
THEORETICAL BACKGROUND AND LITERATURE REVIEW
CHAPTER II

2.1 Dye-Sensitized Solar Cells

D y e -se n s itiz e d  so la r  c e lls  (D S S C s) a re  th e  p h o to v o lta ic  d ev ice  w h ic h  is 
used fo r  the  c o n ve rs io n  o f  s u n lig h t in to  e le c t r ic ity  based on  w id e  b and  gap 

sem ico n d u c to r. T h e  h is to ry  o f  D S S C  w a s  d e v e lo p e d  w ith  ch lo ro p h y ll se n s itiz e d  z in c  
o x id e  (Z n O )  in  1972 (T r ib u ts ch  et a l,  1969). B u t  D S S C  has be com e  tru ly  a ttra c t ive  

p h o to v o lta ic  d e v ic e s  w h e n  G ra tze l a n d  c o -w o rk e rs  su cceed ed  in  d e v e lo p in g  a  n e w  
type o f  D S S C  w h ic h  co m b in ed  w ith  t ita n iu m  d io x id e  (T iC ty) and  n o ve l ru th en iu m  

(R u ) b ip y rid ÿ l c o m p le x  a s  a  s e n s itiz e r  (G ra tze l, 2 0 0 5 ).

2.2 Operating Principle of Dye Sensitized Solar Cell

A  sc h e m a tic  p re se n ta tio n  o f  th e  o p e ra tin g  p r in c ip le  o f  D S S C  is  g iv e n  in 
f ig u re  2.1 T h e  heart o f  D S S C  is  n a n o c ry s ta llin e  sem ico n d u c to r w h ic h  is  p la ce d  to 

co n ta c t b o th  d y e  a n d  red o x  c o u p le  e lec tro ly te . T h e  w e ll-k n o w n  m a te r ia l o f  
n an o c ry s ta llin e  sem ico n d u c to r is  t ita n iu m  d io x id e  (T itty )  w ith  anatase structu re . 

N o w ad ay s , th e  a lte rn a tiv e  se m ic o n d u c to r  w h ich  is  u sed  an d  h a s  b an d  g ap  s im ila r  to  
the a lte rna tiv e  T i0 2  is  z in c  o x id e  (Z n O ) . T h e  ab so rp tio n  o f  s u n lig h t  in  D S S C  o ccu rs  

in  th e  d y e  m o le c u le  a s  lig h t se n s itiz e r . W h en  th ey  ab so rb  th e  su n lig h t, th e y  w ill 
generate the e le c tro n -h o le  p a ir  w h ic h  is  ca lle d  pho ton  and  then  the e le c tro n  is  

tra n sp o rte d  th ro u g h  th e  b an d  g ap  o f  sem ico n d u c to r. T h e  d y e  is  re g e n e ra te d  by  
e le c tro n  d o n a tio n  fro m  the e le c tro ly te , u su a lly  an  o rg an ic  so lv e n t  co n ta in in g  a  re d o x  

co u p le , su ch  as  io d id e /tr iio d id e  c o u p le . T h e  io d id e  is  re g e n e ra te d  b y  re d u c tio n  o f  
t r iio d id e  at the co un te r e lectrode.



Figure 2.1 Principle of operation of dye-sensitized solar cell (Grâtzel, 2005).

L ig h t  a b s o r p t io n  : 2 S  +  2 h v  —  2S *  ( 1 )

E le c tro n  in je c t io n  ะ 2S* —  2 S + (2 )

D y e  re d u c t io n  a n d  io d id e  o x id a t io n  ะ

2 S + + 3 1 “ — 2 S  +  13 (3 )

3 7 “  +  2 เท' —  h  +  2 c “ ( T i 0 2 ) (4 )

T r i  -  io d id e  re d u c tio n  ะ I3 +  2 e “  —> 21“  (5 )

Figure 2.2 All reactions of DSSC (Tripathi et al., 2012).
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2.3 Components of Dye-sensitized Solar Cells

2.3 .1  P h o to se n s itiz e rs
D ye o r  p h o to se n s itiz e r  p la y s  an  im p o rta n t ro le  in  ab so rp tio n  an d  

c o n v e rs io n  o f  su n lig h t to  e lec tric ity . M a n y  re se a rch e s  h av e  fo c u se d  o n  m o le c u le  
e n g in e e r in g  o f  sev e ra l o rg a n ic  m e ta l c o m p le x e s  e sp e c ia lly  ru th e n iu m  c o m p le x e s  
(R u ). T h e s e  c o m p le x e s  a re  o n e  o f  th e  m o s t e ffec tiv e  se n s itiz e rs  b e c a u se  o f  th e ir  h ig h  
e ffic ien cy , g o o d  c h e m ic a l s tab ility , a n d  in te n se  ch arg e  tra n s fe r  a b so rp tio n  in  th e  w id e  
v is ib le  ra n g e  (H a o  et a l ,  2 0 0 6 ). M o re o v e r , R u  se n s itiz e rs  sh o w  in te n se  a b so rp tio n  
ra n g e  in  v is ib le  to  th e  n e a r-in fra re d  re g io n  (M o n a ri et a l,  2 0 1 1 ) . A n  e ff ic ie n t 
s e n s itiz e r  m u s t h a s  c e r ta in  re q u ire m e n ts  su ch  as; an  in ten se  a b so rp tio n  in  th e  v is ib le  
re g io n , s tro n g  a d so rp tio n  o n to  th e  se m ic o n d u c to r  su rface , e ffec tiv e  e lec tro n  in je c tio n  
to  th e  c o n d u c tio n  b an d  o f  th e  se m ic o n d u c to r, an d  it sh o u ld  h a s  sev era l ca rb o n y l 
( C = 0 )  o r  h y d ro x y l (-O H ) g ro u p s  to 'c h e la te  w ith  se m ic o n d u c to r  su rfa c e  (S m estad , 
1998).

N o w a d a y s , d y e  can  b e  d iv id e d  in to  tw o  m a in  ty p es  w h ic h  a re  
sy n th e tic  d y e s  an d  n a tu ra l dyes. G ra tz e l and  c o -w o rk e r  d e v e lo p e d  m an y  R u  
c o m p le x e s . T h e  o u ts ta n d in g  sy n th e tic  d y es  a re  c is -b is ( iso th io c y a n a to )b is (4 ,4 0 -  
d ic a rb o x y lic a c id -2 ,2 0 -b ip y rid in e )R u (II)  c o m p lex  co d ed  as N 3  o r red  d y e ; 
tr is ( iso th io c y a n a to )-2 ,2 0  ,2 "-te rp y rid y !-4 ,4 0 ,4 " -tr ic a rb o ly la te )R u (II)  co m p lex  co d e d  
a s  N 7 4 9  o r  b la c k  d y e  a n d  d i( te trab u ty la m m o n iu m )c is -b is ( iso th io c y a n a to )b is (4 -  
c a rb o x y licac id -4 Q -ca rb o x y la te -2 ,2 0 -b ip y rid in e )R u (II)  c o m p lex  c o d e d  as N 7 1 9  
(F ig u re  2 .3 ). F o r n a tu ra l d y es ,-o rg an ic  d y e s  an d  m e ta l co m p le x e s  su c h  a s  p o rp h y rin s  
an d  p h tio c y a n in e  w e re  นรนฟly  u sed  a s  sen s itiz e rs . H o w e v e r, th e y  can n o t c o m p e te  
w ith  R u  s e n s itiz e r  b e c a u se  o f  th e ir  lo w  n e a r  in fra red  ab so rp tio n . F u rth e rm o re , th e  
L U M O  lev e l o f  th e m  is  v e ry  lo w  fo r  e le c tro n  tra n s fe r  to  c o n d u c tio n  b a n d  o f  
se m ic o n d u c to r  (G ra tz e l, 2 0 0 3 ). In  R u  c o m p le x e s , th is  tra n s fe r  is  m u c h  fa s te r  ra te  
th a n  b a c k  re a c tio n  w h ic h  th e  e le c tro n  re c o m b in e s  w ith  o x id iz e d  dye  m o re  th a n  
g en e ra l f lo w in g  an d  w o rk in g  (R yan , 2 0 0 9 ). H o w ev e r, R u  c o m p le x e s  co n ta in  a  h e a v y  
m e ta l w h ic h  is  d a n g e ro u s  th e  e n v iro n m e n t an d  ex p e n s iv e  co st o f  p ro d u c tio n . S o  th a t  
u s in g  n a tu ra l d y es  a re  th e  a lte rn a tiv e  sen s itiz e rs . T h e ir  a d v a n ta g e s  o v e r  sy n th e tic
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e n v iro n m e n ta l f r ie n d ly  a n d  lo w e r  p ro d u c tio n  cost.
dyes are easy obtainable, large abundance source, using without purification,

COOH (a)

Figure 2.3 Chemical structures of (a) N3, (b) N749 and (c) N719.
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2 .3 .2  E le c tro ly te s
T h e  firs t D S S C  e m p lo y e d  lith iu m  io d id e /io d in e  as  an  o rg an ic  liq u id  

e lec tro ly te  (G râ tz e l, 1991). F ro m  th is  d ev ice , c o n v e rs io n  e ff ic ie n cy  w as o b ta in e d  
ab o u t 7 .1 %  u n d e r  irra d ia tio n  o f  A M  1.5 , 100 m W /c m 2. In ad d itio n , m an y  ty p es  o f  
liq u id  e le c tro ly te s  c o n ta in in g  io d id e /tr iio d id e  re d o x  co u p le  an d  h ig h  d ie le c tr ic  
co n stan t o rg a n ic  so lv e n ts  su ch  as a c e to n itr ile  (A cN ), p ro p y le n e  c a rb o n a te  (P C ), 3 - 
m e th o x y p ro p io n itr ile  (M e P N ), d im e th y lsu lfo x id e  (D M S O ), d io x a n e  (D IO ) an d  
p y rid in e  (P Y ) so lu tio n s  w e re  in v e s tig a te d  (K eb ed e  et a l, 1999).

L iq u id  e le c tro ly te  b a se d  o n  o rg an ic  so lv e n t u su a lly  h a s  h ig h  io n ic  
co n d u c tiv ity  an d  e x c e lle n t in te rfac ia l c o n ta c t w ith  e le c tro d e s , w h ic h  are  th e  m a in  
fac to rs  c o n tr ib u tin g  to  th e  h ig h  p h o to v o lta ic  p e rfo rm a n c e  o f  D S S C . T h e  c o n v e rs io n  
e ffic ien cy  re a c h e d  11%  fo r th e  D S S C -c o n ta in in g  l iq u id  e lec tro ly te  (G râ tze l, 2 0 0 5 ). 
H o w ev er, le a k a g e  an d  v o la tiliz a tio n  o f  o rg an ic  so lv e n ts  a ffec t to  th e  d e c re a sed  
c o n v e rs io n  e ff ic ie n cy  an d  th e  lo n g  te rm  stab ility  o f  D S S C . A m o n g  a ll o f  th e  
p ro b lem s, th e  so lid  s ta te  e le c tro ly te  a n d  p o ly m e ric  e le c tro ly te  a re  u se d  as  a lte rn a tiv e  
e lec tro ly te .

2 .3 .3  C o u n te r-e le c tro d e
T h e  re q u ire m e n t o f  m a te r ia l w h ich  w e re  u se d  as c o u n te r  e le c tro d e  in  

D S S C  is  th a t it sh o u ld  h a s  a  lo w  c h a rg e  tra n s fe r  re s is ta n c e  (A n an d an , 2 0 0 7 ). T h e  
co u n te r  e le c tro d e  d e a lร to  tra n s fe r  e le c tro n s  fro m  th e  ex te rn a l c irc u it b ack  to  th e  
red o x  c o u p le  e lec tro ly te . U n til n o w , P la tin u m  (P t) h a s  b een  th e  a sp ire d  m a te ria l fo r  
u s in g  as  th e  c o u n te r  e le c tro d e  sin ce  it is  a  g o o d  c a ta ly s t fo r  L ' re d u c tio n  (L u q u e  et 
al, 2003).

A n  in te re s tin g  lo w  c o s t fo r  c o u n te r  e le c tro d e  is  c a rb o n  (C ) b e c a u se  o f  
th e ir  g o o d  c a ta ly s t fo r  I3'  re d u c tio n . M o re o v e r , it is  c o m b in e d  su ff ic ie n t c o n d u c tiv ity , 
co rro s io n  re s is ta n c e  an d  h e a t re s is ta n c e  as  w ell (K ay  et a l, 1996). P o ro u s  c a rb o n  
e lec tro d e  w a s  p re p a re d  fro m  g rap h ite  p o w d e r. T h e  P t/c a rb o n  b lack  c o u n te r  e le c tro d e  
ach iev ed  6 .7 2 %  o f  c o n v e rs io n  e ff ic ie n cy  u n d e r  one  รนท illu m in a tio n  (L i et a l, 2 0 0 9 ).
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2.4 Efficiency Factors

T h e  te s tin g  o f  e ff ic ie n cy  w ith  su n lig h t d irec tly  is  c o n c e rn e d  ab o u t d ire c tio n  
and in ten s ity  o f  su n lig h t that re su lt to  c a lc u la t io n  o f  so la r  c e ll e f f ic ie n c y . T h e re fo re , 

i t  is  te s te d  a t a m b ie n t c o n d itio n s  (S ta n d a rd  T e s tin g  C o n d itio n s , S T C , A M  = 1 . 5  
co rre sponds to  an  ang le  o f  in c id en ce  o f  37°, an in c id e n t  p o w e r d e n s ity  = 1000 w /m 2 

an d  a te m p e ra tu re  o f  2 5 °C ) by  so la r  s im u la tio n . A M  1.5 so la r  e m iss io n  w a s  
s im u la te d  b y  p a ss in g  the ou tpu t o f  the h igh -p re ssu re  4 5 0 -พ  xeno n  la m p  th rough  a  3- 

m m -th ic k  S c h o tt 113 in te rfe re n c e  f ilte r  (N a z e e ru d d in  et a l, 2 0 0 3 ).
T h e  pe rfo rm ance  o f  D S S C  has been  estim ated  b y  open  c ir c u it  vo ltag e  ( Vac), 

sh o rt cu rren t (Isc), fill fa c to r  (FF) an d  c o n v e rs io n  e ffic ien cy  (i )ๆ. O p e n  c irc u it v o lta g e  
occu rs  w h en  there is  n o t an y  lo ad  connected  to the c e ll and cu rren t is  no t f lo w in g . 

M ax im u m  p o w e r  v o lta g e  is  th e  a m o u n t o f  v o lta g e  p ro d u c e d  b y  th e  ce ll w h ic h  
co rre sponds to  the m a x im u m  am oun t o f  p o w e r fo r  ce ll. T h e  y e l lo w  lin e  on  F ig u re  2.3 

b e lo w , th e  c u rre n t v e rsu s  v o lta g e  c u rv e  sh o w s th a t  th e  o p en  c irc u it  v o ltag e  ( Voc) 
o ccu rs  at the  b o ttom  r ig h t  s id e  o f  the cu rve . A t  th is  p o in t, the v o lta g e  is  m a x im a l 

v a lu e  an d  th e  c u rre n t f lo w  is  ze ro . O n  th e  sam e  g rap h , th e  b lu e  lin e  sh o w s th a t  th e  
p o w e r ve rsu s  vo ltage . T h e  m a x im u m  p o w e r vo ltage  (Vmp) is  d ire c t ly  b e lo w  the 

cu rv a tu re  o f  b lu e  line . Voc is  a lw ay s g re a te r  th a n  Vmp fo r  D S S C .
T h e  stra igh t l in e  w h ic h  is  d raw n  d o w n  fro m  the cu rva tu re  o f  the p o w e r 

v e rsu s  v o lta g e  cu rv e  in te rse c ts  w ith  th e  c u rre n t v e rsu s  v o ltag e  th e n  th e  m a x im u m  
p o w e r cu rren t (Iinp) พ !!! appear. T he  p ro d u c t o f  those tw o  va lu e s  (V mp X Imp) re su lts  in  
th e  m a x im u m  p o w e r v a lu e  in  w a tts  i f  th e  fill fa c to r  is  equa l to  o n e  (N e lso n  et <il,
2004).
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Figure 2.4 T h e  c u rre n t v e rsu s  v o lta g e  cu rv e  a n d  p o w e r v e rsu s  v o lta g e  c u rv e
(h ttp ://e cm w eb .com /g re en -b u ild in g /h ig h s -an d -lo w s-p h o to vo lta ic -sy s tem -

ca lcu la tio n s).

T h e  fill fa c to r  (FF) o f  D S S C  is  sca le  o f  re s is ta n c e  an d  ju n c t io n  q u a lity  o f
the c e ll. T he  f i l l  fa c to r can  assum e va lues  be tw een  ze ro  and less than  one  w h ic h  is  

d e f in e d  by  th e  ra tio  o f  th e  m a x im u m  p o w e r  (Pmax) o f  th e  so la r  ce ll p e r  u n it a re  
d iv id e d  by  the Vac and Isc f o l lo w in g  the equa tio n  6 o r 7 ( L u d in  et a!., 2014 ).

FF  — Pmaxhc^oc
F  F  — ImPVmP 

hc^oc

(6 )

(7)
W h e re , / sc an d  Foc a re  th e  sh o rt c ircu it c u rre n ts  an d  th e  o p e n  c irc u it  v o ltag e , 
re sp e c tiv e ly .

F rom  th e  e n tire  v a r ia b le  above, th e  o v era ll co n v e rs io n  e ff ic ie n c y  (77) o f  
D S S C  can  be  d e fin e d  fo llo w in g  th e  eq u a tio n  b e lo w .

http://ecmweb.com/green-building/highs-and-lows-photovoltaic-system-
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^  _ _  p m a x

Pin
hcVocFF  

ฦ =  Pin

W h ere , Pmax is th e  m a x im u m  o u tp u t p o w e r  and  Pin is  th e  in p u t p o w e r  o r 
in c id e n t  lig h t  w h ic h  is  m easu red  in  m W c m '2

2.5 Natural Dye for Sensitizer

In  n a tu re , so m e  flo w e rs , leav es, f ru its  p e rh a p s  a n im a ls  o r  m in e ra ls  sh o w  
v a r io u s  co lo rs  w h ic h  co n s is t o f  seve ra l p igm en ts  that can  be re a d ily  e x tra c ted  and 

u sed  fo r  D S S C  (C h a n g  et a l , 2010 ). N atu ra l p ig m en ts  h a v e  been  c o n s id e re d  as  
a ltem a tiv e  sen s it ize rs  fo r  D S S C  because o f  th e ir  s im p le  p repa ra tion , lo w  cost, 

c o m p le te  b io d e g ra d a tio n , a v a ila b le  all a ro u n d , e n v iro n m en ta l f r ie n d ly  a n d  u n p u rif ie d  
grade. T h e  e le c tro n ic  structu re  o f  p igm en ts  re a c t in g  the su n lig h t can  be d e sc r ib ed  by 

m a x im u m  a b so rp tio n  w a v e le n g th  ( -̂max) (D av ie s , 2004). T h ere  a re  n u m e ro u s  n a tu ra l 
dyes w h ic h  is  used  as sen s it ize rs  in  D S S C  such  as ch lo ro p h y ll,  ca ro teno id , 

an th o cy an in , f la v o n o id , cy an in e  a n d  ta n n in  (L u d in  et a l, 2014). A lm o s t n a tu ra l 'dyes 
have  a  h y d ro x y l g roup  in  th e ir  stru ctu re  and e x h ib it  w ate r so lu b ility ' ( พ ongcha ree  e t  
al, 2007 ). H o w ev e r, th e  n a tu ra l D S S C  still p ro v id e  lo w  e ff ic ie n cy  d u e  to  lo w  lig h t 
ab so rp tio n  in  v is ib le  reg ion , w e a k  b in d in g  ene rgy  w ith  sem ico ndu c to r, h ig h  e le ctron  

re c o m b in a tio n  an d  lo w  s ta b ility  (C h a n g  et a l, 2012). T h e  w e a k  b in d in g  e n e rg y  is 
ob ta in ed  b y  the reason  o f  la c k in g  ancho red  g roups. M o re o ve r , s te ric  h in d ra n ce  o f  the 

b u lk y  s tru c tu re  o r  v e ry  lo n g  a lk y l c h a in  p re v e n t d y e  to  h o ld  o n  T i(>2 su rfa c e  (H ao  et 
al, 2006 ). T h e  in te ra c t io n  be tw een  na tu ra l dyes and  T iC >2 su rface  is  e x h ib ite d  b y  the 

b ro a d e n in g  an d  th e  re d  sh ift o f  th e  a b so rp tio n  b an d  o f  dyes o n  T i0 2  (W o n g c h a re e  et 
al, 2007 ).

F u rth e rm o re , th e  h ig h  re c o m b in a tio n  d u e  to  q u en ch in g  o f  th e  e x c ite d  s ta te  
o f  n a tu ra l dyes is  a ttribu ted  to  a dye  aggregation . In  case  o f  D S S C  w ith  ru th en iu m  

dyes, a  la rg e  n u m b e r  o f  ca rb o n y l g ro u p s  in  s tru c tu re  w ill fo rm  in te rm o le c u la r

(8 )

(9)
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a g g re g a t io n  b y  h y d r o g e n  b o n d  b e tw e e n  c a rb o n y l  g r o u p s  (L e e  et a l,  2 0 0 8 ) .  A ls o , th e  
d y e  a g g r e g a t io n  is  th e  m a in  d r a w b a c k  o f  th e  D S S C .

N e w  f o u r  n a tu ra l  d y e s  w i th  Z n O  s e m ic o n d u c to r  w h ic h  a r e  r e d  o r c h id ,  
s p i ru l in a ,  in d ig o  a n d  y e l lo w  c o t to n  f lo w e r  w e r e  u s e d  a s  s e n s i t iz e r s .  T h e  s t r u c tu r e  
f o r m u la  o f  e a c h  d y e  is  d e p ic t e d  in  F ig u re  2 .4

(a)

(b)

F i g u r e  2 .5  C h e m ic a l  s t r u c tu r e  o f  (a )  p e l a r g o n id in  ( r e d  o r c h id )  , (b )  in d ig o  ( in d ig o ) ,  
( c )  c - p h y c o c y a n in  ( s p i r u l in a )  a n d  (d )  q u e r c e t in  ( y e l lo w  c o to n ) .

A ll  o f  th e  c h o s e n  d y e s  c o n ta in  h y d ro x y l  g r o u p  w h ic h  r e s u l t s  in  w a te r
so lu b ili ty '. F u r th e r m o r e ,  b o th  in d ig o  d y e  a n d  s p i r u l in a  d y e  a ls o  c o n ta in  c a r b o n y l  
g r o u p  th a t  o th e r  tw o  d y e s  h a v e  n o t.
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2.6 Quantum Dot Sensitizer (QD)

F i g u r e  2 .6  V a le n c e  e n e r g y  b a n d s  s e p a r a te d  w i th  e n e r g y  g a p , E &0 ( K l im o v , 2 0 1 0 ) .

2 .6 .1  P r e p a r a t io n  o f  Q D
S e m ic o n d u c to r  Q D s  h a v e  b e e n  p r e p a r e d  b y  a  v a r ie ty  o f  “ p h y s ic a l”  

a n d  “ c h e m ic a l”  m e th o d s .  S o m e  e x a m p le  o f  p h y s ic a l  p r o c e s s e s ,  m o le c u la r - b e a m -  
e p i ta x y  (M B E )  a n d  m e ta lo r g a n ic - c h e m i f a l - v a p o r - d e p o s i t i o n  ( M O C V D )  a p p r o a c h e s  
to  Q D s  ( S e r p o n e  et a i,  1 9 9 4 )  a n d  v a p o r - l iq u id - s o l id  (V L S )  a p p ro a c h e s  to  q u a n tu m  
w ire s  (O s te r lo h , 2 0 0 8 ) .  F o r  c h e m ic a l  p ro c e s s ,  c o l lo id a l  c h e m ic a l  s y n th e s i s  i s  u s e d  to  
p r o d u c e  n a n o c r y s ta l  q u a n tu m  d o ts .  C h e m ic a l  b a th  d e p o s i t io n  (C B D )  is  w id e ly  u s e d  
in  s i tu  m e th o d s  f o r  p r e p a r a t io n  o f  Q D  o n  n a n o s t r u c tu r e d  w id e  b a n d g a p  
s e m ic o n d u c to r s .  C B D  h a s  b e e n  u s e d  to  d e p o s i t  Q D  f i lm  o n to  s e m ic o n d u c to r .  D i r e c t  
g r o w th  is  d o n e  b y  im m e r s in g  th e  s e m ic o n d u c to r  in to  th e  s o lu t io n  w h ic h  c o n ta in s  th e  
c a t io n ic  a n d  a n io n ic  p r e c u r s o r s  o f  a s p i r in g  Q D  ( G o r e r  et al., 1 9 9 5 ).
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2 .6 .2  E le c t r o ly t e - m e d ia te d  C h a rg e  T ra n s p o r t
F ro m  f lo w  p a th w a y s ,  a  p r o p o s e d  m e c h a n is m  w a s  th e  e le c t ro ly te -  

m e d ia te d  c h a r g e  t r a n s p o r t  f ro m  o u te r  Q D s  to  th e  Q D s  w h ic h  w e r e  n e x t  to  th e  
c o n d u c t iv e  g la s s .  T o  c o n f i rm  th i s  m e c h a n is m , tw o  n e w  e le c t ro ly te  s o lu t io n s  w e re  
te s te d  ( C a lz a f e r r i  et a l,  1 9 9 5 ) . T h e y  a re  th e  a q u e o u s  s o lu t io n  o f  N a l ,  N a O H  a n d  th e  
a q u e o u s  s o lu t io n  o f  t e t r a b u ty la m m o n iu m  io d id e  ( T B A I ) ,  t e t r a b u ty la m m o n iu m  
h y d r o x id e  (T B A O H ) . In  c a s e  o f  th e  N a l  a n d  N a O H  e le c t ro ly te  s o lu t io n ,  th e  o v e ra l l  
e f f ic ie n c y  w a s  a f f e c te d  th a t  w a s  lo w e r  v a lu e  th a n  th e  s ta n d a r d  e le c t ro ly te  s o lu t io n  
w h ic h  w a s  N a 2S  a n d  N a O H . H o w e v e r ,  w h e n  th e  e le c t r o ly te  s o lu t io n  c o n s is t in g  o f  
T B A I  a n d  T B A O H  w a s  u s e d ,  n o  o v e ra l l  e f f ic ie n c y  w a s  o b s e rv e d .  C a lz a f e r r i  a n d  c o ­
w o r k e r  e x p l ic a te d  th a t  a g g r e g a t io n  o f  s a lts  ( r e p r e s e n t  Q D )  in  th e  z e o l i te  ( r e p re s e n t  
s e m ic o n d u c to r )  i s  n e c e s s a r y  to  p h o to v o l ta ic  p e r f o rm a n c e .  M o re o v e r ,  p h o to v o l ta ic  
p e r f o r m a n c e  w a s  d i s a p p e a re d  w h e n  T B A I  a n d  T B A O H  w e r e  u s e d  a s  e le c t ro ly te  
s o lu t io n ;  th is  is  in d ic a te d  th a t  h u g e  s t r u c tu r e  o f  e le c t ro ly te  a c te d  a s  b a r r ie r  to  b lo c k  
e le c t r o n  t r a n s fe r .  T h e r e fo re ,  th e  m e c h a n is m  w a s  p ro v e d .

2 .6 .3  C d S  O P
C d S  is  th e  m o s t  a c t iv e  r e s e a r c h  o n e  d u e  to  th e i r  a d v a n ta g e s  s u c h  a s  

n a r r o w  b a n d g a p  o f  2 .4 2  e V , p r o m o t in g  th e  c a r r ie r  t r a n s f e r  a n d  e n h a n c in g  th e  v is ib le  
l ig h t  a b s o r p t io n  c a p a b ility '. T h e s e  p r o p e r t ie s  c a n  b e  e n h a n c e d  m o re  w h e n  c o m b in e  
C d S  w i th  Z n O  ( Z o u  et a l, 2 0 1 3 ) .

2 .6 .4  Z n S  O P
Z n S  is  a ls o  a  k in d  o f  im p o r ta n t  s e m ic o n d u c to r .  I t  h a s  th e  la rg e s t  

b a n d g a p  a m o n g  I I -V I  c o m p o u n d s .  M o re o v e r ,  i t  is  w e l l - k n o w n  lu m in e s c e n t  m a te r ia l  
w h ic h  w id e ly  u s e d  in  m a n y  a p p l ic a t io n s  s u c h  a s  f la t - p a n e l  d is p la y s ,  
e le c t r o lu m in e s c e n t  d e v ic e s ,  s e n s o r s ,  la s e r s  a n d  p h o to c a ta ly s ts .  T h e r e fo re ,  Z n S  h a v e  
b e e n  s tu d ie d  (R .an i et a l,  2 0 1 3 ) .
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2 .6 .5  A g ? s  O P
A g 2S is  n o n to x ic ,  in e r t  to  o x id a t io n  a n d  p o s s e s s e s  a  n a r r o w  b a n d g a p  

(1 .0  e V )  ( P a th a n  et a i,  2 0 0 1 ) . M o re o v e r ,  e n e r g y  le v e l c o n f ig u r a t io n  c a n  in d u c e  
v e c to r ia l  t r a n s f e r  o f  p h o to  g e n e r a te d  c h a rg e s  a n d  a v o id  r e v e r s e  in je c t io n  o f  p h o to  
in d u c e d  e le c t r o n s  th a t  u s u a l ly  o c c u r r e d  in  C d S  ( J i  et ai, 2 0 1 3 ) .  W h ile  th e  p r o b le m s  
o f  c o m m e r c ia l  Z n O  s u c h  a s  f a s t  r e c o m b in a t io n  r a te  o f  th e  p h o to e x c i te d  e le c t r o n - h o le  
p a i r s  a r e  c o n c e rn e d .  T h e r e fo re ,  c o m m e r c ia l  Z n O  c a n  b e  e n h a n c e d  th e  e f f ic ie n c y  
u s in g  A g 2ร  ( S u b a s h  et a i,  2 0 1 3 ) .
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