ie s ;  MV a b s o r b e d  on to  th e

e le c tro d e  a t n e g a t iv e  p o te n t ia ls .  T h is  specu la t io n  is b a se d  on th e  fac t
♦ •

t h a t  th e  a b so rp t io n  s p e c t r a  of MV has  a  p e rm a n en t  s t r u c t u r e  

a ro u n d  640 nm. B u t no e x p lan a t io n  is o f fe re d  fo r  o b s e r v in g  a  p h o to ­

re s p o n s e  du e  to  th e  a d so rb e d  sp ec ie s .

EER s p e c t r a  of n e u t r a l  P3MT has  on ly  one s t r u c t u r e  

located  in th e  v ic in i ty  of 2 e v .  T h is  s ig n a l  s a t is f ied  th e  low field 

r e q u ire m e n t  an d  th e  s ig n a l  could  be an a ly se d  In te rm s  of th e  line 

sh ap e  e x p e c te d  fo r  th i r d  d e r iv a t iv e  EER. T h is  a n a ly s is  r e s u l t e d  in a 

b a n d  gap  v a lu e ;  2 . 0 0  e v ,  w hich  is in e x ce llen t  a g re e m e n t  w ith  th e  

pho toe lec trochem ica l a n d  p u b l is h e d  d a ta .  T h e  most s t r ik in g  f e a tu r e  of 

th i s  a n a ly s is  is the  confirm ation  of th e  one d im ensionali ty  of P3MT 

s t r u c t u r e .  T h e  v a r ia t io n  of EER p eak  h e ig h t ,  w ith  p o ten tia l  show ed a 

f la t  b a n d  po s it iv e  to +0.7 v v s .S C E .  As th e  film e n t e r s  in to  d ep le t io n  

th e  EER p e ak  h e ig h t  d em inshed  a n d  th is  e f fe c t  was e x p la in e d  in 

te rm s  of ferm i level p in n in g  d u e  to  th e  c h a r g in g  o f th e  e le c tro d e  

s u r fa c e  by  th e  m odu la ting  v o ltag e .  T h is  e f fe c t  was q u a n t i ta t iv e ly
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a n a ly se d  by  th e  u se  of c o n c e p ts  a l r e a d y  availab le  an d  a s u r fa c e  s ta te  

located  a t  -0 .31 v v s .S C E ,  w ith  a popu la tion  of ab o u t  one t e n th  of a 

m onolayer is found  to be re s p o n s ib le  fo r  the  u n p in n in g  of th e  b an d  

e d g e s  (Ferm i level p in n in g ) .

T he  EER s p e c t r a  of p a r t ia l ly  re d u c e d  sample w ith  an 

in te rm ed ia te  dop ing  c o n c e n tra t io n  shows two s ig n a ls  lo ca ted  a ro u n d  

1.65 ev  an d  1.95 ev .  Both  s ig n a ls  s a t i s fy  th e  low fie ld  re q u ire m e n t  

and  th e  line shape  a n a ly s is  can  be p e rfo rm ed  to id en tify  two t r a n ­

s i t io n s ,  one of which is id en tif ied  to  be th e  d i re c t  b a n d  gap  t r a n ­

s it ion . Again th is  p eak  can be a sso c ia ted  w ith a one  dim ensional c r i t ­

ical p o in t .  T h e  o th e r  s ig n a l  c o r r e s p o n d s  to a s u b  b an d  gap  leve l w ith  

an e n e r g y  gap  of 1.7 e v ,  which was id en tif ied  to be long  to  an  ex c i-  

tonic ty p e  t r a n s i t io n .  C o n s id e r in g  th e  fa c ts  availab le  in th e  l i t e r a ­

t u r e ,  we could  ex c lu d e  th e  p o ss ib i l i ty  o f  a localized, s u r fa c e  im p urity

s ta te  be in g  re s p o n s ib le  fo r  th e  su b  b a n d  gap re s p o n s e  a n d  th is  su b

b a n d  gap  r e s p o n s e  cou ld  be a n a ly se d  in te rm s  of th e  po lo ron  model. 

B ecause  of th e  lim itations of th e  availab le  d a ta  no d iscr im ina tion  could 

be made as to  w h e th e r  th is  s u b  b a n d  r e s p o n s e ,  r e p r e s e n t  a  po loron  

o r  b lpo loron  level.

T he  im ag inary  p a r t  of th e  re lax a tio n  s p e c t r a  of n e u t ra l  

P3MT d id  no t have  a re g io n  w ith a  slope of -1 , th a t  could  h av e  been  

c o r re la te d  w ith  the  fa s t  re la x in g  cap ac it iv e  e lem ent of th e  in te r fa c e ;  

w hich is in most c a se s ,  th e  space  c h a r g e  re g io n .  T he  re a s o n  fo r  th is

may be  re la te d  to  th e  com posite  n a tu r e  of th e  in te r fa c e  w ith  f r e ­

q u e n c y  d e p e n d e n t  d ie lec tr ic  c o n s ta n t  o r  lim itations w ith r e g a r d  to  th e
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p h y s ica l  size of th e  f ib re  com pared  to  th e  w id th  of th e  sp ace  c h a rg e  

reg io n  a t low dop ing  d e n s i t ie s .  In th e  case  of a s  g row n  m a te r ia l s , 

s ince  the  m ajority  of th e  po ten tia l  d ro p  a p p e a r  o u ts id e  th e  space  

c h a rg e  la y e r ,  no good mott s c h o t tk y  b e h a v io u r  is o b s e r v e d ,  d e sp i te  

th e  fac t th a t  th e re  was a reg ion  with a  s lope  of - 1 , w ith  th e  imagi­

n a r y  p a r t  of th e  im pedance s p o t r a .  M oderate ly  d oped  m ate r ia ls  

e x h ib i te d  good mott s ch o t tk y  b e h a v io u r  w ith  a fla t ban d  va lue  of 0 .71 

v v s .S C E  w hich is in ag reem en t w ith EER o b s e r v a t io n s .  T h e  in te r c e p t  

g iv es  an  a v e ra g e  d o p ing  d e n s i ty  which is d i f f e r e n t  from th e  d o p in g  

d e n s i ty  ca lcu la ted  from eoulombic d a ta ,  as e x p e c te d .  T h e  p h o to e lec ­

trochem ical perfo rm ance  of P3MT can  be im proved  b y  th e  deposit ion

of P t (0 )  on the  P3MT e le c tro d e .  T h e  maximum am ount of P t(0 )  is
2

a ro u n d  0 . 2  ymois/cm a n d  th is  im provem ent in p h o to e ffec t  can be 

ex p la in ed  in te rm s of th e  im provem ent of th e  k in e tic  of c h a rg e  t r a n s ­

f e r  be tew een  the  sem iconduc to r  and  so lu tion  p h a se .

P3MT loses i ts  p h o to a c t iv i ty  w hen th e  e le c t ro d e  is s u b ­

je c ted  to ca thod ic  po la riza t ion  an d  it r e ju v e n a te s  a t  anodic  p o te n t ia ls .  

T h is  b e h a v io u r  is common fo r  all th e  P3MT e le c t ro d e s .  B u t fo r  th e  as  

g row n m ateria l it is le ss  p ro n o u n c e d .  E xac t re a so n  fo r  th e  co rre la t io n  

of p h o to e ffec t  w ith th e  e lec tro d e  p o la r iza t ion  is no t know n b u t  th e  

r e s u l t s  can b e r  s im ula ted  b y  t r e a t in g  th e  P3MT e lec tro d e  w ith  r e d u c ­

ing  an d  ox id iz ing  a g e n ts .

C onclusions  fo r  th is  p a r t  of s tu d y  can  be sum m arized

as  follows.

Poly 3 -m e th y l th io p h en e ;  P3MT a c ts  a s  a p - ty p e  sem ico n d u c to r  an d
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th i s  ju n c tio n  has  a p h o to v o ltag e  of a t  le a s t  200 mv. Similar to 

in o rg an ic  sem ico n d u c to rs  th e  p h o to re sp o n se  of P3MT d e c re a s e s  w ith  

in c re a s in g  dop ing  d e n s i ty .  T he  slope of th e  pho to  r e s p o n se  c u rv e  is 

in sen s i t iv e  to th e  d o p in g  level e x c e p t  fo r  i ts  m ag n itu d e .  T he  action  

s p e c t ra  can be an a ly se d  in te rm s  of th e  G a r tn e r  model. T h is  a n a ly ­

s is  re v e a ls  th a t  P3MT is a d i re c t  band  gap  sem iconduc to r  w ith  a  band  

gap  a ro u n d  2 .00  e v .  w hich is in ex ce llen t ag re em e n t  w ith  EER and  

p u b l ish e d  d a ta .  T h e  o b s e r v e d  d if fe ren c e  in th e  b a n d  gap  va lue  fo r  

'a s  g row n ' and  n e u t ra l  P3MT can be an a ly sed  in te rm s  of th e  Poloron 

model, b u t  no d i re c t  ev id en c e  fo r  a t r a n s i t io n  to  th e  po loron  level 

c an  be seen  in th e  p h o to c u r re n t  s p e c t r a .  T h e  p h o to  r e s p o n s e  of a 

n e u t ra l  P3MT e le c t ro d e ,  w hich was k ep t  a t  a n e g a t iv e  p o te n t ia l  fo r a 

long  time showed a s u b s ta n t ia l  loss of i ts  p h o to e ffec t  a n d  a new 

s t r u c t u r e  in th e  action  s p e c t r a .  T h e  l a t t e r  could  be  c o r re la te d  w ith  

th e  a b so rp t io n  s p e c t r a  of r e d u c e d  v io 'ogen . T h e  a n a ly s is  of th e  EER 

s p e c t r a  of re d u c e d  (n e u t r a l )  P3MT rev ea led  th a t  P3MT is a q u a s i  one 

d im ensional m ateria l w ith  a b an d  gap  of 2 .00  ev .  T h e  v a r ia t io n  of 

th e  h e ig h t  of EER s ignal a s  a  fu n c tio n  of p o te n t ia l  shows th e  e ffec t  

of fermi level p in n in g  a n d  th e  l a t e r  could be q u a n t i ta t iv e ly  an a ly sed  

b y  u s in g  th e  c o n ce p ts  a l re a d y  ava ilab le .  T h e  two s ig n a ls  o b s e rv e d  

f o r  P3MT w ith a  m odera te  d o p in g  d e n s i t ly  could  be a n a ly se d  In te rm s  

o f an  o v e r la p  of two EER s ig n a ls  c o r re sp o n d in g  to  two t r a n s i t io n s .  

One of them  is id e n tif ied  to  be  due  to d i r e c t  b a n d  gap  a n d  th e  o th e r  

o n e ,  could  be a sso c ia te d  w ith  th e  t r a n s i t io n  to a  po loron  leve l .  B ut 

no d iscr im ina tion  could be  made a s  to  th e  t r u e  n a tu r e  of th i s  poloron
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level. Good mott s c h o t tk y  b e h a v io u r  could be o b s e r v e d  only  fo r  th e

m odera te ly  doped  sam ples . T h e  MS plot c o r r e s p o n d s  to a f la t  b an d

va lue  of 0 .71 v v s .S C E .  T h e  p h o to re sp o n se  can be  e n h an c e d  fo r

n e a r ly  an  o r d e r  of m ag n itu d e  by  th e  d eposit ion  of P t(0 )  on th e  e lec-
2t ro d e  and  th e  maximum amount of P t(0 )  is ab o u t 0.2iimol/cm . T h e re  

is ev id en ce  to the  p o ss ib i l i ty  th a t  P3MT chemically in te ra c t  w ith  th e  

a q u e o u s  e le c tro ly te .

4 .11 Com parison be tw een  th e  t r a n s -P o ly  a ce ty len e  w ith  Poly 

3 -M eth y lth io p h en e .

,;< T h e  P o lyace ty lene  has  a d e g e n e ra te  g ro u n d  s ta t e ,  w h e rea s  th e  

g ro u n d  s ta te  of th e  P3MT is non d e g e n e ra te .  B ecause  of th e s e  d i f f e r ­

e n c e s ,  s tab le  ch a rg e  c o n f ig u ra t io n  fo r P o lyace ty lene  is so litons  and  

th e  s t r u c t u r e  of P3\1T s u p p o r t s  po lo rons .

* Both  of th e s e  po lym ers  be long  to  q u a s i  one d im ensional m a te r ia ls .  

In th is  s tu d y ,  d i re c t  ev id en c e  in s u p p o r t in g  th is  fa c t  could  be 

o b ta in e d  from the  an a ly s is  of EER d a ta .

* Po lyace ty lene  is s y n th e s i s e d  by  chemical m e thods , w h e rea s  s y n t h e ­

s is  of P3MT is done  e lec tro c h e m ic a l ly . Both polym ers  a r e  f ib r i l la r ,  

w ith  each  f ib re  200° in d iam e te r  a n d  in d if in ite  l e n g th .  P o lyacety lene  

is a  po lym er w ith low co m p ac tn ess .  Only 1/3 to 1/2 of th e  b u lk  is 

ace tu a l ly  filled w ith  th e  po lym er. B ut P3MT h a s  a  fa ir ly  compact 

s t r u c t u r e ,  w hich h a s  a p o ro s i ty  of the  o r d e r  of 30%

* T h e  Cis an d  T r a n s  c o n te n t  of P o lyace ty lene  is t e m p e ra tu re  d e p e n ­

d e n t  a n d  a t  h ig h  te m p e ra tu re  t r a n s  isom er is th e  most s tab le  form ,
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w hich h as  a  h ig h e r  c o n d u c t iv i ty .  In  th e  case  of P3MT, th e  c a rb o n  

b a ck  bone is locked  to  a s t r u c t u r e  sim ilar to  Cis P o ly ace ty len e  b y  an 

in t r a  m olecu lar s u lp h u r  b r id g e .

* P o ly ace ty len e  is re a c t iv e  to w a rd s  e x p o so u re  to  a i r  a n d  o th e r  chem i­

cal v a p o u r s ,  a n d  h a n d l in g  of th is  polym er r e q u i r e s  an  in e r t  a tm o s­

p h e re  e x c lu s iv e ly  devo id  of o x y g o n .  B u t th e  P3MT h a s  an  ex cep tio n a l  

s ta b i l i ty  to w a rd s  th e  am bien t.

* T h e  P o ly ace ty len e  is a n e u t ra l  po lym er a n d  it can  b e  ox id ized  

e i th e r  chemically o r  e lec trochem ica lly  w hich r e s u l t s  in in c re a s in g  th e  

c o n d u c t iv i ty  o v e r  1 2  o r d e r s  of m a g n itu d e ,  r a n g in g  from an  In su la to r  

to  a one w ith  metallic c o n d u c t iv i ty .  In c o n t r a s t  to  t h i s ,  'a s  g ro w n 1 

P3MT is a l re a d y  h ig h ly  c o n d u c tiv e  a n d  g e n e ra l ly ,  it is d o p ed  (oxi- 

d izd )  to an  e x te n t  of a b o u t  30 mol%. T h is  'as  g ro w n ' m a te r ia l  can  be 

u n d o p e d  e lec trochem ica lly  to  y ie ld  th e  n e u t r a l  po lym er.

* T h e  a b so rp t io n  s p e c t r a  of P o lyace ty lene  h a s  p e a k s  w hich  a re  e x c lu ­

s iv e ly  a t t r i b u t e d  to th e  d o p in g  p ro c e s s .  In  th i s  case  d o p a n t - in d u c e d  

b a n d s  a p p e a r  a t  0 . 17 ev ,0 .  l l e v ,  a n d  0 .5  - O.Sev, T h e  f i r s t  two a re  

d u e  to local IR m odes of so lltons  a n d  th e  th i r d  one  r e p r e s e n t s  th e  

t r a n s i t io n  to  th e  so litonic  lev e l .  In  th e  case  of P o ly th io p h en e  w hich 

is  s t r u c tu r e ly  similar to  P3MT th e r e  a re  two d o p a n t  in d u c e d  b a n d s  a t  

0 .6 5  an d  1 .5 e v .  T h e s e  b a n d s  a r e  a t t r i b u t e d  to  th e  t r a n s i t io n  to  mid- 

g ap  po loron  lev e ls .

* Both  l ig h t ly  d oped  Po lyacey lene  a n d  P3MT a r e  p - t y p e  sem iconduc­

t o r s ,  a n d  th e y  form a b lo ck in g  ju n c t io n  w ith  v io logen  e le c t ro ly te .  T h e  

P o ly a c e ty le n e /e le c to ly te  Junc tion  h a s  a  p h o to  v o ltag e  of a b o u t  100 mv
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a n d  th e  Ju n c t io n  be tw een  P3MT a n d  th e  e lec tro ly te  shows a 

p h o to v o ltag e  of a b o u t  2 0 0 m v .

111 In th e  case  of t r a n s  P o ly ace ty len e ,  p h o to e ffec t  is  o b s e r v e d  only  

w ith in  a n a r ro w  ra n g e  of d o p a n t  c o n c e n t ra t io n s .  Above th i s  ra n g e  

th e r e  is no p h o to a c t iv i ty  a t all. T h e  p h o to re s p o n se  of P3MT d e c re a se s  

w ith in c re a s in g  d o p ing  d e n s i t ie s ,  as in th e  case  of in o rg an ic  m a te r i ­

a ls .  Unlike th e  h ig h  doped  t r a n s  P o ly ace ty len e ,  th e  'as  g ro w n 1 P3MT 

show s a fa ir ly  h igh  p h o to e ffec t .

* In th e  case  of t r a n s - P o ly a c e ty l e n e , th e  a b so rp t io n  s p e c t r a  c o r r e ­

la tes  w ith  th e  action  s p e c t r a  (Q uan tum  e ff ic ien cy )  only  in  th e  reg ion  

of p h o to c u r r e n t  o n s e t .  O u r  s tu d y  in d ica te s  th a t  th e  action  s p e c t r a  of 

P3MT e x h ib i t s  a good co rre la t io n  w ith  i ts  a b so rp t io n  s p e c t r a  a t  all 

d o p a n t  c o n c e n t ra t io n s .  T h is  s i tu a t io n  c o n t ra d ic t s  c e r ta in  r e p o r t s  p u b ­

l ish e d  in th e  l i t e r a tu r e .  G e n era l ly ,  P3MT h a s  a h ig h e r  q u an tu m  e f f i ­

c iency  fo r  th e  c h a rg e  sep a ra t io n  com pared  to  th a t  of P o lyace ty lene . 

B u t com pared  to most in o rg a n ic  c o u n te r p a r t s  th e y  b o th  have  low e f f i ­

c ienc ies .

* T he  ac tion  s p e c t r a  of t r a n s -P o ly a c e ty le n e  a n d  P3MT can b e  a n a l ­

y sed  in te rm s  of th e  G a r tn e r  model. Both  po lym ers  show d i r e c t  b a n d  

to b a n d  t r a n s i t io n s .  T h e  h ig h e r  b a n d  gap  a sso c ia te d  w ith  th e  'as  

g ro w n ' P3MT com pared  to n e u t r a l  P3MT can  be  a t t r i b u t e d  to  th e  f o r ­

mation of poloron  b a n d s  w ith in  th e  gap .

* T h e  EER s p e c t r a  of l ig h t ly  d o p ed  t r a n s  P o lyace ty lene  h as  on ly  two 

s ig n a ls  a t  pos i t iv e  p o te n t i a l s . B u th  of th e s e  s ig n a ls  s a t i s fy  th e  low 

field re q u i re m e n t .  B u t none  of them  d id  f i t  to  th e  line  sh ap e
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e x p e c te d  fo r  th i r d  d e r iv a t iv e  EER. In th e  case  of n e u t r a l  P3MT th e re  

is on ly  one EER s ig n a l ,  w hich can be  a n a ly se d  fo r  i t s  line  sh ap e .  

T h e  r e s u l t s  o b ta in e d  in th is  a n a ly s is ,  no t on ly  a g re e  w ith  o u r  f in d ­

ings  in Photoe lec trochem ica l a s p e c ts  of P3MT, b u t  also  confirm  th e  

q u a s i  one  d im ensionality  of the  P3MT s t r u c t u r e .  T h e  EER of m o d e r­

a te ly  d oped  P3MT has  a su b  b an d  gap s ignal th a t  could  b e  a t t r i b u t e d  

to  th e  t ra n s i t io n  to  a  po loron  level.

T h e  EER da ta  of bo th  t r a n s  P o lyace ty lene  a n d  P3MT show ev id en ce  

fo r  ferm ilevel p in n in g  a t  p o ly m e r /e le c tro ly te  in te r fa c e .  D ata a c q u ire d  

fo r  n e u t r a l  P3MT could be dea lt  w ith  q u a n t i ta t iv e ly  b y  u s in g  th e  c o n ­

c e p ts  deve loped  to u n d e r s t a n d  similar s i tu a t io n s  in  in o rg a n ic  sem icon­

d u c to r s .

* T h e  p h o to e ffec t  of b o th  t r a n s  P o lyace ty lene  a n d  P3MT d e p e n d s  on 

th e  anodic  a n d  ca thod ic  d a r k  c u r r e n t s  in a p ic u la r  w ay . In  th e  case  

of t r a n s  P o ly ace ty len e ,  th e  p h o to  e f fe c t  d e te r io ra te s  a t  anodic  p o te n ­

tia ls  a n d  r e ju v e n a te s  a t  n e g a t iv e  p o te n t ia ls .  B u t P3MT w as o b s e rv e d  

to  b e h av e  ex ac t ly  o p pos ite  w ay . T h e r e  is a  p o ss ib i l i ty  t h a t ,  th e  P3MT 

film Itse lf  u n d e rg o  chemical c h a n g e s  u n d e r  th e  o r d in a r y  t e s t in g  c o n ­

d i t io n s .

* T h e  p h o to e ffec t  of P3MT is e n h a n c e d  w hen  P t is d e p o s i ted  on the  

e le c t ro d e .  No sim ilar s tu d y  w as c o n d u c te d  fo r  t r a n s -P o ly a c e ty le n e .

4.12 F u tu r e  w o rk .

As a  co n tin u a t io n  of th e  in v e s t ig a t io n s  we have  p e r ­

fo rm ed , following w ork  can  b e  s u g g e s te d .
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* T h e  p r e s e n t  w ork  d e m o n s t ra te s  th e  ap p lic ab il i ty  of EER to 

in v e s t ig a te  th e  o rg an ic  s e m ic o n d u c to r /e le c t ro ly te  in te r f a c e .  S ince we 

a r e  in te r e s t e d  in a co n tac t  be tw een  a  p o ro u s  m ateria l an d  a  liquid  

th is  in v e s t ig a t io n  is p lag u ed  w ith  d iff icu lt ie s  such  a s  see p a g e  of th e  

e le c tro ly te  in to  th e  po lym er, chemical in te ra c t io n s  in v o lv in g  th e  p o ly ­

m er i tse lf ,  e lec troch rom ic  c h a r a c te r i s t i c s  of th e  po lym er, ch an g e  of 

r e f le c ta n c e  of th e  e lec tro ly te  du e  to  th e  form ation of co lou red  so lu tion  

s p e c ie s .  If one can  co n d u c t  th is  in v e s t ig a t io n  w ithou t an  e lec tro ly te  

c o n ta c t ,  th e s e  d if f icu l t ie s  can be  re so lv e d .  In th is  case  th e  te ch n iq u e  

of P h o to re f lec tan ce  is ideal a s  a s u b s t i t u t e  fo r  EER. T he  s u c c e ss  of 

th is  te c h n iq u e  d e p e n d s  upon  th e  in itia l b e n d in g  of th e  b a n d s ,  d u e  to 

th e  in te ra c t io n  be tw een  th e  sem iconduc to r  a n d  the  am bien t.  In P h o to ­

re f le c ta n c e  th e  am bient is g e n e ra l ly  a i r ,  b u t  the  p o ss ib i l i ty  of u s in g  

an  optica lly  th in  film of a m etal, w hich h a s  a  w ork  fu n c t io n  sm aller 

th a n  th e  polym er sh o u ld  be  exam ined . In v e s t ig a t io n s  w ith  d i f f e r e n t  

d o p in g  d e n s i t ie s  a n d  d i f f e r e n t  te m p e ra tu re s  a n d  a tm o sp h e re s  will 

d iv e r s i fy  th e  P h o to re f lec tan ce  in v e s t ig a t i o n .

* Photoe lec trochem ica l s tu d y  of o rg a n ic  po lym ers  is a p p a r e n t ly  com­

p lic a ted  b y  th e  chemical p ro c e s s e s  invo lv ing  th e  po lym er i ts e lf .  I t  is  

w orthw hile  to  in v e s t ig a te  th e  Pho toe lec trochem ica l b e h a v io u r  of P3MT 

coated  w ith  a th in  la y e r  of a c o n d u c tiv e  po lym er su ch  a s  N afion. T h is  

will avo id  th e  film b e in g  in d i r e c t  c o n ta c t  w ith  th e  reac tio n  p ro d u c ts  

su ch  a s  O x y g en  a n d  re d u c e d  e lec tro ly te  sp ec ie s  w hich  will chemically 

a t t a c k  th e  po lym er. In v e s t ig a t io n s  on l ig h t  in d u c ed  p h o to c u r r e n t  - 

v o ltag e  b e h a v io u r ,  w ith o u t  a d d e d  com plications from th e s e  chemical
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a t t a c k s ,  would be h e lp fu l  to  u n d e r s t a n d  th e  n a tu r e  of l ig h t  in d u ced  

c h a r g e  s e p a ra t io n  in s id e  th e  po lym er.

* T h e  im provem ent of Q uantum  effic iency  th r o u g h  th e  p la tin iza t ion  of 

P3MT is e n c o u ra g in g .  T h e  n a tu r e  of in te ra c t io n  be tw een  P t(0 )  and  

th e  film has to  be in v e s t ig a te d .  Im pedance  m e asu rem en ts  of n aked  

a n d  p la tin ized  P3MT a n d  the  re s u l t in g  M o tt-S ch o ttk y  p lo ts  would be 

benefic ia l  in th i s  r e s p e c t .  V aria tion  of fla t b a n d  p o ten tia l  w ith  so lu ­

tion  pH is to  be in v e s t ig a te d .  In f lu en ce  of mixed c a ta ly s ts  on th e  

Q uan tum  effic iency  is to  be  inc luded  in th is  s tu d y .

* None of th e  po lym ers  w ere  t e s te d  w ith  th e  in te n tio n  of u s in g  them  

as  d ev ices  fo r  e n e r g y  c o n v e rs io n .  S tu d y  invo lv ing  s t e a d y - s t a t e  

p h o to c u r re n t -v o l t a g e  c u rv e s  in s t i r r e d ,  h ig h  c o n c e n tra t io n  vio logen  

e le c t ro ly te  is to be c o n d u c te d .  T h e  d a ta  can be  a n a ly s e d  w ith r e g a r d  

to  th e  s tab i l i ty  of th e  dev ice .

* At p r e s e n t  O rg an ic  po lym ers  h av e  a c q u i r e d  Immense a t te n t io n  d u e  

to  th e i r  possib le  u s e s  su ch  as e lec t  roc hrom ic m a te r ia ls  a n d  c h a rg e  

s to ra g e  d ev ice s .  T h e  d if fu s io n  of d o p a n ts  in s id e  th e  po lym er an d  th e  

com position of th e  e le c t ro ly te  a r e  major fa c to r s  t h a t  limit th e i r  p o s s i ­

b le  u se ,  S ea rch  fo r  su i ta b le  c a n d id a te s  in vo lves  s y n th e s i s  of new 

po lym ers  w ith  sy s tem a tic  c h a n g e s  In th e i r  s t r u c t u r e  a n d  te s t in g  them  

u n d e r  v a r ie ty  of e x p e r im en ta l  c o n d i t io n s . ,
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