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ABSTRACT

P hoto lum inescence an d  Ram an sp e c tro sc o p y  of 

p ho toelectrochem ical so la r  cells 

by

R ohana K .A . G a ru th a ra  

A d v iso r: P ro fe sso r  Micha Tomkiewicz

T he main p u rp o se  of th is  th e s is  is  to  s tu d y  in  d e ta il th e  

C d S e /p o ly su lfid e  sy stem , in o rd e r  to p ro d u ce  low cost liq u id  ju n c tio n  

so la r  ce lls . T h re e  basic  a re a s  w ere  in v e s tig a te d  in  re la tio n  to  

C d S e /e lec tro ly te  in te r fa c e . T h ey  w ere  (1) space  c h a rg e  la y e r  e ffe c ts

(2) a g in g  of p h o to an o d es  due  to  slow chem ical c h an g e s  on e lec tro d e  

s u rfa c e s  (3) th e  e ffe c t of p h o to e tch in g  an d  th e  im p u rity  c e n te rs  in 

p h to an o d es . R elaxa tion  sp ec tru m  a n a ly s is , pho to lum inescence, 

m odulated  pho to lum inescence , a n d  Ram an sp e c tro sc o p y  w ere u tiliz ed  to  

s tu d y  th e se  a re a s .

We h av e  exam ined th e  p o te n tia l d is tr ib u tio n  a t  th e  in te rfa c e  of n  - 

ty p e  C d S e /p o ly su lfid e  in te r fa c e . A t r e v e r s e  b ia s  an d  a t e lec tro d e  

p o te n tia l, n o t f a r  from  th e  f la t - b a n d  p o te n tia l, th e  m odulated  

pho to lum inescence  is d e sc r ib e d  b y  th e  "dead  la y e r  m odel." T he
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e lec tr ic a l c h a ra c te r iz a tio n  of th e  in te rfa c e , b a se d  on m odulated  

pho to lum inescence, a g re e s  w ith  th e  re la x a tio n  sp ec tru m  an a ly s is  

m e asu rem en ts .

T h e  slow chem ical ch an g es  on  th e  C d S e /p o ly su lfid e  liq u id  ju n c tio n  

so la r ce lls , a s  a fu n c tio n  of a g in g  p ro c e d u re s , w ere s tu d ie d  u s in g  

pho to lum inescence  a n d  Ram an sp e c tro sc o p y . T he  a g in g  cond ition  w ere  

(1) fo cu sed  lig h t u n d e r  open  - c irc u it  co n d itio n s ; (2) fo cu sed  lig h t 

u n d e r  s h o r t  - c irc u it  co n d itio n s ; a n d  (3) to ta l d a rk n e s s .  For th e  f i r s t  

time we r e p o r t  th a t  cells do age  u n d e r  open  - c irc u it  co n d itio n s . T he 

d e c rea se  in  s ta b ility  an d  th e  ch an g es  in  pho to lum inescence w ith  a g in g  

tim e, a re  sim ilar to  th o se  o b se rv e d  fo r  cells w hich  a re  ag ed  u n d e r  s h o r t  

- c irc u it co n d itio n s . A t th e  in itia l s ta g e s  of th e  a g in g  p ro c e s s e s , 

ch an g es  in  th e  d e fec t c o n ce n tra tio n  in  th e  pho toanode w ere o b se rv e d . 

In  ad d itio n  to  th e  C dSe photo lum inescence  th e re  is  a b ro a d  

photo lum inescence  in th e  sp e c tra l  ra n g e  of 1 .7  eV (C dSe) up  to  2 .4  eV 

(C d S ). T h is  pho to lum inescence is  id e n tif ie d  to  b e  d u e  to  th e  m ixed - 

p h a se  com pound of CdSe S . A t th e  fin a l s ta g e s  of th e  ag in g
J. X  X

p ro c e sse s  CdS Raman s p e c tra  w ere  d e te c te d . S uch  photo lum inescence 

o r  Raman s p e c tra  w ere n o t d e te c te d  fo r th e  cells w hich  w ere ag ed  

u n d e r  to ta l d a rk n e s s .  V aria tion  of e ffic ien cy  a n d  photo lum inescence 

peak  in te n s ity  w ith  a g in g  time show s a  h ig h  c o rre la tio n  be tw een  

pho to lum inescence p e ak  in te n s i ty  a n d  th e  e ffic ien cy  of th e  cell.
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T h e  e ffe c t of p h o to e tc h in g  on s in g le  c ry s ta l  n  - ty p e  CdSe w as 

in v e s tig a te d , u s in g  pho to lum inescence sp e c tro sc o p y . A b lue  - sh if t  is  

o b se rv ed  in th e  pho to lum inescence  sp ec tru m  of c ry s ta ls  w hen th e  dop ing  

d e n s ity  is  d e c re a se d . A sim ilar b lue  - sh if t  is  o b se rv e d  fo r  c ry s ta ls  

w hich w ere p h o to e tc h ed . I t  is a t t r ib u te d  to  th e  p re fe re n tia l  e tc h in g  of 

d o p an t atom s n e a r  sem iconducto r s u r fa c e . T h is  o b se rv a tio n  is  

su p p o rte d  b y  th e  d ep en d en ce  of th e  pho to lum inescence  on th e  e lec tro d e  

p o te n tia l .
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C h a p te r  I 

INTRODUCTION

T h e  ex p erim en ta l an d  th e o re tic a l in v e s tig a tio n  of ra d ia tiv e  recom bination  

in  sem iconducto rs  h a s  become a  v ita lly  im p o rtan t a re a  of re s e a rc h  in th e  

fie ld  of sem iconducto r p h y s ic s . Knowledge of th e  e lec tro n ic  a n d  v ib ra ­

tiona l p ro p e r tie s  of sem iconductors is  e s se n tia l fo r  th e  ra p id  d e v e lo p s- 

m ent of sem iconducto r tech no logy .

E lec tron ic  ex c ita tio n  of a c ry s ta l  can leave  it in  n o n -eq u ilib riu m  

s ta te ,  a f te r  w hich ra d ia tiv e  recom bination  is  one of th e  p ro c e sse s  w hich 

r e tu r n s  th e  c ry s ta l  to i ts  g ro u n d  s ta te .  In  th is  p ro c e ss , th e  c ry s ta l  

em its e lec trom agnetic  rad ia tio n  called  L um inescence. T he main r e q u ir e ­

m ent fo r  lum inescence to occour is  th a t  th e  sy stem  m ust be  in  an  e x c it­

ed  s ta te .  T h e re  a re  m any w ays to  ex c ite  th e  sy stem . O ptical e x c ita ­

tion  c re a te s  pho to lum inescence, ex c ita tio n  b y  an  e lec tr ic  c u r re n t  

p ro d u c e s  e lec tro lum inescence , ex c ita tio n  b y  an  e lec tro n  beam p ro d u c e s  

cathodo lum inescence , an d  m echanical ex c ita tio n  c re a te s  trib o lu m in es- 

cen ce . In  ad d itio n  to  th e se , th e re  can  a lso  be chem ilum inescence due  

to  chem ical re a c tio n  and  therm olum inescence a t  low te m p e ra tu re  du e  to

- 1 -
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th e rm al e x c ita tio n . In  g e n e ra l, a ll p h asee s  of m a tte r  can p ro d u ce  

lum inescence.

In  th is  th e s is ,  we will d e sc r ib e  th e  s tu d y  of pho toelectrochem ical 

(PEC) so la r cells  u s in g  pho to lum inescence  (PL) a n d  Ram an sp e c tro sc o ­

p y . PEC so la r  cells a re  th e  m ost im p o rtan t an d  co n v en ien t sy stem s in  

w hich  to  s tu d y  th e  k in e tic s  of e lem en try  p ro c e sse s  in  illum inated  sem i­

co n d u c to r liq u id  in te rfa c e . S ilb e rs te in  e t  a l. [1 ,2 ] h av e  su cc e ss fu lly  

u tiliz ed  b o th  PL an d  Raman sp ec tro sc o p y  to  n o n d e s tru c tiv e ly  s tu d y  th e  

su rfa c e  of e lec tro d e p o s ite d  CdSe p h o to e lec tro d es  a s  a  fu n c tio n  of s u r ­

face p re p a ra tio n  an d  ag in g  p ro c e d u re s . T h e  focus of th e se  s tu d ie s  w as 

to  com pare th e  ex  s itu  m easu rem en ts  of th e  PL of e lec tro d e p o s ite d  

CdSe w ith  PL of sing le  c ry s ta l  C dSe a t  77 an d  4 .2  K. T h ese  s tu d ie s  

in d ica ted  th a t  PL a n d  Raman sp e c tro sc o p y  can  be u s e fu l, c o n ta c tle s s , 

in s itu  te c h n iq u e s  fo r s tu d y in g  th e  PEC so la r c e lls . Most of o u r  own 

s tu d ie s  on th e se  p h y s ica l a n d  chem ical p ro c e sse s  w ere done u n d e r  in  

s i tu  co n d itio n s , u s in g  n - ty p e  p o ly c ry s ta llin e  CdSe an d  sing le  c ry s ta l  

C dSe a s  ph o to an o d es .

1 .1  P hoto lum lnescence sp e c tro sc o p y .

In  th e  y e a r  1852, S tokes [3] o b se rv e d  th a t  th e  co lor of th e  s c a t ­

te re d  lig h t from  a solid  is d if f e re n t  from  th a t  of th e  in c id e n t l ig h t. He



n o ted  th a t  th e  w av e len g th  of th e  s c a t te re d  lig h t Is lo n g e r th a n  th a t  of 

th e  in c id e n t l ig h t ,  a n d  th is  becam e know n a s  S to k e 's  law . T h ese  o b s e r ­

v a tio n s  o p en ed  u p  an  e n tire ly  new  k in d  of o p tica l sp e c tro sc o p y . T oday  

PL is one of th e  m ost po w erfu l te c h n iq u e s  fo r  s tu d y in g  th e  op tica l 

p ro p e r tie s  of a  sem iconducto r a n d  sem ico n d u c to r/am b ien t in te rfa c e . 

More th a n  te n  th o u sa n d  sc ien tif ic  r e p o r ts  h av e  b een  p u b lish ed  on th is  

s u b je c t, a n d  p re s e n tly  a cc e p ted  th e o rie s  an d  m odels will be  su b jec t to  

ad d itio n a l m odification a s  f u r th e r  w ork  is re p o r te d .

1 .1 .1  G enera l b a c k g ro u n d .

PL is  a  two s te p  p ro c e ss  c o n s is tin g  of a b so rp tio n  of th e  incom ing 

p h o to n s b y  e le c tro n s  an d  em ission  of th e  o u tg o in g  p h o to n s  b y  th e  th e r -  

m alized e le c tro n s . When an  e x c ited  e lec tro n  o ccu p y in g  a h ig h e r  e n e rg y  

s ta te  m akes a  tra n s it io n  to  a low er e n e rg y  s ta te  th e  e n e rg y  d iffe ren ce  

be tw een  th e  two s ta te s  may b e  em itted  a s  e lec trom agnetic  ra d ia tio n . 

T h e  ra d ia tio n  r a te  is  g iven  b y  [4 ]:
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w h ere  is  th e  d e n s ity  of c a r r ie r s  in  th e  u p p e r  s ta te ,  n^ is  th e  d e n ­

s ity  of em pty c a r r ie r s  in  th e  low er s ta tey , an d  is  th e  tra n s itio n  

p ro b a b ility  be tw een  th e  two s ta te s .

S hockley  [5] u se d  th e  p rin c ip le  of d e ta iled  b a lan ce , re la tin g  th e  

em ission  a n d  a b so rp tio n  p ro c e ss  of p h o to n s , to  ca lcu la te  th e  ra d ia tio n  

r a te .

1 .1 .2  Selection  R u les .

When e lec tro m ag n e tic  (EM) ra d ia tio n  in te ra c ts  w ith  th e  c ry s ta l ,  th e  

tim e -d e p e n d en t S c h ro d in g e r  eq u a tio n  fo r  th e  sy stem  can  be  w ritte n  as 

[6 ]:

ih  d<f*/dt = (H + H 'H  (1 .2 )

w here  is  th e  m any p a r tic le  Ham iltonian fo r  th e  system  b e fo re  in te ra c ­

tion  w ith  th e  ra d ia tio n , H' is th e  p e r tu rb in g  H am iltonian of th e  EM 

ra d ia tio n  w hich is  p e rio d ic  in  tim e. T he  w av efu n c tio n  </», can  be w ritte n  

in  te rm s  of n  s ta t io n a ry  s ta te s  a s :

* Ean ( t ) *n (1 .3 )
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When th e  system  evo lv es  in to  th e  fin a l s ta te  we can  u se  b o th  e q u a ­

tio n  (1 .2 )  a n d  (1 .3 )  an d  th e  o r th o g o n a lity  of s ta t io n a ry  s ta te s  to  g e t 

th e  following re s u l t :

Pfi = ih  d a f / d t  ; (1 .4 )

fo r th e  p u re  ra d ia tio n  fie ld ,

H' = - l /2 y  [ ( e /c ) A .p  + ( e /c ) p .A  - (e  / c  ) |A |  ] .

(1 .5 )

-  a -  -
N eglecting  |A | a n d  ta k in g  V.A = 0 we g e t

H* = ( - e /v c )X .p  (1-6)

w here  A is  th e  v e c to r  p o te n tia l, u th e  m ass o f th e  p a r tic le , an d  e th e  

c h a rg e  o f th e  p a r tic le . F o r ra d ia tio n  w ith  f r e q u e n c y  w, a n d  w ave v e c ­

to r  q :

A ( r , t )  = Aq& e x p  i ( q f  - wt) + C .C . (1 .7 )
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From th e se  eq u a tio n s  th e  tra n s it io n  p ro b a b ility  p e r  u n it  tim e is g iven  

b y :

d |a f l | / d t  = 2 ir /h |F f i | f i ^ - E ^ h w )  (1 .8 )

w h e re :

Ffi = <*k ^ ( * ) l ( - e /v c ) A .p |* k ^ f ) >  • (1 -9 )

E quation  (1 .9 )  show s u s  th a t  th e  m a trix  elem ent is  zero  u n le ss

k f = k j + q  (1 .10)

a n d  from  eq u a tio n  (1 .8 ) ,

Ef = Ej i  hw (1 .11 )



w here  !  r e fe r s  to  a b so rp tio n  a n d  em ission re sp e c tiv e ly . E quation  

(1 .1 0 ) a n d  (1 .11 ) show th a t  th e  momentum a n d  e n e rg y  m ust be  co n ­

se rv e d  w hen a  tra n s it io n  o c c u rs . T h e  lum inescence in te n s ity  a n d  line  

sh ap e  of a  p a r t ic u la r  t ra n s it io n  d e p en d s  on th e  m a trix  elem ent P ^ ,  th e  

d e n s ity  of s ta te s ,  n j an d  n^, a n d  th e  d is tr ib u tio n  s ta t is t ic s  of c a r r ie r s  

am ong th e se  s ta te s .

1 .2  F undam en ta l op tica l t ra n s i t io n s .

When a  p h o ton  w ith  e n e rg y  g re a te r  th a n  th e  b an d  gap  e n e rg y  of th e  

sem iconducto r is  a b so rb e d , an  e le c tro n /h o le  p a ir  will be  c re a te d . T he 

c re a te d  e lec tro n  a n d  hole ra p id ly  re la x  to  th e  bottom  of th e  conduction  

b a n d  an d  to  th e  top  of th e  v a len ce  b a n d , re s p e c tiv e ly . T he  im p o rtan t 

a sp e c ts  of th e  PL s p e c tra  p ro d u c e d  b y  e lec tro n -h o le  recom bination  a re  

schem atically  i l lu s tra te d  in  F ig u re  1 .1

1 .2  - (a )  B a n d - to -b a n d  recom bination .

Photon em ission due  to  th e  recom bination  of a con d u ctio n  b an d  e lec ­

tro n  w ith  a valence b an d  hole a s  i l lu s tra te d  in  F ig u re  1 .1  (a) is  called  

b a n d - to -b a n d  recom bination . T h e  re s u lt in g  PL sp ec tru m  d e p en d s  on 

th e  d is tr ib u tio n  of c a r r ie r s  in  th e i r  re sp e c tiv e  b a n d s  an d  on th e  se lec-
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Figure 1.1 Energy level diagram fo r a semiconductor indicat 

ing possible radiative recombination processes ( r e f .8).



tio n  ru le s .  S ince th e  p h o ton  momentum is n eg lig ib le  com pared to  th a t  

o f e le c tro n  a n d  hole in d ire c t  gap  sem ico n d u c to rs , recom bin ing  of th e  

e lec tro n  a n d  hole w ave v e c to rs  m ust be th e  sam e. In  th is  c ase , th e  

minimum em ission e n e rg y  th re sh o ld  is  g iven  b y :

h v x = Eg . (1 .12)

In  a n  in d ire c t gap  sem iconducto r, phonon  a s s is te d  em ission m ust tak e  

p lace  to  s a tis fy  momentum c o n se rv a tio n . In  th is  case  th e  minimum 

e n e rg y  th re sh o ld  is  g iv en  by :

h Ulmln = E - mE (1 .13)
i  e p

w h ere  E^ is th e  phonon  e n e rg y , an d  m is  th e  num ber of o p tica l pho- 

n o n s  em itted  p e r  tra n s it io n .

B a n d - to -b a n d  recom bination  in  CdSe was o b se rv e d  b y  Wada e t  a l. [7] in

18 ”3c ry s ta ls  w ith  c a r r ie r  c o n ce n tra tio n s  above 1x10 cm . T h e y  o b se rv ed  

th a t  w ith  in c re a s in g  c a r r ie r  c o n ce n tra tio n , th e  PL p eak  s h if ts  to w ard s  

s h o r te r  w a v e le n g th s . A ccord ing  to  th e se  o b se rv a tio n s , th e  em itted  PL 

p h o to n  e n e rg y  is  la rg e r  th a n  th e  b an d  gap  e n e rg y  of C dSe. A t h ig h
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c a r r ie r  c o n ce n tra tio n s  th e  f re e  e le c tro n s  a re  d e g e n e ra te  a n d  th e  position  

of th e  Ferm i lev e l lie s  in s id e  th e  conduction  b a n d . A cco rd ing  to  th e  

M oss-B ur s te in  e ffe c t [9 ] , a s  th e  c a r r ie r  c o n ce n tra tio n  in c re a s e s , th e  

Ferm i lev e l p o sitio n  m oves in to  th e  conduction  b a n d . In  h eav ily  doped  

sem iconducto rs  R ogachev  [10] ca lcu la ted  th e  d ec rea se  in  b a n d  gap  

e n e rg y  w ith  in c re a se  in  c a r r ie r  c o n ce n tra tio n . By co n sid e rin g  th e se  

e ffe c ts  th e y  ex p la in ed  th e  p eak  s h if t  sa tis fa c to r ily .

1 . 2 - ( b )  Free exciton  recom bination.

F ree  ex c ito n  recom bination  is i l lu s tra te d  in  F ig u re  1 .1  - (b )  an d  

d e sc rib e d  b y  th e  W annier-M ott ap p rox im ation , in  w hich a  f re e  e le c tro n  

a n d  a  f re e  ho le , a s  a p a ir  of op p o site  c h a rg e s , e x p e rien c e  a coloumb 

a ttra c t io n . T h is  coloumb a ttra c t io n  p ro d u c e s  a  b o und  e lec tro n -h o le  

p a ir  sim ilar to  a  h y d ro g e n -lik e  atom . T he ionization  e n e rg y  of th e  free  

ex c ito n  is g iv en  b y :

E = “(m e * / 2 h * 0 1 / ( n * )  ( 1 .1 4 )
SV A

a n d l / m r  = l / m e  + 1 / m ^ (1 .15 )
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w h ere  m an d  m. a re  th e  e ffec tiv e  m asses of e lec tro n  a n d  ho le .e  h  '

re sp e c tiv e ly , a n d  e is th e  p e rm ittiv ity . T he em ission pho to n  e n e rg y  is 

g iv en  b y :

ho2 = Eg - Ex  (1 .16)

o r

hu„ = E - E - mE (1 .17)2 g x  p  v '

F ree  ex c ito n s  can  be o b se rv e d  a t low te m p e ra tu re  in  a d eq u a te ly  

p u re  sem ico n d u c to rs . In  CdSe P e te r  Yu e t  a l. [11,12] o b se rv e d  a t  2 

K b o th  th e  A -exciton  a n d  B -ex cito n  s t r u c tu r e s .  W heeler e t a l . [ 1 3 ] ,  

u s in g  op tica l re fle c tio n  an d  a b so rp tio n , id e n tif ie d  ex c ito n  s p e c tra  of 

C dSe a t  1 .8  K. T h ese  s tu d ie s  v e rif ie d  e a r lie r  p re d ic te d  b an d  symme­

tr ie s  of CdSe b y  B irm an [14] a n d  G lasse r [15]. At k  = 0 th e  co n d u c­

tion  b an d  has sym m etry , a n d  th e  valence b an d  sp lits  in to  th re e  

s ta te s  w ith  Tg, an d  sym m etries, a s  i l lu s tra te d  in  F ig u re  1 .2 . 

U sing  ph o to co n d u ctiv e  s p e c tra l re sp o n se , P a rk  e t  a l. [1G] s tu d ie d  th e  

ex c ito n  s t r u c tu r e  of C dSe a t  4 .2  K. S ilb e rs te in  e t  a l. [1] o b se rv e d  th e  

f re e  A -exciton  in  e lec tro d e p o s ite d  CdSe p h o to an o d es . When th e  f re e
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Figure 1.2 Band s t ru c tu re  and symmetrical of CdSe (ref. 11).
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ex cito n  d e n s ity  in c re a s e s , ex c ito n  p a irs  b in d  to g e th e r  to  form  an  e x c i-  

ton ic  m olecule. Shionoya e t  a l. [17] o b se rv e d  PL due to  exciton ic  mol­

ecu le s  in C dSe.

1 . 2 - (c )  Bound exciton  recom bination.

A s il lu s tra te d  in F ig u re  1 .1  - ( c ) ,  only w hen th e re  a re  fo re ig n  

atom s o r h o s t la ttic e  d e fe c ts  p re s e n t  in  th e  sem iconducto r can  one 

o b se rv e  b o u n d  e x c ito n s . Im p u ritie s  a re  capab le  of c a p tu r in g  fre e  

e x c ito n s  to  form  b o u n d  e x c ito n s . I t  is  p o ssib le  to  h av e  fo u r  k in d s  of 

b o u n d  e x c ito n s . T hese  b o u n d  ex c ito n s  c o n s is t of ex c ito n s  b o u n d  to  

n e u tra l  d o n o rs , ionized d o n o rs  a n d  b o th  n e u tra l  a n d  ionized  a c c e p to rs . 

PL s p e c tra  can be o b se rv e d  a t low te m p e ra tu re s  du e  to  th e se  s t r u c ­

tu r e s .  T h ese  PL s p e c tra  h av e  a  n a rro w e r line  w id th  an d  low er p h o ton  

e n e rg y  com pared w ith  sp e c tra  due  to  f re e  e x c ito n s . R eyno lds e t  a l. 

[18] o b se rv ed  in  CdSe th a t  w hen an  ex c ito n  is b o u n d  to  a n e u tra l  

d o n o r th a t  d e ca y s , th e  d o n o r e lec tro n  is  le f t  in  an  e x c ited  s ta te .  T a k ­

in g  in to  co n sid e ra tio n  tra n s it io n  e n e rg ie s , th e y  w ere ab le  to  de te rm in e  

th e  d o n o r b in d in g  e n e rg ie s . H atano  e t a l. [7] found  th a t  th e  PL p eak  

p o sitio n  of th e  b ound  ex c ito n  v a rie s  w ith  d if fe re n t d o p an t atom s an d  

w ith  c o n ce n tra tio n . T h ey  o b se rv ed  th a t  w hen CdSe w as doped  w ith  In  

atom s th e  b o u n d  ex c ito n  PL peak  p o sitio n  s h if ts  tow ard  s h o r te r  w avel­



e n g th s  w ith  in c re a s in g  c a r r ie r  c o n c e n tra tio n . H ow ever, c ry s ta ls  doped  

w ith  Cl atom s d e m o n stra te  th a t  th e  sh if t  in  PL p eak  is  to w ard s  lo n g e r 

w av e len g th  w ith  in c re a s in g  c a r r ie r  c o n c e n tra tio n . S tu d ie s  on  CdS 

c ry s ta ls  [19,20] d o p ed  w ith  Ga a n d  Cl re v e a le d  sim ilar PL p eak  s h if ts  

tow ard  s h o r te r  w av e len g th s  w ith  in c re a s in g  c a r r ie r  c o n ce n tra tio n . 

H atano e t a l. g iv es  a  q u a lita tiv e  ex p lan a tio n  fo r  th e  p eak  sh if t  of th e  

b o u n d  ex c ito n  lin e  to w ard s  s h o r te r  w av e len g ts  in  CdSe an d  CdS c r y s ­

ta ls . T h ey  ta k e  in to  c o n sid e ra tio n  th e  s c re e n in g  e ffe c t of th e  d o n o r 

e le c tro n , w hich  c o n tr ib u te s  a s ig n ific a n t am ount to  th e  d ie le c tr ic  fu n c ­

tion  in  th e  ex c ito n ic  re g io n  w hich re d u c e s  th e  b o u n d  ex c ito n  b in d in g  

e n e rg y . In  ad d itio n  to  o b se rv in g  th e  b o u n d  ex c ito n  PL line  in  Cl 

doped  CdSe c r y s ta ls ,  H atano e t  a l. o b se rv e d  a n o th e r  PL line  ( x ^ ) . 

T he p eak  p o sitio n  of th e  x^ PL line  w as s lig h tly  low er in  e n e rg y  as  

com pared to  th e  b o u n d  ex c ito n  lin e . T he e x a c t n a tu re  of th e  x^ PL 

s t r u c tu r e  is  n o t c le a r . H atano  e t  a l. ex p la in  th e  sh if t  of th e  b o und  

ex c ito n  p eak  to w ard  lo n g e r w av e len g th s  a s  d u e  to  th e  su p e rp o s itio n  of 

th e  x^ line on th e  b o u n d  ex c ito n  lin e . E x c ito n s  b o u n d  to  ionized  

a c c e p to rs  a re  no t found  in  II-V I com pounds. T h e  n a tu re  of th e  im p u ri­

ty  b in d in g  of th e  e x c ito n s  can  be s tu d ie d  b y  u s in g  Zeeman e ffe c t 

[1 3 ,2 1 ].

1 . 2 - (d)  D onor-A cceptor tran sition s.
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As i l lu s tra te d  in f ig u re  1 .1 -  ( d ) ,  PL due to  d o n o r-a c c e p to r  (DA) 

p a ir  tra n s it io n s  can  be o b se rv e d  a t  low te m p e ra tu re s  in a  sem iconduc­

to r ,  w hen it  co n ta in s b o th  d o n o r an d  acc e p to r im p u ritie s . A t low tem p­

e r a tu r e s ,  T , su ch  th a t  k „ T  «  E. w here  E. is  th e  ion iza tion  e n e rg y  ofD 1 1

th e  im p u ritie s , th e  d o nors an d  acc e p to rs  a re  ab le  to  c a p tu re  e lec tro n s  

a n d  h o les, re sp e c tiv e ly . T h ese  c a p tu re d  c a r r ie r s  can n o t e scap e  a t th a t  

te m p e ra tu re  an d  the  DA p a ir  tra n s tio n  is  th e  dom inant recom bination  

p ro c e ss . For a DA p a ir  w ith  s e p a ra tin g  d is ta n ce  r ,  th e  em itted  pho ton  

e n e rg y  is g iven  b y :

hi>4 (r )  = Eg - (Ea  + Ed ) + e 2/ e r  ♦ f ( r )  (1 .18 )

w here  r e p re s e n ts  th e  ionization e n e rg y  of th e  iso la ted  a c c e p to r , 

th e  ionization  e n e rg y  of th e  iso la ted  d o n o r, a n d  f ( r )  is th e  c o rrec tio n  

in te ra c tio n  te rm  betw een  d o n o r an d  a cc e p to r.

S ince th e  su b s itu tio n a l im p u ritie s  e x is t  on la ttic e  s i te s ,  r  v a r ie s  d is ­

c re te ly  a n d  m any sh a rp  PL lin es  can  be o b se rv e d . In  C dSe, DA p a ir

lum inescence w as o b se rv ed  [1 ,7 ,1 1 ,2 1 ] a t v e ry  low te m p e ra tu re s  ( 4 .2  

K) in th e  p h o ton  e n e rg y  reg io n  from 1.75 eV to  1.68 eV. T h ese  sp e c ­

t r a  co n sis t of e q u id is ta n t n a rro w  lin e s . T he  in te rv a l  be tw een  th e se  

lin es  is  eq u a l to  th e  lo n g itu d in a l op tica l (LO) phonon  e n e rg y  of th e
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CdSe la ttic e  w hich  is  26 meV. T h e  in te n s ity  of th e se  LO phonon  r e p ­

licas d e c rea se  to w ard  lo n g e r  w a v e le n g th s . H en ry  e t  a l. [23] u s in g  DA 

p a ir  b a n d s  e stim ated  th e  ionization  e n e rg y  of shallow  a c c e p to rs  in  CdSe 

to  be 109 meV. T h e y  id e n tif ie d  th e se  im p u ritie s  a s  Li an d  Na. F u r ­

th e rm o re , th e y  o b se rv e d  an  u n id e n tif ie d  d o n o r in  C dSe w ith  ionization  

e n e rg y  19 meV. P e te r  Yu e t  a l . [ l l ] ,  u s in g  lum inescence  ex c ita tio n  

sp e c tro sc o p y , o b ta in ed  th e  e n e rg y  level p o s itio n s  of th e  low est e x c ited  

s ta te s  of d o n o rs  an d  a c c e p to rs  in C dSe. R osen  e t  a l. [24] s tu d ie d  th e  

se lf-co m p en sa tio n  e ffe c ts  a n d  d o n o r-a c c e p to r  recom bination  p ro c e sse s  in  

sem i-in su la tin g  C dSe. V aria tion  of DA p a ir  PL p eak  p o s itio n  w ith  d o p ­

in g  d e n s ity  show s [7] th a t  as  th e  dop in g  d e n s ity  in c re a s e s , th e  PL 

p eak  s h if ts  to w ard s  h ig h e r  p h o ton  e n e rg y . C o n sid e rin g  th e  s c re e n in g  

e f fe c t , th e  DA p a ir  em ission e n e rg y  can  be w rite n  a s :

h u ( r )  = Eg " ( ED + a e d ) “ (e a  + aEa ) + e 2e x p ( - r /X ) /e r  (1 .19)

w here  X is th e  sc re e n in g  le n g th  w hich  d e p en d s  on th e  ty p e  of s c r e e n ­

in g , an d  AE^ an d  AE^ a re  th e  ch an g e  of ion iza tion  e n e rg ie s  of th e  

d o n o rs  a n d  a c c e p to rs  re sp e c tiv e ly . A cco rd ing  to  H atano  e t a l [7 ] , a t  

77 K,' th e  PL o b se rv e d  in  CdSe a t  th e  p h o to n  e n e rg y  re g io n  from  1.75 

eV to  1 .68  eV is  ca lled  ed g e  lum inescence. B oth ed g e  lum inescence an d
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DA p a ir  lum inescence c o n s is t of LO phonon  re p lic a s . H opfield [25] 

ex p la in s  th e  em ission of LO phonon re p lic a s  b y  co n sid e rin g  th e  d ie lec ­

tr ic  po la riza tio n  e ffe c t , due  to  th e  tra p p in g  of th e  e lec tro n  b y  the  

shallow  im p u rity  c e n te rs .

1 .3  Raman sca tter in g .

Raman sp ec tro sc o p y  is  an  ex trem ely  im p o rtan t p ro b e  in  th e  in v e s t i­

g a tion  o f th e  op tica l p ro p e r tie s  of sem ico n d u c to rs . In  sem ico n d u c to rs , 

la ttic e  v ib ra tio n s  a re  d iv id ed  in to  op tica l an d  aco u stica l m odes. T he 

in te ra c tio n  of ph o to n s  w ith  op tica l phonons is  ca lled  Ram an s c a tte r in g . 

S ince th e  la ttic e  v ib ra tio n s  a re  sen s itiv e  to  th e  n e a re s t  n e ig h b o u r in te r ­

ac tio n , Raman s c a tte r in g  is  an  e ffic ien t p ro b e  fo r  s tu d in g  th e  s t ru c tu re  

an d  q u a lity  of sem iconducto rs on th e  sca le  of few  la ttic e  sp ac in g s  [26]. 

S ilb e rs te in  e t  al. [2] h av e  u tlized  Raman an d  scan n in g  A u g er e lec tro n  

sp ec tro sco p y  to  in v e s tig a te  th e  su rfa ce  of e lec tro d e p o s ite d  CdSe p h o to e ­

le c tro d e s  th a t  h av e  been  aged  in  a  poly  su lfid e  e lec tro ly te  u n d e r  illum i­

n a tion  an d  d a rk n e s s .

In  th is  th e s is ,  we u tliz e d  Raman sp ec tro sc o p y  to  m onito r th e  slow 

chem ical ch an g es  th a t  ta k e  p lace  on C dS e/po ly  su lfid e  liq u id -ju n c tio n  

so la r ce lls , a s  a  fu n c tio n  of a g in g  p ro c e d u re s .
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1 .3 .1  G eneral fu n dam en ta l d e sc r ip tio n  o f Raman s c a t te r in g .

In  Raman s c a tte r in g  th e  in c id en t l ig h t is  s c a t te re d  ine lastica lly  by  

th e  m olecular an d  c ry s ta l  v ib ra tio n s . T h ese  v ib ra tio n s  m odulate th e  

p o la rizab ility  (o r  su sc e p tib ility )  of th e  m edium , w hich cau se s  th e  em it­

te d  lig h t to  be sh if te d  u p  o r  down in  f r e q u e n c y . T h e  o b se rv e d  f r e ­

q u e n cy  sh if ts  a re  o ften  in  th e  ra n g e  50 - 1000 cm T he  p o la rizab ility  

( p ) ,  and  th e  e lec tr ic  su sc e p tib ility  (x) te n so rs  a re  re la te d  by :

p(w) = x(w)E(w) (1 .20 )

w here  E is  th e  e le c tr ic  fie ld  v e c to r .

C o n sid erin g  th e  norm al modes of v ib ra tio n s  in  th e  m edium , th e  j**1 n o r ­

mal mode can  be d e sc r ib e d  a s :

Qj = Qq ex p  (iWjt)  (1 .21)

w here  is  th e  am plitude of th e  j**1 phonon  norm al c o -o rd in a te . 

For th e  in c id en t l ig h t w ith  freq u e n cy

E(w) = EQ exp(iW jt). ( 1 . 22)
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When th e re  a re  norm al m odes of v ib ra tio n s  in  th e  m edium , th e  s u s c e p ­

tib ili ty  te n so r  can  be e x p an d e d  in  a  T a y lo r  s e r ie s  in th e  follow ing form :

x(Q j) = X(0) (1 .23 )

w h e re ,

*<°> .  *<°> (Wj)

X(1) = [9X/3Q ] = X( 1 ) (u ,w )
j Q j =0 1 8

*<2> - l/2 ,3V aQj8Q Qj=o = x(2)(Ui>„s)

We can w rite  from  eq u a tio n s  (1 .2 0 ) ,(1 .2 1 )  ,(1 .2 2 )  an d , (1 .2 3 )

P = x^0 ^EQexp(iw t) + x<X) ex p  ifo^ + Wj)t

+ X(2 )EQex p  i(« i + 2 u p t + . . .  (1 .24 )

In  eq u a tio n  (1 .2 4 ) each  term  d e sc r ib e s  d if fe re n t ty p e s  of s c a t te r ­

in g  p ro c e s s e s . T h e  f i r s t  te rm  g iv es  r is e  to  e la s tic  s c a tte r in g  o r  R ay ­

le ig h  s c a t te r in g  w here  th e  s c a tte re d  l ig h t  h a s  th e  same fre q u e n c y  as 

th e  in c id e n t l ig h t .  T h e  second  te rm  d e sc r lb s  two o sc illa tin g  d ipo les



w ith  freq u e n c ie s  (w  ̂ + ŵ ) w hich invo lves one p h o n o n . T h is  le ad s  to 

an  in e la s tic  lig h t s c a t te r in g  p ro c e ss  w hich is called  f i r s t - o r d e r  Raman 

s c a t te r in g . As i l lu s tra te d  in  th e  F ig u re  1 .3 , th e  in c id e n t pho ton  w ith  

e n e rg y  tiUj is a b so rb e d  a n d  th e  system  m akes a  tra n s it io n  from  in itia l 

s ta te  (n ,u )  to  a v ir tu a l s ta te  ( n ' , u ') .  T h e  s c a t te re d  ra d ia tio n  w ith 

e n e rg y  h u g is em itted  a n d  th e  system  d ecay s  to  th e  fin a l s ta te  ( n . u t l ) .  

In  th e  p ro c e s s , a phonon w ith  e n e rg y  tiWj is  c re a te d  o r an n ih ila ted , 

w hich  is  c o n s is te n te n t w ith  co n se rv a tio n  of momentum a n d  e n e rg y . 

T h u s :

h k h k j +

hw huij + iiWj

(1 .25  a)

(1 .25  b)

w h ere  k g , k^ a re  th e  w ave v e c to rs  of the  s c a tte re d  a n d  in c id en t l ig h t, 

q^ is  th e  w ave v e c to r  of th e  p h o n o n . In  eq u a tio n s  (1 .2 5 ) th e  + s ig n  

d en o tes  a n ti- s to k e s (  + ) a n d  s to k es  ( - )  s c a t te r in g , re sp e c tiv e ly . T he 

a n ti- s to k e s  sp ec tru m  h as  a sm aller in te n s ity  a s  com pared  w ith  the  

s to k es  sp ec tru m  an d  it  is  u su a lly  more co n v en ien t to  m easu re  th e  la t te r .
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Figure 1.3 Energy level diagram of Raman scattering.
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I t  is  p o ssib le  th a t  th e  s c a t te re d  p h o ton  w ith  e n e rg y  hwg can  in  tu r n  

in te ra c t  w ith  th e  la ttic e  to  p ro d u ce  a  second  p h o ton  w ith  e n e rg y  

In  th is  c ase , acco rd in g  to  eq u a tio n  (1 .2 5 b ) , ftws can  be  w ritte n  a s :

tiu „ = ftw - hw,s2 s j

= fi« j - 2hw^ (1 .26)

T h is  cascad e  p ro c e ss  can  be re p e a te d  n  tim es an d  a t  each  s te p  th e  

in te n s i ty  of th e  p h o to n -p h o n o n  in te ra c tio n  will d e c re a se . T he  em itted  

p h o to n  e n e rg y  fo r  th e  n**1 o rd e r  is g iven  b y :

hw = hw, - ntlw. (1-27)sn  i j v 1

In  CdS a s  m any a s  n ine o rd e r s  of Raman s c a tte r in g  have  b een  o b se rv e d  

b y  Leite  e t a l. [27]. We will d isc u ss  th is  cascad e  p ro c e ss  f u r th e r  in  

C h a p te r  III .

T h e  fra c tio n  of s c a tte re d  e n e rg y  in to  a u n it solid  a n g le , p e r  u n it  

time p e r  u n it  s c a tte r in g  volum e, is  called  th e  Raman c ro s s -s e c tio n , 

S ( j ) ,  w hich  is  g iv en  b y  [28 ,2 9 ]:



S(j) = (V«s4/ c 4 ) | S s .x ( j ) .  ^
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(1 .28)

w here  e g a n d  e^ a re  th e  u n it po la riza tio n  v e c to rs  of th e  s c a tte re d  an d  

in c id en t l ig h t, V is th e  s c a tte r in g  volum e , a n d  c is  th e  v e lo city  of 

l ig h t. T h e  Raman c ro ss -se c tio n  d e te rm in es  th e  s c a tte r in g  in te n s i ty  and  

th e  p o la riza tio n  selec tion  ru le s  fo r  th e  s c a tte r in g  p ro c e ss . T h e  q u a n ti­

ty  X(j) is  called  th e  Raman te n s o r  a sso c ia ted  w ith  th e  norm al mode j .  

T he  sym m etry  p ro p e r tie s  of th e  mode j de te rm in es  w h e th e r  o r  n o t 

x(j)=0. If x (j)*0  fo r g iven  mode j ,  th e n  th a t  mode is  know n to  be 

Raman a c tiv e .

1.4  Optical properties of CdSe

CdSe is  a  l ib  - VIb sem iconducto r w ith  a w u rtz ite  c ry s ta l  s t r u c tu r e .  

T he b an d  gap  of CdSe v a rie s  from  1.85 eV a t a b so lu te  zero  to  1 .74 eV 

a t room te m p e ra tu re . T he  co nduction  b an d  o rig in a te s  from  th e  5s s ta te  

of cadm ium . T he  minimum of e n e rg y  is located  a t  th e  c e n te r  of th e  

B rillouin  zone. T h is  p o in t is know n a s  th e  T -poin t. A second  minimum 

e n e rg y  p o in t is  located  a t  1 .7  eV above th e  f i r s t  minimum, a n d  i t  is 

know n a s  th e  A -p o in t. T he con d u ctio n  b an d  a t  k=0 h as  sym m etry . 

T he  va len ce  b an d  o rig in a te s  from  th e  4p s ta te s  of selen ium . T h is  b a n d  

also  has i ts  maximum a t th e  f -p o in t .  T h u s , CdSe is a d ire c t  b an d  gap



24

sem ico n d u c to r. As r e s u l t  o f c ry s ta l  fie ld  an d  sp in  o rb it  s p litt in g , th e  

valence  b an d  a t  k  = 0 is  sp lit  in to  th re e  b a n d s . As d e p ic ted  in  F ig u re  

1.2, th e se  b a n d s  w ere  nam ed A ,B  a n d  C . T he  A b an d  h as  r_ symme- 

t r y ,  w hile B a n d  C h ave  sym m etry . T he e n e rg y  sep a ra tio n  betw een  

th e  A a n d  B b a n d s  is fo u n d  to  be 0 .026 eV a n d  th a t  be tw een  B an d  C 

is 0 .41  eV .

K eler a n d  P e tt i t  [30] h ave  in v e s tig a te d  o p tica l tran sm issio n  an d  

re fle c tio n  p ro p e r tie s  of s in g le  c ry s ta l  C dSe. T he ab so rp tio n  co effi­

c ie n ts , a n d  |J, w ere  d e te rm in ed  fo r  l ig h t p o la riz ed  p a ra lle l a n d  p e r ­

p e n d ic u la r  to  th e  c -a x is  ( i . e . ,  th e  ax is  p e rp e n d ic u la r  to  th e  (0001) 

p la n e ) . T h e  selec tion  ru le , (J, is  fo u n d  to  hold  fo r  C dSe. A cco rd ­

in g  to  th e  selec tion  ru le , th e  tra n s it io n  b e tw een  th e  conduction  b an d  

an d  th e  Tg va lence  b an d  is allowed w ith  th e  a b so rp tio n  o r  em ission of 

p e rp e n d ic u la r ly  p o la rized  l ig h t. T he tra n s it io n  betw een  th e  c o n d u c ­

tion  b an d  a n d  th e  va len ce  b a n d  is allow ed w ith  th e  a b so rp tio n  o r  

em ission of lig h t w ith e i th e r  p o la riza tio n . Sim ilar m easurem ents  on s in ­

gle c ry s ta l  CdSe w ere done b y  P a rso n s  e t  al [3 1 ]. T h ese  re s u l ts  in d i­

ca ted  th a t  th e  a b so rp tio n  co effic ien t o b ey s th e  re la tio n :

P (u ,T ) = Boexp(A E/A ) (1 .29)
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w here  P is  th e  a b so rp tio n  co effic ien t in  cm * fo r a  p h o ton  e n e rg y  E eV ,

6 is a  c o n s ta n t. AE is  E - E . w here  E is a  c o n s ta n t, a n d  A = o o o

0 .4 6 k T , w here  T  is th e  a b so lu te  te m p e ra tu re . T h ese  s tu d ie s  s u g g e s te d  

th a t  th e  a b so rp tio n  co ffic ien t follows U rb ach 's  ru le , a n d  confirm ed th e  

e a r lie r  p re d ic te d  b an d  s t r u c tu r e  of CdSe.

P rev io u s ly  we have d is c u s se d  in  g en era l th e  photo lum inescence 

c h a ra c te r is t ic s  of a sem iconducto r. In  th is  d iscu ss io n  we em phazise 

photo lum inescence of C dSe. T h ese  s tu d ie s  in d ica ted  th a t  m ost of th e  

im purities  and  d e fec ts  w ere d o n o rs . CdSe has n e v e r  b een  made a s  a 

low re s i t iv i ty  p - ty p e  sem iconducto r. I t  is  a lw ays an  n - ty p e  sem icon­

d u c to r . T h is  p ro p e r ty  is called  se lf-co m p en sa tio n . O ptical s tu d ie s  [23] 

show Li an d  Na a re  th e  on ly  shallow  acc e p to rs  in  CdSe due  to  s u b s t i tu ­

tional im p u ritie s . A ttem pts to  dope CdSe w ith K, R b , o r  Cs w ere 

u n su c c e ss fu l. T h is  can be u n d e rs to o d  b y  com paring  th e  size  of th e  

a lkali atom s w ith  th a t  of th e  Cd atom . O nly Li an d  Na have  a p p ro x i­

m ately th e  same size as  C d . In co rp o ra tio n  of an y  o th e r  a lkali atom 

in tro d u ce s  an  e la s tic  s t r a in  . F u rth e rm o re , th e se  s tu d ie s  show  th a t  Li 

an d  Na p ro d u ce  a s tro n g  edge-em ission  an d  b ro ad en  th e  bound  ex cito n  

lines ( i .e .  exciton  b o und  to  n e u tra l  a c c e p to rs ) . I t  has b een  fo u n d  th a t  

Li in te rs t i t ia l  d o n o rs  d r i f t  in  an  app lied  e lec tr ic  field  [32 ]. T h is  p h e ­

nom enon w as u sed  to  in v e s tig a te  th e  self-com pensa tion  e ffe c t b y  (H enry  

e t  a l[2 3 ] ) .  T h ey  confirm ed th a t  th e  p rin c ip a l com pensation  is  du e  to
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th e  Li an d  Na in te r s t i t ia l  d o n o rs . In  sem i-in su la tin g  CdSe c ry s ta ls ,  

R osen e t  al [24] su g g e s te d  th a t  th e  deep  level of th e  a c c e p to r  c o n tr ib ­

u te s  to  se lf-com pensa tion .

1 .5  Photoelectrochem ical solar ce lls .

D u rin g  th e  la s t  q u a r te r  of a  c e n tu ry , co n sid e rab le  a tte n tio n  h as  

b een  d ev o ted  to  th e  ph o to v o lta ic  g e n e ra tio n  of e le c tr ic ty . T h e  p h o to ­

vo lta ic  cell is  a  dev ice w hich  c o n v e r ts  so la r  e n e rg y  d ire c tly  to  e le c ­

t r i c i ty .  T he k ey  elem ent of a  p h o tovo lta ic  cell is  a sem iconducto r w hich 

a b so rb s  lig h t b y  c re a tin g  e lec tro n -h o le  p a ir s .  In  a ph o to v o lta ic  cell, a 

re g io n  of h ig h  e lec tr ic  fie ld  g ra d ie n t is b u il t- in  w ith in  th e  sem iconduc­

to r  to  s e p e ra te  th e  p h o to g e n e ra te d  e lec tro n -h o le  p a ir s .  T h e  flow of 

th e se  s e p a ra te d  c h a rg e s  th ro u g h  an  e x te rn a l  load  p ro d u c e s  e lec tr ic a l 

pow er. T h e re  a re  sev e ra l w ays to  c re a te  th e  b u ilt- in  e le c tr ic  fie ld , 

in c lu d in g :

(a ) p -n  ju n c tio n  (b ) S ch o ttk y  b a r r ie r s  (c) S em ico n d u c to r/ e lec tro ly te  

in te r f a c e s .

T he  f i r s t  two p ro d u ce  so lid -s ta te  pho tovo lta ic  ce lls , w hich  a re  w ide­

ly  u se d  to d ay  in  sa te llite s  an d  space  v eh ic le s . H ow ever, th e  global 

ap p lica tio n  of th e se  s o lid -s ta te  d ev ices  a s  pow er so u rc e s  a re  too 

ex p en s iv e  an d  n o t fea s ib le .
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On th e  o th e r  h a n d  th e  sem ico n d u c to r-e lec tro ly te  sy stem , know n as

th e  pho toe lectrochem ical (PEC) so la r cell, is  a  p rom ising  dev ice  fo r  th e

fu lfillm ent of th is  ta s k . A PEC so la r  cell is  show n schem atically  in

F ig u re  1 .4 . A lthough  th e  pho toelectrochem ical e ffe c t h as  b een  know n

fo r m any y e a rs  [33], on ly  re c e n tly  h a s  an  ac tiv e  e f fo r t  b een  made to

u tilize  th is  e ffe c t to  c o n v e r t so la r pow er to  e le c tr ic ity  [34-41]. PEC
/

cells have  se v e ra l im p o rtan t tech n ica l a sp e c ts  as com pared w ith  so lid- 

s ta te  pho tovo lta ic  ce lls . T h e y  a re :

(1) In  a  PEC cell, th e  pho tovo lta ic  ju n c tio n  is  form ed sp o n tan eo u sly  by  

im m ersing a sem iconducto r in  a su itab le  e le c tro ly te .

(2) T he  ju n c tio n  th u s  form ed p ro v id e s  a space  c h a rg e  re g io n  w hich 

can  be ex p o sed  d ire c tly  to  so la r  ra d ia tio n . T h is  minimizes th e  

e le c tro n -h o le  p a ir  recom bination  lo s se s .

1 .5 .1  Basic featu res of the sem iconductor/electrolyte in terface.

T h e  sem ico n d u c to r/e le c tro ly te  in te rfa c e  in s te a d y  s ta te  equ ilib rium  

(w ithou t illum ination) is i l lu s tra te d  in F ig u re  1 .5 . As an  exam ple we 

h av e  co n sid e red  an  n - ty p e  sem iconducto r im m ersed in an  e le c tro ly te . 

In  th e  e lec tro ly te  th e  c h a rg e  c a r r ie r s  e x is t in th e  form  of ox id ized  a n d  

re d u c e d  ions w hich  a re  d en o ted  b y  A+ an d  A re sp e c tiv e ly . T he in t i ­

m ate c o n tac t of sem iconducto r an d  e lec tro ly te  p ro d u c e s  a  sp ace  c h a rg e
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Figure 1.4 Schematic ©f PEC solar cell.
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(h ig h  fie ld ) re g io n . H ow ever, th is  on ly  o ccu rs  if th e  e lec trochem ical 

p o ten tia ls  in  th e  sem iconductor an d  th e  e lec tro ly te  a re  d if fe re n t .  T he 

t r a n s f e r  of e lec tro n s  from  th e  sem iconductor to  th e  e le c tro ly te , w ith  a 

re a c tio n  of th e  form ,

A ++ + e ------- > A + (1 .30)

ta k e s  p lace u n til  th e  e lec trochem ical p o ten tia l becom es eq u a l e v e r y ­

w h ere . T he c h a rg e  t r a n s f e r  p ro c e ss  leav es  a p o sitiv e ly  c h a rg e d  reg io n  

in th e  sem iconducto r an d  a n eg a tiv e ly  c h a rg ed  ionic la y e r  in  th e  e lec ­

tro ly te , called th e  space c h a rg e  la y e r  an d  th e  Helmholtz la y e r , r e s p e c ­

tiv e ly  [42-45] , T he  c rea tio n  of th e se  two opposite ly  c h a rg e d  re g io n s  

p ro d u ces  a d ipole field w hich p re v e n ts  fu r th e r  c h a rg e  t r a n s f e r .  E n e r­

g e tica lly , th is  is re p re s e n te d  as a  b en d in g  of th e  co nduction  b an d  

an d  valence b an d  a t th e  sem ico n d u c to r/e lec tro ly te  in te r fa c e . T he 

th ic k n e ss  of th e  space c h a rg e  la y e r , d , can be o b ta in ed  b y  so lv ing  

P o isso n 's  e q u a tio n , an d  is g iven  by [42]:

d  = (2EE0/eN D ) , / 2 [VB - k T / e ] V2 (1 .3 1 )
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w here  V,, is th e  p o te n tia l d ro p  a c ro ss  th e  sp ace  c h a rg e  la y e r , th e  
D  D

fu lly  ionized  d o n o r c o n c e n tra tio n , e th e  e lec tro n ic  c h a rg e , an d  t  an d  

r e p re s e n t  th e  d ie le c tr ic  c o n s ta n t of th e  sem iconducto r a n d  th e  p e rm it­

t iv i ty  of th e  f re e  sp ace , re sp e c tiv e ly .

1 .5 .2  The d istribution  of electron  sta tes  at the sem iconductor/electrolyte  

in ter fa ce .

In  th e  sem ico n d u c to r/e le c tro ly te  ju n c tio n  th e  sem iconducto r b eh av es  

a s  it  does in  a S ch o ttk y  ju n c tio n , a lth o u g h  th e  e le c tro ly te  fa ils  to  

b eh av e  as  a m etal. T h is  c au se s  th e  sem iconducto r /e le c tro ly te  ju n c tio n  

to  be q u ite  d if fe re n t from  a  S ch o ttk y  ju n c tio n . T h e  d e n s ity  of s ta te s  

d is tr ib u tio n  fo r  th e  sem iconducto r an d  e le c tro ly te  is  show n schem atically  

in  F ig u re  1 .6 . For th e  sem ico n d u c to r, th e  d e n s ity  of e lec tro n  s ta te s  in 

th e  conduction  b an d  can  be w ritte n  as  [46] :

D (E) = l / 2 n V ( 2 m  ) * /  2(E - E ) 1/2 (1 .32)© © g

Sim ilarly , th e  d e n s ity  of em pty e lec tro n  s ta te s  in  th e  valence  b an d  can 

be w ritte n  a s :

Dh(E) = l/2irV(2mh) J/ 2(-E)I/2 (1 .33)
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F igure  1.6 Schem atic r e p re s e n ta t io n  of th e  d e n s i ty  o f s t a t e s  

d i s t r ib u t io n  fo r  th e  sem iconductor and e l e c t r o l y t e .
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w here  E re p re s e n ts  th e  b an d  gap  e n e rg y , w hile m a n d  m, deno te  th e£  © H

effec tiv e  m ass of th e  con d u ctio n  b a n d  e le c tro n  an d  th e  valence  b an d  

hole, re sp e c tiv e ly .

T he e lec tro n ic  s ta te s  in  th e  e lec tro ly te  d ep en d  on i ts  ionic co n cen ­

tra tio n . As m entioned  b e fo re , th e  ions e x is t as  a re d u c e d  an d  ox id ized  

form . H ence, th e  filled  e lec tro n ic  s ta te s  a re  called  re d u c e d  s ta te s ,  

an d  u n filled  e lec tro n ic  s ta te s  a re  called  ox id ized  s ta te s .  T he availab le  

e lec tro n ic  s ta te s  in  th e  e le c tro ly te  a re  m uch le ss  th a n  th e  num b er a v a il­

ab le  in  a m etal. A lso, th e  e n e rg y  of an  ion in th e  e le c tro ly te  ch an g es  

due  to th e  in te ra c tio n  of so lv en t m olecules. T h e  norm alized d is tr ib u tio n

fu n c tio n s  fo r  th e  re d u c e d  W , (E ), an d  th e  oxd ized  W (E) s ta te s  w erere d  ox

d e riv e d  by  G e rish e r [47] an d  can be w ritte n  a s :

Wr e d (E) = ( 4 iA k T ) 'l /2 e x p - [ (E  - EQ * X)V 2 /4XkT] (1 .34 )

W (E) = (4irX kT)"1/2e x p - [ (E  - E_ - X) */2 /4XkT] (1 .35)ox u

w h ere  E^ is  th e  s ta n d a rd  red o x  e n e rg y , w hich is  r e f e r r e d  as th e  e le c ­

trochem ical p o ten tia l in th e  e le c tro ly te . T he p a ram e te r X is know n as  

th e  re o rie n ta tio n  e n e rg y .
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1 .5 .3  Basic featu res o f the sem iconductor/liquid junction under illumina­

tion.

T he illum inated sem ico n d u c to r/liq u id  ju n c tio n  a n d  i ts  p o ten tia l d is ­

tr ib u tio n  is schem atically  i l lu s tra te d  in  F ig u re  1 .7 . When th e  in te rfa c e  

is  ir r a d ia te d  w ith  lig h t of e n e rg y  g re a te r  th a n  th e  b an d  gap  e n e rg y , 

E g , p h o to n s  a re  a b so rb ed  an d  e lec tro n -h o le  p a irs  a re  c re a te d . U nder 

th e  in flu en ce  of the  e lec tr ic  fie ld  in th e  space  c h a rg e  re g io n , holes 

m igrate  to  th e  sem ico n d u c to r/liq u id  in te rfa c e . If th e  sem iconductor (o r 

pho toanode) is  co n nec ted  w ith  an  e x te rn a l  load  to  th e  co u n te r  e le c tro d e , 

th e n  th e  e lec tro n s  move th ro u g h  th e  b u lk  of th e  sem iconducto r to  th e  

e x te rn a l load a n d  to th e  c o u n te re le c tro d e  in te r fa c e . T he  hole a t  th e  

sem iconducto r su rface  ox id izes th e  re d u c e d  ion A+ to  A++. T h e  e lec ­

tro n  a t  th e  c o u n te re lec tro d e  (o r ca th o d e) su rfa c e  re d u c e s  th e  oxd ized  
+ ♦ +

ion A to  A . T he two e lec tro d e  re a c tio n s  can  be  w ritte n  a s :

+ ■*• + + 
a t  ph o to cath o d e: A + h  — > A (1 .36)

a t ca th o d e : A++ + e — > A + (1 .37)
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trolyte Interface with illumination.
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T h e  eq u a l an d  op p o site  rea c tio n s  do n o t p ro d u c e  a n y  n e t chem ical 

ch an g e  in th e  cell.

T h e  d a sh e d  lin es  in  th e  F ig u re  1 .7  i l lu s tra te  th e  position  of the

valence  b a n d , Ev , a n d  th e  con d u ctio n  b a n d , Ee , e n e rg y  levels  of th e

sem iconducto r b efo re  illum ination . When th e  sem iconducto r is  illum inat­

e d , th e  position  of th e  e n e rg y  lev els  a re  show n b y  solid lines (E 'v > E1

) .  T he pho tovo ltage  (V is g iven  b y :

V , = E' - E (1 .38)ph  c c

T he  position  of th e  Ferm i level a t  th e  in te rfa c e  can  be ch an g ed  by

ap p ly in g  an  e x te rn a l v o ltag e , (V ) ,  be tw een  th e  sem iconductor an dap

c o u n te re le c tro d e . In  g e n e ra l, th is  p o ten tia l d ro p  a p p e a rs  a c ro ss  th e

sp ace  c h a rg e  la y e r , V , an d  th e  Helmohltz la y e r , V „  [41]:sc  ri

V = V + V „  (1 .39)ap  sc  H

In  th e  ab sen ce  of su rfa ce  s ta te s ,  V „  can  be n e g lec te d . T he  p o te n tia l,ri

U, of th e  photoanode is  m easu red  w ith  r e s p e c t  to  a s ta n d a rd  e lec tro d e  

in  th e  e le c tro ly te . T h e  v o ltag e  d ro p  (o r b a n d  b e n d in g ) in  th e  space
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c h a rg e  re g io n , V_., a lso  ch an g es  w ith  th e  e x te rn a l  ap p lied  v o ltag e . At a £>

p a r t ic u la r  p o te n tia l, U ^ ,  of th e  pho toanode th e  vo ltag e  d ro p  is zero  in 

th e  space  c h a rg e  re g io n . T h is  e lec tro d e  p o te n tia l, is called  th e

" fla t-  b an d  p o te n tia l ."  T h u s , a cco rd in g  to  F ig u re  1 .7 , th e  vo ltage  

d ro p  in th e  space  c h a rg e  re g io n , a t  th e  e lec tro d e  p o te n tia l, U, is g iven  

b y :

VB = u  - Ufb  (1 .40)

At th e  e lec tro d e  p o te n tia l, U, th e  space  c h a rg e  la y e r  th ic k n e ss  g iven  

b y  eq u a tio n  (1 .30 ) can be w ritte n  a s :

d  = (2Ec0/e N D ) V 2 [U - Uf|j - k T /e ]  V * (1 .41 )

E x p erim en ta lly , U^b can  be de te rm in ed  b y  u s in g  th e  M o tt-S cho ttky  

re la tio n  g iven  b y  [43]:

C f2sc = 2 / EE()eND (U - Ufb  - k T /e )  (1 .42 )
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w h ere  C gc is  th e  sp a c e -c h a rg e  la y e r  cap ac itan ce  p e r  u n it  a re a . As 

d e p ic ted  in  F ig u re  1 .7 , th e  v a lue  of th e  f la t-  b an d  p o te n tia l re v e a ls  the  

p osition  of th e  conduction  b an d  ed g e  of th e  sem iconducto r w ith  re s p e c t 

to  a  re fe re n c e  e n e rg y  level in  th e  e le c tro ly te .

T he c u r r e n t  o u tp u t of a PEC cell d e p en d s  on th e  num b er of 

e lec tro n -h o le  p a irs  g e n e ra te d  b y  th e  in c id e n t l ig h t. L osses in ev itab ly  

o c cu r w hen th e  op tica lly  c re a te d  e lec tro n -h o le  p a irs  recom bine b efo re  

th e y  a re  s e p a ra te d  in th e  h ig h  field  re g io n . In  a  PEC cell, it  is p o s ­

sib le  to  have  sev e ra l ty p e s  of recom bination  m echanism s. Among them  

(a) b u lk , (b ) space  c h a rg e , (c ) su rfa c e  recom bination  a re  th e  dom inant 

m echan ism s.

In  th e  f ie ld -f re e  re g io n , b u lk  recom bination  of c a r r ie r s  o ccu rs  m ain­

ly  a t  im p u rity  a n d  s t r u c tu r a l  d e fe c ts  in th e  sem ico n d u c to r. T he  c a r r i ­

e r s  g e n e ra te d  in th e  b u lk  m ust d iffu se  to  th e  space  c h a rg e  reg io n  in 

o rd e r  to  be s e p a ra te d . T he d is ta n ce  p h o to g e n e ra te d  c a r r ie r s  d iffu se  

w ith o u t recom bination  is know n a s  th e  d iffu sio n  le n g th . F o r e ffic ien t 

cell o p e ra tio n , it is im p o rtan t to  have  le ss  b u lk  recom bination  a n d  lo n g ­

e r  d iffu sio n  le n g th .

T he  im purities  an d  d e fe c ts  in  th e  space  c h a rg e  reg io n  c re a te s  a 

n o n -u n ifo rm  fie ld  d is tr ib u tio n  [48-50]. T h is  lead s  to  a  n o n -u n ifo rm  

ch a rg e  flow an d  a n o th e r  u n w an ted  c a r r ie r  recom bination  p a th . T e c h ­



n iq u es  su ch  a s  p h o to e tch in g  dim inish  th e  im p u rity  co n cen tra tio n  and  

p ro v id e  a more un ifo rm  c h a rg e  flow . T h is  le ad s  to  a th ic k e r  space  

c h a rg e  la y e r  an d  co n se q u e n tly , to  a low er r a te  of b u lk  recom bination .

A t th e  sem ico n d u c to r/e le c tro ly te  in te r fa c e , u n iq u e  e lec tro n ic  s ta te s  

a r is e  due to  th e  d isco n tin u ity  of th e  sem iconducto r an d  i ts  chem ical 

in te ra c tio n  w ith  th e  s u r ro u n d in g  m edium . T h ese  s ta te s  o ften  a c t a s  

e ffec tiv e  recom bination  c e n te rs .  If  a h ig h  d e n s ity  of su rfa ce  s ta te s  is 

p re s e n t  a t  th e  in te rfa c e , th e  Ferm i lev e l a t  th e  su rfa ce  can  be  p in n ed  

to  th e  level of th e  su rfa ce  s ta te s  [4 2 ,5 1 -5 3 ]. U n d er th is  co n d itio n , 

su rfa c e  s ta te s  a c t as  a  's in k ' to  th e  p h o to g e n e ra te d  c a r r ie r s ,  c au s in g  

th e  p h o tovo ltage  a n d  p h o to c u rre n t to  be d e c re a se d .

T he effic ien cy  of a so la r cell is u su a lly  d e fin ed  as th e  ra tio  of m axi­

mum e lec tr ic a l pow er o u tp u t (Pm ax) to  th e  in c id e n t so lar e n e rg y . S ince 

th e  e ffic iency  d ep en d s  on th e  sh ap e  of th e  c u rre n t-v o lta g e  c u rv e  fo r  a 

g iven  so la r cell, it  is  n e c e s sa ry  to  optim ize th is  sh ap e . A q u a lita tiv e  

d e sc rip tio n  of th e  sh ap e  of th e  c u r r e n t-  vo ltag e  c u rv e  can  be o b ta in ed  

by  d e fin in g  a q u a n tity  called  fill fa c to r  ( F .F ) :
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w here  V a n d  I a re  called  o p e n -c irc u it  vo ltage  an d  s h o r t-c ir c u i t  oc sc

c u r r e n t ,  re sp e c tiv e ly .

As ex p la in ed  in  p rev io u s  sec tio n s  th e  e lec tro n -h o le  recom bination  

a n d  c a r r ie r  t r a n s p o r t  m echanism s s ig n ific an tly  a ffec t th e  e ffic ien cy  of a 

PEC cell. In  ad d itio n  to th is ,  m uch of th e  so lar sp ec tru m  can  n o t be 

u se d  b y  an y  cell. P ho tons of e n e rg y  le ss  th a n  th e  b an d  gap  e n e rg y  of 

th e  sem iconducto r canno t be a b so rb e d . Photons w ith  e n e rg y  g re a te r  

th a n  th e  b an d  gap e n e rg y  of th e  sem iconductor c re a te  e lec tro n -h o le  

p a irs  e ff ic ie n tly . S ince th e  p h o to v o ltag e  can n o t ex ceed  th e  b a n d  gap  

e n e rg y , p a r t  of th e  e n e rg y  is d is s ip a te d  b y  co n v ersio n  in to  phonons o r 

h e a t a s  th e  e lec tro n  an d  hole therm alize  to  th e  co nduction  a n d  valence  

b an d  e d g e s , re sp e c tiv e ly . C o n sid erin g  th e se  o p p osing  e ffe c ts  a n d  th e  

a tm ospheric  a b so rp tio n  of th e  so la r sp ec tru m , th e  m ost su itab le  sem i­

c o n d u c to r fo r a so la r cell n eed s  to  have  a b an d  gap a ro u n d  1 .5  eV [4] 

a t  room te m p e ra tu re .

As fa r  as th e se  p ro p e r tie s  an d  s tab ilitie s  a re  co n ce rn e d , n -C d S e  

is  one of th e  m ost su itab le  sem iconducto rs to  be em ployed as a p h o to an ­

ode in  a PEC cell. CdSe is a d ire c t b an d  gap m ateria l w ith  a  b an d  gap 

e n e rg y  1.73 eV (a t room te m p e ra tu re )  w hich is  w ell-m atched  to  th e  

so la r sp ec tru m . T he  ab ility  to  p ro d u c e  th in  film poly c ry s ta ll in e  CdSe 

pho toanodes [40,41] m akes it an  a t tra c t iv e  m ateria l fo r  low co st PEC
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d ev ices . T h e  s ta b ility  of PEC cells is  p o o r, h o w ev er, com pared  w ith  

so lid -s ta te  so la r ce lls . E x ten siv e  re s e a rc h  h a s  b een  c a r r ie d  o u t in th is  

a re a  [49,54-57] a n d  n eed s  to  be co n tin u ed .

As d is c u s se d  in th e  p re v io u s  sec tio n s , th e  s tu d y  of th e  

sem ico n d u c to r/e lec tro ly te  in te rfa c e  is e sse n tia l from  b o th  a  p ra c tic a l an d  

th e o re tic a l p o in t of view . In  th is  th e s is ,  we e x te n s iv e ly  u tilize  

sem ico n d u c to r/e lec tro ly te  in te r fa c e s , re la tiv e ly  new re s e a rc h  a re a , to 

s tu d y  th e  fu n d am en ta l op tica l p ro c e sse s  in  a sem ico n d u c to r. T h e  te c h ­

n iq u es  th a t  will be  u sed  a re  (a) pho to lum inescence sp e c tro sc o p y , (b ) 

m odulated  pho to lum inescence sp e c tro sc o p y , (c) Ram an sp e c tro sc o p y , an d  

(d ) re lax a tio n  sp ec tru m  an a ly s is .

1.6  Layout

In  re c e n t y e a rs  C d S e /p o ly su lfid e  system  is show n to  be a  p rom ising  

dev ice  to  c o n v e r t so la r pow er to  e le c tr ic ity . To com m ercially p ro d u ce  

th is  sy stem  as liq u id  ju n c tio n  so lar ce lls , it  is n e c e s sa ry  to  s tu d y  in  

d e ta il how to  im prove th e  s ta b ility  a n d  th e  pho tovo lta ic  c h a ra c te r is t ic s  

of th e se  d e v ice s . T h e  main p u rp o se  of th is  th e s is  is to  s tu d y  in  d e ta il 

th e  C d S e /p o ly su lfid e  system  in  o rd e r  to  p ro d u c e  low co st liq u id  ju n c tio n  

so la r ce lls . B asically  we d iv id ed  th is  s tu d y  in to  th re e  se c tio n s . T h ey  

a re  (1) space  c h a rg e  la y e r  e ffe c ts  (2) a g in g  du e  to  chem ical c h an g e s  on
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th e  p h o toanodes (3) th e  e ffe c t on  p h o to e tch in g  a n d  th e  im p u rity  c e n te rs  

on e lec tro d e  s u rfa c e s .

To s tu d y  th e  space  c h a rg e  la y e r  e ffe c ts  we in tro d u c e  a  new non 

d e s tru c t iv e , in s i tu , te ch n iq u e  called  m odulated  pho to lum inescence  sp e c ­

tro sc o p y . We will d em o n stra te  th a t  th is  new  te ch n iq u e  is an  e ffic ien t 

tool to  c h a ra c te r is e  an d  to  s tu d y  th e  p o te n tia l d is tr ib u tio n  a t  th e  

sem iconducto r /e le c tro ly te  in te rfa c e . We will r e p o r t  th e  sy ste rm a tic  

s tu d y  of th e  s ta b ility  of th e  CdSe pho toanodes in  po ly su lfid e  e lec tro ly te  

u n d e r  v a rio u s  a g in g  co n d itio n s . PL an d  Ram an sp ec tro sco p y  w ere 

u tliz ed  to  s tu d y  th e se  chem ical ch an g es  on . th e  p h o to an o d es  due  to  p ro ­

long p e rio d  of ag in g . Also a  q u a n tita tiv e  d e sc r ip tio n  of th e  e ffec t of 

p h o to e tch in g  on e lec tro d e  su rfa c e s  will be g iv en . A lthough  in  th is  th e ­

s is  we c o n c e n tra te d  o u r  s tu d ie s  on n - ty p e  C dSe, we d em o n stra te  th a t  

th e se  ex p erim en ta l te ch n iq u es  a re  app licab le  to  m ost sem iconducto rs .

In  C h ap te r  II we d isc u ss  th e  fo u r ex p erim en ta l te ch n iq u es  th a t  a re  

u se d  in  th is  w ork , as well a s  th e  sam ple p re p a ra t io n  a n d  th e  PEC cells 

em ployed. C h ap te r  III we p re s e n ts  th e  ex p erim en ta l r e s u l ts  an d  th e  

d isc u ss io n s , w hile C h a p te r  IV we p re s e n ts  co nclusions an d  p ro p o sa ls  

fo r  fu tu re  s tu d y .



Chapter II 

EXPERIMENTAL PROCEDURES

2 .1  Experimental A pparatus.

2 . 1 . 1  Photolum inescence and Raman System .

T h e  th e o re tic a l d e sc rip tio n  of PL an d  Ram an sp ec tro sc o p y  w as p r e ­

se n te d  in  C h ap te r  I. T h e  e sse n tia l fe a tu re s  o f b o th  PL an d  Raman 

sp ec tro sc o p y  a re  th e  o p tica l ex c ita tio n  system  an d  th e  d e tec tio n  system  

fo r th e  s c a tte re d  ra d ia tio n . A lthough  th e  in form ation  one o b ta in s  w ith  

th e se s  m ethods is  d if fe re n t, th e  ex p erim en ta l s e t-u p  is  th e  same fo r  th e  

w ork  d e sc rib e d  h e re .

T h e  PL an d  Raman a p p a ra tu s  is schem atically  i l lu s tra te d  in F ig u re  

2 .1 . T he op tica l ex c ita tio n  sy stem  co n s is ts  of a C o h eren t R ad iation  

A rg o n -io n  la se r  a n d  a H e-N e la s e r .  T h e  A rgon-ion  la s e r  w as capab le  of 

o p e ra tin g  a t  sev e ra l w a v e le n g th s . Among them , th e  tw o s tro n g e s t  

w ere  5145 A an d  4880 A.  T he He-Ne la se r  o p e ra ted  a t  a w av e len g th  of 

6328 A.  T he la s e r  beam co n ta in s  re la tiv e ly  w eak plasm a lin e s , in  a d d i­

tion  to  th e  se lec ted  w av e len g th . To elim inate th e se  plasm a lin e s , a

- 43 -
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n arro w  b a n d p a ss  in te r fe re n c e  f i l te r ,  w hich was com m ercially p ro d u ced  

fo r  a  g iven  w av e len g th , was p laced  in  th e  p a th  of th e  la s e r  beam. 

A fte r  p a ss in g  th ro u g h  a p inhole collim ator, th e  la s e r  beam w as focu sed  

o n to  th e  pho toanode b y  a  c y lin d rica l len s  w ith  a  focal le n g th  of 6 cm. 

A cy lin d rica l len s  was u se d  in s te d  of a  sp h e rica l len s  to  avo id  la s e r  

h e a tin g  e ffe c ts . T h e  pow er u sed  in th is  w ork will be  re p o r te d  along 

w ith  th e  d a ta  in  C h a p te r  III , T he  in s itu  PL an d  Ram an s p e c tra  w ere 

m easu red  by  m oun ting  th e  cell on to  a m ic ro -p o sitio n e r. T h is  h e lp ed  to  

com pare PL in te n s ity  w ith  ag in g  tim e fo r  a g iven  cell, w hile k eep in g  

th e  op tica l geom etry  c o n s ta n t.

T he s c a tte re d  l ig h t w as fo cu sed  on to  th e  e n tra n c e  s lit (s^ ) of th e  

d e tec tio n  system  b y  a  h ig h -q u a lity  cam era len s  (f num b er = 1 .8 ) .

T he d e tec tio n  sy stem  c o n s is ts  of a SPEX 14018 doub le  m onochrom ator 

w ith  ho lograph ic  g ra t in g s ,  an d  an  RCA 31034 th e rm o elec trica lly  cooled 

pho tom ultip lie r tu b e . T he  u se  of two h o lo g rap h ic  g ra tin g s  ru le d  a t  1800 

lin es  p e r  m illim eter p re c lu d ed  th e  o b e rsav a tio n  of a n y  g ra tin g  g h o s ts . 

T h e  sp eed  com pudrive co n tro ls  th e  sy n ch ro n o u s  ro ta tio n  of th e  two 

g ra t in g s , an d  p ro v id e s  an  a c c u ra te  a n d  re p e a ta b le  scan  of th e  s c a t­

te re d  rad ia tio n  sp ec tru m . T he RCA 31034 pho to m u ltip lie r, w hich  u t i ­

lizes  a GaAs p h o to ca th o d e , is  d e s ig n e d  specifica lly  fo r  u se  a t  re d u c e d  

te m p e ra tu re s . W ithin a  th e rm o elec trica lly  cooled h o u s in g , i ts  tem p era -
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tu r e  can  be  re d u c e d  to  -20° C , a t w hich th e  C31034 is h ig h ly  u se fu l in  

pho to n  co u n tin g  ap p lica tio n s , su c h  as  Raman an d  photo lum inescence 

sp ec tro sc o p y . T he  p h o to ca th o d e  h a s  a b ro ad  s p e c tra l re sp o n se  ra n g e  

th a t  e x te n d s  from  200 to  930 nan o m eters  [56]. T he p h o to n s  th a t  

em erge from  th e  e x it s lit (s^ ) of th e  sp ec tro m e te r a re  allowed to  fall 

upon  th e  p h o to ca th o d e . T h en  th e  anode c u r r e n t  p u lse s  w ere c o n v e r t­

ed  to  voltage p u lse s  and  w ere  fed  th ro u g h  a  d isc rim in a to r in to  a  pho ton  

co u n tin g  sy stem . T he analog  o u tp u t  of th e  p h o to n  co u n tin g  system  w as 

co n n ec ted  to  a c h a r t  re c o rd e r ,  w here  th e  time av e rag e d  p h o ton  coun t 

r a te  w as re c o rd e d .

A Ja n is  S u p e r V ari-T em p op tica l dew ar w as u se d  fo r  low te m p e ra ­

tu re  m easu rem en ts.

2 .1 .2  M odulated Photo lum inescence System .

T he  v a ria tio n  of th e  space c h a rg e  la y e r  th ic k n e ss  as fu n c tio n  of th e  

e lec tro d e  p o te n tia l w as p re v io u s ly  d e sc r ib e d  in C h ap te r  I an d  g iven  by  

eq u a tio n  (1 .4 0 ) . T he  e ffic ien cy  o f ' th e  c h a rg e  sep a ra tio n  p ro c e ss  

ch an g es  w ith  th e  space c h a rg e  la y e r  th ic k n e s s . A lthough  th e  PL p eak  

in te n s ity  alw ays c h an g e s , d e p en d in g  u p o n  th e  m ateria l u n d e r  s tu d y , th e  

PL peak  position  m igh t a lso  c h an g e . In  th is  ex p erim en t, th e  e lec tro d e  

p o ten tia l w as m odulated  a n d  th e  c o rre sp o n d in g  PL com ponent (w hich is
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in  p h a se  w ith  th e  m odulated  e lec tro d e  p o ten tia l)  w as m onitored  th ro u g h  

a  lo ck -in  am plifier.

T he m odulated  PL sy stem  is  i l lu s tra te d  in  F ig u re  2 .2  T he dc b ias  

v o ltag e  a n d  th e  ac m odulation (s in e  w ave w ith  f re q u e n c y  = 44 Hz an d  

peak  to  p eak  am plitude of 0 .2  V) w ere app lied  be tw een  th e  pho toanode 

a n d  th e  c o u n te r  e lec tro d e  b y  a s ig n a l g e n e ra to r  (HP 3314A) an d  a K ep- 

co b ip o la r pow er am plifier. T he dc pho toanode p o ten tia l w as m easu red  

w ith  r e s p e c t  to  a P t w ire in  th e  e le c tro ly te . T he ex c ita tio n  w av elen g th  

w as 5145 A. T he la s e r  in te n s i ty  w as con tro lled  w ith  n e u tra l  d e n s ity  

f i l te r s  an d  was m easu red  by  u s in g  an  op tica lrad io m eter ( In te rn a tio n a l 

L ig h t model # 550). T he s ig n a l o b ta in ed  from  th e  p h o to m u ltip lie r was 

fed  in to  a  lo ck -in  am plifier (PAR 186A) fo r  w hich th e  re fe re n c e  w as 

p ro v id e d  b y  th e  s ig n a l g e n e ra to r . T he o u tp u t w as d isp lay ed  on a c h a r t  

re c o rd e r .  1 M: NaOH, 10 %: KCN an d  1 M:1 M:1 M = S /S /N aO H  w ere 

u sed  a s  e le c tro ly te s .

2 . 1 . 3  Relaxation Spectrum A nalysis T echnique.

T h e  re lax a tio n  sp ec tru m  a n a ly s is  te ch n iq u e  d eveloped  b y  Tom kiewicz 

[57] is  w idely u se d  to  e v a lu a te  th e  eq u iv a len t c irc u it  e lem ents of a 

sem ico n d u c to r-e lec tro ly te  in te r fa c e . T he  fu n d am en ta l co n cep t of th is  

te ch n iq u e  is  to  m onitor th e  im pedance of th e  cell o v e r a b ro a d  ra n g e  of
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fre q u e n c ie s  (up  to  10 H z ) . We have  u tiliz ed  th is  te c h n iq u e  to  m easure  

th e  v a ria tio n  of th e  sp ace  c h a rg e  la y e r  cap ac itan ce , ( ^ s c ) w hile c h a n g ­

in g  th e  e lec tro d e  p o te n tia l, U. T h is  m easurem ent lead s  to  th e  M ott- 

S ch o ttk y  re la tio n , g iven  b y  eq u a tio n  (1 .4 1 ) , from  w hich  th e  dop ing  

d e n s ity  of th e  p h o toanodes can  be d e te rm in ed . In  th is  th e s is ,  we will 

n o t d iscu ss  th e  th e  fu ll th e o ry  an d  ap p lica tio n s  of th e  re lax a tio n  sp e c ­

tru m  an a ly s is  te c h n iq u e . We will on ly  d is c u s s  th e  p ro c e d u re  u sed  to 

ca lcu la te  dop ing  d e n s ity  of th e  p h o to an o d es .

2 .2  Sample Preparation and the PEC Cell.

2 . 2 . 1  Polycrystalline CdSe Photoanodes.

T he e lec tro d e p o s ite d  CdSe p h o toanodes w ere  p re p a re d  acco rd in g  to 

th e  p ro c e d u re  g iv en  by  Tom kiewicz e t al [38]. T he  T i s u b s tr a te s  w ere 

p re p a re d  fo r  e lec tro d ep o sitio n  in th e  following m an n er. T he  p la te s  w ere 

w ashed  an d  d e g re a se d  b y  u s in g  T rich lo ro e th y len e  a n d  ace to n e . T h en  

th e  p la te s  w ere e tc h e d  in  50% aqu eo u s h y d ro flu o ric  ac id  an d  w ashed  

ag a in  w ith  d ilu te  HC1 an d  w a te r . T he p la te s  w ere  th e n  lap p ed  d iag o ­

na lly  w ith 240 g r i t  w a te rp ro o f p a p e r ,  r in s e d  in  d ilu te  HC1 an d  w ashed  

w ith  deion ized  w a te r . T he  d r y  p la te s  w ere  th e n  u se d  fo r  e le c tro d e p o s i­

tion  w hich was c a r r ie d  o u t g a lv an o sta tica lly  u s in g  c o n s ta n t c u r r e n t
2

so u rce  (K eith ley  Model 227). T he  c u r r e n t  d e n s ity  of 6 mA p e r  cm
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a n d  a cy lin d rica l c a rb o n  anode was u sed  w ith th e  e lec tro ly te , w hich

con ta in ed  0 .03 M SeC^, 0 .1  M CdSO^ and  0 .5  M H^SO^. A fte r 30 min

of e lec tro d ep o sitio n , th e  e lec tro d e s  w ere rem oved and  r in se d  w ith

deion ized  w a te r . T h en  th e  e lec tro d e s  w ere  anodized  a t  5 V, c o n s ta n t

v o ltage  in  0 .5  M H^SO^, u n til  th e  c u r r e n t  w as re d u c e d  below 1 yA.

T he e lec tro d es  w ere th e n  th o ro u g h ly  w ashed  in flow ing deionized  w a ter

a n d  allowed to  d ry , u n d e r  room te m p e ra tu re . T h e  e lec tro d es  w ere

f i r s t  annea led  a t 720°C in  an  a rg o n  a tm osphere  fo r 45 min an d  th e n  5

min a t  500°C in a ir .  T he e lec tro d es  w ere e tch ed  in  HCl:HNO ■ H „0
o 2*

= 3:1 :12 , d ip p ed  in 10o KCN and  w ashed  in flow ing deionized  w a te r .

2 . 2 . 2  Single C rystal CdSe Photoanodes.

S u lfu r free , CdSe sing le  c ry s ta ls  w ith r e s is t iv i ty  of 0 .1  ohm-cm 

an d  10 ohm-cm w ere p u rc h a se d  from C leveland C ry s ta ls . T h ese  c r y s ­

ta ls  w ere c u t to  exp o se  th e  su rfa ce  p e rp e n d ic u la r  to  th e  c -a x is . The 

c ry s ta ls  w ere th e n  m echanically  po lished  to  0 .05  ym an d  e tch e d  w ith  

HCliHNOgtH^O = 3 :1 :1 2 . T he ohmic co n tac t was made on th e  b ack  s u r ­

face w ith an In -G a alloy, an d  ch eck ed  by  u s in g  a c u rv e  t r a c e r .  All 

th e  a re a s , ex cep t fo r th e  f ro n t su rfa ce  of th e  e lec tro d e , w ere coated  

w ith  M icrostop, an  e lec trica lly  in su la tin g  com pound p ro v id e d  by  Pyram id 

p la s tic s , Inc .
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2 .2 .3  PEC Cell.

F ig u re  2 .5  i l lu s tra te s  th e  PEC cell co n fig u ra tio n . T h e  pho toanode to  

be  s tu d ie d  w as m ounted in  a  sea led  P lex ig las  cell, filled  w ith  Ng - 

p u rg e d  po ly su lfid e  e le c tro ly te . T he e lec tro ly te  c o n sis te d  of Na_S :S :
A

NaOH = 1 M : 1 M : 1 M. S u ffic ien t space  was g iven  to  allow th e

e lec tro ly te  to  c ircu la te  be tw een  th e  e lec tro d e  su rfa ce  a n d  th e  in side  

f ro n t  wall of th e  cell. Ni o r  P t w as u sed  a s  a  c o u n te re le c tro d e . A P t 

w ire w as u se d  as a re fe re n c e  e lec tro d e  fo r  th e  po ly su lfid e  e le c tro ly te . 

P r io r  to  each  ex p erim en t, th e  photoanode w as s tab ilized  b y  ta k in g  r e p ­

e titiv e  cyclic  voltam m ogram s. C hopped lig h t- in d u c e d  c u r re n t-p o te n tia l  

c h a ra c te r is t ic s  w ere m easu red  u s in g  an  IBM EC/225 vo ltam etric  a n a ly z e r  

w ith  an  x -y  re c o rd e r .  A S y lvan ia  T u n g s te n  H alogen ELH lamp o p e ra t ­

in g  a t 105 V was u sed  as  a lig h t so u rce . T he  lig h t so u rce  fo r  th e  

a g in g  s e t-u p  co n sis ted  of a 750 W tu n g s te n -h a lo g e n  lam p, co n tro lled  

w ith  a v a r ia c . T he  lig h t in te n s ity  was m easu red  b y  th e  op tica l rad iom ­

e te r  (IL  550).
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Chapter III 

RESULTS AND DISCUSSION

In  th is  c h a p te r , we p re s e n t  o u r  re s u l ts  an d  d iscu ss io n  on th e  

k in e tic s  of e lem en ta ry  p ro c e sse s  a t th e  sem ico n d u c to r/ e le c tro ly te  in te r ­

face . T h re e  m ajor a re a s  w ere s tu d ie d  in  re la tio n  to  sem iconducto r 

/e le c tro ly te  in te rfa c e . T h e y  w ere , (I)  space  c h a rg e  la y e r  e ffe c ts  (II) 

ag in g  of th e  pho toanodes d u e  to  slow chem ical ch an g es  on e lec tro d e  

su rfa c e s  (III)  th e  e ffec t of p h o to e tch in g  an d  th e  im p u rity  c e n te rs  in  th e  

p h o to an o d es . A lthough  PEC so la r ce lls , w ith  n - ty p e  CdSe pho toanodes 

w ere in v e s tig a te d  in th is  w ork , m any te ch n iq u es  u sed  h e re  can  be 

app lied  to  o th e r  sem ico n d u c to r/e lec tro ly te  sy stem .

3 .1  Study of the space charge layer e ffec ts  b y  u sin g  modulated photo- 

lum inescence spectroscop y .

3 . 1 .1  Introduction

- 53 -
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We have d isc u sse d  th e  g e n e ra l c h a ra c te r is t ic s  of th e  sem ico n d u c to r/ 

e le c tro ly te  in te rfa c e  in C h a p te r  I . In  th is  d iscu ss io n  we em phasized  th e  

im portance  of th e  space  c h a rg e  la y e r  e ffe c t on th e  p h o to g e n e ra te d  

e lec tro n -h o le  p a ir s .  T he  e lec tr ic  fie ld  a t  th e  space  c h a rg e  la y e r  d r iv e s  

th e  m in o rity  c a r r ie r s  to  th e  sem ico n d u c to r/e lec tro ly te  in te r fa c e . T he 

t r a n s p o r t  a n d  k in e tic s  of p h o to g e n e ra te d  m inority  c a r r ie r s  in a sem icon­

d u c to r  w ere  t re a te d  by  se v e ra l m athem atical m odels [4 3 ,6 0 -6 4 ]. In  

th e se  m odels th e  p redom inan t recom bination  m echanism s a re  th e  b u lk  

recom bination  a t  th e  fie ld  fre e  re g io n  a n d  th e  su rfa c e  recom bination  in  

th e  in te r fa c e . T h e re  a re  models [65-68] w hich also  in c lu d e  th e  recom ­

b in a tio n  m echanism s a t th e  space  c h a rg e  la y e r . T h ese  recom bination  

m echanism s d ep en d  on th e  p a r tic u la r  sem ico n d u c to r/e lec tro ly te  system . 

E x perim en ta l v e rific a tio n  of th e se  m odels is e s se n tia l fo r  f u r th e r  d e v e l­

opm ent of th e se  sy stem s.

T h u s , th e  techno logy  developm ent of sem ico n d u c to r/e le c tro ly te  s y s ­

tem s [71] dem and new  n o n d e s tru c tiv e  te ch n iq u es  to  in v e s tig a te  th e  

fu n d am en ta l p ro p e r tie s  of th e  sem ico n d u c to r/ e lec tro ly te  in te rfa c e . 

R ecen tly , se v e ra l te ch n iq u es  [70] w ere in tro d u ce d  to  s tu d y  th e  p ro p ­

e r t ie s  of th e  sem ico n d u c to r/e le c tro ly te  in te rfa c e . T h ese  w ere  (a) 

s tre ss -m o d u la te d  [71], (b ) photom odulated  [72], (c) p o ten tia l-m o d u la ted  

[72] a n d  e lec tro lum inescence  sp ec tro sc o p ie s . T h e se  te c h n iq u e s  w ere  

u se d  to  s tu d y  th e  su rfa c e  recom bination  e ffe c ts  a n d  th e  com patib ility  of
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sem ico n d u c to r/red o x  couple sy s te m s [7 3 ,7 4 ], S ilb e rs te in  e t  a l. u tlized  

low -field  e lec tro ly te  e le c tro re f lec ta n ce  [75,76] (EER) to op tica lly  c h a ra c ­

te r iz e  th e  C d S e /p o ly su lfid e  sy stem . T h ey  have  m easu red  th e  EER 

s p e c tra  of p o ly c ry s ta llin e  n -C d S e  in  th e  v ic in ity  of th e  E^ (A ,B ) t r a n ­

s itio n s  (d ire c t gap a t  k  = 0 ). From th e se  m easurem ents, th e y  w ere 

ab le  to de term ine  th e  e lec trica l im pedance of th e  in te rfa c e . By s tu d y ­

ing  th e  EER sp ec tru m  as  a  fu n c tio n  of dc b ias v o ltag e , th e y  in fe r re d  

th e  e x is ten c e  of su rfa ce  s ta te s  w hich c o n tr ib u te  to  Ferm i level p in n in g  

a t th e  in te r fa c e . T h ey  also  s tu d ie d  th e  p o ten tia l d is tr ib u tio n  a t  th e  

p o ly c ry s ta llin e  C d S e /p o ly su lfid e  sy stem , b y  u s in g  th e  re lax a tio n  sp e c ­

tru m  an a ly s is  an d  EER te ch n iq u es  [7 7 ,7 8 ]. T he  EER s p e c tra l  line 

sh ap e  is found  to v a ry  w ith  th e  e lec tro d e  p o ten tia l. T he  ch an g e  in  

sign  of th e  EER sig n a ls  w as o b se rv ed  w hen th e  e lec tro d e  p o te n tia l w as 

re d u c e d  below f la t-b a n d  p o te n tia l. T he  p o ten tia l a t  w hich th is  ch an g e  

o ccu rs  w as fo u n d  to  c o rre la te  w ell w ith  th e  tu r n  on p o ten tia l fo r  l ig h t- 

in d u ced  p h o to c u rre n t an d  w ith  th e  in te rc e p t  of th e  M o tt-S ch o ttk y  p lo t.

We u tilized  th e  m odulated  PL te ch n iq u e  to s tu d y  th e  su rfa c e  recom ­

b in a tio n  a n d  fin d  to w hat e x te n t  th e  space  c h a rg e  la y e r  a c ts  as  a "dead  

la y e r"  fo r  th e  recom bination  of p h o to g e n e ra te d  e lec tro n -h o le  p a ir s .  If 

th e  e lec tr ic  fie ld  in  th e  space  c h a rg e  reg io n  e ffec tiv e ly  s e p a ra te s  th e  

p h o to ex c ited  e lec tro n s  an d  h o les, th e n  th is  sep a ra tio n  will lead  to  th e  

re d u c tio n  in  PL in te n s ity  w ith in  th e  d ep le tion  re g io n . P rev io u s  s tu d ie s
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[1 ,79] h av e  show n th a t  PL e ffic ien cy  v a rie s  w ith  th e  ex c ita tio n  w avel­

e n g th , due  to  q u e n ch in g  of th e  PL b y  th e  e lec tr ic  fie ld  in  th e  space  

c h a rg e  re g io n . T h ese  s tu d ie s  h av e  in d ica ted  th a t  th e  c h a rg e  sep a ra tio n  

e ffic ien cy  a t  th e  in te rfa c e  c ritic a lly  d ep en d s  on th e  e le c tr ic  fie ld  in  th e  

d ep le tio n  re g io n  an d  th e  p e n e tra tio n  d e p th  of th e  ex c ita tio n  lig h t. 

S ince th e  e lec tr ic  field  of th e  sem ico n d u c to r-e lec tro ly te  sy stem  is  local­

ized  a t  th e  in te rfa c e , m odulated  PL tech n iq u e  is an  e ffec tiv e  tool to 

in v e s tig a te  an d  to  c h a ra c te r iz e  th e  sem ico n d u c to r-e lec tro ly te  in te rfa c e  

[8 0 ,8 1 ].

We would like  to  m ention h e re  th a t  th e  m odulated  PL te c h n iq u e  w as 

d e s ig n e d  w ith  th e  he lp  of D r .R .P .S i lb e r s te in  a t Grumman A erospace  

C o rp e ra tio n , N .Y .

3 .1 .2  R esu lts

T he  p h o toanodes an d  th e  cells w ere p re p a re d  as  d e sc r ib e d  in  C h ap ­

te r  II . T he p erfo rm an ce  c h a ra c te r is t ic s  of th e se  e lec tro d es  in  p o ly su l­

fide e lec tro ly te  a re  p re s e n te d  in F ig u re  3 .1 . T hese  cho p p ed  lig h t

in d u ced  c u r r e n t  p o ten tia l c h a ra te r is t ic s  w ere m easu red  w ith  a W/X lig h t
-2

so u rc e  a t  100 mW cm . T he following photovolta ic  c h a ra c te r is t ic s  w ere

o b ta in ed  fo r th e  s in g le  c ry s ta l  CdSe (w ith  nom inal re s is t iv i ty  0 .1  ohm
2

cm) - p o ly su lfid e  system  (F ig u re  3 .1 a ) :  Ig c = 16.3 mA/cm , c =



0 .77  V, F .F . = 0 .5 , w ith  an  e ffic ien cy  of 6.2%. F ig u re  3 .1 b  shows th e  

ty p ic a l p erfo rm ance  c h a ra c te r is t ic s  fo r  th e  p o ly c ry s ta llin e  C dSe- 

po ly su lfid e  system  w ith  an  e ffic ien cy  of 5.8%. In  o u r  la b o ra to ry , we 

h av e  fa b r ic a te d  th e se  poly  c ry s ta llin e  d ev ices  w ith  e ffic ien c ie s  in  th e  

ra n g e  of 5% to  6%. F ig u re  3 .2  (a) a n d  (b ) show s th e  PL sp e c tra  

(unm odu lated ) of sing le  c ry s ta l  an d  p o ly c ry s ta llin e  CdSe u n d e r  in  s itu  

co n d itio n s , a t room te m p e ra tu re . T he  s p e c tra  of sing le  c ry s ta l  an d  

p o lly c ry s ta llin e  CdSe ta k en  a t o r  below 4.2K  co n sis t of d o n o r-a c c e p to r 

p a irs  b o u n d  e x c ito n s , a n d  fre e  ex c ito n s  [1 ] . F ig u re  3 .3  show s th e  

m odulated  PL sp ec tru m  fo r  a s in g le  c ry s ta l  in  p o ly su lfid e  so lu tion  a t  

e lec tro d e  p o te n tia l close to  f la t-b a n d  p o ten tia l. T h e  ex c ita tio n  w avel­

e n g th  was 5145 A.  T he m odulated  PL sp ec tru m  is sim ilar to th e  unm o­

d u la te d  PL sp ec tru m  (show n in F ig u re  3 .2 ) .  T he  v a ria tio n  of th e  m od­

u la te d  PL p eak  in te n s ity  w ith  th e  e lec tro d e  p o ten tia l is show n in  F ig u re  

3 .4 . B oth  th e  s ing le  c ry s ta l  ( a ) ,  an d  th e  poly  c ry s ta ll in e  (b ) sample 

show  th e  same b e h av io r . T he  m odulated  PL in te n s ity  declin es  sh a rp ly  

as  we move from  f la t-b a n d  to d ep le tio n . H ow ever, n e a r  zero  b ia s , a 

s h a rp  in c re a se  is o b se rv e d . T he  s p e c tra l d is tr ib u tio n  does n o t ch ange  

w ith  th e  e lec tro d e  p o ten tia l. T he  v a ria tio n  of th e  m odulated  PL peak  

in te n s ity  w ith  th e  la s e r  p o w er, a t  th e  e lec tro d e  p o te n tia l, close to  th e  

f la t-b a n d  p o te n tia l is  show n in  F ig u re  3 .5 . In  th is  p o te n tia l ra n g e , th e  

PL p eak  in te n s ity  is p ro p o rtio n a l to  th e  la s e r  in te n s ity . F ig u re  3 .6



58

show s th e  v a ria tio n  of th e  PL p eak  in te n s ity  w ith  la s e r  pow er, a t zero  

b ias  co n d itio n . T he sa lien t fe a tu re  in  th is  p o te n tia l reg io n  is  th a t  th e  

PL p eak  in te n s ity  is p ro p o rtio n a l to  th e  s q u a re  of th e  la s e r  pow er. 

F ig u re  3 .8  show s th e  M o tt-S ch o ttk y  p lo t of th e  same c ry s ta l  in  th e  same 

so lu tio n . T he m easurem ent was tak en  b y  u s in g  th e  te ch n iq u e  of re la x ­

a tio n  sp ec tru m  a n a ly s is , w hich w as d e sc r ib e d  in  C h a p te r  II .

T he  time d e p e n d e n t PL fo r  d if fe re n t ex c ita tio n  in te n s ity , u n d e r  th e  

s h o r t  c irc u it  cond ition , is  show n F ig u re  3 .9 . T he  d a ta  w ere  ta k e n  fo r 

s ing le  c ry s ta l  CdSe in  po ly su lfid e  so lu tio n . T h e  d o tte d  v e r tic a l line 

show s th e  dem arcation  betw een  th e  open  c irc u it  a n d  s h o r t  c irc u it PL. 

I t  can  b e  seen  th a t  th e  open  c irc u it  PL p eak  in te n s i ty  is  c o n s ta n t w ith  

tim e. When th e  system  is s h o r t  c irc u ite d , PL p eak  in te n s ity  b eg in s  to  

in c re a se . T h is  in c re a se  is ra p id  fo r h ig h e r  ex c ita tio n  in te n s ity . To 

u n d e rs ta n d  m ore a b o u t th e  s h o r t  c irc u it  PL enh an cem en t, we ch an g ed  

th e  e le c tro ly te  from  po ly su lfid e  to  IMrNaOH. CdSe/N aO H  is an  u n s ta b le  

sy stem , a s  com pared w ith  C d S e /p o ly su lfid e  sy stem . T he v a ria tio n  of 

th e  m odulated  PL in te n s ity  w ith  e lec tro d e  p o te n tia l fo r  CdSe /  NaOH 

system  is  show n in  F ig u re  3 .1 0 . T h e  m odulated  PL p eak  in te n s ity  r a p ­

id ly  d ro p s , as  we move from  f la t-b a n d  to  d ep le tio n . No su ch  e n h a n c e ­

m ent in  PL in te n s ity  can  be seen  a ro u n d  th e  ze ro  b ias  cond ition .
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Figure 3 .2 (a )  PL sp ectra  of sing le  cry sta l CdSe in S ~ / 

S/NaOH at room tem perature. Excitation w avelen gth  5145 A.
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Figure 3 . 2 ( b )  PL sp ectra  of po lycrysta llin e CdSe in S /  

S/NaOH at room tem perature. Excitation w avelen gth  5145 A.
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F ig u re  3 .3  M odulated  PL s p e c tra  of s in g le  c ry s ta l  CdSe in 

S /S /N aO H  a t  room te m p e ra tu re , fo r  dc  fo rw a rd  b ias  0 .7  V. 

E x c ita tio n  w av e len g th  5145 A.
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Figure 3.4 (a) Variation of modulated PL peak intensity with 

electrode potential for single crystal CdSe in S=/  S/NaOH.
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Figure 3.4 (b) Variation of modulated PL peak intensity with 

electrode potential for polycrystalline CdSe in S=/  S/NaOH.



M
od

ul
at

ed
 

RL
. 

in
te

ns
ity

 
(a

.u
.)

65

0.1 0.2 0 .3 0 .4
Laser power (mw)

Figure 3.5 Variation of modulated PL peak intensity with la t­

e r  power for dc forward biat voltage 0.7 V.
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Figure 3.7 Variation of modulated PL peak in tensity  with 

modulated voltage fo r dc forward bias voltage of 0 .3  V.



—
5 

(F
ar

ad
s’

2 
x 

10
’l

4)

0.8o

= 0 .4

0.2
0 .4 5  0 .5 5  0 .6 5  0 .75

(Uopp-Uf.b.)^ (volt)ife

Bias voltage (volt)
Figure 3.8 Mott-Schottky plot of the single crystal CdSe in 

S“/S/NaOH effective area of the crystal 0.32 cm*.



PL
 

B
M

K
 

IN
T

gl
M

B
IT

Y
 

1
A

.U
.1 0.3  mW

o.ae mw

0.14 mW

0.1 mw

S 5
T I M E  -  S e c

Figure 3.9 Time dependent PL of single crystal CdSe in 

S /S/NaOH for different laser excitation intensities.

G»
CO



60

55

50

45

40

35

30

25

20

15

10

5

0

70

\  Modulated RL. for
\ Single Crystal CdSe
° Electrolyte, IM NaOH

5145 &
Peak to Peak 0 .2V  
Frequency 4 4  Hz 
Sine wave modulation

± ±
-0 .8  -0 .6  -0 .4  -0.2 0  0 .2  0 .4

Potential (V vs Pt)
:igure 3.10 Variation of modulated PL peak intensity with 

lectrode potential for single crystal CdSe in NaOH.



71

3 .1 .3  Discussion

T he p o ten tia l d ep en d en ce  o f th e  m odulated  PL in te n s ity  n e a r  th e  

f la t-b a n d  re g io n  (F ig u re  3 .4 )  can  be an a ly zed  b y  u s in g  th e  "dead  la y e r  

m odel" [8 2 ,8 3 ]. T he "dead  la y e r  model"* p re d ic ts  com plete d issocia tion  

of th e  p h o to g e n e ra te d  e x c ito n s  in  th e  space  c h a rg e  reg io n . T he  sch e ­

m atic d raw in g  of th e  "dead  la y e r  model" is  show n in  F ig u re  3 .11 . T h e  

in c id e n t ex c ita tio n  lig h t In te n s ity  a t a d is ta n ce  x  from  th e  su rfa ce  is 

g iv en  b y ,

Jx  = X)

w h ere  Iq is th e  in c id en t l ig h t in te n s ity  a n d  8 is  th e  c o rre sp o n d in g  

a b so rp tio n  co ffic ien t. A ssum ing th a t  th e  PL is  com pletely q u en ch ed  in  

th e  sp ace  c h a rg e  re g io n , th e  in te n s ity  of PL, (Ip)*  b® g iven  by :

I = J  AIq e x p (-f i x )d x  (3 .2 )
P  4  °

= (AIo/P ) e x p (-8  d) 

ta k in g , i  = Ip (d  = 0) / I q (3 .3 )

Ip = *I0  e x p ("p d ) (3 -4 )
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Figure 3.11 Schematics of the  "dead layer model" ( re f .83).



w here  d  is th e  th ic k n e ss  of th e  sp ace  c h a rg e  la y e r  (g iv en  b y  eq u atio n  

1 .4 0 ), an d  $ is th e  q uan tum  effic ien cy  a t  th e  f la t b an d  p o te n tia l (d  = 

0):

d = [(2ceo/eN D ) (U - Ufb  - k T / e ) ] l/2  (1 .40)

T h e  change in th e  PL due to  a  small ch an g e  in th e  e lec tro d e  p o ten tia l 

can  b e  d e riv e d  b y  com bining eq u a tio n  3 .4  a n d  1 .40 , w hich is g iven  b y :

Alp = -1 /2  MI0 ( 2 « 0 / e N d ) ‘/ !  e x p C S  d> (3 5)

F ig u re  3 .5  show s th e  lin e a r re la tio n  betw een  AI^ an d  Io> A ccord ing  to

eq u atio n  (3 .5 ) ,  fo r a  g iven  e lec tro d e  p o ten tia l, AI^ is lin e a r  w ith  AU.

F ig u re  3 .7  show s th e  o b se rv ed  lin e a r  re la tio n  betw een  AI an d  AU fo r  a
P

p o te n tia l of -0 .3  V. E quation  (3 .5 ) can be w ritte n  in  th e  following 

w ay,

ln[AI (U - U „  - k T / e ) 1 /2 ] = In  [1 /2  P*I (2ee / e N . / ^ A U ]p i d  o o a

- P[2ee /eN n (U -U ., - k T / e ) 1/2] (3 .6 )o u  Id
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T he in s e r t  in  F ig u re  3 .8  shows th e  p lo t of th e  le f t  h an d  s id e  of e q u a -
1 / 2

tion  (3 .6 ) ,  a s  fu n c tio n  of k T /e )  fo r  th e  d a ta  in  th e  f o r ­

w ard  b ias  m ode. O ver th is  lim ited ra n g e , a lin e a r  re la tio n  is  seen . 

T ak in g  B a t  X = 5145 A as  1.04x10** cm * [31], a n d  e = 10 .6 . T h e  d o p ­

ing  lev e l can  be ev a lu a ted  from  th e  in te rc e p t a n d  fo u n d  to  be  7 .2  x 

17 -310 cm T he  dop ing  level found  from  th e  im pedance m easurem ents

17 -3(F ig u re  3 .8 )  is 3 .6  x  10 cm . C o n sid e rin g  th e  p o ssib le  so u rce  of 

e r r o r s  in  b o th  m ethods, th e  ag reem en t is s a tis fa c to ry  p ro o f th a t  th e  

space  c h a rg e  la y e r  a c ts  as "dead  la y e r"  fo r PL of th e  sam ples. T h is  

hold t ru e  a t  p o ten tia ls  close to  a n d  p o sitiv e  w ith  r e s p e c t  to  th e  f la t-  

b an d  p o te n tia ls  [84].

T h e  in c re a se  in  PL in te n s ity  n e a r  zero  b ias  does n o t follow th e  

"d ead  la y e r  m odel". In  th e  ab sen ce  of p o ly su lfid e , th e  PL u n d e r  

s h o r t- c ir c u i t  condition  is com pletly q u e n ch e d  as com pared w ith  th e  f la t-  

b an d  co n d itio n . T h is  w as d e m o n stra ted  in  F ig u re  3 .1 0 . As we m en­

tioned  e a r l ie r ,  CdSe/N aO H  is an  u n s ta b le  system , a n d  in F ig u re  3 ,10  a 

sh a rp  d e c rea se  in  th e  m odulated  PL in te n s ity  can  be o b se rv e d  a s  we 

move from f la t-b a n d  to dep le tion  p o te n tia l. F u rth e rm o re , F ig u re s  3 .6  

a n d  3 .9  show th a t  th e  s h o r t- c ir c u i t  m odulated  PL is m ore s e n s itiv e  to  

th e  la s e r  e x c ita tio n  in te n s i ty ,  th a n  th e  m odulated  PL in th e  re g io n  of 

f la t-b a n d  p o te n tia l. We do n o t u n d e rs ta n d  th e  e x ac t n a tu re  of th e  

enhancem en t of th e  PL u n d e r  s h o r t- c ir c u i t  co n d itio n s .
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3 .2  S tu d y  of a g in g  du e  to  chem ical c h an g e s  on th e  e lec tro d e  su rfa c e s  

b y  u s in g  pho to lum inescence  a n d  Raman sp e c tro sc o p y .

3 .2 .1  In tro d u c tio n

II-V I m a te ria ls , an d  espec ia lly  th e  Cadmium cha lco g en id es , a re  

am ong th e  m ost s tu d ie d  p h o to e lec tro d es  fo r pho toelectrochem ical so la r 

cells  [85]. T h e  e lec tro d e p o s ite d  C dSe in  p o lysu lfide  so lu tion  is  know n 

as  a s tab le  an d  e ffic ien t sy stem  fo r c o n v e r tin g  so la r pow er to  e le c tr ic ity  

[86]. In  o rd e r  to  o p e ra te  th e se  d ev ices  o v e r a  p ro lo n g ed  p e rio d  of 

tim e as liq u id  ju n c tio n  so la r ce lls , it  is n e c e s sa ry  to  s tu d y  in  d e ta il how 

long  te rm  a g in g  p ro c e sse s  a ffe c t th e  e lec tro d e  su rfa c e . T he  room 

te m p e ra tu re  PL of CdSe an d  CdS in a photoelectrochem ical cell h as  been  

c a r r ie d  o u t b y  Ellis e t al [8 7 ,8 8 ], S ev era l s tu d ie s  [49 ,55 ,89-91] have  

show n th a t  as  th e  CdSe e lec tro d e  is ag ed  u n d e r  illum ination in  a p o ly - 

su lfid e  e le c tro ly te , an  ex ch an g e  reac tio n  o ccu rs  in  w hich selen ium  is 

re p la ce d  b y  s u lfu r  a t th e  su rfa ce  of th e  e lec tro d e . T h ese  e x h an g e  

re c a tio n s  w ere r e p re s e n te d  as  [5 5 ,89 ]:

CdSe + 2h  > C d ++ + Se (3 .7 )

C d ++ + S '2  > CdS (3 .8 )



A ccord ing  to  th e  a u th o rs  [5 5 ,8 9 ], th e  CdS la y e r  th a t  form s on th e  s u r ­

face of th e  pho toanode  lead s  to  d e te r io ra tio n  of th e  cell p e rfo rm an c e . 

A ccord ing  to  th e ir  a n a ly s is , th e  CdS la y e r  th a t  form s does no t e s ta b lish  

a sem iconducto r h e te ro ju n c tio n . I t  a c ts  a s  a chem ically p ro te c tiv e  la y e r  

an d  b locks th e  c h a rg e  t r a n s f e r  p ro c e sse s  a t  th e  in te rfa c e . H odes e t  al 

[49] s tu d ie d  th e  s ta b ility  of CdS an d  CdSe pho toanodes in  po ly su lfid e  

so lu tio n . T h ese  s tu d ie s  re v e a le d  th a t  th e  e lec tro d e  s ta b ility  d ep en d s  on 

th e  form  of th e  e le c tro d e , th e  p h o to c u rre n t d e n s ity , th e  c ry s ta llo g ra p h -  

ic o rie n ta tio n , an d  th e  so lu tion  com position. T h ey  have  found  th a t  th e  

s tab ility  d e c re a se s  in  th e  following o rd e r :  P h o to e tch ed  p o ly c ry s ta llin e  > 

p o ly c ry s ta llin e  film > s in te re d  p e lle t > s in g le  c ry s ta l .  T h ese  s tu d ie s

a lso  show th a t  th e  pho toanode s ta b ility  d e p en d s  on e lec tro ly te  com posi-
-2

tio n . T he  maximum s tab liz in g  e ffec t is fo u n d  w h e n [S ] /[S  ] = 1 .8 . 

F inally , th e se  s tu d ie s  re v e a l th a t  th e  d eac tiv a tio n  of th e  pho toanode was 

due  to  a re d u c tio n  of c ry s ta ll in ity , a p h y s ica l ch an g e , a t th e  sem icon­

d u c to r  su rfa ce  r a th e r  th a n  a chem ical c h an g e . H eller e t  al [54] in v e s t i­

g a ted  th e  s ta b ility  of th e  pho toanode w ith  d if fe re n t c ry s ta llo g rap h ic  o r i ­

e n ta tio n s . T h ey  have  in v e s tig a te d  s ing le  c ry s ta l  CdSe w ith  [0001] ,

[0001] an d  [ ll2 0 ]  faces in  po ly su lfid e  so lu tio n . T he  [0001] a n d  [0001] 

p lan es  co n s is t of e i th e r  Cd o r  Se atom s. T h e  [ ll2 0 ]  p lan es  co n ta in  

eq u a l n um bers of Cd an d  Se atom s. T h e se  s tu d ie s  re v e a l th a t  th e  

[ ll2 0 ]  face e lec tro d e  w as m uch more s tab le  in  po ly su lfid e  so lu tio n , as
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com pared  to  o th e r  e lec tro d e  s u r fa c e s . T h ey  also  fo u n d  th a t  b y  s t i r r in g  

th e  e le c tro ly te , th e  s ta b ility  of th e  pho toanode w as e x te n d e d . T h ese  

a u th o rs  o b se rv ed  th a t b y  a d d in g  elem ental selenium  to  th e  po ly su lfid e  

so lu tion  (1M:1M:1M), th e  se le n iu m /su lfu r  ex ch an g e  re a c tio n  w as 

s u p re s s e d . T he ex ac t n a tu re  of th is  re a c to n  su p re ss io n  is  n o t y e t 

c le a r . M anassen e t al [92] d em o n stra ted  th a t  th e  v a ria tio n  of a lkali 

ca tio n  in  aqueous poly  su lfid e  so lu tion  h as  a  d ram atic  e ffe c t on th e  s t a ­

b ility  a n d  th e  pho tovolta ic  c h a ra c te r is t ic s  of th e  C d -ch a lco g en id e  PEC 

cell. B oth th e  s tab ility  a n d  th e  pho tovo lta ic  c h a ra c te r is t ic s  in c re a se  

w ith  th e  a lkali cation  size in  th e  o rd e r  of Li > Na > K > C s.

In  th is  sec tion  we r e p o r t  s tu d ie s  of chem ical ch an g es  th a t  ta k e  

p lace on C d S e /p o ly su lfid e  liq u id  ju n c tio n  so la r ce lls , a s  a  fu n c tio n  of 

a g in g  p ro c e d u re s . T he ag in g  co n d itio n s  w ere  (1) fo cu sed  lig h t u n d e r  

open  c irc u it co n d itio n s . (2) fo cu sed  l ig h t u n d e r  s h o r t  c irc u it c o n d i­

t io n s , an d  (3) to ta l d a rk n e s s . We h av e  u tliz ed  PL an d  Raman s p e c tro s ­

copy u n d e r  in s itu  cond itions to  s tu d y  th e se  chem ical ch an g es  on th e  

p h o to an o d es . F or th e  f i r s t  tim e we o b se rv e d  th a t  cells do age u n d e r  

o p e n -c irc u it  cond itions an d  th e  ag in g  p ro c e ss  is sim ilar to  th a t  of cells 

w hich a re  ag ed  u n d e r  s h o r t- c ir c u i t  co n d itio n s . C ells k e p t u n d e r  to ta l 

d a rk n e s s  do no t age in th e  time scale  re p o r te d  h e re .
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3 .2 .2  Results

The n - ty p e  polycrystalline CdSe electrodes and  the  PEC cells were

p re p a re d  a s  d e sc r ib e d  in  C h a p te r  II . F ig u res  3 .1 2 (a ) an d  (b ) show

th e  v a ria tio n  of e ffic ien cy  w ith  ag in g  time fo r  th e  two lig h t in d u ced

ag ed  ce lls . C u rv e  (a ) w as ta k e n  fo r th e  cell ag ed  u n d e r  open  c irc u it

cond itions (cell O P ), an d  c u rv e  (b ) w as ta k en  fo r th e  cell ag ed  u n d e r

s h o r t  c irc u it  con d itio n s  (cell S H ). T he  d e c rea se  of s tab ility  w ith

a g in g  time fo r th e  cell OP is sim ilar to  th a t  of cell SH. F ig u re  3.13

show s in  s i tu  PL sp e c tra  of e lec tro d e p o s ite d  CdSe in  po ly su lfid e  so lu -
2

tio n , as  a  fu n c tio n  of ag in g  w ith  1 .6  W/cm illum ination, u n d e r  s h o r t  

c irc u it  con d itio n s  a t  room te m p e ra tu re . S p ec tru m  (a) w as ta k en  b e fo re  

ag in g . In  th is  sp ec tru m , th e  only  d e te c te d  PL, w ith p eak  ap p ro x im a te ­

ly  a t  1.74 eV , is  due  to  C d S e [ l] ,  S pec trum  (b ) was ta k en  a f te r  76.3 h  

of ag in g . In  ad d itio n  to  C dSe, th e re  is  a b ro a d  PL in  th e  sp e c tra l 

ra n g e  of 1 .7  eV (C dSe) u p  to  2 .4  eV (C d S ). T h is  p eak  is  due  to  th e

m ixed p h a se  com pound of CdSe S . A t th is  time p e rio d , th e  e ffi-
i  “ X  X

ciency  of cell SH d ro p p ed  from  5.8% to  4.7% an d  th e  to ta l c h a rg e  flow 

was 3493 C. At th e  same tim e, th e  PL peak  in te n s ity  of CdSe was 

re d u c e d  b y  60%. S pectrum  (c) in  F ig u re  3 .13 was ta k e n  a f te r  617 h  of 

ag in g . T he  to ta l c h a rg e  flow w as 12,218 C . In  th is  sp ec tru m , in  a d d i­

tio n  to  th e  PL of CdSe a n d  CdSe.. S , c h a ra c te r is tic  CdS Raman sp ec -
X " X  X

t r a  w ere  d e te c te d . T h e re  a re  two o rd e rs  of L O -phonon Raman s c a t te r -
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in g  a t  m ultip les of th e  LO -phonon e n e rg y  of CdS [2] a t ,  305 cm 

C o rresp o n d in g  e ffic ien cy  of th e  cell was 0.8%, a n d  th e  PL peak  in te n s i­

ty  w as f u r th e r  re d u c e d . F ig u re  3 .14  show s th e  ch an g e  in  PL sp e c tra  

of po ly  c ry s ta llin e  C dSe, as  a fu n c tio n  of ag in g  fo r th e  cell aged  u n d e r  

open c irc u it con d itio n s . T he  o th e r  co n d itio n s  rem ain th e  same a s  cell 

SH. T he  PL s p e c tra  a re  sim ilar to  th a t  of th e  cell SH, a n d  ch an g es  of 

th e  com position on th e  su rfa ce  of th e  p h o to e lec tro d e  a re  sim ilar to  th e  

ch an g es  o b se rv e d  u n d e r  s h o r t c irc u it  co n d itio n s . U n d er s h o r t  c irc u it 

ag in g  th e  co rro sio n  re a c tio n s  i . e . t h e  anodic  a n d  cathod ic  re a c tio n s , 

will tak e  p lace a t  th e  pho toanode an d  th e  p la tinum  c o u n te re le c tro d e , 

re sp e c tiv e ly . H ow ever, u n d e r  open  c irc u it  co n d itio n s , th e se  r e s u l ts  

c lea rly  in d ica te  th a t  b o th  co rro s io n  rea c tio n s  m ust ta k e  p lace on th e  

photoanode i ts e lf .  In  th is  c ase , it  is  reaso n ab le  to  assum e th a t  th e  

e lec tro d e p o s ite d  p o ly c ry s ta ilin e  CdSe pho to an o d es  may co n ta in  p in h o les . 

T h ese  p inho les may be re sp o n s ib le  fo r  s h o r t  c irc u itin g  th e  e lec tro d e . 

T he e ffec ts  of p inho les on th e  a g in g  p ro c e sse s  w ere  ch eck ed  b y  u s in g  

s ing le  c ry s ta l  CdSe p h o toanodes fo r open  c irc u it  a g in g . F ig u re  3 .15 

shows th e  v a ria tio n  of e ffic ien cy  w ith  time fo r  a s in g le  c ry s ta l  C d S e / 

p o lysu lfide  system  u n d e r  th e  open  c irc u it co n d itio n . T h is  e lec tro d e  was 

ag ed , as e x p e c te d , m uch fa s te r  th a n  e lec tro d e p o s ite d  CdSe p h o to a n ­

odes (49] . T h is  elim inates th e  p o ss ib ility  of p inho le  e ffe c ts  as th e  main 

cause  of ag in g . F ig u re  3 .16  show s th e  v a ria tio n  of th e  PL p eak  in te n -
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s ity  w ith  a g in g  time fo r cells ag ed  u n d e r  c o n c e n tra te d  l ig h t. T h ro u g h ­

o u t th e  PL m easu rem en ts, th e  la s e r  ex c ita tio n  in te n s ity  (40 raW) a t

5017 A, an d  th e  op tica l geom etry , w ere  k e p t  c o n s ta n t. F ig u re  3 ,17

show s th e  v a ria tio n  of th e  open  c irc u it  vo ltag e  V w ith  a g in g  tim e, fo roc

cells SH a n d  OP. B efore ag in g , th e  h ig h e s t Vqc va lue  Is approx im ate ly

0 .65  V. A fte r  a g in g  fo r  76 h  it  d ro p p e d  to  0 .57  V an d  rem ained

alm ost c o n s ta n t. T he  o p e n -c irc u it vo ltage  o f th e se  cells is  con tro lled  

b y  th e  f la t-b a n d  p o te n tia l. T h is  su g g e s ts  th a t  th ro u g h o u t th e  ag in g  

p ro c e sse s  th e  f la t-b a n d  p o te n tia l of th e se  e lec tro d e s  w as alm ost con­

s ta n t .  Since th e  value of th e  f la t-b a n d  p o te n tia l is  s tro n g ly  in flu en ced  

b y  th e  chem ical com position a t  th e  su rfa c e , i t  a lso  su g g e s ts  th a t  th e  

com position of th e  mix chalcogen ide  rem ains c o n s ta n t th ro u g h o u t th e  

ag in g  p ro c e ss . F ig u re  3 .18  shows th e  v a ria tio n  of th e  s h o r t  c irc u it

c u r r e n t  I w ith  tim e, fo r  th e  two ce lls . T h e  d ro p  in  I is m uch sc sc

f a s te r ,  a s  com pared w ith  P rev io u s ly , A uger an a ly s is  [1 ,2 ]

re v e a le d  a  su b s ta n tia l d ep le tio n  of selenium  from  th e  su rfa c e , w ith  a

c o rre sp o n d in g  in c re a se  in  s u lfu r  co n ce n tra tio n . T h e  s u lfu r - r ic h  reg io n  

e x ten d e d  a t  le a s t 600 A below th e  su rfa c e . T h ese  s tu d ie s  in d ica te  th a t  

th e  C dS e1_ S com pound, w hich form s on th e  su rfa c e  of th e  e lec tro d e ,
ii ” X  X

blocks th e  ex c ita tio n  lig h t an d  th e  c h a rg e  t r a n s f e r  a c ro ss  the

sem iconducto r /e le c tro ly te  in te rfa c e . H ence, th e  n e t  e ffe c t is  a red u c tio n

of th e  e ffic ien cy  of th e  cell a n d  in  th e  PL p e ak  in te n s i ty  of C dSe,
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w hich  also  in th is  case  is p ro p o rtio n a l to th e  ex c ita tio n  l ig h t. In  F ig ­

u re  3 .1 2 (a ) , we o b se rv e  a f te r  29 h  of a g in g , th e  effic iency  of th e  cell 

has in c re a se d  to  6.3%. T h is  in c re a se  can be ex p la in ed  b y  slow p h o ­

to e tc h in g  of th e  e lec tro d e  in  poly su lfid e  so lu tio n , w hich d e c rea se s  th e  

d e fec t co n cen tra tio n  in  th e  e lec tro d e  [50]. T h is  phenom enon is  c lea rly  

seen  in  F ig u re  3 .1 9 (a ) w hich show s norm alized FL s p e c tra  of CdSe a t  

fo u r  d iffe re n t s ta g e s  of ag in g  fo r th e  cell SH. S p ec trum  (0) r e p re s e n ts  

th e  FL b efo re  ag in g , w here one o b se rv e s  a PL p eak  d u e  to  im p u ritie s  a t 

approx im ate ly  1 .70 eV. S pec trum  (1) w as ta k en  a f te r  29 h  a t w hich 

p o in t we can n o t o b se rv e  th e  im p u rity  p eak  a t  app rox im ate ly  1 .70 eV. 

T h ese  im p u ritie s  a re  re sp o n sib le  fo r  th e  nonun ifo rm  c h a rg e  flow w ith in  

th e  sem ico n d u c to r/e le c tro ly te  ju n c tio n  w hich d e c re a se s  th e  e ffic ien cy  of 

th e  sy s te m [4 8 ,4 9 ]. As a g in g  p ro c e ed s , th e  im p u rity  peak  re a p p e a rs .

F ig u re  3 .20  shows T he  PL s p e c tra  of cell (D) th a t  was ag ed  u n d e r  

to ta l d a rk n e s s . We have ag ed  th is  cell fo r  a  p e rio d  of 9 m on ths, an d  

th e  only d e tec te d  PL was due  to  C dSe. T h is  s u g g e s ts  th a t  th e re  is no 

com position ch an g e  on th e  p h o to e lec tro d e  (D ) . F u rth e rm o re , th e  e ff i­

c iency  v s  time c u rv e  fo r  cell (D) show s (F ig u re  3 .21) th a t  th is  sy stem  

is  v e ry  s tab le  u n d e r  d a rk n e s s  a n d  th a t  l ig h t is  an  e sse n tia l fa c to r  in 

th e  ag in g  p ro c e sse s .
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F or f u r th e r  u n d e rs ta n d in g  of th e  mixed com pound C dS e, S on th e
X ” X  X

su rfa c e  of th e  e lec tro d e , a  cell w as ag ed  u n d e r  illum ination fo r  a p e rio d  

of 4 m onths. T he e lec tro d e  w as rem oved from  th e  cell, w ashed  c a re fu l­

ly  w ith  flow ing deion ized  w a te r  a n d  d r ie d  u n d e r  room te m p e ra tu re . 

F ig u re  3 .22 show s b o th  th e  PL a n d  Raman sp e c tra  of th is  e lec tro d e  

u n d e r  th e  e x - s i tu  cond ition  fo r  tw o ex c ita tio n  w av e len g th s , 5017 A a n d  

4765 A. B oth sp e c tra  w ere  ta k en  a t  th e  same la s e r  in te n s i ty , (a ) fo r 

5017 A (hu = 2.47 eV) a n d  (b )  fo r  4765 A (hu = 2 .60  e V ) . In  ad d itio n  

to  c h a ra c te r is tic  Ram an s p e c tra  of C dS, a  b ro a d  in te n se  PL s tr u c tu r e  

e x te n d in g  from  1 .6  eV to  2 .1  eV is o b s e rv e d . T h is  PL lin e sh ap e  seem s 

to  b e  th e  envelope  of two PL s p e c tra  due  to  CdSe a n d  m ixed com pound 

C dS e, S . For 5017 A w hich  h a s  h ig h e r  p e n e tra tio n  d e p th  com pared
X ” X X

w ith  4765 A, two PL p eak s  a re  o b se rv e d , one a t 1.74 eV du e  to  C dSe, 

a n d  th e  o th e r  a t  1.87 eV du e  to  m ixed com pounds of CdSe S . Since
X  "  X  X

th e  co n cen tra tio n  of S v a r ie s  w ith  d e p th  from  th e  su rfa ce  of th e  e lec ­

t ro d e ,  as th e  p e n e tra tio n  d e p th  of th e  ex c ita tio n  lig h t c h a n g e s , th e  

envelope  of th e  PL s p e c tra  in  th is  e n e rg y  ra n g e  also  c h an g e . T h is  is 

e v id e n t w hen th e  ex c ita tio n  w av elen g th  is ch an g ed  to  4765 A, shown in 

sp ec tru m  ( b ) . S ince th e  p e n e tra tio n  d e p th  is now le ss  th a n  a t  5017 A,  

th e  PL due to  m ixed C dS e, S is more p rom inen t th a n  th e  PL due to
X “ X  X

C dS e. T h e re fo re , in  th e  envelope  of th e  PL s p e c tra ,  th e  p e ak s  sh if t .  

T h e se  s p e c tra  in d ica te  th a t  a f te r  a  p ro lo n g ed  p e rio d  of l ig h t  Induced
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a g in g  th e  m ixed -phase  com pound CdSe S s e p a ra te s  o u t in to  CdS an d
1 * X  X

C dS e1 S com pounds. F ig u re  3 ,23  e x h ib its  on ly  th e  Raman s p e c tra
J. *X  X

w hich w as shown in F ig u re  3 .22 . F ig u res  3 .15  an d  3 .16  show  a h ig h

c o rre la tio n  betw een  PL peak  in te n s ity  of CdSe an d  th e  e ffic ien cy  of th e

cell. To fu r th e r  c o rre la te  th e  pho tovo lta ic  re sp o n se  a n d  th e  in  s i tu  PL

a n d  Raman s p e c tra  of aged  CdSe PEC cells , we h ave  made a re la tiv e ly

la rg e  e lec tro d e  (1 .9 x 1 .8  cm) an d  su b jec ted  th e  cell to  a g in g  u n d e r

u n fo cu sed  lig h t fo r a  p e rio d  of fo u r  m onths w ith  lig h t in te n s ity  of 100 
2

mW/cm . T he ag ed  e lec tro d e  w as scan n ed  w ith  a  la se r  beam . A t each  

p o in t th e  p h o to re sp o n se , th e  Ram an s ig n a l a n d  PL s ig n a l w ere m eas­

u re d .  F ig u res  3.25 - 3.31 show  re s u lts  an d  F ig u re  3 .24  show s th e  

locations of th e  m easured  p o in ts .

S ince most of o u r  PL m easurem ents  w ere done u n d e r  in s itu  co n d i­

tio n s , we checked  th e  e ffe c ts  of th e  po lysu lfide  e lec tro ly te  on PL m eas­

u rem en ts  an d  fo u n d  th a t  th e  f r e s h  e lec tro ly te s  do no t c o n tr ib u te  an y  PL 

in  th e  photon  e n e rg y  ra n g e  w hich co rre sp o n d  to  th e  PL of th e  mixed 

p h a se  com pounds CdSe S . H ow ever, w hen th e  p o ly su lfid e  e le c tro -
1 - X  X

ly te  is exposed  to lig h t fo r  a lo n g e r p e rio d , it show s a b ro a d  PL in  the  

p h o to n  e n e rg y  ra n g e  of th a t  of C dSe, S . T h e  o rig in  of th is  PL is
1 " X  X

no t know n. H ence, p r io r  to  each  PL m easurem ent, cells w ere  re filled  

w ith  a  f r e s h  e lec tro ly te  u n d e r  a tm o sp h ere . F ig u re  3 .32 show s th e  

Ram an s p e c tra  of th e  f r e s h  poly  su lfid e  e lec tro ly te  (1M:1M:1M) ta k e n  a t
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la s e r  ex c ita tio n  w av e len g th  5145 A w ith  an  in te n s ity  of 1 W. We w ere 

n o t ab le to  o b ta in  a n y  Raman s ig n a l from  po ly su lfid e  e lec tro ly te  a t  o r 

below  a la s e r  pow er of 40 mW. H ence, f r e s h  poly su lfid e  e lec tro ly te  

does no t a ffe c t th e  PL a n d  Ram an s p e c tra  of C dSe, CdSe S o r  CdS
X X  X

ta k e n  in  poly  su lfid e  so lu tion .

We h ave  fo u n d  an  in te re s t in g  phenom enon in  ad d itio n  to  th e  above 

r e s u l t s .  When a C dSe (s in g le  o r  poly  c ry s ta ll in e )  sem iconducto r su rface  

is  w et w ith  po ly su lfid e  e le c tro ly te , s tro n g  Raman s ig n a ls  w ere  o b se rv ed  

from  th e  w et su rfa c e . F ig u re  3 .33  show s th e  Ram an sp ec tru m  fo r a w et 

s in g le  c ry s ta l  CdSe su rfa c e . T h ese  sp ec tru m  w as ta k e n  a t  ex c ita tio n  

w av elen g th  5145 A w ith  a la s e r  pow er of 9 mW. T h ese  Raman s ig n a ls , 

u n d e r  v e ry  low la s e r  in te n s ity , can n o t be o b se rv e d  w hen th e  c ry s ta l  is 

in  po ly su lfid e  e le c tro ly te . H ow ever, w hen a  CdSe c ry s ta l  su rfa c e  was 

w et w ith  NaOH (1M) e le c tro ly te , th e  Raman s ig n a ls  w ere  no t o b se rv e d . 

A g lass  slide w et w ith  p o ly su lfid e  so lu tion  also  d id  n o t p ro d u ce  th e se  

Ram an s ig n a ls . We belive th is  phenom enon is d u e  to  a  e lectrochem ical 

e ffe c t w hich we d id  n o t in v e s tig a te  f u r th e r .

3 . 2 . 3  D iscussion .

F ig u res  3 .1 2 (a )  an d  (b ) d em o n stra te  th a t  on ly  u n d e r  lig h t in d u ced  

a g in g  does th e  p e rfo rm an ce  of o u r  PEC cells b eg in  to  d e te r io ra te .
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F ig u re s  3 .13  a n d  3 .14  p re s e n t  s tro n g  ev id en ce  th a t  on ly  u n d e r  lig h t-

in d u ced  ag in g  do sev e ra l chem ical ch an g es  ta k e  p lace  on th e  CdSe

pho toanode s u rfa c e . T h ese  chem ical ch an g es  lead  to  a  decline  in  the

s ta b ility  of th e  p h o to an o d e . T h e  Raman s ig n a ls  in  F ig u re s  3 .13 and

3 .14  can  be ex p la in ed  on th e  b a s is  of a  cascade  th e o ry  g iv en  b y  M artin

e t  al [9 3 ]. T h is  th e o ry  show s th a t ,  w hen b o th  in c id e n t a n d  s c a tte re d

pho ton  e n e rg ie s  (hu. an d  hu ) a re  above  th e  b a n d  gap  e n e rg y , E ,ai s  g

cascade  p ro c e ss  of lig h t s c a t te r in g  can  o c c u r . F ig u re  3 .34  i l lu s tra te s  

th e  cascad e  p ro c e ss  of l ig h t s c a tte r in g  from  a sem iconducto r. T h e  p h o ­

to g e n e ra te d  e le c tro n -h o le  p a irs  s c a t te r  in to  a  s e r ie s  of re a l s ta te s  w ith  

no n zero  p ro b a b ility  of ra d ia tiv e  recom bination  a t  each  s t e p . T he 

d a sh e d  lin es  in  F ig u re  3 .34  in d ica te  th e se  s ta te s .  T h e  in c id en t f r e ­

q u e n cy , Uj, d e te rm in es  th e  num b er of th e se  s ta te s ,  w hich a re  se p a ra te d  

by  th e  LO phonon  fre q u e n c y , T he v e r tic a l an d  w avy lin es  denote

th e  p h o to n  a n d  phonon  em ission , re sp e c tiv e ly . T he  lifetim e fo r a

re a l t ra n s it io n  of th e  e lec tro n  (o r hole) to  a  s ta te  of e n e rg y  below
L U

-13th e  in itia l e n e rg y  is  in  th e  o rd e r  of 10 Sec. T he  lifetim e of a  ra d ia -
_g

tiv e  recom bination  is on th e  o rd e r  of 10 Sec. T h u s , th e  th e o ry  

show s th a t  th e  e lec tro n -h o le  p a irs  su ccess iv e ly  o ccupy  re a l s ta te s  of 

e n e rg y  nhw^Q (n  = 1 , 2 , 3 . . . ) ,  below th e  in itia l s ta te ,  a s  show n in  F ig ­

u re  3 .3 4 . As long  a s  Wj a n d  wg a re  g re a te r  th a n  E ^ , th e  cascad e  p ro ­

cess  c o n tin u e s . At each  s te p  th e  p ro b a b ility  of ra d ia tiv e  recom bination
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Conduction band

Valence band

F ig u re  3 .34  Schem atics of cascade  th e o ry , ( r e f . 93)



is  in  th e  o rd e r  of 10 an d  momentum c o n se rv a tio n  re q u ire s  a t le a s t one 

v ir tu a l  in te rm ed ia te  s ta te  (show n in  F ig u re  3 .3 4 ) . T h u s , recom bination  

from  s te p  n , g ives r is e  to  phonons S tokes sh if te d  by  (n  + 1)«q. In  

F ig u re  3 .23 CdS Raman s p e c tra  d em o n stra te  th e  cascade  th e o ry  o f in e ­

la s tic  s c a tte r in g  of lig h t. T he th ir d  S tokes lin e , o b se rv e d  fo r  th e  

ex c ita tio n  w av elen g th  4765 A, is m uch s tro n g e r  com pared w ith  th a t  of 

5017 A. T h ese  sp e c tra  ind ica te  th a t  th e  CdS e x is ts  a s  a se p a ra te  p h ase  

on  th e  ag ed  e lec tro d e . T he form ation of c ry s ta ll in e  CdS is  no t 

o b se rv e d  a t  th e  b eg in n in g  of th e  ag in g  p ro c e ss e s . F ig u re s  3 .13  a n d

3 .14  show  th a t  th e  CdS Raman w as sp ec tru m  d e te c te d  a f te r  a  p ro lo n g ed  

p e rio d  of lig h t- in d u c e d  ag in g  an d  a t  th a t  time th e  e ffic ien cy  of th e  cells 

w as re d u c e d  from 5.8% to  1%. T h is  shows th a t  th e  a g in g  p ro c e sse s  a re  

n o t due  to  th e  form ation of a b lock ing  la y e r  of c ry s ta ll in e  CdS th a t  

s e rv e s  a s  a  b a r r ie r  to  th e  flow of c h a rg e  c a r r ie r s .  In s te a d , it  can  be 

b e s t  re p re s e n te d  a s  a m u lti-s te p  p ro c e ss  in  w hich im p u rity  lev e ls  a re  

in tro d u c e d  th ro u g h  ex ch an g e  w ith  selenium  v acan c ies . As a r e s u l t  of 

th is  p ro c e ss , th e  tr a n s p o r t  p ro p e r tie s  of th e  photoanode b eg in  to  

d e te r io ra te . S ince th e  poly c ry s ta llin e  CdSe p h o toanodes have  a  h ig h  

s t ru c tu ra l  inhom ogeneity , on th e  same pho toanode a t  d if fe re n t a re a s , 

th e  a c tiv ity  of th e se  chemical re a c tio n s  may d if fe r . F ig u re s  3 .25  - 3 .31 

p ro v id e  f u r th e r  ev id en ce  co n ce rn in g  th e  s t r u c tu r a l  inhom ogeneity  on th e  

ph o to an o d e. I t  is  e v id en t from th e se  f ig u re s  th a t  th e  PL due to  CdSe
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d e c rea se s  a s  th e  p h o to a c tiv ity  d e c re a se s . T h ese  f in d in g s  a re  c o n s is te n t 

w ith  th e  r e s u l ts  show n in  F ig u re s  3.12 an d  3 .16 . A n o th er in te re s t in g  

re s u l t  o b ta in ed  from  F ig u re s  3 .25  - 3 .31  is  th a t  th e  Raman s ig n a l due 

to  c ry s ta ll in e  CdS also  d e c re a se s  w ith  th e  d e c rea se  of p h o to a c tiv ity . 

T he on ly  s ig n a l th a t  a p p e a rs  to  in c rease  w ith  d e c rea se  in  p h o to ac tiv ity  

is th e  PL s ig n a l d u e  to  CdSe - _ S . T h ese  r e s u l ts  c lea rly  d em o n stra te
X " X  X

again  th a t  th e  form ation of c ry s ta ll in e  CdS its e lf  does n o t lead  to  th e  

d e te r io ra tio n  of th e  p h o to ac tiv ity  of th e  p h o toanode. U n d e r o p en - 

c irc u it co n d itio n s , in  ad d itio n  to  th e  above re a c tio n s , th e  ca thod ic  r e a c ­

tio n s  m ust ta k e  p lace on th e  pho toanode su rfa c e .

B esides th e  chem ical c h a n g e s , th e re  can  a lso  be p h y s ica l ch an g es  

a t th e  pho toanode su rfa c e  d u r in g  a g in g . T h ese  p h y s ica l ch an g es  a re  

m ainly du e  to  th e  re d u c tio n  of c ry s ta ll in ity  a t  th e  su rfa c e  of th e  p h o ­

toanode w hich is a m ajor fa c to r  in  th e  d eac tiv a tio n  of th e  p h o to a n ­

ode [49]. In  lig h t in d u ced  a g in g , th e  whole e lec tro d e  was illum inated
2

w ith  a focused  lig h t ( in te n s ity  1.6W /cm ) .  As e x p ec ted  th e  cells  aged  

w ith in  a re la tiv e ly  s h o r t  p e rio d  o f tim e. A ging  u n d e r  open  c irc u it  co n ­

d itio n s  shows th a t  th e  d ec rea se  of s ta b ility  of th e se  cells d e p en d s  on 

th e  illum ination in te n s ity  fo r th e  ce lls , r a th e r  th a n  th e  p h o to c u rre n t 

d e n s ity . U n d er s h o r t  c irc u it a g in g  F ig u re  3 .1 9 (a )  show s th a t  a t  th e  

in itia l s ta g e s  in  th e  a g in g  p ro c e sse s  th e re  a re  ch an g es  in  th e  d e fec t 

co n cen tra tio n  in  th e  e lec tro d e  th a t  a re  m ainly in  th e  space  c h a rg e
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re g io n . H ow ever, we w ere  unab le  to  d e te c t  su c h  a  phenom enon u s in g  

PL sp ec tro sc o p y  u n d e r  o p en  c irc u it a g in g  (F ig u re  3 .19  ( b ) ) .  T he  cell 

ag ed  u n d e r  to ta l d a rk n e s s  show s th a t  (F ig u re  3 .21 ) a f te r  3 m onths of 

a g in g , th e  e ffic ien cy  w as re d u c e d  from 4.6% to  3.9%. T h is  red u c tio n  

w as due to  th e  small lo ss  of CdSe from th e  pho toanode to  th e  e le c tro ­

ly te . P r io r  to  each  m easurem ent, cells w ere  re filled  w ith  f r e s h  e le c tro ­

ly te . H ence th e  m easurem en ts w ere alw ays p e rfo rm ed  u n d e r  c o n s ta n t 

e lec tro ly te  com position. T h is  minimizes th e  photodecom position  of th e  

e lec tro ly te  w hich  lead s  to  pho to e lec tro d e  in s ta b ility  [94].

3 .3  Study of corrugated  electrode su rfaces b y  u s in g  photolum inescence 

sp ectroscop y

3 .3 . 1  Introduction

In  th is  sec tio n , we re p o r t  th e  s tu d y  of p h o to e tch ed  CdSe p h o to an ­

odes b y  u s in g  PL sp ec tro sc o p y . Chem ical e tc h in g  rem oves th e  dam aged 

su rfa c e s  of a  sem iconducto r. D epend ing  on th e  sem iconducto r, su itab le  

chem ical e tc h in g  p ro c e d u re s  w ere u sed  to  o b ta in  well p o lished  sem icon­

d u c to r  s u rfa c e s . In  PEC ce lls , it  is n e c e s sa ry  to  e tc h  th e  sem iconduc­

to r  pho toanode to  o b ta in  b e t te r  pho tovo lta ic  c h a ra c te r is t ic s .  E tch in g  of 

th e  sem iconducto rs  is a lso  c a r r ie d  o u t to  s tu d y  th e  d e fe c t s t r u c tu r e  of
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th e  sem iconducto r [9 5 ,9 6 ]. In  th is  s tu d y , c ry s ta ls  of GaAs w ere  

e tc h e d  u n d e r  illum ination to in v e s tig a te  d islocation  p i ts .  P rev io u s  s tu d ­

ies [97,98] show  th a t  co n tro l of th ic k n e ss  an d  u n ifo rm ity  of th e  

rem ain ing  sem iconducto r la y e r  can  b e  ach iev ed  b y  anodic  ox ida tion  

u n d e r  illum ination . Hoffm ann e t  al [99] s tu d ie d  vo ltage  co n tro lled  p h o ­

to e tc h in g  on GaAs c r y s ta ls .  T h ese  s tu d ie s  d e m o n stra ted  th a t  th e  p h o ­

to e tc h in g  te ch n iq u e  can  be u sed  e ffec tiv e ly  to  co n tro l th e  film th ic k n e ss  

o v e r la rg e  a r e a s . T h is  is  v e ry  im p o rtan t in  o rd e r  to  fa b r ic a te  good 

q u a lity  f ie ld -e ffe c t t r a n s is to r s .  T h ey  fo u n d  o u t th a t  a s  long  a s  th e  film 

th ic k n e ss  (1) Is g r e a te r  th a n  th e  space  c h a rg e  la y e r  th ic k n e ss  ( d ) ,  th e  

film th ic k n e ss  can  be re d u c e d  b y  p h o to e tch in g  u n d e r  s h o r t- c ir c u i t  co n ­

d itio n s . U sing  a b ias  v o ltag e , th e y  w ere ab le  to  co n tro l th e  e tc h  r a te .  

T h ey  also  o b se rv e d  th a t  w hen d «  1, th e  e tc h  r a te  is  slow ed dow n co n ­

s id e ra b ly , d u e  to  th e  re d u c tio n  of m ino rity  c a r r ie r s  w hich re a c h  th e  

sem ico n d u c to r/e le c tro ly te  in te rfa c e . Photoelectrochem ical e tc h in g  of th e  

Cd - chalcogen ide  p h o toanodes lead s  to  a  co n sid e rab le  im provem ent in 

th e  pho tovo lta ic  c h a ra c te r is t ic s  of PEC ce lls , b a se d  on th e se  sem icon­

d u c to rs  [100,101-103]. E lec tro n  beam  in d u ced  c u r r e n t  (EBIC) [104], 

e lec tro lum inescence  an d  cathodolum inescence [105] ex p erim en ts  show  

th a t  a f te r  th e  p h o to e tc h in g , th e  e lec tro n -h o le  p a ir  recom bination  on 

th e ir  su rfa c e s  w ere  a p p re c ia b ly  re d u c e d .



T he pho toelectrochem ical e tc h in g  is  p e rfo rm ed  b y  s h o r tin g  th e  p h o ­

toanode to  th e  c o u n te r  e le c tro d e , while illum inating  th e  pho toanode. A 

su ita b le  so lu tion  in w hich  th e  CdSe is  pho toelectrochem ically  u n s tab le  

m ust be u sed  a s  an  e le c tro ly te . In  ad d tio n  to  th is ,  acco rd in g  to T enne  

a n d  H odes, th e  ra te  of d a rk  chem ical e tch in g  b y  th e  e lec tro ly te  shou ld  

be small com pared to th e  ra te  of pho toelectrochem ical e tc h in g . I t  has 

b een  fo u n d  [100] th a t  in  CdSe th e  p h o to e tch ed  su rfa ce  becom es a  m atte

b lack  a n d  co n ta in s small p it  ho les (app rox im ate ly  1000 A d ia m e te r) .

9 -2T he d e n s ity  of th e se  small p it  holes ex ceed  10 cm [50 ,106], a n d  a re  

uniform ly  d is tr ib u te d  o v e r th e  e n tire  sem iconducto r su rfa c e . I t  h as  

a lso  b een  o b se rv ed  th a t  th e  e tc h  p it  d e n s ity  in c re a se s  w ith  d o p ing  d e n ­

s ity  an d  d e c rea se s  w ith  fo rw ard  b ias  [106]. S ince PL sp .ectroscopy  is 

le ss  sen s itiv e  to  th e  su rfa c e  i r r e g u la r i te s  a s  com pared w ith  o th e r  op tica l 

sp ec tro sco p ies  (e le c tro ly te  e le c tro re f le c ta n c e , cap ac ity  e t c . ) ,  we u tllzed  

PL sp ec tro sc o p y  to  in v e s tig a te  th e  p h o to e tch ed  CdSe e le c tro d s . Tom- 

k iew icz, S irip a la , a n d  T en n e  u tilized  th e  e lec tro ly te  e lec tro re f lec ta n ce  

te ch n iq u e  to  s tu d y  th e  op tica l p ro p e r tie s  of C dlngSe^ in  p o lysu lfide  

so lu tio n , be fo re  an d  a f te r  p h o to e tch in g  [107]. T h ese  s tu d ie s  in d ica ted  

th a t  th e  p h o to e tch in g  does n o t a l te r  th e  chem ical com position of th e  

su rfa c e  th ro u g h  se lec tiv e  p h o to e tc h in g . T h e y  o b se rv ed  th a t  th e  p h o ­

to e tc h in g  s tro n g ly  a ffe c ts  th e  p o te n tia l d is tr ib u tio n , a t  d e p th s  c h a ra c ­

te r iz e d  b y  th e  p e n e tra tio n  d e p th  of th e  lig h t.
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Finally , we would like  to  m ention th a t  th e  w ork done in  th is  sec tion  

was c a r r ie d  o u t in  co llobara tion  w ith  D r .R e sh e f  T en n e , a t th e  Weizmann 

In s t i tu te  of S cience , I s ra e l .

3 .3 .2  R esu lts

CdSe sing le  c ry s ta ls  w ith  re s is t iv i ty  0 .1 , 1 an d  10 ohm-cm w ere 

exam ined. In  all c ry s ta ls ,  th e  face  p e rp e n d ic u la r  to  th e  c -a x is  w as 

ex p o sed  to  th e  l ig h t. C ry s ta ls  w ere  p re p a re d  a s  d e sc r ib e d  in  C h a p te r  

II . P h o to e tch in g  was p e rfo rm ed  in  a n  a q u a -re g ia  m ix tu re  w hich  w as 

d ilu te d  th re e  to  fiv e  tim es. A re v e rs e  b ias  of 1 .0  V re la tiv e  to  s ta n ­

d a rd  calomel e lec tro d e  (S C E ), w as app lied  fo r 1-2 Sec. A ccord ing  to 

re fe re n c e  [100], th e  le n g th  of time in w hich th e  p h o to e tch in g  is  c a r r ie d  

ou t is c ritic a l. If  th e  e tc h in g  time is too long , it  lead s  to  th e  d e te r io ­

ra tio n  of th e  pho tovo lta ic  c h a ra c te r is t ic s .  L igh t in te n s ity  was k e p t a t  
2

100 raW/cm . A fte r  p h o to e tc h in g , th e  e lec tro d e  was im m ersed in  a hot 

(70 K) 10% KCN so lu tion  fo r  1-2 min. to  d isso lv e  th e  elem ental selenium , 

form ed d u r in g  p h o to e tc h in g .

F ig u re  3.35 show s th e  c u rre n t-v o lta g e  c h a ra c te r is tic s  of an  illum i­

n a ted  CdSe e le c tro d e , in poly  su lfid e  so lu tio n , p r io r  to  a n d  a f te r  p h o - 

to e tc h in g . T h e  im provem ent in th e  pho tovo lta ic  c h a ra c te re is t ic s  can  be 

seen  a f te r  p h o to e tc h in g . I t  h a s  b een  fo u n d  th a t  [100] a f te r  p h o to e tc h ­
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in g , th e  re f le c tiv ity  of th e  c ry s ta l  re d u c e s  from  15 to  9%. T he 

im proved s h o r t-c ir c u i t  c u r r e n t  can be  a t t r ib u te d  to  th is  e f fe c t . How­

e v e r , th e  o v e ra ll im provem ent in  pho tovo lta ic  c h a ra c te r is t ic s  can  be 

ex p la in ed  b y  th e  im provem ent in  c h a rg e  t r a n s f e r  k in e tic s  a t th e  sem i­

c o n d u c to r su rfa c e . F ig u re  3 .36  show s th e  PL sp ec tru m  of two CdSe 

c ry s ta ls  a t room te m p e ra tu re  in  a PEC cell, co n ta in in g  poly su lfid e  so lu ­

tio n . T he  sa ilen t fe a tu re  in  th is  f ig u re  is  th e  b lu e -s h if t  of th e  peak  

maximum fo r th e  low er dop ing  d e n s ity  (10 ohm -cm ) e le c tro d e . As th e  

d o n o r d e n s ity  in c re a se s , th e  m ore im p u rity - in d u c e d  ex c ita tio n  c e n te rs  

e x is t  an d  c o n se q u e n tly  a r e d - s h if t  in  the  lum inescence  sp ec tru m  o c c u rs .

T he  b ias  d ep en d en ce  of PL fo r  a C d S e /p o ly su lfid e  system  was 

d e sc r ib e d  in sec tio n  3 .1 .3 .  We have show n th a t  PL of th is  sy stem  a t 

p o ten tia ls  close to  an d  positive  to  th e  f la t-b a n d  p o te n tia l, can  be

ex p la in ed  b y  th e  dead  la y e r  m odel. A ccord ing  to  th is  m odel, th e  in te n ­

s ity  of th e  PL (1^) a t a  g iven  w av eleng th  is  g iven  b y :

Ip  = Io *exp - [P(2eQe /e N ) l / * (U - Uf b ) V 2 ] (5 .1 )

T h e  sym bols u se d  w ere th e  same a s  th e  ones u se d  in  sec tio n  3 .1 .3 . 

T he  f la t-b a n d  p o te n tia l, U ^ ,  of CdSe in  p o ly su lfid e  so lu tion

(1M:1M;1M) w as ta k e n  a s  -0 .7 8  V re la tiv e  to  th e  P t e lec tro d e . F ig u re
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Figure 3.36 Photoluminescence of two CdSe crystals with dif­

feren t doping densities in polysulfide. Potential -0 .6  V with 

respect to Pt electrode.



113
1 / 2

3 .3 7 (a )  show s th e  p lo t of ln ( I ^ )  v e rs u s  (U - U ^ )  fo r  th e  aq u a  -

re g ia  e tch e d  sam ple w hich is  a lin e a r  c u rv e . T he  d o p ing  d e n s ity  o f th e

7 -1sam ple is  o b ta in ed  from  th e  slope b y  u s in g  th e  v a lu es  & = 1.04x10 m

a t  X = 5145 A, e = 8 .8 5 x l0 12 C2m"2 N_1, e = 10 .6 , e = 1 .6 x l0 ’ 19 C. o
15 -3T h u s , th e  d o p ing  d e n s ity  of th e  sam ple is  fo u n d  to  be 2 .3x10 cm , 

b e fo re  p h o to e tch in g . F ig u re s  3 .3 7 (b )  and  (c) show th e  same p lo t a f te r

th e  f i r s t  a n d  second  p h o to e tch in g . T he  dop ing  d e n s ity  of th e  CdSe

15 15 -3c ry s ta l  fa lls  from  2 .3x10 to  1 .44x10 cm a f te r  th e  f i r s t  p h o to e teh -

15 -3in g  an d  to  1.27x10 cm a f te r  th e  second  p h o to e tch in g . We have 

fo u n d  th a t  th e  re d u c tio n  in dop ing  d e n s ity  a f te r  p h o to e tch in g  w as com­

mon to  a ll c ry s ta ls .  T h u s , in  s itu  PL ex p erim en ts  c lea rly  show  th a t  th e  

d op ing  d e n s ity  of p h o to e tch ed  C dSe is re d u c e d  n e a r  th e  su rfa c e .

F o r f u r th e r  v e rifica tio n  of th e se  o b se rv a tio n s , we p erfo rm ed  low - 

te m p e ra tu re  (77 K) lum inescence e x p e r im en ts . F ig u re  3 .38  show s th e  

PL sp ec tru m  of two CdSe c ry s ta ls  w ith  nom inal re s is t iv it ie s  of 0 .1  and  

10 ohm -cm . T he  sp ec tru m  of th e  low er doped  m ateria l (10 ohm-cm) 

e x h ib its  two p e ak s  a t 1.811 an d  1.817 eV. T h ese  p eak s  w ere  id en tified  

as  bound  ex c ito n s  an d  free  e x c ito n s , re sp e c tiv e ly . In  heav ily  doped  

m ateria l, th e  PL sp ec tru m  is dom inated  b y  th e  b ound  e x c ito n s . T h is  is 

e x p ec te d  due  to  th e  h ig h  d e n s ity  of im p u rity  c e n te rs  in  th e  h eav ily  

d o ped  m ateria l. C o n seq u en tly , a  r e d - s h l f t  (4 meV) of th e  PL p eak  

p o sitio n  w as o b se rv e d  in  th e  h eav ily  doped  m ateria l. F ig u res  3 .39  and
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3 .40  show  PL s p e c tra  of CdSe w ith  r e s is t iv i te s  0 .1  an d  10 ohm-cm, 

re sp e c tiv e ly  (tw o d if fe re n t sa m p le s ) . A gain we o b se rv ed  a sim ilar re d -  

sh if t a s  o b se rv e d  in th e  F ig u re  3 .3 8 . T he 0 .1  ohm-cm sam ple ex h ib its  

d o n o r - a c c e p to r  p a ir  recom bination  p eak s  in  th e  e n e rg y  ra n g e  of 1.66 

to  1 .74 eV . In  10 ohm-cm sam ple we o b se rv e d  a deep  recom bination  

c e n te r  w ith  p eak  position  app rox im ate ly  1.54 eV . Sim ilar deep  recom ­

b in a tio n  c e n te rs  w ere  o b se rv e d  in  sem i-in su la tin g  CdSe c ry s ta ls  by  

R osen e t a l (2 4 ). F ig u re  3 .4 1 (a )  shows th e  PL s p e c tra  of lig h tly  doped  

CdSe p r io r  to , a n d  a f te r  p h o to e tc h in g . A b lu e -s h if t  of th e  PL peak  

p osition  (2 meV) is  c lea rly  e x h ib ite d . I t  in d ica tes  th a t  th e  num b er of 

im p u rity  c e n te rs  d e c rea se d  a f te r  p h o to e tch in g . It is  also in te re s t in g  to  

no te  th a t  th e  f re e  excitons* peak  can no t be  re s lo v ed  a f te r  p h o to e tc h ­

in g . T he b lu e -s h if t  in  th e  PL sp ec tru m  is also  e x h ib ited  b y  th e  h ig h ly  

doped  m ateria l a f te r  p h o to e tch in g  a s  F ig u re  3 .4 1 (b )  in d ica te s . F ig u re  

3.42 show s th a t  ev en  a f te r  p h o to e tch in g  th e  b lu e -s h if t  of th e  lig h tly  

doped  CdSe p e r s is ts  a n d  re f le c ts  th e  d iffe ren ce  in  dop ing  d e n s ity  of 

th e  two p h o to e tc h ed  c ry s ta ls .

In  all PL m easurem en ts  done in  th is  sec tio n , th e  la s e r  beam in te n s i­

ty  w as k e p t v e ry  w eak (0 .15  raW) in  o rd e r  to  avoid  com plications due  to 

lig h t in d u c ed  co rro s io n  o r s a tu ra tio n  e ffe c ts . No s p e c tra l  sh if ts  w ere 

o b ta in ed  w hen th e  lig h t in te n s ity  was in c re a se d  u p  to  one o rd e r  of 

m ag n itu d e . No s p e c tra l ch an g es  w ere  found  w hen v a ry in g  th e  ex c ita -
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Figure 3.38 PL spectrum of chemically etched CdSe in 77 K.
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Figure 3.39 PI spectrum of chemically etched CdSe in 77 K. 

(d ifferent sample). Resistivity 0.1 ohm-cm.
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F ig u re  3 .40  PI spectrum  o f  c h e m ic a l ly  e t c h e d  C dS e  in 77 K. 

( d i f f e r e n t  sa m p le ) .  R e s is t iv i ty  10 ohm -cm .
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Figure 3.41 (a) PL spectrum  of a CdSe crystal exhibits a 

blue-shift after photoetching for 10 ohm-cm electrode. 121
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Figure 3.41 (b) PL spectrum of a CdSe crystal exhibits a 

b lue-shift a fte r photoetching for 0.1 ohm-cm electrode.



IN
TE

N
SI

TY

PHOTOETCHED 
CdSe 77 °K

Ql ii-cm

IS ISI 1.82
PHOTON ENERGY (eV)

Figure 3.42 PL spectrum of photoetched CdSe a t 77 K with 
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tion  w av eleng th  o r  w hen u s in g  e tc h in g  p ro c e d u re s . S p e c tra l ch an g es  

w ere  only  o b se rv ed  a f te r  th e  p h o to e tc h in g .

3 .3 .3  D iscussion

T he  above re s u l ts  c lea rly  in d ica te  th a t  th e  dop ing  d e n s ity  of CdSe

n e a r  th e  su rfa c e , d e c rea se s  a f te r  p h o to e tc h in g . P rev io u s  s tu d ie s  [107]

18 -3w ith  heav ily  doped  ZnSe (10 cm ) in d ica ted  th a t  th e  dop ing  d e n s ity  

fe ll b y  a s  m uch as one o rd e r  of m ag n itu d e , n e a r  th e  sem iconducto r s u r ­

face , a f te r  p h o to e tch in g . A r e d - s h if t  in  th e  p h o to c u rre n t sp ec tru m  w as 

also  o b se rv ed  a f te r  p h o to e tch in g . T h is  s h if t  was an aly zed  u s in g  th e  

B u rs te in  - Moss model fo r heav ily  doped  sem iconducto rs . Sim ilar r e d -  

s h if t  in th e  p h o to c u rre n t sp ec tru m  fo r CdSe an d  C dTe sem iconducto rs  

w ere  o b se rv ed  b y  T enne  e t  a l [102] . I t  is th e re fo re  re so n ab le  to  

e x p ec t th a t  a p ro c e ss  w hich involves b a n d - to -b a n d  ex c ita tio n  (p h o to ­

c u r r e n t  sp e c tru m ), will s u f fe r  a  r e d - s h if t  a f te r  p h o to e tch in g , w h ereas  

recom bination  th ro u g h  im p u rity  c e n te rs  will show a b lu e -s h if t .

E lec tron  m icroscopy a n d  cathodolum inescence m easurem ents  [104] 

confirm  th a t  g ra in  b o u n d a rie s , m a te ria l d e fe c ts  a n d  d isco la tio n s  a re  

p re fe re n tia lly  e tc h e d  from th e  sem iconducto r su rfa c e  d u r in g  p h o to e tc h ­

in g . T h is  e ffec t c o n tr ib u te d  to th e  s ig n ific a n t im provem ent in  th e  cell 

p erfo rm ance  a s  show n in  F ig u re  3 .3 5 . In  a d d itio n , th e  re d u c e d  dop ing  

d e n s ity  on th e  su rfa ce  lead s  to  th ic k e r  sp a c e -c h a rg e  la y e r  a n d  co n seq -



u e n tly , to  a  low er r a te  fo r th e  bu lk  recom bination . F inally , d o p an t 

atom s s e rv e  as recom bination  c e n te rs ,  an d  th e ir  rem oval from  n e a r  th e  

su rfa c e  lead s  to  th e  d e c rea se  in  su rfa ce  recom bination .
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SUMMARY AND CONCLUSIONS

In  th is  th e s is  we h ave  u tilized  fo u r  m ajor ex p erim en ta l te ch n iq u es  

( i .e .  re lax a tio n  sp ec tru m  a n a ly s is , pho to lum inescence, m odulated p h o to ­

lum inescence, an d  Raman sp ec tro sc o p y  ) to  n o n d e s tru c tiv e ly  s tu d y  a n d  

ch a rac te riz e  th e  sem ico n d u c to r/e lec tro ly te  in te rfa c e  of PEC so lar ce lls . 

We h ave  exam ined sin g le  c ry s ta l  a n d  poly  c ry s ta ll in e  CdSe pho toanodes 

fo r  o u r in v e s tig a tio n . S tab lized  (NaOH:Na2S :S  = an d

u n s tab lized  (NaO H :lM ) so lu tio n s  w ere u sed  as  e le c tro ly te s . O u r s tu d ie s  

on th e  sem ico n d u c to r/e lec tro ly te  in te rfa c e  w ere d iv id ed  in to  th re e  m ajor 

sec tio n s . T h ey  w ere (1) space  c h a rg e  la y e r  e ffe c ts  (2) A ging m echa­

nism s of pho to an o d es , a n d  (3) th e  e ffe c t of p h o to e tch in g  a n d  th e  

im purity  c e n te rs  in p h o to an o d es .

M odulated photo lum inescence sp ec tro sco p y  w as em ployed to c h a ra c ­

te r iz e  an d  s tu d y  th e  p o ten tia l d is tr ib u tio n  a t  th e  sem ico n d u c to r/ 

e lec tro ly te  in te rfa c e . All m easurem ents w ere  p e rfo rm ed  u n d e r  in  s itu  

cond itions an d  a t  room te m p e ra tu re . We h av e  shown th a t  a t re v e rs e  

b ias  an d  a t  e lec tro d e  p o ten tia ls  no t f a r  from  th e  f la t-b a n d  p o ten tia l, th e  

m odulated  photo lum inescence is  d e sc rib e d  b y  th e  "dead  la y e r  m odel". 

T h ese  s tu d ie s  in d ica ted  th a t  th e  e lec tric  fie ld  in  th e  sp a c e -c h a rg e  la y e r
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com pletely q u en ch es  th e  photo lum inescence in th a t  re g io n . T he e le c tr i ­

cal ch a rac te riz a tio n  of th e  in te rfa c e , b a se d  on m odulated pho to lum ines­

cence , a g re e d  w ith  th e  more conv en tio n al im pedance m easurem en ts.

We have  u sed  th e  "dead  la y e r  model" to  d e riv e  th e  dop ing  d e n s ity  

from  th e  op tica l m easurem en ts an d  fo u n d  th a t  i t  a g re e s  w ith  th e  value 

d e riv e d  from  im pedance m easu rem en ts. T he enhancem ent in  lum ines­

cence was o b se rv ed  u n d e r  th e  zero  b ias  co n d itio n s , fo r b o th  sing le  and  

p o ly c ry s ta llin e  CdSe in  po lysu lfide  so lu tio n . T he  lum inescence in  th e  

zero  b ias  reg io n  w as v e ry  sen s itiv e  to  th e  la se r  ex c ita tio n  an d  to  th e  

su rface  cond itions of th e  pho toanode. T he  enhancem ent in  lum inescence 

u n d e r  th e  zero  b ias condition  w as no t o b se rv e d  fo r  u n s tab ilized  e le c tro ­

ly te s . T he en h an ced  lum inescence u n d e r  zero  b ias  condition  canno t be 

exp la in ed  in te rm s of th e  "dead  la y e r  m odel".

T he p rev io u s  sec tio n s  (u n d e r  sec tion  3 .2 )  have  shown th a t  p h o to lu ­

m inescence an d  Hainan sp ec tro sco p y  a re  v e ry  u se fu l n o n d e s tru c tiv e  

tech n iq u es  to  system atica lly  s tu d y  th e  ag in g  p ro c e d u re s  of p o ly c ry s ta l­

line C d S e /p o ly su lfid e  liq u id -ju n c tio n  so lar cells. We have shown th a t  

u n d e r  o p e n -c irc u it cond itio n s , th e se  cells do age  an d  anodic an d  

cathodic re a c tio n s  took place on th e  pho toanode. B oth effic iency  v e rs u s  

time an d  photo lum inescence peak  in te n s ity  v e rs u s  time c u rv e s  show ed a 

h ig h  co rre la tio n  betw een  PL peak  in te n s ity  an d  th e  effic iency  of th e
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cell. From th e se  s tu d ie s  It is  c lea r  th a t  a  m ixed p h a se  com pound of

C dSe, S form ed on th e  su rfa c e  of th e  e lec tro d e . As lig h t in d u ced  1 -x  x

ag in g  goes o n , th e  m ix ed -p h ase  com pound s e p a ra te s  in to  C dS, an d  

C dS e1 S com pounds w ith  d if fe re n t com positions. T he c h a ra c te r is tic
X — X X

CdS Raman sp e c tra  w ere an a ly zed  b y  u s in g  th e  "cascade" th e ro y  of 

lig h t s c a tte r in g . T h e  C dSe, S com pound ac ted  a s  a "dead" la y e r
J. " X  X

w hich b locked  th e  lig h t an d  c h a rg e  t r a n s fe r  a t  th e  sem ico n d u c to r/ 

e le c tro ly te  ju n c tio n . Cells k e p t u n d e r  to ta l d a rk n e s s  d id  n o t ag e . 

F ina lly , l ig h t w as an  e sse n tia l fa c to r  w hich cau sed  th e  com position of 

th e  e lec tro d e  su rfa ce  to  ch ange  an d  th e  ag in g  p ro c e sse s  to  o c cu r .

T he  p h o to e tch in g  of n - ty p e  CdSe was in v e s tig a te d  by  u s in g  p h o to ­

lum inescence sp ec tro sc o p y . T h e  photo lum inescence m easu rem en ts  w ere 

ta k en  a t  room te m p e ra tu re  a n d  a t 77 K. We o b se rv e d  s ig n ific an t 

im provem ent in th e  photovolta ic  c h a ra c te r is tic s  a f te r  p h o to e tch in g . T he 

d ep en d en ce  of th e  photo lum inescence  on th e  e lec tro d e  p o te n tia l w as 

s tu d ie d . T he  dop ing  d e n s itie s  of th e  e lec tro d e s  w as ca lcu la ted  b efo re  

and  a f te r  p h o to e tc h in g , u s in g  th e  "dead  la y e r  m odel". A b lu e -s h if t  was 

o b se rv ed  in  th e  photo lum inescence sp ec tru m  of c ry s ta ls  w hen th e  dop ing  

d e n s ity  d e c re a se d . I t  was ex p la in ed  th ro u g h  th e  d e c rea se  in  d e n s ity  

of b o u n d  ex c ito n s  w hen th e  im p u rity  c o n cen tra tio n  d e c re a se s . A sim ilar 

b lu e -s h if t  w as o b se rv e d  fo r c ry s ta ls  w hich w ere p h o to e tc h ed . T h is  was 

a t t r ib u te d  to  th e  p re fe re n tia l  e tc h in g  of dop an t atom s n e a r  th e  sem icon­
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d u c to r  su rfa c e . No s p e c tra l s h if t  w as o b se rv e d  fo r  d if fe re n t la se r  

ex c ita tio n  in te n s ity  o r  w av e len g th s .

T h e  following conclusions can  be made from  th is  w ork:

(1) We have d em o n stra ted  re lax a tio n  sp ec tru m  a n a ly s is , m odulated  p h o ­

to lum inescence, pho to lum inescence, an d  Ram an sp ec tro sc o p y  can  be  u t i ­

lized  as  n o n d e s tru c tiv e  in  s itu  te c h n iq u e s  to  s tu d y  th e  sem ico n d u c to r/ 

e lec tro ly te  in te rfa c e .

T he a d v a n ta g e s  an d  major r e s u l ts  of th e se  fo u r  te ch n iq u es  can be made 

as  follows:

M odulated PL sp ec tro sc o p y :

A d v an tag es :

A new  n o n d e s tru c tiv e  in s i tu  te ch n iq u e  to  s tu d y  th e  sem ico n d u c to r/ 

e lec tro ly te  in te rfa c e . T he  value of th e  d o p p in g  d e n s ity  o b ta in ed  by  

u s in g  th is  m ethod is in d e p en d e n t of th e  su rfa c e  cond itions of th e  p h o ­

toanodes .

Major r e s u l ts :

(a) V erifica tion  of th e  "dead  la y e r  model" fo r th e  PL of C dS e/ 

poly su lfid e  system .

(b ) E nh an ced  s h o r t  c irc u it  PL of C d S e /p o ly su lfid e  system .

(c) O b ta in ed  th e  dopp ing  d e n s ity  of th e  CdSe p h o to e lec tro d es .
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PL spec tro scopy :

A d v a n ta g e s :

A n o n d e s tru c tiv e  in  s itu  te ch n iq u e  to  m onito r th e  chem ical an d  

p h y s ica l ch an g es  on th e  p h o to e lec tro d es .

Major re s u l ts :

(a) T he  a g in g  m echanism s of th e  C d S e /p o ly su lfid e  liq u id  ju n c tio n  so lar 

cells w ere  s tu d ie d .

(b ) O b se rv ed  th a t  th e  d o p p in g  d e n s ity  of th e  p h o toanodes d e c rea se d  

a f te r  th e  p h o to e tch in g .

Ram an sp e c tro sc o p y :

A d v a n ta g e s :

A n o n d e s tru c tiv e  in  s itu  te ch n iq u e  to  s tu d y  th e  m icroscopic s t r u c ­

tu ra l  ch an g es  on th e  p h o to an o d es .

Major re s u lt :

(a) O b se rv ed  c ry s ta llin e  CdS on th e  ag ed  CdSe p h o to an o d es.

R elaxation  sp ec tru m  a n a ly s is :

A d v an tag es:

An e ffic ie n t im pedance m easurem ent te c h n iq u e  to  s tu d y  th e  

sem ico n d u c to r/e lec tro ly te  in te r fa c e .

Major r e s u l t .
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(a) O b ta ined  th e  dop p in g  d e n s ity  of th e  sing le  c ry s ta l  CdSe p h o to a n ­

ode.

(2) T he  photo lum inescence of n - ty p e  CdSe pho toanodes can  be d iv id ed  

in to  two ty p e s . T h ey  a re  open c irc u it photo lum inescence and  s h o r t  c i r ­

cu it pho to lum inescence.

(3) T he com parison of open an d  s h o r t  c irc u it photo lum inescence is  as 

follow s:
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!------------------------------------- T------------------------------------------- T----------------------------------1
1
1
| O pen c irc u it
1

s h o r t  c irc u it

sp ec tru m
I
| same
1

same

se n s itiv ity  

to  la se r  

pow er

1
I
1
| l in e a r
1
1
t

q u a d ra tic

v a ria tio n  

to  su rfa ce  

condition

1
1
1
| n o t se n s itiv e
1
1
1

sen s itiv e

o rig in
1
J  ex c ito n s  (f re e
1
| + b o u n d  * DA p a irs )
1

?

th e o ry
1
| "dead  la y e r  model"
1

?

L_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ A._ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ J

(4) L ig h t w as an e sse n tia l fa c to r  fo r  a g in g  p ro c e sse s  to  o c cu r .
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(5) U n d er open  a n d  closed c irc u it co n d itio n s , th e  a g in g  m echanism  of 

th e  CdSe e lec tro d e s  in  po lysu lfide  e le c tro ly te  is th e  same.

(6) Anodic a n d  cathod ic  re a c tio n s  took p lace on  th e  illum inated  a re a  of 

th e  pho toanode.

(7) In itia lly , a  m ix ed -p h ase  com pound of C dS e1 S is  form ed on th e
X " X X

e lec tro d e  su rfa c e .

(8) A fte r  a p ro lo n g ed  p e rio d  of a g in g  th is  m ix ed -p h ase  com pound s e p ­

a ra te s  o u t to  CdS a n d  C dSe, S .1 -x  x

(9) T he a g in g  m echanism  can be s to p p ed  b y  p re v e n tin g  th e  cathodic  

re a c tio n . H ence, th e  lifetim e of th e  cell can be e x te n d e d .

(10) T he pho tovo lta ic  c h a ra c te r is t ic s  can  be im proved b y  u s in g  a  p h o ­

to e tch in g  te c h n iq u e .

(11) T h e  d o p ing  d e n s ity  of CdSe n e a r  th e  su rfa ce  d e c re a se d  a f te r  

p h o to e tc h in g . T h is  cau sed  th e  d e c rea se  of b o u n d  ex c ito n  p h o to lu ­

m inescence in te n s ity .

(12) In  g e n e ra l, we have show n th a t  th e  PEC so la r cells a re  one of th e  

m ost co n v en ien t system s to  s tu d y  th e  fundam en ta l o p tica l p ro p e r tie s  of 

sem iconducto rs  an d  sem ico n d u c to r/ am bient in te rfa c e .
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4.1 Fu ture  work

T he w ork  we p erfo rm ed  on th e  n - ty p e  C d S e /p o ly su lfid e  system  

re v e a le d  m any in te re s t in g  phenom ena. As a  co n seq u en ce  of th is ,  th e  

following w ork  may in c re a se  th e  fu n d am en ta l an d  p ra c tic a l im portance of 

PEC so la r ce lls .

T h e  o rig in  of th e  s h o r t- c ir c u i t  pho to lum inescence of n - ty p e  CdSe 

po ly  su lfid e  system  is  no t y e t know n. To u n d e rs ta n d  a n d  ex p la in  th is  

phenom ena, it  is n e c e s sa ry  to  in v e s tig a te  th e  recom bination  k in e tic s  of 

e le c tro n -h o le  p a irs  u n d e r  s h o r t- c ir c u i t  co n d itio n s . T h e  decay  time 

m easu rem en ts  u n d e r  su ch  co n d itio n s  will p ro v id e  th e  k in e tic s  of th e  

recom bination  p ro c e ss  fo r  e lec tro n -h o le  p a ir s .  T h u s , i t  would be e x c it­

in g  to  p e rfo rm  su ch  decay  time m easu rem en ts  of th e  photo lum inescence 

to  f u r th e r  u n d e rs ta n d  s h o r t  c irc u it pho to lum inescence . Also it is 

im p o rtan t to  s tu d y  th e  e ffe c t of p h o to e tch in g  a n d  th e  d iffe re n t c ry s ta l  

o rie n ta tio n s  on th e  s h o r t  c irc u it  pho to lum inescence.

We have  show n th a t  th e  a g in g  m echanism s of o p en  a n d  s h o r t-c irc u its  

w ere th e  sam e. U nder o p e n -c irc u it  co n d itio n s , th e  anodic  an d  cathod ic  

re a c tio n s  took  p lace  on th e  same p h o to an o d e . T he n a tu re  of th e  chem i­

cal p ro c e s s e s , p a r t ic u la r ly  th e  cathod ic  re a c tio n , is  com plex an d  no t y e t 

u n d e rs to o d . T h u s , it  is n e c e s sa ry  to  pe rfo rm  f u r th e r  ex p e rim en ts  to  

u n d e rs ta n d  th e  ch em istry  of th e  ca thod ic  re a c tio n . F u rth e rm o re , we
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h ave  o b se rv ed  a t th e  in itia l s ta g e s  in th e  ag in g  p ro c e sse s  th e re  a re  

ch an g es  in  th e  d e fec t co n cen tra tio n  m ainly in th e  sp ace  c h a rg e  reg io n  

in  th e  e lec tro d e . H ence, s tu d ie s  on sing le  c ry s ta l  n - ty p e  CdSe will 

he lp  to  d em o n stra te  how d e fe c ts  in  th e  e lec tro d e  e ffe c t th e  a g in g  p r o ­

cesses  .

In  p h o to e tch in g  ex p e rim en ts , we o b se rv ed  th a t  a f te r  th e  p h o to e tc h ­

in g , th e  dop ing  d e n s ity  d e c rea se d  n e a r  th e  sem iconducto r su rfa ce  an d  

c o rre sp o n d in g ly , a b lu e -s h if t  o c c u rre d  in  th e  photo lum inescence s p e c ­

tru m . We h av e  ex p la in ed  th e se  r e s u l ts  q u a lita tiv e ly . An a p p ro p r ia te  

m athem atical model an d  q u a n tita tiv e  an a ly s is  will p ro v id e  f u r th e r  in fo r ­

m ation on th e  e ffe c t of p h o to e tch in g  on th e  pho to lum inescence.
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