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Abstract  o f  D i s s e r t a t i o n

Dye Sensitization of  T iO: Crystals anti Nanoerystalline Films 

with a Ruthenium Based Dye

T h e  d y e / s e m i c o n d u c t o r  i n t e r f a c e  o f  a r e c e n t l y  d e v e l o p e d  h i g h l y  

ef f ic ient  (overa l l  co n v e r s io n  e f f iciency  > 13 ° r ) dye sensi t i / . ed n a n o e r y s t a l l i n e  

T i O : solar  cell was inves t iga ted .  First, the a dso rp t i on  and d e s o r p t i o n  rates o f  

the  d y e  W7.v-d i( thiocyanato)b is (2 .2 ' -bipyr idyl -4 .4‘- d i c a r b o x y l a t e ) r u t h e n i u m ( ! ! t : N 3 ). 

and the r e l a t i o n s h i p  b e tw e e n  the dye  c o v e r a g e  and  the p h o t o n - t o - c u r r e n t  

co n v e r s io n  e f f ic ienc ies  were  e x a m in e d  for n a n o e r y s ta l l i n e  T i O ; films. A tw o-  

step dye a d s o r p t i o n  m e c h a n i s m  was pos tu l a t ed  where  initial b i nd i ng  of  N3 is 

th rough one carboxy l  group ,  with su b se q u en t  b ind ing  of  two or more c a r b o x y l  

groups.  The  p h o t o n - t o - c u r r e n t  conve rs io n  e f f iciencies  were found to i n c r e a s e  

abr upt ly  at a cove ra ge  of  about  0.3 m on o la y e r s .  To  expla in  the n o n - l i n e a r  

in c r e a s e s  in the c o n v e r s i o n  e f f ic ie n c ie s ,  a h o l e - h o p p i n g  m e c h a n i s m  w a s  

pro pose d .  At gr ea te r  than 30 c!c cove rage ,  hole t r ansf er  b e tw een  a d j a c e n t  N3 

mol ecules  b eco m es  possible and  faci l i tates the r e gene ra t io n  of  the ox id ize d  N3 

by the redox spec ies ([ ) in the matrix of the n a n o p o ru u s  s t r u c t u r e .
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Natura l  an a ta s e  c rys ta l s  were a lso in v e s t i g a te d  as su b s t r a t e s  for  d y e  

s en s i t i za t io n  by N3 to c i r c u m v e n t  the comple xi t y  of  the n a n o p o r o u s  s t r u c t u r e  

of  the nan oe rys t a l l in e  T i O : films. A crystal  face d e p e n d e n c e  of the s e n s i t i z a t i o n  

yield was obs erved  and  exp la in ed  with the var ia t ion  in the d i s ta nces  b e t w e e n  

the Ti binding sites hv d if fe rent  crys tal  faces. The  dye sens i t ized p h o t o c u r r e n t s  

with the natura l  an a ta s e  c rys ta l s  had mi l l i se cond  rise t imes.  The  rise t i m e  

de c re a s ed  with greate r  light intens ity and greate r  dye coverage ,  sugges t i ng  t h a t  

t r a p p i n g  and  d e t r a p p i n g  of  i n j ec t ed  e l e c t r o n s  at t raps  in the c ry s ta l s  is 

i n v o lv e d  in the  e l e c t r o n  t r a n s p o r t  in the na tu ra l  a n a t a s e  c ry s ta l s .  The  

a b s o r b e d  p h o t o n  to c u r r e n t  e f f ic ie n cy  o f  the  n a n o e r y s t a l l i n e  f i lms  w a s

c a lc u la te d  to be appr ox im a te ly  three to seven t imes grea te r  than that of  t h e  

single crystals ,  indica t ing  more r e c o m b i n a t i o n  in the single c r y s t a l s .

Finally,  the sur face  m o r p h o lo g ie s  of  na tura l  and syn the t ic  T i O ; c r y s t a l s  

w e r e  in v e s t i g a t e d  wi th  s c a n n i n g  e l e c t r o n  m i c r o s c o p y  an d  a t o m i c  f o r c e  

mic rosco py.  Several sur face  t r e a tm e n ts  were a t t em pt ed  to obtain flat t e r r a c e d  

sur faces  su itable  for imaging the adsor bed  N3.

Akiko F i l l i n g e r

D e p a r tm e n t  of  C h e m i s t r y  
Col orado  State U n i v e r s i t y  

Fort Coll ins.  CO 8 0 5 2 3

Fall 2000
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CHAPTER ONE

B ackground

T h e  d e v e l o p m e n t  o f  r e n e w a b l e  ene rgy  has  b e c o m e  very i m p o r t a n t  

be cause  of  the e n v i r o n m e n t a l  de te r io r a t i on  caused  by the c o n s u m p t i o n  of  fossi l  

fuel and  the c o n c e rn  for the exhau s t i on  of  fossil fuels in the near future.  One  

o f  t h o s e  a l t e r n a t i v e  e n e r g y  s o u r c e s  is s o la r  e n e r g y .  E l e c t r o c h e m i c a l  

p h o t o v o l t a i c  ce l l s  c o n v e r t  so la r  e n e r g y  to e l e c t r ic  e n e r g y  b ase d  on  t h e  

p h o t o v o l t a i c  e ffect .  Dve-sens it i / . ed n a n o e r y s t a l l i n e  T i O : so la r  cel ls,  which  I 

have  c h o s e n  for my research  subject ,  are the latest  p rom is in g  e l e c t r o c h e m i c a l  

p h o t o v o l t a i c  cel l s.  In this  c h a p t e r ,  a b r ie f  h i s t ory  and o v e r v ie w  o f  t h e  

p h o t o e l e c t r o c h e m i c a l  cel ls  will be p r e sen t ed  in Sec t ion  I. Then,  the d y e -  

s e n s i t i / e d  n a n o e r y s t a l l i n e  T i O : so la r  cel l  will be i n t r o d u c e d  in S ec t io n  2 .  

Fina lly ,  u n k n o w n  asp ec ts  o f  this new type o f  solar  cell will be d i scuss ed  in 

Sect ion 3 in order  to clarify the goal o f  my research p r o j e c t .

1.1. Brief History and Overview o f  H iotoelectrochem ical Cells

Th e  p h o t o v o l t a i c  e f fect  is a fair ly old d i s c o v e ry .  In 1839 a F r e n c h  

p h y s i c i s t .  E d m o n d  B e c q u e r e l .  o b s e r v e d  a v o l t a g e  and  a c u r r e n t  w h e n  

i l l u m i n a t i n g  a s i l v e r  e le c t r o d e  i m m e r s e d  in a c h lo r id e  e l e c t r o l y t e . * T h e

1
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a p p e a r a n c e  o f  a vo l t age  ac ro ss  the  i l l u m i n a t e d  s e m i c o n d u c t o r / e l e c t r o l y t e

inter face  (or p-n jun c t io n)  is cal led the photovol ta ic  effect.  However ,  it was n o t

until  1955 tha t  the  or igin o f  the phot ov o l ta ic  p h e n o m e n o n  was u n d e r s t o o d

with the work  on g e r m a n i u m  se m i c o n d u c t o r  e lec t ro des  done  by Brat ta in  a n d  

G a r r e t . 2 D u r i n g  th e  n e x t  d e c a d e ,  th e  t h e o r y  o f  s e m i c o n d u c t o r

p h o t o e l e c t r o c h e m i s t r y  was more fully deve lo ped  at Bell La bor a to r ie s  in the U. 

S. by Dewald.*'* Boddy.^* and T u r n e r : 7, * in G e r m a n y  by Ge r i sche r* *  

and  Memm in g :* * '  *2 and in Russia by Myamlin and P l e s k o v . * ^

1.1.1. M echanism  o f  Operation o f  Electrochemical Photovoltaic Solar Cells

A s c h e m a t i c  r e p r e s e n t a t i o n  of  e l e c t r o c h e m i c a l  p h o t o v o l t a i c  cel l  is

i l lus t r a t ed  in Figure 1.1. The e le c t r oc he m ic a l  p h o t o v o l t a ic  cell cons is t s  of  a 

s e m i c o n d u c t o r  e le c t r o d e ,  a c o u n t e r  e lec t r od e ,  and  an e l e c t r o l y t e  s o l u t i o n .  

E le c t r o n s  in the  va le nce  ban d  o f  the s e m i c o n d u c t o r  are  e x c i t e d  to the 

c o n d u c t i o n  band  by a b so rb in g  pho to ns  of  ene rgy  gre a t e r  than the b a n d g a p  

e ne rgy  ( E ?) o f  the s e m i c o n d u c t o r .  Since the e l e c t r o n s  ( e )  exc i te d  to the 

c o n d u c t i o n  band  leave holes ( IT) in the valence band ,  e le c t r o n - h o le  pair s a r e  

c rea ted  in the se m ic o n d u c to r .  In the case of  n-tvpe s e m i c o n d u c t o r  (Figure 1.1) ,  

the e l ec t r ic  f ield fo rm e d  at the s e m i c o n d u c t o r / e l e c t r o l y t e  in te r f a c e  d r i v e s  

e lec t rons  into the bulk of  the se m ic o n d u c to r ,  to the back  contac t  and  then t o  

the o u t e r  c i rcu i t .  The  holes are dr iven  to the  s e m i c o n d u c t o r / e l e c t r o l y t e  

interface un der  the electr ical  field, and oxidize the reduced  species  of  the r e d o x  

couple  (R). At the c ount e r  e lec t rode,  the e lec trons  reduce  the ox id iz ed  s p e c i e s  

o f  t h e  r e d o x  c o u p l e ,  r e s u l t i n g  in n o  n e t  c h a r g e  in t h e  s e m i c o n d u c t o r  o r

2
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Figure 1.1. Schematic representation of an electrochemical photovoltaic cell 
with an n-type semiconductor electrode. R is the reduced species of the redox 
couple, and 0  is the oxidized species of the redox couple.
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so l u t i o n .  This  is the m e c h a n i s m  of  l i g h t - t o - e le c t r ic i t v  c o n v e r s i o n  by a n  

e le c t r o c h em ic a l  photovol ta ic  cel l .

1.1.2. D ifferen t  Forms o f  P h o to e le c tr o ch em ic a l  C e l ls

E le c t r oc hem ic a l  pho tov ol t a i c  cells are one form of p h o t o e l e c t r o c h e m i c a l  

cells.  All p h o t o e l e c t r o c h e m i c a l  cells consist  o f  a s e m i c o n d u c t o r  e l ec t ro d e ,  a 

c o u n t e r  e l e c t r o d e  (u su a l ly  meta l ) ,  and a re d o x  e l e c t r o l y t e  s o l u t i o n ,  a n d  

f u n c t i o n  b a s e d  on th e  p h o t o v o l t a i c  e f f e c t .  T h e  o t h e r  f o r m s  o f  

p h o t o e l e c t r o c h e m i c a l  cells are p h o t o s y n t h e t i c  cel ls  and p h o t o c a t a l y t i c  ce l l s .  

Sch em at i c  r e p r e s e n t a t i o n s  of  the d if feren t  types o f  p h o t o e l e c t r o c h e m i c a l  ce l l s  

are p r e s e n te d  in Figure 1 .2 .* ^  In ph o to v o l t a i c  cel ls (F igure  1.2 .a & b) t h e  

react ion that occurs  at the c o u n te r  e lec t rode  is the reverse  of  the reac t ion  a t  

the s e m i c o n d u c t o r  e l ec t ro d e .  The  cell c o n v e r t s  l ight  to e le c t r i c i ty  id e a l ly  

wi thout any change  in the solut ion compos i t i on  or  the e lec t rode  m a t e r i a l s .

In p h o t o e l e c t r o s v n t h e t i c  cells (Figure  1.2. c & d) the reac t ion  at t h e  

c o u n t e r  e l e c t r o d e  is d i f fe ren t  from that at the s e m i c o n d u c t o r .  The  net cel l  

reac t ion is d r iven  by light in the n o n - s p o n t a n e o u s  d i rec t ion  (AG > 0). so t h a t  

so la r  e n e r g y  is s tored as c he m ic a l  en e rg y .  An e x a m p l e  o f  this  type  o f  

p h o t o e l e c t r o c h e m i c a l  ce l l s  is n -SrT iO </H :0 / P t  cel l  us ed  for  w a t e r  s p l i t t i n g  

(React ion 1 ) . * ?

2 H :0  ---------► 2 H : + 0 : (AG = 475 k J m o l  ') (React ion I )

P h o to ca t a ly t ic  cells (Figure 1.2 e & f) are s imi la r  to p h o t o s y n t h e t i c  ce l l s ,  

yet the reac t ion  is d r iven  in the s p on ta ne ou s  d i rec t ion  (AG < 0). In this type o f

4
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cell ,  l ight en e rg y  is used to o v e rc o m e  the ac t iv a t io n  energy  o f  a very s low 

r e a c t io n .  An e x a m p l e  of  this type  o f  p h o t o e l e c t r o c h e m i c a l  cel l  is n-  

T iC h /C H s O H /P t  cell for the decom pos i t i on  of  methanol  (Reac tion

3 0 j  + 2 C H , O H  ► 4H: 0  + 2 C O ,  (AG = -1401 k J m o l ') (Reaction 2 )

P ho to ca t a ly t i c  cells are not useful for energy c on ve rs io n  hut may be useful f o r  

p h o t o d e g r a d a t i o n  of  p o l l u t a n t s .

1.1.3. D e v e lo p m e n t  of  Practical P l io to c lec tro ch em ica l  C e l ls

In 1972.  the  news  o f  a p os s i b le  p r a c t i c a l  a p p l i c a t i o n  of  p h o t o ­

e l e c t r o c h e m i c a l  cells e n e rg i / e d  the e le c t ro ch emi ca l  c o m m u n i t y .  Fuj i sh ima a n d  

Honda  r e p o r t e d  the d e c o m p o s i t io n  of  water  to hyd rog en  and oxy gen  with a n  

i l l u m i n a t e d  T i O : e l e c t r o d e . * ^  T h i s  p h o t o e l e c t r o c h e m i c a l  cel l  is a

p h o t o e l e c t r o s v n t h e t i c  cell  (F igu re  1 . 2 . 0 .  w hi ch  c o n v e r t s  so la r  e n e r g y  to

chemi ca l  ene rgy .  An intr insic d i s adv ant age  of  large ba n d g a p  s e m i c o n d u c t o r s ,  

i nc l ud i ng  Ti O .  ( F s = 3.2 eV). is their  l imi ted l ight u t i l i za t ion.  As shown in 

Figure 1.3. the solar  spec t rum has less than 5 c.'r  o f  its energy in the UV r e g i o n  

(> -3.1 eV).  Therefore,  the maxi m um  conve rs i on  eff ic iency of  solar energy  t o  

elec tr ic i ty or  s tored energy with the large band ga p  e lec t rodes  is less than 5 rF.

To  overcome this l imitat ion,  small  band ga p  s e m ic o n d u c to r s ,  for i n s t a n c e  

ga l l ium a r sen i de  (Eg = 1.4 e V ) * 8 and c a d m iu m  se len ide  ( Eg = 1.7 e V ) . * 9 w e r e  

in tense ly  s tud ied .  These  small  ba n d g a p  s e m i c o n d u c t o r s  have  ideal b a n d g a p  

v a lu es  for  the  m a x i m u m  u t i l i z a t io n  o f  the  s o l a r  s p e c t r u m  ( F ig u re  1.3) .  

However ,  these  s e m i c o n d u c t o r s  tend  to be uns table  in an e l ec t ro ly te  s o l u t i o n  

u n d e r  i l lu m in a t io n .  Because the minor i ty  car r ie rs  are usua lly  highly r e a c t i v e .

6
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these s e m i c o n d u c t o r s  themse lve s  unde rgo  oxida t ion  or  re duc t io n  r e a c t i o n  with 

t h e  m i n o r i t y  c a r r i e r s .  T h i s  p r o c e s s  is k n o w n  as  p h o t o c o r r o s i o n .  R e a c t i o n  3 

d e s c r i b e s  the  p h o t o c o r r o s i o n  of  n - tvpe  GaAs in a neut ra l  so lu t i o n  u n d e r

illumination.

hv
GaAs + 6 H :0  + 6h* ----- ► Ga(OH)< + A s (O H )t + 6 H “ ( R e a c t i o n 3 )

Because the s t a n d a rd  poten tial  (E„) for this reac t ion  at pH 7 ( -0 .45  V vs. SCE)

falls within the energy  gap be tween  the band  edges  ( E v = -0.23 V and E, = -1.65 

V vs. SCE at pH 7). the e le c t r od e  is uns tab le  with respec t  to the c o r r o s i o n

r e a c t i o n . 18 P h o t o c o r r o s i o n  is one of  the reasons  why p h o t o e l e c t r o c h e m i c a l  

cells have  not found  pract ical  appl i ca t ions  for ene rgy  c o n v e r s i o n . 20, 21 Vet.

p h o t o c o r r o s i o n  can be s ign i f ican t ly  reduc ed  wi th redox r eac t i ons  of  s u i t a b l e  

redox  pote n t i a l  and  reac t io n  rate to c o m p e te  e f fec t ive ly  with the c o r r o s i o n

react ion .  In several systems ,  a high degree  of  k inet ic  stabil i ty that o v e r c o m e s

the t h e r m o d y n a m i c  ins tab i l i t y  has been a c h i e v e d . 2 2 ‘ 2?

In addi t ion  to im pro vin g  the stabil i ty,  lower ing  of  the p r o d u c t i o n  c o s t s  

o f  th e  s e m i c o n d u c t o r  is c r i t i c a l  f o r  th e  p r a c t i c a l  d e v e l o p m e n t  o f  

p h o t o e l e c t r o c h e m i c a l  cells. The growth of  bulk crystal  s e m i c o n d u c t o r s ,  such a s  

with the Br idgem an  and C/.ochralski  methods ,  is slow a n d / o r  c o s t l y . 20, 2^ O n e  

so lu t ion  to the high p ro d u c t io n  cost o f  bulk crystal  s e m i c o n d u c t o r s  is the u s e  

of  po lycrys ta l l ine  se m ic o n d u c to r s .  The pr o d u c t i o n  of  po l v c rv s t a l l in e  m a t e r i a l s  

usua l ly  requ i r es  less ene rgy ,  less t ime,  and less mate r i a l .  Those  e c o n o m i c a l  

p r o d u c t i o n  te c h n iq u e s  inc lude  chemi ca l  vapor  d e p o s i t i o n . 2 8 spray  p y r o l y s i s ,  

p r e s s u r e  s i n t e r i n g . 29 c h e m i c a l  ba th  p l a t in g ,  a n d  e l e c t r o p l a t i n g . ^ 0 T h e

8
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ef f i c i ency  of  p o ly c r y s ta l l in e  s e m i c o n d u c t o r  e le c t rod es  is usua l ly  lo w er  t h a n

s i n g l e  c r y s t a l s  b e c a u s e  t h e  p r o b a b i l i t y  o f  t h e  r e c o m b i n a t i o n  o f  e l e c t r o n - h o l e  

pairs is greater  due to the presence  of  grain bou nd a r ie s  and o ther  d e f e c t s .  Yet. 

some s tud ies  have revea led  that  po lvc rys ta l l i ne  s e m i c o n d u c t o r  e le c t r o d e s  c a n  

achieve  a relatively high percen tage  (60 to 85 '£)■•'*• ^  of  the e f f ic iency of  t h e  

single crystal  c o u n t e r p a r t .

1.1.4. Dye S en s it iza t io n  o f  Large Bandgap S e m ic o n d u c t o r s

Extens ion  of  the u t i l iza t ion  of  the sola r spec t rum  for p h o to v o l t a ic  ce l l s  

made  with wide  b a n d g a p  s e m i c o n d u c t o r s  has been  d e m o n s t r a t e d  by d y e -

sensi t i z ing  the s e m ic o n d u c to rs .  A schemat ic  r e p re s e n ta t i o n  of  a d y e - s e n s i t i z e d  

pho to vo l ta ic  cell is sho wn  in Figure 1.4. The dye mo lecules  are c hem ic a l ly  o r  

physical ly  a ds or bed  onto  the s e m i c o n d u c t o r  surface.  Upon a b s o r p t i o n  of  t h e  

l ight ,  the  e l e c t r o n i c a l l y  ex c i t ed  dy e  m o le c u le s  in j ec t  e l e c t r o n s  in to  t h e  

c o n d u c t i o n  b a n d  o f  the s e m i c o n d u c t o r .  T h e  c o m b i n a t i o n  o f  d y e  a n d

s e m i c o n d u c t o r  needs to be chosen  so that the energy  level of  the exc i ted  s t a t e  

of the dye is higher than the bo t tom of  the c on du c t io n  band  ( i  V >0.1 eVt.-*-'  

A unique fea ture  of  the  d y e - s e n s i t i z e d  sys tem is that the f u n c t io n s  o f  l ig h t  

ab so rp t i o n  and charge  co l lec t ion are d ivided be tween  the s e m i c o n d u c t o r  a n d  

the  dve .  In o th e r  w ords ,  the s e m i c o n d u c t o r  w o rk s  solely as a c h a r g e  

t r a n s p o r t e r  and  co l le c tor ,  not  as a light ab so rb e r .  The  a d v a n t a g e  o f  t h e

separa t ion  of  the light a bs or p t io n  and the charge  co l lec t ion  is that there  is less 

possibi l i ty  of  p h o t o c o r r o s i o n  of  the s e m i c o n d u c t o r  s ince mino r i ty  ca r r ie rs  a r e  

not  p roduced  in the s e m i c o n d u c t o r s .

9

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



Load

n-semi­
conductor Dye

Solution
Metal

Figure 1.4. Schematic representation of a dye-sensitized photovoltaic 
cell with an n-type semiconductor.

1 0

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



T h e  e n h a n c e m e n t  of  light absorp t i on  by d y e - s e n s i t i z a t i o n  was. h o w e v e r ,  

l imi ted by the fact that only a monolayer  of dye ad j acen t  to the s e m i c o n d u c t o r  

sur face  can inject e lec t rons  eff iciently into the s e m i c o n d u c t o r . ^ -* S ingle  c r y s t a l  

s e m i c o n d u c t o r s  do  not have  large sur face  a reas  and  so c a n n o t  adso rb  la rg e  

q u a n t i t i e s  o f  dye.  Therefore ,  dye-sens i t i zed  sola r cel ls were of  only s c ie n t i f ic  

in te re s t  unt i l  a b r e a k t h r o u g h  was a c h ie ve d  by the use o f  n a n o c r y s t a l l i n e  

s e m i c o n d u c t o r  f i lms .

1.1.5. Evaluation  o f  E f f ic ie n c y

There are several  "e ff ic iencies"  used to eva lua te  phot o v o l t a ic  cells. The

most  f requen t ly  used e ff ic iencies  are the incident  pho ton  to cur rent  e f f i c i e n c y

( IPCE)  and the overa l l  e f f ic iency  for light to elec tr ici ty  c o n v e r s i o n  (v|>. The

IPCE is def ined as the fo l lo w in g .

Number of  collected e l e c t r o n s
IPCEl/v) = _____________________________________________  (Equation I )

Number of  incident  p h o t o n s

The IPCE is ob ta ined  spec t roscopic a l ly  by measur ing  the p h o t o c u r r e n t  c o l l e c t e d

by i l l u m i n a t i o n  wi th  m o n o c h r o m a t i c  l ight and  c a l c u l a t i n g  IPCE wi th  t h e

fo llowing e q u a t i o n .

Photocur rent  (A) x photon energy  (V t
IPCE(a ) = ----------------------------------------------------------------------------- (Equation 2)

Light intensi ty (VV>

T h e  o v e r a l l  e f f i c i e n c y  o f  l ight  to e l e c t r i c i t y  c o n v e r s i o n  ( r p o f  a 

p h o to vol ta ic  cell is eva lua ted  with the fol lowing e q u a t i o n .

q = P„UI / P,„ (Equat ion 3 )

1 I
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where  P.,,,, is the m ax im u m  outp ut  power  of  the ceil, and P,„ is the po w er  of  t h e  

inc ident  light. The  d e t e r m i n a t i o n  of  the PtU,, is i l lustrated in Figure 1.5. Since  

the p o w e r  de l iv e red  by the cell is the pr o d u c t  o f  the  p h o t o c u r r e n t  and  t h e  

p h o to v o l ta g e ,  the m a x i m u m  power  that the cell can de l iver  ( P , „ „ l i s  r e p r e s e n te d  

with the m a x im u m  rec tangle  area (Figure I. 5. the gray square :  I , /  x V„c'i. P„„, 

is descr ibed  as the fol lowing using the conc ep t  cal led the fill f a c t o r .

p   = i :  x v „ -

= ( I . /  / ls,) x (V„c- / V,.,) x l.t x V„v.

= ff x [sc x V„,

The fill factor  (IT) is defined as the product  of  the ratio of the p h o t o c u r r e n t  f o r  

the m a x i m u m  P,„„ to the sh o r t - c i r c u i t  c u r r e n t  ( F / / I , . l  and  t h e  rat io of  t h e  

p h o t o v o l t a g e  for the m a x im u m  P.,,,, to the op en -c i r eu i t  vol tage ( V „ . 7 V „ j .  T h e  

fill factor  is an imp or tan t  e lement  for the eva lua t i on  of  the actual  p e r f o r m a n c e  

of  the solar  cell. In a p h o t o c u r r e n t - v o l t a g e  curve ,  the c loser  the cu r v e  is to 

r e c t a n g u l a r  shape ,  the g r e a t e r  the fill fac tor ,  c o n s e q u e n t l y  the h i g h e r  t h e  

e f f i c i e n c y .

P,n is the incident  solar  energy  and is defined a s

P,n = f ( flux (X) x V ia.) ) dX (Equation 4 )

where  the  flux (A.) is the pho ton  flux at a g iven wave le ng th ,  and  V (X) is the 

energy  of the photon  of  that w a v e l e n g t h .

1 2
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1.2. D ye-Sensitized  N anocrysta lline T iO , Solar C ells

In 1991. O ’Regan  and  G r a t / e l ' s ^ *  le t ter  to N a t u r e  r e i n v i g o r a t e d  t h e  

c o m m u n i t y  of ’ p h o t o e l e c t  r o c h  e m  i s t s .  T h e  p a p e r  r e p o r t e d  a p o t e n t i a l l y  

c o m m e r c i a l l y  v i a b l e  e n e r g y  c o n v e r s i o n  e f f i c i e n c y  fo r  a d y e - s e n s i t i / e d  

n a n o c r y s t a l l i n e  T i O : f i lm.  B ec a u se  o f  the h ig h  s u r f a c e  a r e a  o f  t h e

n a n o c r y s t a l l i n e  f i lms and the very good  a b s o r p t i o n  sp ec t r u m  of  the dye.  t h i s  

so la r  cell  can u t i l i ze a l m o s t  ha l f  of  the so lar  en e rg y  f lux and  s h o w s  a n  

e x c e p t i o n a l l y  h igh  e f f ic ie n cy  for  the  c o n v e r s i o n  of  in c i d e n t  p h o t o n s  t o  

e lec t r ical  cu r r en t .  The  overal l  l i gh t - to -e le c t ro n  ene rgy  c o n v e r s i o n  e f f i c i e n c y  

was  7.9 c'r u n d e r  one sun i l l u m i n a t i o n  and 12 Vr in d i f fu se  day  l i g h t . - ' ? 

F u r t h e r m o r e ,  the p o te n t i a l l y  low p r o d u c t i o n  cost  and the s tab i l i ty  o f  t h e  

s y s t e m - ' 6 make  pract ical  appl ica t ion s  of  this device quite p o s s i b l e .

1.2 .1 .  Operation and Energetics o f  the Dye-Sensitized N anoerysta llinc  

TiO , Solar  Cell

A schema t ic  r e p r e s e n t a t i o n  of  the d y e - s e n s i t i / e d  n a n o c r y s t a l l i n e  T i O : 

solar cell is shown in Figure 1.6. This sys tem consist s  of  a n a n o c r v s t a l l i n e  TiO.  

film e le c t rode  on t r a n s p a r e n t  c o n d u c t i v e  glass with the r u t h e t i i u t n - b a s e d  d v e  

che m ic a l ly  a d s o r b e d  to the T i O ; . a p l a t in um  coa ted  c o n d u c t i v e  glass c o u n t e r  

e lec t rode ,  and I / I, * redox couple  in ace toni tr i le .  The r edu c in g  species  (I ) o f  

the redox couple  r egene ra t e s  the dye molecules  tha t  are ox i d iz ed  by i n j e c t i n g  

an e lec t ron  into the TiO . .  and  becomes  I< (React ion 4). that  is reduced  at t h e  

co un te r  e lec t rode  (Reac tion 5 ) .

31 + 2 S ‘  p  I, +  2S (Reaction 4 )

I 4
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Figure 1.6. Schematic of sensitized nanocrystalline Ti02 solar cell. Large circles: 
Ti02 nanocrystallites; small black circles: dye molecules. Dashed line: quasi Fermi 
level of the Ti02 him under illumination; line above the dashed line: conduction

band of Ti02 film. S: dye (sensitizer) at the ground state; S+: oxidized dye; S*: 
electronically excited dye.
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I, + 2e_________31 (Reaction 5 )

where S* is the ox id ized  form of  the dye. and S is the dye  in the neutra l  form i n

the g r o u n d  state.  In this way. the ci rcui t  is c om pl e te d ,  and the e lec tr ic i ty  c a n  

he p rodu ced  as long as light energy is p r o v i d e d .

The  long w a ve le ngt h  abso rp t ion  th resho ld  for the dye ad so rb ed  on T i O : 

is about XOO nm. c o r r e s p o n d i n g  to a po ten tia l  o f  1.6 eV. Since the o x i d a t i o n  

po ten t ia l  of  the dye  (S 7 S )  is 0.8 V vs SCE. the re d u c t i o n  poten t ia l  ( S 7 S  > is 

c a lc u la te d  to he - 0 .8  V vs SCE. The poten t ia l  o f  the co n d u c t i o n  band edge  is 

-0 .7  vs SCE. Since the dr iving force necessary for the rapid vector ial  e l e c t r o n  

t r a n s f e r  is a b o u t  0.1 e V . ^ ^  p h o t o n s  of  up to 8 0 0  nm w a v e l e n g t h  c a n

th e o r e t i c a l l y  be u t i l i zed  with this system.  The  cell vol tage o b ta in e d  u n d e r  

i l l u m in a t i o n  c o r r e s p o n d s  to the d i f f e rence  (A V » be tween  the quas i -F ermi  leve l  

o f  the n a n o c r y s t a l l i n e  T i O : film under  i l lumina t ion  and  the redox potent ia l  o f  

the e lec t r o l y te  ( I / I ,  ). c o r r e s p o n d i n g  to a potent ial  of 0.4 V. The p h o t o c u r r e n t  

vol tage  cur ve  of  the  cell m e a s u r e d  un d e r  AM 1.5 i l l u m in a t io n  is sh ow n in 

Figure 1.7. AM s tands  for air mass and is a measure  of  the a tm o s p h e r ic  p a t h  

length of  the sunl igh t ,  where  AM I i l lumina tion is def ine d  as the intensi ty o f

the so la r  i l l u m in a t io n  at the sea  level at the e q u a t o r  du r in g  the e q u i n o x e s .

Accord in gly .  AM 1.5 i l l umina t ion  is the intensi ty of  the solar i l l umina t ion  at t h e  

sea level at l a t i tu de  4 8 . 2 "  N and 4 8 . 2 "  S du r ing  the equ in ox es .  Under  t h i s  

i l lu m in a t io n  the open circuit  voltage was 0.72 V. the p h o t o c u r r e n t  was 18.3 m A  

c m  : . and the fill factor  was 0.73.  yielding MET overall  e ff ic iency of  the c e l i . ^

1 6
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In or de r  to ach ieve an op t ima l  e f f ic iency ,  the ene rg e t ic s  o f  the t h r e e

c o m p o n e n t s  (dye . s e m i c o n d u c t o r ,  red ox  co u p le )  in F igure  1.6 need  to be

var ied.  Subs tant ia l  efforts  have been made  to synthe s ize  new dyes for b e t t e r  

spectral  over lap  with the solar s pe c t r um  and to find an a l te rnat ive to the I / I .  

redox  couple .  As show n in Figure  1.6. a p p r o x i m a t e l y  0 .4  V is lost in t h e  

re duc t io n  of  the ph o to exc i te d  dye by the iodide ion since at least 0.1 to 0.2 V 

of  overpoten tia l  is needed.  Yet. so far no o ther  redox couple  has been found t o  

be as eff icient  as the 1/1,  for this d e v i c e .

1.2.2. N a n o cry s ta l l in e  TiO, s e m ic o n d u c to r  e l e c t r o d e s

T h e  d i s t i n g u i s h i n g  m o r p h o l o g i c a l  p r o p e r t i e s  o f  the n a n o c r y s t a l l i n e

s e m i c o n d u c t o r  e l e c t r o d e s  a re t h e i r  h i g h  s u r f a c e - t o - v o l u m e  ra t i o  a n d  

p o r o s i t y . - '  -' T h e  m e s o p o r o u s  m o r p h o l o g y  o f  s u c h  a n a n o c r y s t a l l i n e  

s e m i c o n d u c t o r  f i lm is sh o w n  in F igu re  1 . 8 . - ' ^ The  s c a n n i n g  e l e c t r o n  

m i c r o g r a p h  r e v e a l s  tha t  the  TiO,  f i lm c o n s i s t s  o f  t h r e e - d i m e n s i o n a l  Iv 

i n t e r c o n n e c t e d  par t ic les  with an av e ra ge  d i a m e t e r  of  a p p r o x i m a t e l y  15 n m .  

T he  th icknes s  of  the fi lms is ap p ro x im a te ly  10 pm.  The  sur face  a rea  w a s  

m e a s u r e d  with N, adsorp tion  and ca lcu la ted  using the B r u n a u e r - E m m e t t - T e l l e r  

(BFT)  i s o t h e r m . - ' 8 The  m e s o p o r o u s  film c on s i s t in g  of  n a n o m e t e r - s i z e d  TiO,

par t ic les  has a 1000-fold grea te r  sur face  a rea than its geomet r ic  a r e a . - ' 8 T h e  

pore size d i s t r i bu t io n  was ca lcu la ted  as 18.5 to 19 nm by apply ing  the B a r r e t -  

J o h n e r - H a l e n d a  (BJH) t rea tmen t  to the i so th e rm .■ '8* The  porosi ty is def ined  

as the fol lowing e q u a t i o n .

I 8
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Figure 1.8. Scanning electron micrograph of nanocrystalline Ti02 film.38
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porosi ty = V pori; / (Vpnrf + V ri(12) 

w he re  V p„rL. is the vo lume of  the voids,  and V no: is the vo lume of  the T i O : 

par t ic les .  The  porosi ty  was ca l cu la ted  to be 0 .64 for the neat fi lm and 0 . 4 2  

after  dye ad so rp t io n ,  assuming  the height  o f  the dye  is 1.4 nm.- ,7 ‘

The  pore size of  the na noc ry s t a l l in e  film also plays a crit ical role. The

pore must  be large enough so that the dye can reach the T i O : surface and t h e

redox  c o u p le  can d if fuse  t h r ough  the pore  w i th ou t  d e p le t i n g  the r e d u c i n g  

species  of  the redox couple  a rou nd  the pho to o . x id i /e d  dye.  Yet. the pore s i / e  

needs  to be small  to enhance  the total surface area of  the TiO.  film. This h i g h  

sur face  a rea  is one of  the most  s igni f icant  a d v a n t a g e s  of  the n a n o c r y s t a l l i n e  

film. Only the first mo no layer  of  adso rbed  dye  ef ficient ly  injects e lec t rons  i n t o  

the s e m i c o n d u c t o r ,  and the light harves t ing  e ff ic iency  of a m o n o l a y e r  dye is 

very small  ( a p p r o x im a te ly  0.05 to 0.1 of  the inc ident  light).  Therefore ,  t h e

e n h a n c e m e n t  o f  p h o t o n - t o - e l e c t r i c i t y  e f f i c i e n c y  o f  th e  e a r l i e r  f lat  

s e m i c o n d u c t o r  e lec t r ode s  by dy e - se n s i t i za t i o n  was severely l imited because  o f  

the small  sur face areas of  the e l e c t r o d e s .

O n e  method  of  pr e p a r i n g  n a n o c r y s t a l l i n e  T i O ; f i lms is by s p r e a d i n g  

co l lo ida l  T iO.  so lu tion  on a con duct ive  t r a n s p a r e n t  glass su b s t r a te  and t h e n  

s inte r ing in air for 30 m i n a t  450 ' C  in order  to form electr ical  contac t  b e t w e e n  

the TiO-  par t ic les that allows charge t ranspor t  to the s u b s t r a t e . ^  The  c o l l o i d a l  

T iO-  d i s p e r s io n s  are p r e p a r e d  by h y d r o l y s i s  o f  t i t a n iu m  t e t r a i s o p r o p o . x i d e .  

( T i ( O C H ( C H : ) . ) t. i l lus t r a ted  in F igure 1.9. o r  by d i s so lv in g  c o m m e r c i a l  T iO .  

(P25.  Deg ussa  AG.  G erma ny ) ,  which  is p ro d u c e d  by f lame hyd ro l ys i s  o f  T i C I ( 

and consis ts  of  agg rega ted  part icles.  The  th ickness of  the films af ter  a n n e a l i n g

20
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[Hydrolysis]

OiPr OH
I I

iPr O —Ti - O  iPr + 4 H2O —► HO —Ti —OH + 4 iPr OH
I I
O iPr OH

[Condensation]

OH OH OH OH
I I I 1

H O —T i-O H  + H O —T i-O H  —► HO —Ti —O — Ti —OH + H20  
I I I I
OH OH OH OH

[Further Condensation]

OH OH 
I I

HO —Ti - O  -  Ti -O H  —►
I l 2Ti02 + 3 H20
OH OH

[Overall Reaction]

OiPr
I

iPr O —Ti — O iPr + 2H20  —► TiCfe + 4iPrOH
I
OiPr

Figure 1.9. Ti02 synthesis by hydrolysis of titanium isopropoxide.
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was  app roxim ate ly  10 pm. X-ray d i f f rac t ion  ana ly s i s  o f  the f i lms p r o d u c e d  b y  

h yd ro lys i s  o f  t i t anium t e t r a i s o p r o p o x i d e  revea led  that  they cons is t  en t ire ly  o f  

the ana t ase  form of  TiCK4*® while the c om m erc ia l  T iO : is a mi x ture  o f  ca. 30 7r 

ruti le form of T i O : and 70 c'r a n a t a s e ." * * As  descr ibed above ,  the p r o d u c t io n  o f  

the s e m i c o n d u c t o r  e lec t rodes  is a qui te s imple  and low cost  p rocess .  This is 

one of the major  advant ages  of  this solar  cel l .

The  a bs or p t ion  s p e c t r u m  of  a T i O : n a n o c r y s t a l l i n e  fi lm p r e p a r e d  b y  

h y d ro ly s i s  o f  t i t an ium t e t r a i s o p r o p o x i d e  is shown in Figure I . I O . -*® The  f i lm 

was  suppor ted  on c o n d u c t i n g  glass. The film exhibi ts  the band  ed ge  t r a n s i t i o n  

at a p p r o x i m a t e l y  340 nm.  c o r r e s p o n d i n g  to the b a n d g a p  of  3.2 eV. The  

a b s o r p t i o n  be low 40 0  nm r i sing s lowly to the red is due to free c a r r i e r  

ab so rp t i o n  in the f l uo r in e -d ope d  tin o x i d e . -* ^

1.2.3. Efficient s e n s i t i z e r

Th e  dy e  m o le c u le  mos t  w id e ly  us ed  for  the  s e n s i t i z a t i o n  o f  t h e  

n a n o c r y s t a l l i n e  TiO.  is c / . v - d i ( t h i o c v a n a t o t b i s t 2 . 2 ‘- b i p y r i d y l - 4 . 4 ‘ - d i c a r b o x v l a t e ) 

r u t h e n i u m ! I I ). The  m o le c u la r  s t r uc tu re  of  this dye is shown  in F igure  I . I I .  

T h e  ad v an tag es  of  this dye for e f f icien t  sens i t i za t ion  are: a wide  range o f

vis ib le  l igh t  a b s o r p t i o n  and  a re la t iv e ly  lo ng - l ived  e x c i t e d  s t a t e . -* 1 T h e  

a b s o r p t i o n  sp e c t r u m  of  the dye d i sso lve d  in e thanol is shown  in Figure  1 .12 .  

This dye is often cal led "N3"  in ho nor  of  the chemist .  M. K. N a z e e r u d d i n .  w h o  

sy n th es i zed  this e ff ic ient  dye  as his third sens i t i ze r  candi da te .  The  m a x i m u m  

a b s o r p t i o n  c o e f f i c i e n t s  o f  t h e  N 3 / e t h a n o l  s o l u t i o n  a r e  r e p o r t e d  t o  b e

? ~>
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Figure 1.10. Absorption spectrum of a Ti02 nanocrystalline Film. 40
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Figure 1.12. Absorption spectrum of N3 dissolved in ethanol. 
The concentration of the N3 solution is 2.4 x lO'^M.
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1.42 x 10* M 1 cm 1 at 5 3 4  n m .  1.40 x 1()4 M ' c m 1 at 3 9 6  n m .  a n d  3.12 x 10* M 1 c m 1 

at 313 nm.*** The a bs or p t io n  peaks in the visible region (at 534 nm)  and  n e a r -  

UV region (at 396 nm)  are ass igned  to two t : tt‘ metal  to l igand  c h a r g e

t r a n s f e r  ( M L C T )  t r a n s i t i o n ,  a n d  t h e  a b s o r p t i o n  p e a k  in t h e  UV r e g i o n  

(at 313 nm)  is ass igned  to rc - ►  k ' int ral igand t r a n s i t i o n . -** Th e  c a r b o x y l a t e  

g r o u p s  are c h e m i c a l l y  b o u n d  to the  sur face ,  f o rm in g  a s t ro n g  e l e c t r o n i c  

c oup l ing  be tween  the N3 and the TiO, .  The mo le cu la r  orbi ta l  d i ag ram  for t h e  

N3 a t tached to the TiO,  and the e lec tron t ransfer  from the N3 to the Ti O ,  a r e  

i l lus trated  in Figure 1 .13 .

In addi t ion to the  w'ide range  of  the visible l ight a b s o r p t i o n ,  a n o t h e r  

ad v a n ta g e  of  N3 is its much  g re a te r  forward  e l ec t ron  t r an sf e r  (i.e. i n j e c t i o n )  

rate ( k , ) c o m p a r e d  to the ba ckw ard  e lec tron  t ransfer  rate ( k b). The  b a c k w a r d  

t r ansfer  involves the r ec ap tu re  of  e lec t rons  injected into the T i O : c o n d u c t i o n  

band by the ox idized N3 and the oxidized half of  the redox couple  ( I< ). These  

k ine tics m e a s u r e m e n t s  were  c o n d u c t e d  by using a Hash p h o to ly s i s  m e t h o d ,  

which is descr ibed later. The ratio of  the inject ion to recapture rates is g rea te r  

than I O'. The r a t io na le  for t h e  muc h sm al l e r  rate o f  back  t r a n s f e r  to t h e  

ox id ized  N3 is the less favorable  over lap  of  the m ol ecul a r  o rbi ta ls  involv ed  in 

the back t r ans fe r  with the wave func tion of  the c o n d u c t i o n  band  than t h o s e  

involved  in the inject ion  t r a n s f e r . ^  The carboxy la te  gr ou ps  in teract  d i r e c t l y  

with the s u r f a c e  T i ,+ ions,  fo rmi ng  good e lec t ron ic  c o u p l i n g  o f  the k *  wave  

func t ion  with the t i t a n iu m  3d orb i ta l s  o f  the c o n d u c t i o n  band  of  the  T iO , .  

T h e r e f o r e ,  the  e l e c t r o n  i n je c t i o n  f rom  the  e x c i t e d  s e n s i t i z e r  in to  t h e  

s e m i c o n d u c t o r  is e x t r e m e l y  r a p i d .  less  t h a n  a p i c o s e c o n d .  On t h e  o t h e r  h a n d .
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Figure 1.13. The molecular orbital diagram for the N3 attached to the Ti02 
surface and the charge transfer between them.33
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t h e  b a c k  t r a n s f e r  o f  the e lec trons  to the oxidized r u th e n iu m  com ple x  involves a 

d orbital  loca l ized on the ru th e n iu m  metal  whose  e lec t r on i c  ov er lap  with t h e

T i O : condu ct ion  band  is small .  Fur thermore,  the wave  func t ion  of  r u t h e n i u m

co n t r a c t s  upon oxid a t ion  f rom R u : * to R u !‘ . resu l t ing  in fu r the r  re duc t io n  o f  

e lec t ron ic  c o u p l i n g .

The  pho to cu r r en t  act ion spec t rum (IPCF. s pe c t r um )  of  the n a n o c r y s t a l l i n e  

T iO .  film s ens i t i z ed  with the N3 is shown in F igure  1 . 1 4."** The  cell w as  

c o n s t r u c t e d  in a sandwich  con f ig ura t i on .  The p h o t o c u r r e n t  was ob t a in ed  a t  

sh o r t  c i rcu i t .  Th e  TiO.  film was  i l lu m in a te d  f rom the back  side o f  t h e  

n a n o c r y s t a l l i n e  film. As seen in F ig u re  1.14. the IPCE of  this cell is impress ive  

pa r t icu la r ly  in the wave leng th  range be tween 510 and 570 nm (X5 to 40 >.** *

A sensi t i ze r for solar  cells have to be stable for many years.  The N3 s u s t a i n e d  

m or e  than  5 x I 0 7 redox  cyc les wi thou t  n o t i c e a b le  loss of  p e r f o r m a n c e ,  

c o r r e s p o n d i n g  to a p p r o x i m a t e l y  10 years of  c o n t i n u o u s  o p e ra t i o n  in n a t u r a l  

s u n l i g h t . ' ,=l*

1 .2 .4 .  C harge T ransport  in N a n ocrysta ll in e  T iO . F ilm

An in t r i g u i n g  fea tu re  of  the n a n o c r y s t a l l i n e  T i O : f i lm is the  h i g h

ef f ic iency  of the t r a n s p o r t  and co l lec t ion  of  p h o t o i n j e c t e d  e le c t ron s  t h r o u g h  

the T iO .  part icles and  the grain bo un da r ie s  be tween  the p a r t i c l e s . -*** "*■* F o r  

bu lk s e m i c o n d u c t o r s ,  the space  charge  layer p ro v id es  the dr iv in g  force f o r

charge  t ra ns po r t  th rough the se mi conduc tor .  However,  due to their small  s iz e

2 8
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Figure 1.14 Photoaction spectrum of a nanocrystalline TiC>2 film sensitized 
with N3. The nanocrystalline TiC>2 film was prepared from a colloidal solu­
tion of P25 (Degussa) on a transparent conductive glass. The electrolyte was 
0.03 M I2 and 0.3 M Lil in acetonitrile. The counter electrode was platinum

coated conducting glass.^l
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t h e r e  is nit s i g n i f i c a n t  s p ace  c h a r g e  la yer  f o r m a t i o n  in n a n o c r y s t a l l i n e  

s e m i c o n d u c t i n g  f i l m s .  T h e  t r a n s f e r  o f  c h a r g e  c a r r i e r s  b e t w e e n  t h e  

s e m i c o n d u c t o r  and  the e lec t ro ly te  is n e c e s s a r y  for  the fo rm a t i o n  of  a s p a c e  

c h a r g e  layer.  Nano-sized par t icles are too small  to c o nt a in  en o u g h  c h a r g e d  

spec ies  to form a space  charge  l a y e r . ^  T h e re fo re ,  d i f fus ion  is c o n s id e r e d  t o  

be the driv ing  force for charge t ranspor t  t h r o u g h  the s e m i c o n d u c t o r  films. The 

e l e c t r o n  c o n c e n t r a t i o n  profi le inside o f  the fi lm has been c a l cu la te d  and  is 

sh o w n  in Figure 1 .15 . ’*'* The  steep e lec t ron  c o n c e n t r a t i o n  grad ien t  near  t h e  

back c o nt ac t  p rovid es  the dr iv ing  force for e l e c t r o n s  to How toward the b a c k  

con tac t .  Therefore ,  the assump t io n  that the dr iving force of e lec tron t r a n s p o r t  

is solely d i ffusion  seems to be just if ied for the n a n o c ry s t a l l in e  f i lm.

3 0
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F i g u r e  1.15.  E lec t ron  c o n c e n t r a t i o n  prof i le  inside  o f  the d y e - s e n s i t i / e d  

n a n o c r y s t a l l i n e  TiO.  f i lm . -*-* n is the e lect ron  densi ty under  i l lumina t ion .  n „ i s  
the e lec t ro n  in the dark ,  x is the d i s tance  from the hack contac t .  d is t h e
thickness  of  the TiO.  film, t* is d imensionless t i m e .

Th is  f igure  was  c o n s t r u c t e d  b ased  on a n u m e r i c a l  s o lu t i o n  for  a 
t r ansp or t  equa t ion  for  e lec trons,  which is obtained using a forward  t ime c e n t r a l  
space (FTCS)  a lgor i thm.  The t r an sp o r t  equ a t io n  for e lec t ron s  was ob t a in ed  a s  
the fol lowing.  Car r ie r  t ra ns po r t  in the s e m i c o n d u c t o r  film is desc r ibed  as t h e  

fol lowing. '*'*

On = J_ r)J + G - R (equa t ion  I I
fit e Tx

where n is the e lec t ron  densi ty  under  i l lum ina t io n .  J is cur rent  dens i ty  in t h e
film, t is t ime,  x is the d i s tance  from the back contac t ,  and G and R are t h e
c a r r i e r  g e n e r a t i o n  rate and  r e c o m b i n a t i o n  rate,  r e sp ec t i ve ly .  For  the  d y e -  
s e n s i t i / e d  n a n o c r y s t a l l i n e  TiO.  film, the c a r r ie r  g e n e r a t i o n  rate  G can  b e  
wr it ten as:

3 I

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



G = d(T x LHE) (equa t ion  2 )
3x

where  r  is the photon  flux. LHE is light harves t i ng  e ff ic iency,  that is a f ract ion 
of  absorbed  photons to incident  photons ,  and wri tten as the fo l lo w in g .

LHE = I -  10" '  (equa t ion  3 )
w h e r e  a  is the w a v e l e n g t h - d e p e n d e n t  a b s o r p t i o n  coe f f ic ie n t  o f  the d y e -  
se n s i t i / e d  film. By subs t i tut ing equat ion 3 into equa t ion  2 .

G = Ta exp( -ax)  ( equa t ion  4 )
Since the d y e - s e n s i t i / e d  n ano c rys ta l l i ne  T iO : film is cons id e re d  to be lack of  a 
space  c h a rg e  layer,  the c o n t r i b u t i o n  of m ig ra t i on  to the c u r r e n t  de ns i ty  is
ignored .  Then.  J is wr it ten as the fo l lo w in g .

J = eD On (equa t ion  5 )
f)\

w h e r e  D is the d i f fu s i o n  c o e f f i c i e n t  o f  e l e c t r o n .  A s s u m i n g  tha t  t h e
r e c o m b i n a t i o n  is negligible,  which will be expla ined  to be a fair a s s u m p t i o n  in
later chap te r ,  the t i m e - d e p e n d e n t  t ra ns po r t  equ a t io n  for e lec t rons  is o b t a i n e d  
by subst i tut ing  equa t ions  4 and 3 into equa t ion  I .

P  r): n(x. t) - 3 nix. t) + Ta  exp( -ax)  = 0  (equa t ion  (i I
r)\: fit

Th e  d i f f u s io n  c oe f f ic ien t  P  for e le c t r o n s  in the fi lm is a s s u m e d  to b e
p ro p o r t i o n a l  to the electron c on cen t r a t io n ,  and writ ten as the fo l l o w in g .

P  = P„ n(x. t ) (equa t ion  7 )
tL

where  P n is the diffusion coeff ic ient  in the dark,  and n„ is the e lec t ron  d e n s i t y
in the dark.  Substi tut ing equa tion  7 into equat ion 6. the t ranspor t  equ a t io n  f o r
e l ee t rons  b e c o m e s .

P,,n(x. t) f)(n(\. t o  
r) n^ fix - f)n(x. t) + f u  exp( -ax) = 0

d x  771
(transport equa t ion  for e l e c t r o n s )
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1.2 .5 .  Kinetics o f  the  reactions in the dye-sensit ized  nanocrysta lline

TiO , so lar  c e l l .

The charge  separa t ion  in the dv e- sens i t i z ed  n a n o c r y s t a l l i n e  so la r  cell is 

c o n t r o l l e d  by the  k in e t i c s  o f  the  c h a r g e  t r a n s f e r  b e t w e e n  the  d y e .  

s e m i c o n d u c t o r ,  and  the r edox  couple .  The  e lec t ro n  t r a n s f e r  ra tes  in th i s  

sys tem are sh ow n  in Figure 1.16. Fol lowing the l ight a b s o r p t i o n  by the d y e  

(F ig ur e  1.16 ( I ) ) ,  the t ime  sca le of  the e le c t r o n  in je c t i on  into the  TiO.

c o n d u c t i o n  band (Figure 1.16 (2)) was m easured  to be in the p ic os econd  r a n g e  

by flash p h o t o l y s i s . ^ *  In this ex per im en t  col loida l T i O : with a d so rb ed  d v e  

was  pu lsed  with a 4 5 0  n m dye  laser ,  then  the  a b s o r b a n c e  c h a n g e  was  

e xam in ed .  A b leaching  signal at 530 nni. abso rp t io n  peaks at 380 run and 6 5 0  

nm were obs erved  and assigned to the dye ground state, the dye cat ion r a d i c a l ,

and  the c o n d u c t i o n  band  e le c t r on s ,  re sp ec t iv e ly .  The  a b s o r b a n c e  c h a n g e s  

o bse rved  i m m e d ia te ly  after the laser pulse ind icate that the e l ec t ron  i n j e c t i o n

from the dye into the c on duc t io n  band  happens  dur ing  a n d / o r  within the l a s e r  

pulse,  in a p ic o s e c o n d  t ime scale.  Also, a much sh o r te r  t ime  scale for t h e  

e l ec t ron  has been  repo r te d  by m o n i t o r in g  the t ra ns i en t  ab s o r p t i o n  s ignal  a t

1100 nm af ter  exc i ta t ion  at 415 nm and 550 nm for an N3 -c ov e re d  c o l l o i d a l  

T i O ; e l e c t ro d e  in u l t r a h ig h  v a c u u m . * ^  Th is  s ignal  was  a s s ig n e d  to the 

i n t r a b a n d  a b s o r p t io n  of  the injec ted e lec t rons .  From the less than 25 fs rise 

t ime of this signal the e lec tron  inject ion rate was ana lyzed  to be in f e m t o s e c o n d  

r a n g e .

The  subsequent  r e c o m b in a t i o n  of the co n d u c t i o n  band  e lec t ron  with t h e  

ox id ized dve (Figure  1.16 (3)) was observed  to occur  over several  m i c r o s e c o n d s
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Figure 1 . 1 6 . Rates for the electron transfer reactions in the dye-sensitized 
nanocrystalline Ti02 e l e c t r o d e . 3 3  step ( 4 ): 1 0 ' H  to 1 0 *^ a  cm'2; Step ( 6 ): 

10‘2 to 10'* A cm'2.
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bv m on i t or ing  the t ime d e p e n d e n c e  of  the a b s o r b a n c e  at the three d i f f e r e n t  

w a v e l e n g t h s .  A no th e r  re c o m b i n a t i o n  pr oc ess  is the  r e d u c t i o n  of  I, in t h e  

e l e c t r o l y t e  by c o n d u c t i o n  band  e le c t ro ns  (F ig ure  1.16 (4)) .  The  e x c h a n g e  

c u r r e n t  densi ty  of  this p rocess  has been m e a s u r e d  to be 1 0 "  to 1 0 "  A cm

d e p e n d i n g  on the e lec t ro ly te . '**  This exchang e  cu r ren t  densi ty  c o r r e s p o n d s  to  

the e lec t ron  back t ransfer  rate of  I 0" to I ()I: s 1 for a nanocrys l a l l in e  TiO> f i lm 

with I cm x 0.5 cm x IOpm dim ens io ns .  This r e c o m b i n a t i o n  rate of  I 0 1" to  

I 0 1-' s '  is com pe t i t i ve  with the injection rate of  I 0 1" to l()i: s '  that was r e p o r t e d  

by Griit/el el al. On the other  hand,  the r e c o m b i n a t i o n  rate of  10"' to I 0 | :  s 1 is 

neg l ig ible  if the inject ion rate is in fe m to se con d t ime scale as repo r ted  by VVillig 

et al.

The  e lec t r on  t r an sp o r t  in the n a n o c r v s t a l l i n e  TiO .  fi lm to the b a c k  

contac t  (Figure 1.16 (5)) is signif icantly s lower  than in single crystal  T i O : .'*v*? * 

The  decay  of  the p h o t o c u r r e n t  f rom UV ex c i t a t io n  of  the T i O ; film with a 

n a n o s e c o n d  pulse  laser  was o b s e rv e d  to be in the m i l l i s e c o n d  to s e c o n d

r a n g e . ? -  The  e x c h a n g e  c u r r en t  de ns i ty  for  r e d u c t i o n  o f  t r i i o d id e  at t h e  

c o u n t e r  e l e c t r o d e  (Figure  1.16 (6))  h a s  been  m e a s u r e d  to be  1C)' to I t ) 1 A cm 

This e x c h a n g e  cur ren t  dens ity is equiva lent  to an e lec tron t rans fe r  rate of  I O'*

to I 0 1’ s 1 for a I c n r  c o u n t e r  e le c t r od e .  Final ly,  the r e g e n e r a t i o n  of  t h e

oxid ized  dye by iodide ion (Figure 1.16 (7)) occurs  in a t ime scale of  1 0 * s.-* *

As presen ted above , the high e f f ic ienc ies  and high stabi l i ty  o f  the d y e -  

se n s i t i z ed  n a n o c r v s t a l l i n e  T iO z so la r  cell can be a t t r i b u t e d  to the f a v o r a b l e  

kine tics  for the des ired pathway of the p h o to e x c i te d  e l e c t r o n .
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1.3. Unknown Aspects o f the Dye-Sensitized N anocrystalline  

TiO, Solar Cells

Despi te  p rogr es s  in im pr o v in g  the e ff ic iency*'5, ** * and s t a b i l i t y ' 6 o f  

the dye-sens i t i / . ed  n a n o c r v s t a l l i n e  T i O ; so la r  cells,  there  are m a n y  u n k n o w n  

aspects  of  the ir  op e ra t i o n .  The goal o f  this project  is inves t i ga t in g  som e o f  

these  u n k n o w n  aspec ts .  The first aspec t  is the d y e / s e m i c o n d u c t o r  i n t e r f a c e .  

Recent  publ ic a t ion s  have discussed some theore tical  views of  the b ind ing  of  t h e  

ru th e n iu m  complex  sensi t i ze rs  to the ana tase  s u r f a c e . 55 Vet. very few 

e x p e r i m e n t a l  d a ta  th a t  p r o v i d e  i n f o r m a t i o n  on the d y e / s e m i c o n d u c t o r  

inter face have been p u b l i s h e d . 56 Ou r  approach  to this u n e x p lo re d  aspec t  is t o  

exami ne  the re l a t i onsh ip  between the b ind ing  geomet ry ,  dye cove rage ,  and t h e  

e f f ic iency  of  ph oton  to e lect rici ty conver s io n .  We would  like to an sw e r  t h e  

fol lowing ques t ion s  to provide  in form at ion  on the d y e / s e m i c o n d u c t o r  i n t e r f a c e  

(Figure  1.17. Aspect!  I)).  I) How does dye coverage  a ffect  the e f f ic iency  o f  

photon  to electrici ty conversion' . ’ 2) How does dye cove rage  affect the b i n d i n g  

ge omet ry  of  the dve? 3) How does the binding  geomet ry  affect the e f f i c i e n c y ?

The  second aspec t  r e l a te s  to the d i f fus ion  of  the redox spec ies  in t h e  

na no c rv s t a l l in e  film. The  l imitat ion of  the re gen era t io n  of  ox id ized  N3 due t o  

the res t r ic ted  d i f fus ion  of  the r e g e n e r a t i n g  species  (I ) in the mat r ix  of  t h e  

n a n o p o ro u s  T i O : film has been over looked .  A study with a mathemat ica l  m o d e l  

show ed  that the d i f fus ion  of  I' was a f fected v e r y  little by the p re se n ce  of t h e  

solid n a n o c ry s ta l l i n e  T i O ; . ^  However ,  we expec t  that the to r tu ous  path for I 

d i f fus ion through the T iO ,  nanocrys ta l l ine  film will co n s i d e rab ly  h in de r  t h e
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(Aspect 1) Dyt/SemiconductOT Interface

Dye Coverage

/  \
Photon to Bcctrlctty ___
Conversion Efficiency GeJJietty

(Aspect 2) Megeaeratioa o f the Oxidized Dye
in Nanoporotu Matrix

(Aspect 3) Nanocrystalline Films
vs. Single Crystals

Figure 1.17. Goals of this project.
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dif fus ion .  This aspec t  is ad dr e sse d  with the resul ts  of  the inves t iga t ion  on t h e  

re la t i o n sh ip  be tween  the dye coverage and the con ve rs io n  e f f ic ie n c y .

The  third aspect  is the cor re la t ion  of  the e n h a n c e d  e ff ic iency o f  the d y e -  

sens it i / . ed n a n o c r v s t a l l i n e  TiO,  to the in crea sed  sur f ace  a rea c o m p a r e d  to a 

s ingle  c rys ta l  sy s tem.  In o ther  words ,  is the e n h a n c e m e n t  in the  e f f i c i e n c y

p r o p o r t i o n a l  to the  in crea se  in the  sur f ace  a rea?  If so.  is the  e n h a n c e d

ef f ic ien cy  s im pl y  an a t t r ib u te  of  the i nc rease d  sur face  a r e a s ’ Is there  a n y

special  effect due  to the n a n o m e te r  size s t r u c t u r e ?

In the next  c h a p t e r  (C hapte r  2). the e x p e r i m e n t s  using n a n o c r v s t a l l i n e  

T iO .  fi lms are repo r t ed ,  and aspects  o f  the d y e / s e m i c o n d u c t o r  inte r face  a n d  

the r e g e n e r a t i o n  of  ox idized dve are d i scussed .  In C h a p t e r  3. the e x p e r i m e n t s  

ut i l i z ing  na tura l  a na ta se  s ingle c rystal s  are p r e s e n t e d ,  and  a c o m p a r i s o n  o f

n a n o c r y s t a l l i n e  f i lms  and  s ingle c rys ta l s  is p r esen ted .  In the last c h a p t e r  

( C h a p te r  4). the da ta  taken with sur face ima ging  te c h n i q u e s  are sh o w n  in a n  

a t tempt  to provide  direct  in format ion  on the d v e / s e m i c o n d u c t o r  i n t e r f a c e .
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Preface  to C h ap te r  Tw o

In this c h a p t e r ,  the dye a dso rp t io n  b e h a v i o r  and  the r e l a t i o n s h i p  

be tw e e n  ph o to n  to cu r r en t  e f f i c i e n c y  and the dye c o v e r a g e  are i n v e s t i g a t e d  

in n a n o c r v s t a l l i n e  f i lms  to e x a m i n e  these  r e l a t i o n s h i p s  in the  actua l  s o l a r  

cell.  I am p r e s e n t i n g  my first p u b l i c a t i o n  as c h a p t e r  2 of  inv d i s s e r t a t i o n .  

This p a p e r  was p u b l i s h e d  in the Journa l  of  the E l e c t r o c h e m i c a l  Soc ie ty,  vo l .  

146. p 45 59-4564  (1999).
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CHAPTER TWO

The Adsorption Behavior o f  a Ruthenium Based Sensit iz ing  
D y e  to Nanocrysta l l ine  T i 0 2  : Coverage Effects on the 

External  and Internal  Sensit izat ion  Quantum  Yields

ABSTRACT

The a d s o r p t i o n  of  the r u t h e n i u m  based dye m o le c u le s .  r i s -  

d i ( t h i o c v a n a t o ) h i s ( 2 . 2 ’- b i p y r i d v  1-4.4 " - d i c a r b o x y l a t e ) r u t h e n i u m (  I II  (N.M. to 

n a n o c r y s t a l l i n e  T i 0 2  (70 ana t ase  and 30 rk  ru t i l e)  was s tud ied.  A d s o r p t i o n

and d e s o r p t i o n  k ine t ics  were  m e a s u re d ,  then a d s o r p t io n  i s o th e r m  a n d  

"d esorp t i on  i s o th e rm " were  ob t a ined .  A tw o - s t ep  dye a d s o r p t i o n  m e c h a n i s m  

is p o s t u la te d  w h e re  ini t ial  b in d in g  is wi th one c a rb o x y l  g r o u p ,  w i t h  

s u b s e q u e n t  b i n d i n g  of  two c a r b o x y l  g roup s .  Dve (N3)  c o v e r a g e  e f fec t s  o n  

the p h o to n  to c u r re n t  c o n v e r s i o n  e f f i c i e n c i e s  were  i n v e s t i g a t e d  b y 

m e a s u r i n g  the p h o t o c u r r e n t  ac t ion  sp ec t r a  and  the opt ica l  a b s o r b a n c e  o f  

n a n o c r y s t a l l i n e  TiOa fi lms sens i t i zed  with var ious  N3 c o v e r a g e s .  T h e

in c id en t  pho ton  to c u r r e n t  e f f i c i e n c y  ( IPCE)  and the a b s o r b e d  p h o to n  to

c u r r e n t  e f f i c i e n c y  (APCE) showed a b ru p t  i n c r e a s e s  at a c o v e r a g e  jus t  a b o v e

30rf .  In o rd e r  to expla in  the n o n l i n e a r  in c r e a s e s  in the IPCE and  the  APCE.

the onset  o f  a ho le  h o p p i n g  m e c h a n i s m  was p ro p o se d  w h e re  at g r e a t e r  t h a n

3 0 r c c o v e r a g e  ho le  t ransfer  b e tween  a d j ace nt  N3 mol ecule s  b e c o m e s  p o s s i b l e .  

This  p e r c o l a t i o n  of  holes t h r o u g h  the N3 n e tw o r k  f ac i l i t a te s  t h e

r e g e n e r a t i o n  o f  oxidized N3 m ole c u le s  by redox spec ies  ( I ' l  in the mat rix  o f  

n a n o p o r o u s  s t r u c t u r e  r e s u l t i n g  in the su d d e n  i n c re a s e s  in the IPCE and  t h e

APCE.  O th e r  m e c h a n i s m s  for  this  e f fec t  i n c l u d i n g  a role o f  N3 c l u s t e r s  i n

tw o -e le c t r o n  oxid a t ion  o f  I '  are a l so  d i s cussed .
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2.1 .  I n tro d u c t io n

D v e  s e n s i t i z e d  n a n o c r y s t a l l i n e  an a t ase  so la r  ce l l s  ha v e  g e n e r a t e d  m u c h  

recent  in te r e s t  due  to ad v a n c e s  in bo th th e i r  e f f i c i e n c y 1' 2 and s t a b i l i t y .3 

Despi te  progress  in the e f f i c i e n c y  and s tabi l i ty  of  these  so la r  cel ls ther e  a r e  

ma ny  f u n d a m e n t a l  aspects  o f  the i r  o p e r a t i o n  that  are still u n k n o w n .  T h e  

de ta i l ed  s t r u c t u r e  of  the d y e / s e m i c o n d u c t o r  i n t e r f a c e  is a cen t r a l  p r o b l e m  

for w h ic h  there  is little i n f o r m a t i o n .  Re cent  p u b l i c a t i o n s  have  d i s c u s s e d  

some t h e o r e t i c a l  aspec ts  of  the b i n d i n g  of  the favo red  r u t h e n i u m  c o m p l e x  

se n s i t i z e r s  to the an a ta s e  s u r f a c e .4 ' 6 A n o t h e r  f u n d a m e n t a l  p roces s ,  f o r  

w hi ch  ther e  is l imi ted  in fo rm at i on ,  is the regene ra t io n  reac t io n  b e t w e e n  t h e  

pho to ox id iz ed  dye and the iodide ion that is c o m m o n l y  used to r e g e n e r a t e  t h e  

a d s o r b e d  dye .

Here in  we repor t  s tudies of  the adsorp t ion  and d e s o r p t i o n  k ine t ics  of  N3 

to n a n o c r y s t a l l i n e  a na ta se  films. At long a d s o r p t i o n  t imes  the i s o th e rm  f o r  

the a d s o r p t i o n  of  N3 to the film is then d e t e r m i n e d  and  c o m p a r e d  wi th a 

" d e so rp t i o n  i so th erm" .  Ins igh ts  into the s t r u c t u r e  of  the d y e / s e m i c o n d u c t o r  

in t e r f a c e  are o b t a in e d  and are d i s cusse d  in te rms  of  models  for t h e  

ads orp t i on  process.  Kn owing  the opt imal N3 dye  c o v e r a g e  lor  e f f i c i e n t  s o l a r  

c o n v e r s i o n  is i m p o r t a n t  be cause  the re la t i ve ly  e x p e n s i v e  N3 dye may be a 

la rge c o n t r i b u t o r  to the total cost  o f  sens i t i z ed  n a n o c r y s t a l l i n e  T i O ’ s o l a r

cells.  The  opt imal  dye c o v e r a g e  can be found by p r o b i n g  the q u a n t u m  y i e l d  

of  the T i O i  f i lms sen s i t i ze d  at va r io us  N3 c o v e r a g e s .  Di f fuse r e f l e c t a n c e

s p e c t r o s c o p y  is then  used to m e a s u r e  the a b s o r b a n c e  of  the fi lm in t h e  

v is ib le  reg io n  of  the  s pec t r um .  The  a b s o r b a n c e  co u p led  wi th t h e  

m e a s u r e m e n t s  o f  the q u a n t u m  yields ,  as a f u n c t i o n  of dye  c o v e r a g e  a n d  

w a v e l e n g t h  in a p h o t o e l e c t r o c h e m i c a l  dev ice ,  a l lows  us to c a lc u l a t e  t h e

45

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



q u a n t u m  yields  per  absorbed  photon  (A P C E )  at all wavelengths  and at  v a r i o u s  

dy e  co ve ra ges .  The  d e p e n d e n c e  o f  APCE on w a v e l e n g t h  and dye c o v e r a g e  i s  

o b t a i n e d  and d iscusse d  as it re la tes  to the r e g e n e r a t i o n  process  of  o x i d i z e d  

d y e  m o le c u le s .

2.2. E x p er im en ta l

N a n o c r y s t a l l i n e  TiCb fi lms were  p r e p a r e d  by s p r e a d i n g  a co l loida l  T i 0 2

s ol u t io n  on c o n d u c t i v e  t r a n s p a r e n t  in d iu m  tin oxide  (ITO) coa ted  glass.  T h e  

TK)t  col lo ida l  so lu t ion  was p r e p a r e d  as d e s c r ib e d  in the l i t e r a t u re  as M e t h o d  

B .2 T iC b powder  (P25.  Degussa:  3 g) was ground in a m o r t a r  wi th  w a te r  (I m l )

c on ta in in g  ace ty lace to ne  (0.1 ml). A f t e r  the T i 0 2  pa r t ic les  were  d i s p e r s e d  b v

the appl i ed  sh ea r  forces,  the v i scous so lu t ion  was di luted wi th w ater  (4 m l ) .  

T he n ,  a sur fac tan t  (Tr i ton X-IOO. A ld r i ch :  0.05 ml) was added.  The  I T O - c o a l e d  

glass was co v e re d  with two para l le l  a d h e s iv e  tapes I cm apart  to co n t r o l  t h e

t h i c k n e s s  and the area of  the TiCH film (1.8 cm X 1.0 cm).  The  c o l l o i d a l

so lu t io n  was ap p l ie d  b e tw e e n  the tapes on the ITO-coated  g lass  bv ro l l in g  a

glass rod on the surface.  Af te r air  d rying,  the T i O i  Him was fired at 500 C f o r

I hour .  The a v e r a g e  film th i c k n e s s  was m e a s u r e d  to be 13 p m  f rom a

s c a n n i n g  e l e c t r o n  m i c r o g r a p h .

A d so rp t i o n  of  dye m o le cu le s .  c/ .v-di(  t h i o e y a n a t o  )b i s(  2 . 2 ’- b i p y  r i d y  I - 4 . 4 ' -  

d i c a r h o x y  la te  ) r u t h e n i u m (  I I ) (N3: p u r c h a s e d  f rom S ol a ron ix  SA.

S w i t z e r l a n d ) ,  on a TiOr  fi lm was ca r r i ed  out by so ak in g  TiC>2 f i lms i ti

N 3 / e t h a n o l  so lu t i ons  (10 ml each) .  T hr ee  c o n c e n t r a t i o n s  of  N 3 / e t h a n o l  

s o lu t i o n s  were  p r e p a r e d  (0.16 tnM, 0.013 mM  and 2.7 pM).  To m o n i t o r  t h e  

u p t a k e  of  the N3 by the T i 0 2  f i lms,  the a b s o r b a n c e  of  the N 3 / e l h a n o l

s o lu t io ns  was m e a s u r e d  (H ew le t t  P ack a rd .  8452A Diode A r r a y
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S p e c t r o p h o t o m e t e r )  as a func t io n  of  t ime.  The  a m o u n t  o f  a d so rbe d  N3 w a s  

c a l c u la te d  f rom the d i f f e r e n c e  b e tw een  the ini t ial  a b s o r b a n c e  and the  o n e s  

al s u b s e q u e n t  t ime  using  the a b s o r p t i o n  c o e f f i c i e n t  o f  N3 in e th anol  1.42 x 

l ()4 M ' 1 cm '*  at 534 n m 2 . Desorp t ion  e x p e r i m e n t s  were  done  by p l ac ing  t h e  

N3-coa t ed  T i ()2 fi lms into ethanol.  The T i O i  f i lms were  dr ied  by w i e k i n g  w i t h

a piece  o f  t i ssue  ( K i m w i p e s ? : ,  K i m b e r l y - C l a r k )  pr io r  to the d e s o r p t i o n  

ex p e r im e n ts .  This  t rea tme nt  min im ized  the a m oun t  of  N3 t r app ed  wi th in  t h e  

matr ix  of  the  TiC>2 f i lm, but not bound  to TiCb sur face .  As in the a d s o r p t i o n

exp e r im en t ,  the ab so rb anc e  of  the N3 was mo n i to red  ov e r  l ime.

The  con f ig ura t ion  o f  the sensi t ized Ti ()2 f i lm solar  cell  was s i m i la r  to t h e

one  de sc r ibed  in re fe rence  2. The  counter  e lec t rode  was p la t i n u m  plate.  T h e  

s ens i t i z ed  T i C b  film and the plat inum plate were  s a n d w i c h e d  with a cl ip w i t h

a spa ce r  (Tef lon  f i lm. 50pm th ick)  in - b e t w e e n .  The  redox coup le  (0.3 M L i l

and 0.03 M 12 in a c e t o n i t r i l e )  was in jec ted  to the space  b e tw e e n  t h e

e le c t r o d e s  wi th a syr inge .

The  ac t ion  spe c t ra  of  the T i 0 2  f i lms sens i t i z ed  at var ious  N3 c o v e r a g e s

were  taken  using  a N ew po r t  75W tu n g s t en  h a l o g e n  lamp. J a r r e l - A s h  0 . 2 5 - m

m o n o c h r o m a t o r  and PAR 174 P o l a r o g r a p h i c  A n a l y z e r  l inked to a

c o m p u t e r i z e d  cont ro l  and data acq u is i t io n  system. The  a b s o r b a n c e  o f  

n a n o c r y s t a l l i n e  Ti02  f i lms with var ious N3 c o v e r a g e s  was m e a s u r e d  w i t h

d i f fuse  r e f l e c t a n c e  s p e c t r o s c o p y  (Hitach i  U-3501 s p e c t r o p h o t o m e t e r )  due  to  

the high sca t te r ing  of  T i 0 2  na n o p a r t i c l e s .
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2.3. Results and Discussion

2 . 3 . 1 .  N3 A d s o r p t i o n  a n d  D e s o r p t i o n

To in v e s t i g a t e  the k ine t ics  of  the a d s o r p t i o n  of  N3 o n t o  

n a n o c r y s t a l l i n e  T i 0 2  s u r f a c e s ,  the quant i ty o f  adsorbed N3 was mo n i to red  as a

funct ion of  l ime (F ig u re  2.1) by fo l l o w in g  the d i s a p p e a r a n c e  of  N3 f rom t h e

so l u t ion  as was d e s c r ib e d  in the e x p e r i m e n t a l  sect ion .  A fast rate o f  

adso rp t ion  was measured  in the first 4 hours for  all initial N3 c o n c e n t r a t i o n s .  

Th e  init ial  fast  adso rp t ion  rate f rom a 0.16 mM N3 so lu t ion  was fo l l ow ed  by a 

much s l ow er  adsorp t ion rate. This  t rend  was also o b s e r v e d  but  less a p p a r e n t  

at lower  c o n c e n t r a t i o n s .  S t i r r i n g  the N3 so l u t ions  did not  a f fect  t h e  

a d s o r p t i o n  rates,  w h ic h  su gges t s  that d i f fu s i o n a l  l i m i t a t i o n s  were  n o t  

i m p o r t a n t  in the a d s o r p t i o n  o f  N3 onto  n a n o c r y s t a l l i n e  TiCb for  these  N3

concent ra t io ns .  Equil ib ra t ion  was  reached  a fter  about  60 hours  for  all the  N3 

co n c e n t r a t io n s  s ince no fur ther  adsorp t i on  was  observed  a f te r  thi s t ime . T h e  

F igure  2.2 shows the d e s o r p t i o n  of  N3 into pure e th a n o l  so lu t i o n s  as a 

fu n c t io n  of  t ime for s am ple s  w he re  the ini t ial  ad s o r p t i o n  was f rom v a r i o u s  

N3 concentra t ions .  A fast desorp t ion  rate of  N3 was also o b s e r v e d  in the  f i r s t  

10 hours  for all samples.  Equi l ibra t ion was  reached a f te r  about  350 ho u r s  f o r  

all the sam ple s  s ince no  fur ther  desorp t ion  was obse rved  a f te r  this  l ime.  T h e  

rat io of  the q u a n t i t y  of  the d e s o r b e d  N3 to the in i t i a l ly  a d s o r b e d  N3 w a s  

c a l c u la te d  for all sa m pl e s ,  and  these  values are sh o w n  in Table  2.1.  

I n t e r e s t i n g l y .  the rat io o f  the  d e s o rb e d  N3 to the in i t i a l ly  a d s o r b e d  N3 

b ecam e  grea t e r  as the quant i ty  o f  the a d so rb ed  N3 in c re a s e d .  A s s u m i n g  t h a t  

e q u i l i b r i u m  c o n d i t i o n s  are a c h i e v e d  in the a d s o r p t i o n  and  d e s o r p t i o n

e x p e r i m e n t s .  the i s o t h e r m s  for  a d s o r p t i o n  and d e s o r p t i o n  o f  N3 w ' e r e  

o b t a in e d  (F igu re  2.3).
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Figure 2.1. Adsorption of N3 to nanocrystalline Ti02 as a function of time.
Initial N3 concentrations are black circles: 0.16 mM; white circles: 0.013 mM; 
crosses: 2.7 pM. The initial adsorption from 0.013 mM and 2.7 pM N3 solu­
tions are shown in (b).
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Figure 2.2. Desorption of N3 from nanocrystalline TiC>2 as a function of time.
Quantities of adsorbed N3 prior to the desorption are black circles: 0.16 pmol; 
white circles: 0.12 pmol; crosses: 0.09 pmol. The initial desorption from the 
sample with 0.09 pmol N3 adsorbed is shown in (b).
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T a b le  2.1.  Ratio of  desorbed  N3 to initially adsorbed  N3.

Initially
adsorbed

N3
(f.imole)

D esorbed
N3

(fimole)

Ratio of 
desorbed  N3 

to initially 
adsorbed  N3

0.056 0 .6 i4 0.25
0.090 0.025 0.28
0.12 0.038 0.32
0.15 0.068 0.45
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Figure 2.3. N3 adsorption and desorption isotherm s. Black circles: 
adsorption; white circles: desorption; line: the best fit of the Langmuir 
adsorption equation.

52

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



Alth ough many o f  the a s s u m p t i o n s  i n h e r e n t  in the L a n g m u i r  i s o t h e r m  

are not  valid,  such as the e q u i v a l e n c e  o f  all sites and i n d e p e n d e n c e  of  t h e  

o c c u p a t i o n  of  sites with c o v e r a g e ,  the e x p e r i m e n t a l  data were  fit to a 

L a n g m u i r  a d s o r p t i o n  i s o th e rm  (dashe d  line in F igure  2.3). as s tated b y  

e q u a t i o n  I.

w her e  C-) is the frac t iona l  co ve ra ge .  K  is the a d so rp t i o n  c o ns ta n t ,  and C  is t h e  

c o n c e n t r a t i o n  o f  N3 in so lut ion.  The best  fit was ob ta ined  with K  =  2.S \  10^ 

M ' l  and the full c o v e r a g e  of  N3 was found to be 0.16 umol .  A s s u m i n g  a 

m olecular  a rea  of  N3 project ing on T i O i  to be 180 A -  from the m o l e c u l a r  a x e s  

of N3 ( - 1 4 .2  A  and - 12.6 A), a surface area of  the TiCH film was c a lc u la ted  to b e  

30 m - / g j i 0 2 - Othe r  g rou ps  have  r ep o r te d  a va lue  of  40.2 m - / 2T i 0 2  f r o m  

k r y p t o n  a d s o r p t i o n  m e a s u r e m e n t s .7 Our  s m a l le r  value for the sur fa ce  a r e a  

may be the resul t  o f  u n o c c u p i e d  a d s o r p t i o n  sites due to what  may well  b e  

i m p e r f e c t  p a c k i n g  of  N3 molecules .  I n a c c e s s i b l e  sites for N3 m o l e c u l e s

b ecau se  of  small  pores may also c o n t r i b u t e  to the sm a l l e r  va lue  for t h e  

s u r f a c e  area.  F igure  2.3 also sho ws that  the i s o th e rm  m e a s u re d  for t h e

d e s o r p t i o n  process  is d i f f e r e n t  f rom the i so th e rm  m e a s u r e d  for t h e  

a d s o r p t i o n  proces s ,  b r i n g i n g  the a s s u m p t i o n  of  e q u i l i b r i u m  c o n d i t i o n s  i n t o  

q u e s t i o n .

2 . 3 . 2  M o d e l  for  N 3  B i n d i n g  to N a n o c r y s t a l l i n e  Tit>2

The b in d in g  of  N3 to a n a n o c r y s t a l l i n e  T i 0 2  fi lm has been  s tudied b y  

o t h e r  g roup s .  The  three  poss ib le  c o o r d i n a t i o n  modes of  the c a rb o x y l  g r o u p
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were  d i s c u s s e d  in these  s tudies .  Those  c o o r d i n a t i o n s  are u n i d e n t a t e  ( e s t e r ­

like l i n k a g e ).8 b i d c n t a t e  c h e l a t i n g  or b r i d g i n g  (i.e. two T i ^ + sites b ound  to  

one  c a r b o x y l  g r o u p ).9 We are in t e r e s t ed  in how many c a r b o x y l  g ro u p s  a r e  

invo lved  in the b i n d i n g  of  N3 to T iO ’ . Since th ere  are four c a r b o x y l  g r o u p s

presen t  in one N3 molecule ,  up to four  a t tachments  are in p r i n c i p a l  p o s s i b l e .  

One.  two or t h r e e - s i t e  b i n d i n g  by up to th ree  ca rb o x y l  gr o u p s  on a f l a t  

su r f a c e  se em s r e a s o n a b l e  when  c o n s i d e r i n g  the g e o m e t r y  of  N3 m o l e c u l e 8 . 

Som e of  the poss ib le  binding modes  of  N3 to T i 0 2  sur face  are s h o w n  in F i g u r e

2.4. A d di t io na l  b i n d i n g  g e o m e t r ie s  at step sites and k ink sites may also b e  

p o s s i b l e .

T he  a d s o r p t i o n  and d e s o r p t i o n  k ine t ic  m e a s u r e m e n t s  prov ide  s o m e

ins igh ts  into the  na ture  of  N3 b i n d in g  to ana tase .  A s c h e m e  c o n s i s t e n t  w i t h  

the k in e t ic  m e a s u r e m e n t s  for  the b i n d i n g  of  N3 to TiCb su r fa c e  is s h o w n

b e l o w .

s o . n ^  N W *  N  3 surf (2,
Less strongly Strongly bound 
bound

Accord in g  to the scheme a N3 molecule  a t t a c h e s  to the T i O ’ su r f ace  f i r s t  

wi th one  c a r b o x y l  group  ( N 3 s u r f ( I )> fo l lowed by the seco nd  ca rb o x y l  g r o u p  

( N 3 s 11 r f ( 2 ))• T h e  forward rate in the first step is much grea te r  than  the b a c k  

rate.  The  la rge  d i f f e r e n c e  in the rates is c o n s i s t e n t  with the ini t ial  f a s t  

adsor p t ion .  T h e  init ial  fast  adsorpt ion can be e x p l a i n e d  as the rapid b i n d i n g

of  one  c a r b o x y l  g r o u p  of  a N 3 SoIn to a Ti^+ site on t h e  T i O ’ su r f ac e  in t h e

N 3 s u r f ( l )  m ode .  The  d i f fe rence  be tween  the forward  and bac k  rates in the
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Figure 2.4. Possible binding modes of N3 to Ti02 (101) surface. The left N3 is 
bound to the TiC>2 with one carboxyl group. The right N3 is bound with two 
carboxyl groups. Light blue: titanium; red: oxygen; grey: carbon; blue: nitrogen; 
pink: ruthenium; yellow: sulfur; light grey: hydrogen.
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s e c o n d  a d s o r p t i o n  step is also very l a r g e .  T h e s e  l a r g e  d i f f e r e n c e s  i n  

t h e  ra tes in each  step sugge s t  s tab i l i ty  of  N3 b i n d i n g  to ana tas e .  T h i s  

s ta b i l i ty  is s i m i l a r  to the one formed by the c h e l a t e  e ffect .  In o th e r  w o r d s ,  

the p r o b a b i l i t y  o f  s i m u l t a n e o u s  d i ss o c ia t i o n  o f  two c a r b o x y l  g ro u p s  is v e r y  

low. Also,  it is qu i t e  un l ik e ly  that  two c a r b o x y l  g ro u p s  b ind  s i m u l t a n e o u s l y  

to T i O s  surface,  so we  favor  a s e q u e n t i a l  b i n d i n g  o f  the two c a r b o x y l  g r o u p s .

T h e  t w o - s t e p  b in d in g  m e c h a n i s m  is c o n s i s t e n t  wi th the o b s e r v a t i o n  that  t h e  

ra t io of  the a m o u n t  of  d e so rbe d  N3 to the a m o u n t  o f  in i t i a l ly  a d s o rb e d  N3 

b e c o m e s  gr e a te r  as the cove ra ge  increases  (Ta ble  2.1). At a h i g h e r  c o v e r a g e  

more  N3 m o l e c u l e s  are bound wi th one  c a r b o x y l a t e  be cause  o f  the d i f f i c u l t y  

o f  f ind ing  a s econ d  b in d in g  site due to b l o c k a g e  of  s u r f a c e  sites by a d j a c e n t  

N3 molecules .  Consequent ly ,  a g r e a te r  rat io o f  the a dso rb ed  N3 de sor bs  f r o m  

T i O i .  This e x p l a n a t i o n  is also d e p e n d e n t  on a l imited  su r fa ce  mo bi l i ty  o f  t h e

b o u n d  N3 mo le cul e s .

D e s o r p t i o n  k ine t ics  from ana tas e  fi lms were  c o m p a r e d  b e tw e e n  r a p i d l y

and  s lowly  ad s o r b e d  N3. The  rapid a d s o r p t i o n  was  c a r r i e d  out by us ing  a

c o n c e n t r a t e d  N3 solut ion whi le  the slow a d s o r p t i o n  was done  by us i ng  a l e s s

c o n c e n t r a t e d  N3 so lut ion.  The  ana ta se  fi lm wi t h more  ra p i d ly  a d s o rb e d  N3

was  p r e p a r e d  by so ak in g  in a 0.19 mM  N3 so l u t io n  in e th a n o l  for one  h o u r .

The  f i lm wi t h slowly adsor bed  N3 was p r e p a r e d  by s o a k i n g  in a 0 .039 mM  N3

solu t ion  for  17 hours.  The  quant i t ies o f  the adso rbed  N3 were  c a lc u l a te d  to b e

0 .075 p m o l  for  the  rapid a d s o r p t i o n  film and 0.083 pm ol  for the s l o w

a d s o r p t i o n  film. These  a m o u n ts  o f  N3 c o r r e s p o n d  to a p p r o x i m a t e l y  5 0 %  

c o v e r a g e .  The  d e s o r p t i o n  e x p e r i m e n t s  were  c a r r ie d  out  i m m e d i a t e l y  a f t e r  

the  c o m p l e t i o n  of  each a d s o r p t i o n  step.  Th e  q u a n t i t i e s  o f  the d e s o r b e d  N3 

d u r i n g  the init ial  25 hour s  were  found to be 0.0082  p m ol  f rom the f i lm w i t h
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rap idly  a d s o rb e d  N3 and  0.0070 pm ol  f rom the film wi th  s lowly  ad s o r b e d  N3. 

More  d e s o r p t i o n  was o b se rv e d  for the rap idly  a ds o rbe d  N3 even  t h o u g h  t h e  

q u a n t i t y  of  the ad so rb ed  N3 was smal le r .  This o b s e r v a t i o n  was r e p r o d u c e d  

with a n o t h e r  set o f ana ta se  fi lms.  The g r e a t e r  ini t ial  d e s o r p t i o n  rates a n d  

d e s o r p t i o n  rati os for the  rap id ly  adso rbed  N3 add su p p o r t  to the  s t e p w i s e  

b ind ing  model  o f  the ca rbo xyl  groups .  The  rap idly  ad s o r b e d  N3 did not  h a v e  

t ime for c o m p l e t i n g  the second b in d in g  step. As a resul t ,  more  N3 d e s o r b e d

via the w e a k e r  b in d ing  mo de  t N 3s ur f t  1 )>-

2 . 3 . 3 . 1.Kc C o v e r a g e  E f f e c t s  on I n c i d e n t  P h o t o n  to C U r r e n t  E f f i c i e n c y

The ac t ion  s p e c t r a  of  T i Oi  fi lms sens i t i zed  at var io us  N3 c o v e r a g e s

were  taken to d e te rm in e  the op t imal  dye cov erage  and  e x a m i n e  the e f fec t s  o f  

N3 c o v e r a g e  on the in c i de nt  pho ton  to c u r r e n t  e f f i c i e n c y  (IPCE!) ( F i g u r e  

2.5.ai. Genera l ly,  the IPCE is expected to in crea se  l in ea r ly  wi th dye  c o v e r a g e  

b ecau se  more  ad so rb ed  dye  m o lecu le s  will absorb  p r o p o r t i o n a l l y  m o r e  

ph o to n s  t hus g e n e r a t i n g  a g re a t e r  pho to cu r r en t .  F igur e  2.5.a show s that  t h e  

IPCF! in c r e a s e s  as a dye c o v e r a g e  inc re a se s .  A s a t u r a t i o n  of  the IPCE at a 

va lue  of  about  0 .62  is reached at wavelengths  from 450 to 500 nm. This v a l u e  

(0.62)  is below the best  value observed in the most  e f f ic ient  solar  ce l l s . -  but i t  

is high e n o u g h  to d e m o n s t r a t e  that we are s t u d y in g  an e f f i c i e n t  l ight to

e le c t r o n  c o n v e r t i n g  system. Addi t iona l  dye a d s o r p t i o n  resul t s  in f u r t h e r  

in c r e a s e s  onlv in the l ong e r  w a v e l e n g t h  reg ion  (550 -  800 nm) .  T h e

d e p e n d e n c e  of  the IPCE on dye c o v e r a g e  for w a v e l e n g t h s  o f  550  nm and 7 0 0

nm is p lot ted in Figure  2.5.b. The  a n t i c ip a te d  l ine ar  d e p e n d e n c e  o f  IPCE o n 

d y e  c o v e r a g e  w a s  n o t  o b s e r v e d .  Ins tead F igure  2.5.b in d ic a te s  a r a p i d  

increase in the IPCE at 550  nm at a N3 coverage  o f  a b o u t  0 . 0 5  p m o l .  T h i s
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Figure 2.5. Incident photon to current efficiency of nanocrystalline Ti02 
films sensitized with N3 at a various coverage(a). Adsorbed N3 is black 
circles: 0.15 pmol; white circles: 0.12 pmol; black triangles: 0.056 pmol; white 
triangles: 0.017 pmol; crosses: 0.006 pmol. (b) IPCE at 550 nm (black circles) 
and at 700 nm (crosses).
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abrupt  increase in the  [PCE at about  0.05 pmo l  N3 c o v e r a g e  will be d i s c u s s e d  

l a t e r .

2 . 5 . 4 .  A b s o r b a n c e  o f  N3 A d s o r b e d  to a N a n o c r y s t a l l i n e  T i 0 2  Fi lm

The  absorbance  of  the N3 on T i O i  f i lms needs to be  de te rm ine d  in o r d e r  

to c a l c u l a t e  the a b s o r b e d  pho to n  to c u r r e n t  e f f i c i e n c y  (APCH).  R a d i a t i o n  

re f lec ted  by a d i f fu s iv e  sur face  cons is ts  o f  two parts ,  " r egu la r  re f lec t ion" a n d  

"d i f fuse  re f lec t ion" .  The  ab so rb an ce  c o nv e r te d  f rom only  re g u la r  r e f l e c t i o n ,  

un d e r  the  co nd i t io n  of  no t r ansm i t t ance ,  obeys  Beer 's  law in a c e r ta in  r a n g e  

of  c o n c e n t r a t i o n s .  H ow eve r ,  the a b s o r b a n c e  c o n v e r t e d  f rom the bo th  t y p e s  

of  re f lec t ion  wi t h no t r ansm i t t anc e  does  not obey Beer 's  law. The  r eas on  f o r  

this p h e n o m e n o n  is e x p la in e d  in r e f e r e n c e  10 as fol lows:  "the d i f f u s e

re f l e c t i o n  c o m e s  ab o u t  th ro u g h  pe ne t ra t io n  of  a po r t io n  o f  the in c id e n t  f l u x  

into the i n te r io r  o f  the sample.  A part  o f  this r a d ia t i o n  is r e t u r n e d  to t h e  

sur f ace  o f  the sa m pl e ,  fo l low ing  part ial  absorp t ion  and  m u l t i p le  s c a t t e r i n g  a t  

the boun da r i e s  of  the in d iv id ua l  pa r t ic le s  of  wh ich  the  sa m ple  is c o m p o s e d . "  

T he re fo re ,  the ab so rb an ce  o f  N3 adsorbed  to T iQ i  n a n o p a r t i c l e s  is e x p e c t e d  to

devia te  from Beer 's  law. The  m e a s u r e d  r e f l e c t a n c e  was c o n v e r t e d  d i r ec t ly  to  

a b s o r b a n c e  ( l o g ( l / R) ) .  S ince  the p u rp o s e  of  the r e f l e c t a n c e  m e a s u r e m e n t s  

was not  to de te rm in e  the N3 c o n c e n t r a t i o n  but  to m e a s u r e  the a b s o r b a n c e  o f  

the N3 a d so rbe d  to TiOv n a n o p a r t i c l e s .  the K u b e l k a - M u n k  f u n c t i o n .  a

c o m m o n  me th od  to c o n v e r t  r e f l e c t a n c e  i nvo l v i n g  d i f f u s i v e  m ed ia  to t h e  

c o n c e n t r a t i o n . 1® was  not used.  The  a b s o r b a n c e  of  N3 on the TiO? f i lms  w a s

then ob ta in ed  f rom s u b t r a c t i n g  the a b s o r b a n c e  of  the TiCb film as d e s c r i b e d

in e q u a t io n  2 .
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log< I /R1N3 =  l °g(  I / R ) N 3/ T i 0 2  - l o g ( l / R ) T i O : [ 2 |

The  r e s u l t i n g  w a v e l e n g t h  d e p e n d e n c e  is sh o w n  in F igure  2.6.a. T h e  

a b s o r b a n c e s  o f  M3 in e th a n o l  and  N3 a n c h o r e d  to a TiCb s u r f a c e  w e r e

c o m p a r e d  at 534. 600. 650 and 700 n m ( F i g u r e  2.6.b). Figure  2.6.b sh o w s t h a t  

the  a b s o r p t i o n  coe f f i c ie n t  d e t e r m i n e d  for N3 a d so rbe d  to T iO i  is a lm os t  t w i c e

of  that for N3 d isso lved  in e th an o l5* at 600. 650 and 700 nm. The d i s c r e p a n c y  

is g r e a t e r  at 534 nm wh en the c o v e r a g e  is low. At low c o v e r a g e s  t h e  

a b s o r b a n c e  of  a d so rbe d  N3 is g r e a t e r  than  that o f  so lu t ion  ph ase  N3. b u t  

a p p r o a c h e s  that o f  the so lu t ion  as the c o ve rage  in c rease s .  The  o r ig in  o f  t h i s  

p h e n o m e n o n  is c o n s i d e r e d  to be re la ted  to R a y le ig h  s c a t t e r i n g  wi t h i n  t h e  

T i t 32 film. The  actual  path length  for l ight  in a Ti O i  fi lm wi th  a low N3 

c o v e r a g e  is much longer  than in a h o m o g e n e o u s  N3 solut ion because  the  Ti(>2 

p a r t i c le s  sca t te r  light.  R a y le ig h  s c a t t e r i n g  is g r e a t e r  for s h o r t e r  

w a v e l e n g t h  l ight and b e c o m e s  sm a l l e r  as the N3 c o v e r a g e  i n c r e a s e s  s i n c e  

mo re  l ight  is ini t i al ly  ab so rb ed .

2.3.5 .  Th e C o v e r a g e  E f f e c t s  on  A b s o r b e d  P h o t o n  t o C k i r r e n t  E f f i c i e n c y

The a b s o r b e d  p ho to n  to c u r r e n t  e f f i c i e n c y  (APCE)  o f  each  f i lm w a s  

ca lc u l a t ed  from the IPCF. and the measu red  absorbance  o f  the f i lm in o r d e r  to  

i n v e s t i g a t e  the e f f ec t s  o f  dye c o v e r a g e  on APCE (F ig u re  2.7.ai .  O ne  w o u l d  

e xp ec t  that  the APCE would  be i n d e p e n d e n t  o f  the q u a n t i ty  o f  a d s o r b e d  N3 

and the w a v e l e n g t h  of  i n c id e n t  l ight  b e c a u s e  APCE e v a lu a te s  the e f f i c i e n c y  

only  a f te r  the absorp t ion  o f  light. It is notable that  the A P C E  as a f u n c t i o n  o f  

w av e le n g th  for T i 0 2  f i lms with 0.15.  0 .12 and  0 .056 pm ol  N3 c o v e r a g e s  a l m o s t

o v e r l a y  e a c h  o t h e r .  H o w e v e r ,  a d r o p - o f f  in th e APCE w a s  o b s e r  v e d  b e l o w  a

6 0
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Figure 2.6. Absorbance spectra (log(l/R)) of N3 adsorbed to a nanocrystal­
line Ti02 film at various coverage(a). Adsorbed N3 is black circles: 0.15 
pmol; white circles: 0.12 pmol; black triangles: 0.056 pmol; white triangles: 
0.017 pmol; crosses: 0.006 pmol. (b)Absorbance (log(l/R)) of adsorbed N3 
and absorbance (A) of N3 in ethanol at certain wavelengths. Black circles: at 
534 nm; white circles: at 600 nm; black triangles: a t 650 nm; white triangle: 
at 700 nm; black circle line: at 534 nm; white circle line: a t 600 nm; black tri­
angle line: at 650 nm; white triangle line: at 700 nm. The published value
1.42 x 104 M~1 cm '1 was used for the absorption coefficient of N3 in ethanol
at 534 nm.2 The absorption coefficients at 600 nm, 650 nm and 700 nm 
were obtained from an absorption spectrum.
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Figure 2.7. Absorbed photon to current efficiency of a nanocrystalline Ti02 
film at various coverage(a). Adsorbed N3, black circles: 0.15 pmol; white 
circles: 0.12 |/mol; black triangles: 0.056 pmol; white triangles: 0.017 f/mol; 
crosses: 0.006 pmol. (b) APCE at 550 nm and (c) at 700 nm.
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coverage  of  0 .056 pmol of  N3. The  variat ion o f  the APCE with the q u a n t i t y  o f  

a d s o r b e d  N3 at two w a v e l e n g t h s  of  in c id e n t  l ight  is sh o w n  in F igur e  2 .7.b .  

The  APCE for c o v e r a g e s  above 0.05 n m ol  N3 is 0.6 ~ 0.8 at 550 nm and  0.25 ~ 

0.55 at 700 nm while  the APCE for less than 0.05 pmol N3 coverage  is about  0 .2  

~ 0.4 at 550 nm and less than 0.1 at 700 nm. T he se  v a r ia t i o n s  of  the APCE w i t h  

the qua n t i t y  of adso rbed  N3 and the w a v e l e n g t h  of  in c id e n t  l ight  a r e  

c o n t r a d i c t o r y  to the or ig ina l  exp e c ta t i o n .

2 .3 .6 .  P o s s i b l e  E x p l a n a t i o n s  fo r  the  D ye  C o v e r a g e  E f f e c t s  on  A P C E

T h e re  are a few poss ib le  r easons  to e x p la in  why the APCE is s m a l l e r  i n 

the l o n g e r  w a v e l e n g t h  reg ion .  ( I )  S ince  we have  back i l l u mi n a t i o n ,  t h e  

e l e c t r o n s  g e n e r a t e d  by longe r  w a v e l e n g t h  l ight  have  l onger  pa ths  to b e  

co l lec ted  at the back  contact .  The  absorp t ion  coef f ic ien t  o f  the adso rbed  N'3 is 

g r e a t e r  for s h o r t e r  w a v e l e n g t h s  b e tw e e n  534 and 700 nm. For i n s t a n c e ,  

a c c o rd in g  to F igure  2 .6 .b when  the  a d so rb e d  N3 c o n c e n t r a t i o n  is 0.05 M . t h e  

absorp t ion  coef f ic ien t  o f  the adsorbed N3 is ca lcu lated  to be 1.0 X 10"* M * ' c m ' *  

at 534 n m and 2.7 XIO-^ M “ ' c m ‘ * at 700 nm. us ing  the 13 urn film t h i c k n e s s .  

The  re la t io n  b e tw e e n  light in te ns i ty  at some d is ta n c e  f rom in c id e n t  s u r f a c e  

and the  inc ident  l ight  intens ity Iq is sh o w n  in equa t io n  3.

I =  - 1-0-  [3|
inee j

w h e r e  e is a b s o r p t i o n  c o e f f ic ie n t ,  c is the N3 c o n c e n t r a t i o n  and  x is t h e  

d i s t ance  f rom the film surface.  Th e  majori ty  o f  e l e c t r o n s  g e n e r a t e d  by s h o r t  

w a v e l e n g t h  l ight  are presen t  nea r  the i l l u m in a te d  sur fa ce  tha t  is also a b a c k  

contac t .  On the o ther  hand,  e l e c t r o n s  g e n e r a t e d  by l o n g e r  w a v e l e n g t h  l i g h t  

a re  d i s t r ib u t ed  more  eve nly  f rom the i l l u m i n a t e d  su r fa ce  to the back  side o f
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the film. C o n s e q u e n t l y ,  a l a rge r  f r ac t io n  of  the e l e c t r o n s  g e n e r a t e d  b y 

l o n g e r  w a v e l e n g t h  l ight  must  t ravel  lo n g er  paths  to the back  c o n ta c t  t h a n

ones g e n e r a t e d  bv s h o r t e r  w a v e l e n g t h  light. L o n g e r  pa th s  resul t  in m o r e

t r a p p i n g 1 1 and r e c o m b i n a t i o n  of  the e le c t ro n s  in jec ted  to TiCh c o n d u c t i o n

ba nd  and subseque nt l y  lower  APCE s.

( 1) The  e le c t r o n s  g e n e r a t e d  by lon ge r  w a v e l e n g t h  l ight  may have a 

s m a l l e r  d r iv in g  force for t r a n s p o r t  to the back c o nt ac t  than ones g e n e r a t e d  

by s h o r t e r  w a v e l e n g t h  l ight .  The  d r i v i n g  force for e l e c t r o n  m o v e m e n t  i n 

tlte film is front d i f fu s io n  due to the e l ec t ron  c o n c e n t r a t i o n  g r a d i e n t  in t h e

film since  there  is no space  c h a r g e  field inside of  n a n o c r y s t a l l i n e  T K h . 1^

Tlte less s t r o n g ly  ab s o r b e d  long w a v e l e n g t h  l ight p r o d u c e s  a s m a l l e r

e l e c t r o n  c o n c e n t r a t i o n  g ra d ie n t  ne a r  the back con ta c t ,  r e s u l t i n g  in a 

sm a l l e r  d r iv in g  force for  the c o l le c t io n  of  e l e c t r o n s  g e n e r a t e d  ne a r  t h e

conta c t .  Again  more  t r a p p i n g  and r e c o m b i n a t i o n  o c c u r  lor  e l e c t r o n s  

ge n e ra te d  by longer  w a v e le n g th  l ight ,  resu lt ing  in the lo w er  AP CE .

The  lower  APCE at low dye c o v e r a g e s  can be e x p l a i n e d  by s e v e r a l

sc e n a r io s :  ( I )  Back e l e c t r o n  t r a n s f e r  from the TiO^ c o n d u c t i o n  band  to t h e

redox spec ies  ( 13 “ ) may be fas ter  at low N'3 c o v e r a g e s  b e c a u s e  more  TiCb

s u r f a c e  is ex pose d  to the redox species .  This a s s u m e s  that  the e x c h a n g e

c u r r e n t  for I '  / I 3 * r eac t ion  is h i g h e r  on the T i 0 2  s u r fa c e  r a t h e r  t h a n

t h ro ug h med ia t io n  by N3 c o m p le x e s .

(2) N3 c lu s t e rs  may be n e c e s s a r y  for two e le c t r o n  ox ida t ion  o f  I" ( i .e.

31-  > 13- + 2e* ). The  ox ida t ion  of  I" to f_3 '  w i th o u t  g e n e r a t i n g  h i g h

e n e rg y  free iod ine  radica l s  r e q u i r e s  a d j acent  ox ida t ion  sites and  c o u p l i n g  o f

the a d so rb e d  o n e - e l e c t r o n  t r a n s f e r  i n t e r m e d i a t e s  to form l-I bond  as o c c u r s  

on c lean  Pt e le c t r o d es .  If iodide ox id a t ion  is m e d ia te d  by a d s o rb e d  N3. t h e n
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the c o u p l i n g  re ac t io n  needs ad jacent  N3 m o le c u le s  to avoid tree i o d i n e

rad ica l s .  Hence ,  the r e g e n e r a t i o n  o f  oxid ized  N3 is less e f f ic ie n t  at low N3

c o v e r a g e s .

(3) The e l e c t r o n  path to hack c o n ta c t  is lo n g e r  at lowe r  dye  c o v e r a g e s  

s ince  the l ight  p e n e t r a t e s  more deeply  into the T iO i  film. L o n g e r  e l e c t r o n

pa ths  may resul t  in a lower  APCE as p r e v i o u s l y  d e s c r ib e d  for the l o n g

w a v e l e n g t h  e f f e c t .

(4) The  d r i v i n g  force for the t r a n s p o r t  o f  the in jec ted  e l e c t ro n s  to t h e

hack  c o n ta c t  may be sm a l le r  at a low c o v e r a g e .  This  was also p r e v i o u s l y  

d e s c r i b e d  by the e l e c t ro n  c o n c e n t r a t i o n  pro f i le s  in a TiOo film for the l o n g

w a v e l e n g t h  e f f e c t .

(5) T h e  in jec t ion  e f f ic iency  of  e l e c t r o n s  from ads orbed  N3 into the TiOi

co n d u c t i o n  band  may be lower  at low c o v e r a g e s .  We see no reason  why t h i s  

should  he true,  and recent  e x p e r i m e n t s  by Will ig et a l . ' 3 are sho wn that  t h e

i n je c t io n  e f f ic ie n cy  is in de pende nt  o f  d ye  c o v e ra g e .

(fi) A n o t h e r  e x p l a n a t i o n  for the a b r u p t  in c r e a s e  in the APCE at a r o u n d

0.05 Liinol N3 coverage  is that a hole h o p p i n g  m e c h a n i s m  can occur  t h r o u g h  

N3 molecu les  at that coverage .  The hole h o p p i n g  is a s u c c e s s iv e  ox i da t io n  o f  

N3 m o l e c u l e s  bv ad jacent  N3 m ol ecule s .  This  m e c h a n i s m  fac i l i t a tes  t h e  

r e g e n e ra t io n  o f  ox id ized  N3 molecules ,  resu l t ing  in the sudden  e n h a n c e m e n t  

o f  c o n v e r s i o n  e f f i c i e n c i e s  (F igure  2.7 a. & b.). L i mi ta t io n  o f  t h e  

r e g e n e r a t i o n  of  ox id ized  N3 molecules  due  to the re s t r i c te d  d i f f us io n  of  t h e  

r e g e n e r a t i n g  spec ies  ( I*)  in the mat r ix  of  a n a n o p o r o u s  TiCb film has b e e n

o v e r l o o k e d .  In a m a t h e m a t i c a l  model  o f  the n a n o c r v s t a l l i n e  so la r  cel l ,  t h e  

d i f f us i on  o f  I" has been assumed to be a f fec ted  very little by the p r e s e n c e  o f  

the solid n a n o c r v s t a l l i n e  T i O i 14 H ow eve r ,  we e x p e c t  that  the  to r tu ous  p a t h
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for I" d i f fu s io n  t h r o u g h  the  TiCb n a n o c r v s t a l l i n e  fi lm will c o n s i d e r a b l y

h in d e r  the d i f fus io n .  The  r e s u l t i n g  iodide c o n c e n t r a t i o n  p o l a r i z a t i o n  in t h e  

nooks  and c r a n n i e s  wi th in  the n a n o p o r o u s  film should  in h ib i t  t h e

r e g e n e r a t i o n  o f  dye  m o le c u le s  boun d to the sur f ace  in the se  r e g i o n s  u n l e s s  

the re  is some m e c h a n i s m  to he lp  the r e g e n e r a t i o n .  We  p r o p o s e  that  o n e  

m e c h a n i s m  can  be a hole h o p p i n g  t h r o u g h  the N3 m o l e c u l a r  n e t w o r k

(F ig u re  2.S). We p r o p o s e  tha t  thus n e tw o r k  is forme d at about  0.05 u m ol  N3

coverage ,  c lose  to a p e r c o l a t i o n  th re sh o ld .  A s s u m i n g  that  full c o v e r a g e  o f  a 

T i O 2 fi l |n corresponds  to 0.16 p m ol  ( f rom the ad s o r p t i o n  i s o t h e r m ) ,  the  o n s e t

o f  the hole t r anspor t  m e c h a n i s m  ap p e a r s  at about  30 c.'r  o f  the  full c o v e r a g e .  

A lo we r  than t h e o r e t i c a l  p e r c o l a t i o n  th r e s h o ld  may he the resul t  o f  t h e  

c ond i t i on  that on ly  local  n e t w o r k s  need  to exist ,  that  is. p e r c o l a t i o n  t h r o u g h  

the en t i re  fi lm is not  necessary .

A p h e n o m e n o n  s im i l a r  to the hole h o p p i n g  was d i s cu ss ed  in r e c e n t  

p u b l i c a t i o n s . 15' 16 B o n h o te  et al. s tud ied  a p h o s p h o n a t e d  t r i a r v l a m i n e  

a d s o r b e d  on a n a n o c r v s t a l l i n e  metal  oxide film and e x p la in e d  th e i r  r e s u l t s  

with lateral  e l e c t r o n  t r a n s p o r t  ins ide  the m o n o l a y e r  of  the t r i  a m i n e

m o l e c u l e s 1 5 . The  percola t ion  th reshold  for the lateral e lec tron t r a n s p o r t  w a s  

reported  to be about  50 f f  o f  the full c o v e r a g e .  Tr am m el l  and  M e y e r  s t u d i e d  

an o s m iu m  co m p le x  a d so rb e d  on a n a n o c r v s t a l l i n e  TiOo film and r e p o r t e d

e le c t r o n  t r a n s f e r  in the m o n o l a y e r  o f  the osm ium  c o m p l e x e s . * ^  T h e  

p e r c o l a t i o n  t h r e s h o l d  for this sys tem was found  to be abou t  60  T  o f  the f u l l  

c o v e r a g e .  Yet.  a n o t h e r  g r o u p  r epo r te d  that  some r u t h e n i u m  c o m p l e x e s  

graf ted on n a n o c r v s t a l l i n e  layers  do not d i splay lateral  c h a r g e  t r a n s p o r t ,  a t  

least not  to a c o m par ab le  e x t e n t 17 .
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Figure 2.8. Hole hopping mechanism. Small black circles: N3 (small gray 
circles: oxidized N3); large gray circles: nanocrystalline Ti02- At a coverage
above 30%, hole hopping is possible through the adjacent N3 molecules, 
resulting in the facilitation of the regeneration of oxidized N3. At coverage 
below 30 %, there is no such facilitation due to the lack of the N3 network.

67

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



The APCE d e p e n d e n c e  on dye c o v e r a g e  and the  a b r u p t  e n h a n c e m e n t  o f  

the A P C E  at a round the 0.05 pmol  dye  c o v e r a g e  may not be a c o n s e q u e n c e  o f  

a s ing l e  m e c h a n i s m  but a c o m b i n a t i o n  of  the s c e n a r i o s  d e s c r i b e d  a b o v e .  

Esp ec ia l ly ,  the role of  N3 c lus te rs  in two e l e c t r o n  o x id a t io n  of  I ' ,  as w a s  

d i s cu s sed  as s c e n a r i o ( 2 ). is equa l ly  r e a s o n a b l e  with the hole h o p p i n g  

m e c h a n i s m  in ord er  to r a t i o n a l i z e  the abr up t  in c re a s e s .  For c l a r i f i c a t i o n  o f  

the m e c h a n i s m ,  f u r th e r  e x p e r i m e n t s  are n e ede d .

2.4. C o n c lu s io n s

The m e a s u r e d  a d s o r p t io n  and d e s o r p t i o n  k in e t ic s  su gg es t  a t w o - s t e p  

a d s o r p t i o n  m e c h a n i s m  for the b in d in g  of  N3 to n a n o c r v s t a l l i n e  Ti02-  T h e

d i f f e r e n c e  b e tw e e n  the a d s o rp t i o n  i so th er m and " d e s o r p t i o n  i s o t h e r m "  is 

c o n s i s t e n t  with a tw o-s te p  a d s o r p t i o n  m e c h a n i s m .  The  dye  c o v e r a g e

d e p e n d e n c e  of  the IPCF. and APCF. shows an ab ru p t  i n c re a s e  in t h e s e  

pa rameters  at about  30 rk  dve  coverage.  The  a b r u p t  i n c r e a s e  in the I P C E a n d  

the A P C E  sugges ts  the possibi l i ty o f  l imited regene ra t ion  o f  the ox id ized  N3 a t  

low coverages .  The  l imi ted r e g e n e r a t i o n  may be due  to the l imi ted d i f f u s i o n  

of  the reduc ing  spec ies  in the mat r ix of  a n a n o p o r o u s  Ti()2 fi lm. In o rd e r  to

ex p la in  the ab ru p t  i n c re a s e  at 30 9r c o v e r a g e ,  the ons e t  o f  a hole h o p p i n g  

m e c h a n i s m  at the c o v e r a g e  was pr opose d  as well  as the n ecess i t y  of  N3 

c lus te rs  for the t w o - e l e c t r o n  oxida t ion  of  I ' .  F u r t h e r  w ork  needs  to be d o n e  

to clari fy the exac t  m e c h a n i sm  for these  e ffect s .
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Pr eface  to C h a p t e r  T h ree

In the p r e v i o u s  c h a p t e r .  the dye a d s o r p t i o n  b e h a v i o r  and  t h e  

r e l a t i o n s h i p  b e tw e e n  ph oton  to c u r r e n t  e f f i c i e n c y  and  the dye  c o v e r a g e  

were  i n v e s t i g a t e d  in n a n o c r v s t a l l i n e  fi lms.  In this c h a p t e r ,  the d y e / T i O .  

in t e r f a c e  is i n v e s t i g a t e d  by u t i l i z ing  na tura l  s ing le  c ry s t a l s  to c i r c u m v e n t  

the co m p lex i ty  o f  na nopor ou s  s t ruc ture o f  the T i O : film.

I am pr esen t ing  my second publ ica t ion as chapter  3 o f  my d i s s e r t a t i o n .  

This  p a p e r  will be s u b m i t te d  for p u b l i c a t i o n .  The p r e l i m i n a r y  work  o n  

s e n s i t i z a t i o n  of  na tu ra l  a na ta se  c rys t a l s  was done  by our  p r e v i o u s  p o s t  

doc tora l  researcher .  Dr. David  Sol tz.  and our  s u m m e r  u n d e r g r a d u a t e  r e s e a r c h  

ass i s tan t .  S te phani e  Hami l ton .  However ,  a lm os t  all the da ta  p r e s e n t e d  in t h i s  

p u b l i c a t i o n  are so le ly  my o w n  e xp e r im ent s .
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CHAPTER THREE

Dye Sensit ization of  Natural  Anatase Crystals  
with a Ruthenium-Based  Dye

ABSTRACT

S e m i c o n d u c t i n g  na tura l  a na ta se  c ry s ta l s  f rom two d i f f e r e n t  so urces  w e r e  

s ens i t i z ed  wi th  a r u t h e n i u m - b a s e d  dye ( < /'.v-di( t h i o e v a n a t o  ) - b i s (  2 . 2 ' - 

hi p v r i d v  1 -4 .4 '  - d i c a r b o x y  la te  ( r u t h e n i u m !  II ) : N 3 ). The  m a x i m u m  i n c i d e n t  

ph ot on  to se ns i t i zed  p h o t o c u r r e n t  c o n v e r s i o n  yield was 3.2 x I O ' .  A c r y s t a l  

face d e p e n d e n c e  of  s e n s i t i z a t i o n  e f f i c i e n c y  was also ob ser ved .  V a r i a t i o n  i n 

s e n s i t i z a t i o n  y ields  of  (101) faces,  by up to a fac tor  o f  4. were  also o b s e r v e d .  

The  e f f ic ie ncy  o f  sensi t i zat ion on the (101)  face was  approxi ma te ly  one o r d e r  

of m a g n i t u d e  more  than the (001)  face.  E x a m i n a t i o n  of  the m o r p h o l o g y  o f

the c rys ta l  su r f a c e s  with a tomic  force  m ic r o s c o p y  and s c a n n i n g  e l e c t r o n  

m i c r o s c o p y  ind ic a t ed  that  these  d i f f e r e n c e s  in s e n s i t i z a t i o n  by the  d i f f e r e n t  

faces and  bv the crystals  were  not  solely the resul t  o f  the d i f f e r e n c e s  in t h e  

m ic ro sc o p ic  sur face  areas.  Natura l  ana ta se  c rys ta l s  had  mi l l i se con d  rise t i m e  

for the s e n s i t i z a t i o n  p h o t o c u r r e n t :  The  rise t ime  d e c r e a s ed  wi th g r e a t e r

l ight  i n t e n s i t y  and  g r e a t e r  dye  c o v e r a g e ,  s u g g e s t i n g  that t r a p p i n g  a n d  

d e t r a p p i n g  of  injec ted  e le c t r o n s  at t raps  in the c ry s ta l s  is i n v o lv e d  in t h e  

e l e c t r o n  t r a n s p o r t  in the  na tura l  ana t ase .  The  c o m p a r i s o n  o f  t h e

s e n s i t i z a t i o n  b e h a v i o r  b e t w e e n  a na ta se  s ing le  c rys ta l s  ( n a t u r a l  a n d

s y n t h e t i c )  and an a ta se  n a n o c r y s t a l l i n e  f i lms re v e a l e d  that  the a b s o r b e d

photon  to cu r r en t  e f f ic iency o f  the n a n o c r v s t a l l i n e  fi lms was a p p r o x i m a t e l y  

3 to 7 t imes  grea te r  than that  o f  the s ingle crystals .

72

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



3.1.  I n tro d u c t io n

Dye se n s i t i z e d  n a n o c r v s t a l l i n e  ana ta se  so la r  cel ls ha v e  r e c e n t l y  m a d e

grea t  p r o g r e s s  in both e f f i c i e n c y  *• -  and s t a b i l i t y .-1 Despi te  this r a p i d

p r o g re s s ,  the re  is still re la t iv e ly  little k n o w n  about  the a d s o r p t i o n  of  t h e  

r u t h e n i u m - b a s e d  dyes on to  the ana tase  sur face .  The  mos t  p o p u l a r  

s e n s i t i z i n g  dye.  e / s - d i t  t h i o c y a n a t o  )bis( 2 . 2 '  - b i p y r i d y  1 - 4 . 4 ’ - d i c a r b o x y  l a t e ) 

ru theniu m (II).  a l so  kn ow n as N3.  has four pe nda nt  carbox yl  g r o u p s  and it i s  

thought  that  it can  bind to a planar  anatase sur face  with at least  two but  up to  

th ree  of  these  g r o u p s .4 In p r in c ip le  all four  c a r b o x y l  g ro u p s  could b e  

inv o lv ed  in b o n d i n g  at step, k ink  or defect  sites. In a p r e v i o u s  p ap e r  w e  

s tud ied  the  ad so rp t io n  i so therm and  the kine tics o f  a ds o rp t io n  and  d e s o r p t i o n  

of N3 onto n a n o c r v s t a l l i n e  a n a t a s e / r u t i l e  f i l m s . 7 A t w o - s te p  dye a d s o r p t i o n  

m e c h a n i s m  was pos tu la ted ,  where  the ini t ial  b i n d i n g  is t h r o u g h  o n e

ca rb o x y l  g r o u p  with s u b s e q u e n t  b in d i ng  by a se cond  c a r b o x y l  gro up .  D y e  

(N3)  cove ra ge  e f fec t s  on the photon to c u r r e n t  c o n v e r s i o n  e f f i c i e n c i e s  w e r e  

also i n v e s t i g a t e d  by m e a s u r i n g  the p h o t o c u r r e n t  ac t i on  s p e c t r a  and t h e  

op t ica l  a b s o r b a n c e  o f  n a n o c r v s t a l l i n e  TiCD fi lms s ens i t i z ed  with var ious  N3 

coverages .  The  large su r f ace  area,  the h e t e r o g e n e o u s  s u r f a c e  s t r u c t u r e ,  t h e  

ef fect  o f  e l e c t r o n  t r a n s p o r t  t h r o u g h  the fi lms and  the porous  n a tu r e  o f  t h e

fi lms made  it d i f f i cu l t  to make  d e f in i t i ve  c o n c l u s i o n s  about  c o v e r a g e  e f f e c t s  

on the  q u a n t u m  yields  and spec t ra l  re spo nse  o f  the d y e / a n a t a s e  i n t e r f a c e

i t s e l f .

Here in  we  p re s e n t  resul ts  on N3 a d s o r p t i o n  on n a tu r a l  c r y s ta l s  o f  

ana t ase .  T he re  has been c o n s i d e r a b l e  work on the s e n s i t i z a t i o n  o f  r u t i l e  

s ing le  c ry s ta l s  with ad so rb ed  d y e s .8' 11 Often very  low q u a n t u m  yie lds  p e r
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i n c id e n t  or  a b s o r b e d  pho to n  have  been  m e a s u r e d . 1 4  Mos t  o f  the d y e s  

s tud ied  on rut i le  su r f a c e s  ha v e  not been c o v a le n t l y  a t ta c h e d  to the s u r f a c e ,  

and  so the low q u a n t u m  yield in this case tnav be due  to po or  e l e c t r o n i c

o v e r l a p  wi th  the c o n d u c t i o n  band  states in the rut i le.  T he re  has  been  o n e

s tudy o f  N3 sensi t i zat ion on synthe tic  ana tase  and r u t i l e . 1^ Th e  (101)  face  o f  

an a n a t a s e  c rys ta l  and the (001 ) face o f  a rut i le  c ry s ta l  had s i m i l a r

se n s i t i z a t i o n  e f f i c ie nc ie s  f rom ad so rb ed  N3.*^  The  small  size and dif ficul ty  o f  

g r o w in g  the a na ta se  c ry s ta l s  p ro m p t e d  us to exploi t  the e x i s t e n c e  of  n a t u r a l  

an a ta s e  c rys ta l s  for s t u d y i n g  d y e - s e n s i t i z e d  p h o t o c u r r e n t s .  The  b u l k  

e le c t r ic a l  p r o p e r t i e s  of  these  c rys ta l s  are l ikely d o m i n a t e d  by the n a t u r a l l y  

o c c u r r i n g  i m p u r i t i e s  in the c ry s ta l s ,  h o w e v e r  the sur fa ce  c o m p o s i t i o n  a n d  

s t ruc ture  is expec ted  to be less per turbed by even a few parts per  t h o u s a n d  o f

impur it ies.  The  adsorp t ion  be havior  o f  the N3 is also expected  to be s i m i l a r  to

that  on a n a n o c r v s t a l l i n e  fi lm s ince,  on a m o l e c u l a r  scale,  a 40  nm s q u a r e

face o f  a nanocrys ta l  is i n d i s t i n g u i s h a b l e  f rom an ana t ase  t e r r a c e  on a b u l k  

s i n g l e  c r y s t a l .

One d is t inc t  d i f f e r e n c e  b e tw ee n  the n a n o c r y s t a l l i n e  and bulk  c r y s t a l

is the e x i s t e n c e  of  a space  c h a r g e  field in the bulk c rys ta l .  T h e

n a n o c r v s t a l l i n e  an a ta s e  p a r t i c le s  are too small  to s u p p o r t  a d e p le t io n  l a y e r  

re su l t ing  from do pa n ts  s ince  many o f  the par t ic le s  will not  ha v e  any  d o p a n t

a toms.  T h e r e f o r e ,  it will be i n t e r e s t i n g  to c o m p a r e  the q u a n t u m  y i e l d s

ob ta in ed  for  the two sys tems .
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3.2.  E x p e r im e n ta l

Natura l  a na ta se  c rys ta l s  were  o b t a in e d  f rom so ur ces  in T y s s e d a l .  

N o r w a y  and Minas Gerais .  Brazil .  The  c rys ta l  form and  o r i e n t a t i o n  w e r e  

d e t e r m i n e d  with a n g u l a r  x-ray d i f f r a c t i o n  and  Laue  back  r e f le c t i on .  T h e  

N o r w e g i a n  a na ta se  c ry s ta l s  were  an acute  b i p y r a m i d a l  c o n f i g u r a t i o n  a n d  

had a b lack  luster .  One  of  the N o r w e g i a n  c ry s t a l s  is sh o w n  in F igure  3 . 1.a. 

All o f  the N o r w e g i a n  c rys ta l s  ex h ib i te d  c lear ly  de f in ed  (101) faces as s h o w n  

in F igure  3 . 1.a. The  Brazi l ian anatase c rys ta l s  were  a t a b u l a r  hab i t  and w e r e  

t r a n s lu c e n t  redd ish  brown.  One  of  the B raz i l ia n  c rys ta l s  is sh ow n  in F i g u r e

3 . 1.b . All o f  the Braz i l ian c rys ta l s  ex h ib i t ed  one  or  two (001 ) faces a n d

several  (101)  faces as shown in Figure  3 . 1 .b.

The  c ry s t a l s  were  p r e p a r e d  for e le c t r o d es  by i n s u l a t i n g  with s i l i c o n e

sea lan t  (RTV).  Ohm ic  contac ts  were  ob ta in ed  by r u b b i n g  i n d i u m - g a l l i u m  

e u te c t i c  al loy onto the backs  o f  the c ry s ta l s ,  and  then  s e c u r i n g  them to

c o p p e r  d isks  wi th  s i lver  epoxy (T r icon) .  M o t t - S c h o t t k y  m e a s u r e m e n t s  w e r e  

p e r f o r m e d  with a PAR 173 p o t e n t i o s t a t / g a l v a n o s t a t .  S tanford  R e s e a r c h  

S y s t e m s  SR 530 lock- in  a m p l i f ie r ,  and a c o m p u t e r i z e d  co n t ro l  and d a t a  

a c q u i s i t i o n  setup.  P h o t o c u r r e n t - v o l t a g e  c u rv e s  were  o b ta in e d  with a P A R

174 p o l a r o g r a p h i c  a n a l y z e r  l inked to an AD I n s t r u m e n t s  M a c L a b R ’ r u n n i n g  

F . l e c t r o - L a b R- data co l le c t i on  sof twa re .  The  l ight  s ou rce  for some o f  t h e

q u a n t u m  yield m e a s u r e m e n t s  was an Ion Laser  T e c h n o l o g y  model  450  ASL 

a r g o n  ion laser  at 514 nm. The d i a m e t e r  o f  the beam w'as 1.0 mm. T h e  

in t ens i t y  o f  the beam i l lumi na t in g  the  sa m ple  su r fa ce  was  var ied from 1.0 VV

c m  to 1.9 mW  c m  by us ing  neut ra l  de ns i ty  f i l ters .  A c e t o n i t r i l e  ( a n a l y t i c a l  

g rade) with 15 mM  KI and 1.5 mM  I, was  used as an e lec trolyte  solut ion for  all
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Figure 3.1. Optical micrographs of the natural anatase crystals, 
(a) The Norwegian anatase. (b) The Brazilian anatase.
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the  e x p e r i m e n t s .  The  r e f e r e n c e  e le c t r o d e  was a Ag/AgCI  e le c t r o d e  i n 

a c e t o n i t r i l e  or  a A g / A g ‘ in a c e t o n i t r i l e  wi th 0.1 M t e t r a b u t y l a m m o n i u m  

p e r c h l o r a t e  and  0.01 M AgNO«. The  c o u n t e r  e l e c t r o d e  was a c y l i n d r i c a l  

sec t ion  o f  p l a t i n u m  gauze.

T h e  a n a t a s e  c r y s t a l s  w e r e  se ns i t i zed  wi th  c/ .v-dit  t h i o c y a n a t o  ) - b i s (  2 . 2 ' -  

b i p y r i d y l - 4 . 4 ’- d i c a r b o x y l a t e ) r u t h e n i u m ( I I )  (N3: p u r c h a s e d  from S o l a r o n i x  

SA. S w i t z e r l a n d )  d i ssolved  in e tha no l .  The  p u r c h a s e d  N3 was pu r i f ie d  i n

o r d e r  to e l i m i n a t e  im pur i t i e s  (the I to 2 rk  o f  d im e r  and t r i i n e r ) . 16 T h e

p u r i f i c a t i o n  p r o c e d u r e  is as f o l l o w s : 16 The  r e c e iv e d  N3 (0.2 g) was d i s p e r s e d  

in w a te r  (4 ml) and t e t r a b u t y l a m m o n i u m  t h i o c y a n a l e  (0.2 g ) .

T e t r a b u t y l a m m o n i u m  hy dro x id e  3 0 - h y d r a t e  (0.82 g) was  added to the N3 

so lu t io n  with s t i r r in g ,  and then f i l t e red.  Th e  f i l t ered N3 so lu t ion  w a s  

c h a r g e d  on to the co lu m n  with S e p h a d e x ’ LH 20 (70 g) gel and e lu ted  w i t h  

dist i l led water .  The  main f rac t ion  was co l l ec t ed  into a con ic a l  f lask,  and t h e  

pH of  the solut ion was adjusted to pH 4.2 with a 0.5M UNO!. Af te r  k e e p i n g  t h e

so lu t i o n  in a r e f r i g e r a t o r  at 0~C for 12 ho ur s ,  the s e p a r a te d  solid (N3) w a s

col l ec ted  by f i l t rat ion.  The  solid was dr ied un d e r  vacuu m  for 12 hours .  Y i e l d  

was a p p r o x i m a t e l y  80 °f. Stock dye s o lu t i o n s  were p r e p a r e d  in v a r i o u s  

c o n c e n t r a t i o n s  f rom 0.37 mM to 38 p M  in e th a n o l .  The  e le c t r o d e s  w e r e  

hea ted  in the air to 100 ~C overn ight  pr ior  to the  t rea tmen t  with N3 to r e m o v e  

a d s o r b e d  w a te r  from the c rystal  sur f ace .  We found that  w i t h o u t  t h i s  

p r o c e d u r e  the quant i ty  of  the adso rbed  N3 on the TiO: su r f a c e  was s m a l l e r  i n  

the p r e v i o u s  e x p e r i m e n t s  using  n a n o c r y s t a l l i n e  TiO: f i l m s . ^  Af te r  h e a t i n g ,  

the  e l e c t r o d e s  were  cooled for  one  m inu te  and then  i m m e r s e d  in the d y e  

s o lu t io n .  A f te r  so a k i n g  o v e r n i g h t ,  the e l e c t r o d e s  were  r insed  wi th e t h a n o l  

in o r d e r  to wash out n o n -  c h e m i s o r b e d  N3 and N3 a d s o rb e d  to t h e
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s i l i con  se a la n t  su r f ace .  Severa l  e x p e r i m e n t s  d e m o n s t r a t e d  that  l o n g e r  

soa king  t imes in the dy e  solut ions  were not  found to increase  the  c o v e r a g e  o f  

N3 on the ana t ase  c rystal .

P h o t o c u r r e n t  s p e c t r a  were  m easu red  wi th a N e w p o r t  75-VV t u n g s t e n  

halogen  lamp,  a Ja r r e l  Ash e  0 .25-m m o n o c h r o m a t e r .  a  S t a n f o r d  R e s e a r c h  SR  

530 lock-in ampl i f ie r .  SR 540  chopper,  and a PAR 174 p o l a r o g r a p h i c  a n a l y z e r  

l inked to a c o m p u t e r i z e d  co n t ro l  and data a c q u i s i t i o n  sys te m.  The  l ight  s p o t

from the m o n o c h r o m a t e r  was focused  down to 0.06  c m " ,  and  the r e s u l t i n g

light intensi ty was  13 m W  cm  at 530 nm. Between s e n s i t i z a t i o n  e x p e r i m e n t s ,  

ad s o r h e d  N3 was r e m o v e d  from the c rys ta l  s u r f a c e  by s c r u b b i n g  wi th  a 

co t ton  swab d ip pe d  in 2 M NaOH. P h o t o c u r r e n t  t r a n s i e n t s  were  m e a s u r e d  

wi th the  a rgon  ion laser  by ut i l i zing an AD Ins t ruments  Mac  L a b '  with C h a r t '  

da ta  c o l l e c t i o n  so f tw are .

The  s u r f a c e  m o r p h o l o g y  of  the c rys ta l s  was e x a m i n e d  wi th  s c a n n i n g  

e l e c t r o n  m i c r o s c o p y  (SEM) and atomic force m i c r o s c o p y  (AFM).  Th e  a t o m i c  

force m i c r o s c o p e  was a Digital  I n s t r u m e n t s / V e e c o  wi th  a N a n o s c o p e '  111A 

co n t r o l le r  and a m u l t im ode  base.  Scanning  was done  in t a p p i n g  mode  wi th a 

J or  A piezo scanner.  The  tips were Ul t ra lever '  (Park Sc ien t i f ic  I n s t r u m e n t s )  

si l icon tips o f  the force cons tan ts  o f  approximate ly 1.9 N/m.  T h e  scan  size f o r  

su r f ace  r o u g h n e s s  d e t e r m i n a t i o n  was 500 nm wi th 512 p ixe ls  per  scan.  T h e  

re su l t in g  re so lu t i o n  was  a p p r o x i m a t e l y  I nm. abou t  the  same  sca le  of  the N3 

m o l e c u l e s .
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3.3. R esu lts and  D iscussion

3.3 .1 .  S e n s i t i z a t i o n  b e h a v i o r  a n d  s u r f a c e  m o r p h o l o g y  o f  t h e  n a t u r a l  a n a t a s e  

c r y s t a l s

T h e  pho toc ur ren t  ac t ion  spec t ra  o f  the ana t ase  c rys ta l s  sens i t i z ed  w i t h

N.Vethanol  so lu t ions  of  var ious  c o n c e n t r a t i o n s  are sh o w n  in F igure  3.2. T h e

•1
m a x i m u m  IP C E obta ined  for  the Norwegian  ana tase  was 3.2 x 10 at 525 n m

tn.ix w

w h e n  the c rys ta l  was sens i t i zed  with a 0.37 mM N 3 / e t h a n o l  so lu t ion .  F o r  

c o m p a r i s o n ,  the m a x im u m  IPCE re p o r te d  for a s y n th e t i c  ana ta se  c rys ta l  w a s

1.1 x 10 on the (101) face when t reated with a 0.3 mM N.Vethanol s o lu t i o n .* 1' 

More  c onc ent r a ted  N3/e tha nol  so lu t ion s  cou ld  not be used s ince this is  

n ea r  the m a x im u m  N3 so lubi l i tv .  The  m a x i m u m  IPCE for the B r a z i l i a nmax

a n a ta s e  was m e a s u re d  to he 8.0 x 10 on the (101) face at 535 nm whe n  t h e  

c rys ta l  was sen s i t i zed  with a 0.2 mM N 3 / e t h a n o l  so lut ion .  This is about  o n e  

quar te r  o f  the yield of  the (101)  face o f  the N o r w e g i a n  c rys ta l .  I n c re a s e s  i n  

IPCE were  not observed  when the Braz i l ian  a na ta se  was sens i t i z ed  with m o r e  

co n cen t r a te d  N.Vethanol solut ions.  Also,  the same  IPC Em„  value as the IPCF.imn

for the Braz i l ian  ana t ase  (8.0 x 10 wi th a 0.2 mM N 3 / e t h a n o l  so l u t io n )  w a s  

o b t a i n e d  for the N o rw e g ia n  c rys ta l  us in g  a 38 p M  N3 so lu t io n ,  an a m o u n t  

a lmo s t  one fifth o f  the c o n c e n t r a t i o n  needed  for  e q u i v a l e n t  s e n s i t i z a t i o n  

y ie ld  for  the Brazi l ian  anatase .

The  r e l a t i o n s h i p  be tw e e n  the c o n c e n t r a t i o n  of  the s e n s i t i z i n g  N3

so lu t io n  that the c rys ta l  was t rea ted  wi th and the IPCE is p lo t ted in F i g u r e

3 .3 .a and  b for the Norwegian and  Brazi l ian c rys t a l s .  The  IPCE,„„ data for  t h e

N o r w e g i a n  ana t ase  (F i gur e  3.3.a) is f rom Figure  3.2. The  r e l a t i o n s h i p
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Figure 3.2. Photocurrent spectra of the anatase crystals sensitized with N3 
solutions of various concentrations. The top three spectra were taken from 
the Norwegian anatase, and the spectrum graphed with squares was taken 
from the Brazilian anatase (the (101) face). The concentrations of the 
N3/ethanol solutions are the black circles: 0.37 mM, white circles: 0.13 mM, 
black triangles: 38 pM, and squares: 0.20 mM. The blank spectrum (i.e. 
without N3) is shown with the crosses taken on the Norwegian anatase. The 
blank spectrum for the Brazilian anatase is almost identical to this spectrum.
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Figure 3.3.a. Plot of the IPCE of the Norwegian anatase vs. the concentration 
of the N3 solution. The line is the best fit of the Langmuir adsorption 
equation.
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b e tw een  the quant i ty  o f  adsorbed  N3 and the  c o n c e n t r a t i o n  of  N3 in s o l u t i o n  

for  n a n o c r y s t a l l i n e  TiO: f i lms has been  d e s c r i b e d  with a L a n g m u i r  

i s o t h e r m . 7 E x te n d in g  this r e l a t i o n s h i p  to the s ing le  c rys ta l  T iO : a n d  

a s s u m i n g  that  the IPCE is p r o p o r t i o n a l  to the q u a n t i t y  of  a d so rbed  N3. t h e  

e x p e r i m e n t a l  da ta  were  fit to a L a n g m u i r  a d s o r p t i o n  i s o th e r m  (F ig u re  3 . 3 . a) 

as s ta ted  by equat ion I.

C-) = KC/ (I + KC) [I]

w her e  (-) is the f ra c t io na l  co v e ra g e .  K is the a d s o r p t i o n  c o e f f i c i e n t  <M ').  a n d  

C is the c o n c e n t r a t i o n  of N3 in so lu t ion  (M). Use of  a L a n g m u i r  i s o t h e r m  i s  

p r o b a b l y  an o v e r s i m p l i f i c a t i o n  s ince  the a s s u m p t i o n s  for the d e r i v a t i o n  o f  

this i so the rm are that all sites are e q u i v a l e n t ,  th e re  is one  m o le cu le  per  s i t e ,  

and the re  are no i n t e r a c t i o n s  b e tw e e n  the ad s o r b e d  mo le cul e s .  N3 m o s t  

l ike ly  adso rbs  to two or th ree  su r f ace  s i t e s . D e s p i t e  these  l i m i t a t i o n s  a 

L a n g m u i r  K va lue  is useful  for c o m p a r i n g  the  s t r e n g t h  of  b i n d i n g  of  t h e  

d i f f e r e n t  c ry s t a l s  and the n a n o c r v s t a l l i n e  f i lms.  Th e  best fit for t h e

Norw egi an  crystal  (101) face was obtained with K = 9.9 x 10'  M '. This  va lue  i s

r e a s o n a b l y  c lose  to the value of  the a d s o r p t i o n  c o e f f i c i e n t  o f  N3 to a

n a n o c r v s t a l l i n e  TiO: film 12.3 x 10'  M 1)7 that  has p r e d o m i n a t e l y  a ( 1 0 1 ) 

o r ie n ta t io n .  S ince  the r e l a t i o n s h i p  b e tw e e n  the IPCE and the c o n c e n t r a t i o n  

of  N3 in so l u t io n  fits a L a n g m u i r  i s o th e rm  r e a s o n a b l y  well ,  if all t h e

adsorbed  N3 are equa l ly  act ive for s e n s i t i z a t i o n  o f  the TiO :. this s u p p o r t s  t h e  

a s s u m p t i o n  that  the IPCE is p r o p o r t i o n a l  to the q u a n t i t y  of  ad s o r b e d  N3.

H o w e v e r ,  for  a dye sens i t i zed  n a n o c r y s t a l l i n e  TiO; sys te m,  we found  that  t h e

IPC E is not  l inearly proport ional  to the quant i ty  o f  adsor bed  N 3 .7
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IPCH va lues  o b ta in e d  for  the Braz i l ian  a na ta se  ( F ig u re  3.3.b)  b y

i l l u m i n a t i n g  wi th an a r g o n  ion laser at 514 nm show tha t  the (101) face o f

the Braz i l ian  an a ta s e  was sens i t i z ed  about  an o rd e r  o f  m a g n i t u d e  mo re  t h a n  

the (001) face of  the sam e c r y s t a l .  The c rys ta l  face d e p e n d e n c e  o f  t h e

s en s i t i za t io n  e f f ic ie nc y  wil l  be d i sc us sed  later.

O ne  poss ib le  e x pl ana t io n  for  d if fe rences  in sens i t i za t io n  yie ld  b e t w e e n  

the di ffe rent  c rys ta l s  and faces is that  the m i c r o s c o p i c  su r f a c e  a rea  could  h e

d i f f e re n t .  T h e r e f o r e ,  the su r f ace  m o r p h o l o g y  o f  the N o r w e g i a n  a n d

Braz i l i an  a na t a se  c rys ta l s  was in v e s t ig a te d  with s c a n n i n g  e l e c t r o n  

m i c r o s c o p y  and a to mic  force  m ic r o s c o p y  in o rd e r  to e x a m i n e  the i r  s u r f a c e

r o u g h n e s s .  The  s c a n n i n g  e le c t r o n  m i c r o g r a p h s  of  the s u r f a c e s  o f  t h e

a na t ase  c ry s t a l s  are sh o w n  in Figure  3.4.a and h. The  s u r f a c e  of  t h e  

N o r w e g i a n  c rys ta l  exh ib i t s  a s t e p - t e r r a c e  s t r u c t u r e  (F ig ur e  3.4.a and b ) .

A c c o r d i n g  to the Laue back re f le c t i o n  m e a s u r e m e n t ,  the m aj o r i ty  o f  t h e  

surface is c o m po se d  of  te rraces  o f  the (101) face. The  s teps  are t h o u g h t  to b e  

the (001) faces ju d g in g  f rom the angle  b e tw een  the two faces.  The  B r a z i l i a n  

c rys ta l  hab i t  c o n ta in s  both (101) and (001) faces.  The  (101)  face o f  t h e  

Brazi l ian  c rystal  also has  a s tep- te r race  s t r u c tu r e ,  but  it looks d i f f e r e n t  t h a n  

the N orw e g ia n  c rys ta l  (F ig ur e  3.4.c and d). The  (001)  face has a flat s u r f a c e  

wi th  many b lo ck- l ik e  p ro t ru s i ons  (F igure  3.4.e an d  f).

The  su r f a c e s  of  the ana t ase  c rys ta l s  were  also pr obed  wi th  the  a t o m i c  

force m i c r o s c o p e  by s c a n n i n g  a 500 x 500 nm area.  A Digital  i n s t r u m e n t s  

sof tware  rou t ine  was appl ied  to the data in o rd e r  to d e t e r m i n e  the r o u g h n e s s  

on a small  scale.  The  No rw eg ian  anatase had a microscopic  sur face a rea  for a 

500 \  500 nm scan that  ra n g e d  f rom 0.251 to 0.267 u m : wi th an a v e r a g e  o f  

0 .254 p m : for 10 r a n d o m l y  s e l e c t e d  spots.  The  (101) face o f  the B r a z i l i a n
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Figure 3.3.b. Plot of the IPCE of the Brazilian anatase vs. the concentration of 
the N3 solution. Black circles: the (101) face, dots: the (001) face. The line is 
the best fit of the Langmuir adsorption equation.
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Figure 3.4. Scanning Electron Micrographs of the natural anatase crystals, 
(a, b) The Norwegian anatase. (c, d) The (101) face of the Brazilian anatase. 
(e, f) The (001) face of the Brazilian anatase.
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a n a t a s e  had a m i c r o s c o p i c  s u r f a c e  a rea for a 500 x 500 nm scan that  r a n g e d

f rom 0 .265  to 1.00 p m 2 with an average  o f  0.395 p m 2 for 15 r a n d o m l y  s e l e c t e d  

spots .  Hence ,  the su r f aee  a rea  of  the (101)  face o f  the B raz i l ian  an a ta s e  i s  

about  1.56 t imes  on a v e r a g e  that  o f  the (101) face of  the N o r w e g i a n  a n a t a s e .  

T h e  (001)  face of  the Braz il ian  a na ta se  had a m i c r o s c o p i c  s u r f a c e  a rea  for  a 

500  x 500 nm scan that  r ang ed  f rom 0.260 to 0.508 p i ’ witli an a v e r a g e  o f  

0 .2 7 6  p m 2 for 10 randomly selected spots.  Thus ,  the su r fa ce  a rea  o f  the ( 1 0 1 )

face o f  the Braz i l ian  ana t ase  is about  1.43 t imes on a v e r a g e  that  o f  the ( 0 0 1 )

face  o f  the same crystal .

The  m o r p h o l o g i c a l  e x a m i n a t i o n  ind ica te s  that  the d i f f e r e n c e s  i n 

s e n s i t i z a t i o n  e f f i c i e n c y  b e tw een  the c rys ta l s  and the d i f f e r e n t  faces are  n o t  

so le ly  the resul t  o f  the d i f f e r e n c e s  in the m i c r o s c o p i c  su r f ace  a reas.  T h e  

(101)  face o f  the Norwegian  ana tase had a s e n s i t i z a t i o n  e f f i c i e n c y  four  t i m e s  

g r e a t e r  than  the (101)  face of  the Braz i l ian  a n a t a s e  desp i te  the s m a l l e r  

s u r f a c e  r o u g h n e s s .  Also, the (101) face of  the B raz i l ian  a n a ta s e  face w a s  

sens i t i zed two to five t imes more  than  the (001 ) face even  when  c o n s i d e r i n g  

(lie su r f a c e  r o u g h n e s s  fac tors .

The  (101) su r f ace  of  a n o t h e r  N o r w e g i a n  a na ta se  c rys ta l  was p o l i s h e d  

u s i n g  a ser ies  o f  s m a l le r  mesh  a lu m in a s  with a final po l i sh  wi th  c o l l o i d a l  

silica. An AF M s tudy r ev ea led  that  the p o l i s h i n g  with co l lo ida l  si l ica did n o t  

c h a n g e  the r o u g h n e s s  o f  the c rys ta l  su r f ace .  T re a t i n g  the po l i s he d  s u r f a c e  

with a 0.35 mM N3 so lu t ion  s h o w e d  an l P C E m„  of  4.1 x 10 1 at 520 nm. s l i g h t l y

g r e a t e r  than  that  o f  the u n p o l i s h e d  N o r w e g i a n  a na ta se  c rys ta l  (3.2 x 10 ' a t  

525  nm.  when t reated with 0.37 mM  N3 solut ion).

T h e  adso rp t io n  rate of  N3 to N o r w e g i a n  a na t a se  was s tud ied  by a d d i n g  

4.0 p M  o f  N3 d i r ec t ly  to t h e  e l e c t r o l y t e  ( a c e t o n i t r i l e  wi th  !5 tnM  KI
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and  1.5 mM l : ). P h o t o c u r r e n t  spec l r a  of  the N o r w e g i a n  c ry s t a l  were  t h e n  

m o n i t o r e d  p e r i o d i c a l l y .  The  pu rp oses  o f  this e x p e r i m e n t  is to probe  t h e  

a d s o r p t i o n  rate o f  N3. and to e x a m in e  in detai l  i f  i n c r e a s i n g  N3 c o v e r a g e  

i n f l u e n c e s  the photo  ac t ion sp e c t r u m  by m o n i t o r i n g  the  exac t  spot  on t h e  

crystal .  At this N3 concent ra t ion ,  the absorp t ion  o f  the in c id e n t  l ight  by t h e  

N3 mol ecules  d i ss o lv ed  in the e lec tro ly te is n e g l i g i b l e  (less than  1.3 c'r o f t h e  

i n c id e n t  l ight is a b so rb e d  by the N3 d isso lved  in the e l e c t r o l y t e ) .  T h e  

e l e c t r o l y t e  with N3 added was c o n s ta n t l y  s t i r red to p rom ote  mass  t r a n s f e r  to 

the sur f ace .  A s tab le  p h o t o r e s p o n s e  was a c h ie v e d  in a p p r o x i m a t e l y  10 i n i n  

a l t e r  N3 addi t ion .  The  IPCE versus  t ime a f te r  the N3 add i t i on  is plot ted i n
r n. i x  1

Figure 3.5. The  IPCE n  ̂ after about  10 inin was approximate ly  one  third of  t h e  

final IPCE Hal f  o f  the final IPCE was reached in ’ hours ,  and the IPCE
m  i x  m a x  m i x

l eveled of f  a f te r  about  10 hours .  The  in c re a se  in IPCE o b s e r v e d  in t h i s  

e x p e r i m e n t  is s i m i la r  to the a ds or p t ion  k ine t ics  of  N3 to the n a n o c r y s t a l l i n e  

Ti().  f i l m .7 that was m o n i t o r e d  by the d i s a p p e a r a n c e  of  N3 f rom a n 

N 3 / e t h a n o l  so l u t ion .  The  s im i la r i ty  of  these  two rates pr o v id es  a d d i t i o n a l  

s u p p o r t  for the a s s u m p t i o n  that the s e n s i t i z a t i o n  yield is p r o p o r t i o n a l  to N3 

coverage .  In ou r  p r e v io u s  p a p e r . 7 we p ro posed  a two step a d s o r p t i o n  m o d e l ,  

as sh o w n  be low,  for  a possible  b in d in g  m e c h a n i s m  of N3 to n a n o c r y s t a l l i n e  

Ti() :.

5 ^  N 3 .mt ,ct.( 11 ^  N 3 .l)rili:i.( *i

L e s s  s t r o n g l y  h o u n d  S t r o n g l y  h o u n d

This s c h e m e  i l l u s t r a te s  that  a N3 m o lec ul e  a t t a c h e s  to the TiO: s u r f a c e
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Figure 3.5. Plot of the IPCEmax versus time after the injection of a 
N3/ethanol solution to the electrolyte. Initially the Norwegian crystal 
was not sensitized, and there was no N3 solution in the electrolyte.
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first with on e  c a rb o x y l  g roup  ( N 3 iIirfni:c(ll) fo l lowed  by the  s econd  c a r b o x y l  

g r o u p  ( N 3 : i ). The  init ial  fast i n c r e a s e  in the IPCE (or  N3 a d s o r p t i o n )  

(Figure  3.5)  can be explained as the rapid b ind ing  o f  one  c a rb o x y l  g rou p  o f  a 

N 3 to a T i u  site on the TiO: sur fa ce  in the  N3,, , , , , , , , ,, mode .  The  f o l l o w i n g  

m u c h  s l o w e r  i n c r e a s e  in the IPCE (or  N3 a d s o r p t i o n )  can  be r a t i o n a l i z e d  a s  

the i n c r e a s e d  d i f f ic u l t y  of  f in d in g  b i n d i n g  sites due  to a  s e q u e n t i a l  b i n d i n g  

o f  the adso rbed  N3 in the N3„l t f ,, mode  wi th  the se con d  ca rboxy l  group.

The  IPCE of  (he N o rw e g ia n  an a t ase  t r ea ted  wi th a 0.35 mM N3 s o l u t i o n

( n e a r  s a t u r a t i o n  c o v e r a g e )  was also m o n i t o r e d  o v e r  72 hours  in a n  

e lec t ro ly te  (15 mM  KI and 1.5 mM I : in a c e t o n i t r i l e ) c o n t a i n i n g  no added N3.  

No c h a n g e  in IPCE was o b se rv e d  ove r  this t ime  per iod.  This resul t  i n d i c a t e s  

tha t  the  ad s o r p t i o n  appears  i r r evers ib le  in the e x p e r i m e n t a l  t ime  scale,  e v e n  

t h o u g h  the  N3 so lu t ion  and the a ds or bed  N3 are in e q u i l i b r i u m  d u r i n g  t h e

a d s o r p t i o n  proces s .  The  a p p a r e n t l y  i r r e v e r s i b l e  a d s o r p t i o n  may b e  

e x p l a i n e d  as fol lows:  when  one ca rb oxy l  g roup  d e t a c h e s  f rom the c r y s t a l

sur face ,  the d e ta che d  carboxyl  gr oup  is l ikely to r e b in d  at the same b i n d i n g  

site o r  a d i f f e r e n t  b in d in g  site. This is b e c a u s e  th e re  are very few s p e c i e s  

that c o m p e t e  wi th the de tached  carboxy l  g rou p  for  the b i n d i n g  sites,  and t h e  

I and  I, hav e  much  s m a l le r  n e g a t i v e  c h a r g e  d e n s i t ie s  c o m p a r e d  with CCD. 

On the  o t h e r  hand,  adsor bed  N3 readi ly  d e so rb s  f rom a a na t a se  s u r f a c e  i n t o  

water  at pH h igher  or  equal to 7. where OH takes o v e r  the b i n d i n g  sites f r o m  

the a d so rb e d  N3.

T h e  r e s e m b l a n c e  of  the a d s o r p t i o n  b e h a v i o r  b e t w e e n  n a n o c r v s t a l l i n e  

T i O : fi lms and the N o r w e g i a n  ana t ase  s u g g e s ts  tha t  the  a d s o r p t i o n  rate of  N3 

to a n a ta s e  is not g reat ly  a f fec ted  by the size of  the  c ry s t a l l i t e s .  T h i s  

r e s e m b l a n c e  a lso sugge s ts  that  t h e  n a n o p o r o u s  m o r p h o l o g y  of  the f i l m s
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does not a ffect  the  k i ne t ics  of  the N3 a d s o rp t i o n  w i t h in  the e x p e r i m e n t a l

l ime scale,  as was repo r te d  in our  p rev i ous  p a p e r .7 H o w e v e r .  t h e

n a n o c r v s t a l l i n e  TiO. f i lms used for  the a d s o r p t i o n  e x p e r i m e n t s  w e r e  

produ ced  from c o m m e r c ia l  T i O : (P25.  Degussa.  Switzer land ,  a m ix tu r e  o f  ca.  70  

' / r  a n a t a se  and 30 cr  ru t i l e ) .  The  a d s o rp t io n  c o e f f i c i e n t  o f  N3 may d i f f e r

b e t w e e n  a n a ta s e  and ruti le.  The  major i ty  of  the exp osed  faces o f  

n a n o c r v s t a l l i n e  a n a ta s e  pr o d u ced  f rom P25 (D e g u s s a )  are the < I 0 I ) . ' 7 t h e  

p r e d o m i n a n t  face  o f  ou r  N or w eg ia n  an a ta se  c rys ta l .

A g g r e g a t i o n  of  dyes on su r f aces  of ten show s large  e f fec t s  on t h e  

s e n s i t i z a t i o n  s p e c t r u m  of  the dye.  We c o m p a r e d  the low c o v e r a g e  s p e c t r a  

wi th the f inal s e n s i t i z a t i o n  sp ec t r a  (C-) = 0 .2ft) by n o r m a l i z i n g  the s p e c t r a  a t

tiie m a x i m u m  s e n s i t i z a t i o n  w a v e l e n g t h .  All ac t ion s p e c t r a  w e r e  

s u r p e r i t n p o s i b l e .  s u g g e s t i n g  no s t rong  a g g r e g a t i o n  or i n t e r a c t i o n s  b e t w e e n  

ads or be d  N3 m ole cul e s  at these coverages .

3 . 3 . 2 .  C h a r a c t e r i z a t i o n  o f  t h e  b u l k  p r o p e r t i e s  o f  t h e  a n a t a s e  c r y s t a l s

Seve ra l  c h a r a c t e r i z a t i o n  me tho ds  were  used to i n v e s t i g a t e  t h e  

N o r w e g i a n  and Braz i l ian  ana ta se  c ry s t a l s  in or de r  to i n v e s t i g a t e  the o r i g i n  

of  the s e n s i t i z a t i o n  d i f f e r e n c e s  b e tw e e n  these  c ry s ta l s .  M o t t - S c h o t t k y  

m e a s u r e m e n t s  were  co n d u c te d  in o r d e r  to d e t e r m i n e  the flat band p o t e n t i a l s  

and do pa nt  de n s i t i e s  for  the ana t ase  c rys ta l s .  M o t t - S c h o t t k y  plots w i th in  a

f r e q u e n c y  ra n g e  of  200 Hz to 10 kHz were  s t r a i g h t  l ines.  The  flat b a n d

p o te n t i a l s  were m e a s u r e d  to be -6.2 to -2.4 V vs. SCE for the N o r w e g i a n  

ana ta se .  -4.9 to -1.1 V vs. SCE for  the Brazi l ian ana tas e .  Most  o f  these  v a l u e s  

are p h y s i c a l l y  u n r e a s o n a b l e  and  a re  severa l  volts n e g a t i v e  of the r e p o r t e d

va lue  (-0.4 V vs. SCE at pH l ) l ?  even  a f te r  a c c o u n t i n g  for  the shi f t  d u e

9 0
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to the pH of  our  sys tem (pH 6 for the  K I / l ,  e l e c t r o l y t e ) .  The  f r e q u e n c y  

d e p e n d e n c e  of  the flat band  po te n t ia l  may be due  to su r f ace  s tates,  w h i c h

have a t ime  cons tan t  for e l e c t r o n  t r a p p i n g  on the  orde r  of  the f r e q u e n c y  o f  

the a p p l ie d  vo l tage func t io n .  o r  due to an o v e r s i m p l i f i e d  e q u i v a l e n t

c i r c u i t . 1 ^ Mu ch  more r e a s o n a b le  va lues for the flat band  p o te n t ia l s  w e r e  

ob ta in ed  f rom the onset  o f  p h o t o c u r r e n t  in the p h o t o c u r r e n t - v o l t a g e  c u r v e s

p re sen ted  later. If the Mot t -Schot tkv  slopes are re l iable ,  us ing  the d i e l e c t r i c

c o n s t a n t  o f  3 1 . t he dopant  densi ty for  the Norweg ian  and Braz i l ian  c r y s t a l s

|u  x I S  | U  t

were  c a l c u l a t e d  to he 1.3 to 5.7 x 10 c m  and 4.3 x 10 to 1.4 x 10 c m  . 

r e s p e c t i v e l y ,  ove r  the f r e q u e n c y  rang e  o f  200 Hz to 10 kHz. Even if t h e  

abs o l u te  values o f  the slopes are unre l iab le ,  the re la t ive  slopes show that t h e

dopant  dens i ty  of  the Norwegian crystal  is about  five t imes g r e a te r  than  t h a t  

o f  the Braz il ian  crystal  when measured  at the same appl ied  f r e q u e n c i e s .  T h e

a p p e a r a n c e  of  the c rys ta l s  (i.e. the  N o r w e g ia n  ana tase  is deep  b l u e - b l a c k ,  

and  the Braz i l ian  ana tase is t r ans lucent  reddish  brown)  may be rela ted  to t h e  

d i f f e r e n c e  in dopan t  dens i ty.  Crys ta l s  f rom both loca t ion s  were found  to b e  

n- type ,  and the doping  densi t ies  for  d i f fe rent  c rystal s  f rom each si te were  a l l

the s am e  wi th in  an order  of  magni tude .

P h o t o c u r r e n t - v o l t a s i e  c u rv e s  were  m e a s u r e d  on na tu ra l  a n a t a s e  

c ry s t a l s  be fo re  and a fter  s e n s i t i z a t i o n  with N3 u t i l i z ing  the a rg on  ion l a s e r

(514 n m )  as a l ight source.  Both c rys ta l s  e x h i b i t e d  a s u b - b a n d g a p  r e s p o n s e  

of  1.1 to 1.5 pA  cm ’ at 0 V vs. SCE under  7.6 mW (i.e. 0.97 W c m  3  i l l u m i n a t i o n  

at 514  nm (IPCE: 2.7 to 3.6 x 10 h). i n d i c a t i n g  the  ex is te n ce  of  bu lk or  s u r f a c e  

s u b - b a n d g a p  s tates .  No s ign i f ic an t  d i f f e r ence  in su b - b a n d g a p  re sp o n se  was  

found  b e t w e e n  the (101) and (001)  faces o f  the Braz i l ia n  an a ta se .  T h e

91

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



p h o t o e u r r e n t - v o l t a g e  curves  taken a f te r  s e n s i t i z a t i o n  are s h o w n  in F i g u r e

3 .6.a and b. Th e  Hat band potentials  for the Norwegian  and B raz i l i an  c r y s t a l s  

wore e s t i m a te d  to be about -0.85 and -0.75 V vs. SCE f rom F igu re  3.6.a and b .  

re spec t ive ly .  T h e s e  values are r e a s o n a b l e  c o m p a r e d  wi th  the re p o r t e d  v a l u e

(-0.4 V vs. SCE at pH I ) ' - 1' t ak ing  into acc o u n t  the shif t  due  to the pH of  o u r  

sys tem  (pH 6) (59 mV x ApH =  300 mV).  A l t h o u g h  the m a g n i t u d e s  o f  t h e  

p h o t o c u r r e n t s  are a lmos t  20 t imes d i f f e r e n t  at 0 V vs. SCH b e tw e e n  t h e  

c ry s ta l s ,  the shape s  of  the p h o t o e u r r e n t - v o l t a g e  c u rv e s  are s im i la r :  t h e

p h o t o c u r r e n t s  i n c r e a s e  rapidly b e tw e e n  the f l a tb a n d  p o te n t i a l s  and a b o u t  

-0.5 V vs. SCE. At more pos i t ive po t en t ia l s  the  p h o t o c u r r e n t s  in c re a s e  m o r e  

gradual ly ,  and are still increasing at 1 V vs. SCE.  Dark c u r r e n t  is less than 16 

iiA c m  : (see the capt ion of  Figure 3.6) even at I V vs. SCE for both crystals.

The  Ene rg y  d is p e r s iv e  s p e c t r o s c o p y  (EDS)  an a ly s i s  was u t i l ized  to  

d e t e r m i n e  the i m p u r i t i e s  that may act as do pant s  in the c ry s ta l s .  T u n g s t e n ,  

m e rc u ry ,  p l a t i n u m ,  and  va na d iu m  were  de tec te d  in the N o r w e g i a n  c rys ta l  i n 

the n e a r  su r f a c e  reg ion ,  and a lu m i n u m ,  s i l icon,  su l fur ,  c o p p e r ,  t u n g s t e n ,  

m erc ur y ,  and  v a n a d iu m  were  de tec ted  in o cc lus ions  nea r  the  c rys ta l  s u r f a c e .  

Due to the r e la t i v e ly  low in t ens i t y  o f  the s igna ls ,  no a t te m pt  at q u a n t i t a t i v e  

m e a s u r e m e n t  o f  the im p u r i t y  c o n c e n t r a t i o n s  was made .  The  EDS an a ly s i s  o f  

the B ra z i l ia n  c ry s t a l  did not de tect  any  o th e r  e l e m e n t s  bes ides  t i t a n iu m  a n d

in i
o x y g e n .  A d o p a n t  dens i ty  o f  10 c m  resu l t s  in a c a l c u l a t e d  p e r c e n t a g e  o f

the im pur i t i es  o f  about  0.01 m o l ' T  w h e n  u s i n  g t h e  s p e c i f i c  g r a v i t y  3.84 g c m

a n d  m o l e c u l a r  w e ig h t  for an a ta se  of  79.88 g m o l  Even  th o u g h  o n l y

e l e c t r i c a l l y  ac t ive  im p u r i t i e s  are m e a s u r e d  wi th  the  M o t t - S c h o t t k y  

m e a s u r e m e n t s ,  it is not u n r e a s o n a b l e  that  the i m p u r i t i e s  for  the B r a z i l i a n

9 2
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Figure 3.6.a. Photoeurrent-voltage curve of the Norwegian anatase crystal 
sensitized with N3. The concentration of N3/ethanol solution was 0.13 mM. 
The light source was an argon ion laser (514nm), and the diameter of the
beam was 1 mm. The intensity of the beam was 7.6 mW (i.e. 0.97 W cm '2). 
The measured currents were multiplied with the value of 127 in order to con­
vert to cm '2. However, the dark currents were generated not only from the 
illuminated area (7.85 x 10' 3 cm '2) but also from the entire crystal areas
exposed to the electrolyte (approximately 1 cm '2). Therefore, the dark cur­
rents are inadvertently presented 127 times more than the actual values. The
dark currents for both crystals, that are shown approximately 2 pA cm"2 at
1.0 V vs. SCE in Figure 3.6.a and b, are actually less than 16 nA cm '2.
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Figure 3.6.b. Photoeurrent-voltage curve of the (101) face of the Brazilian 
crystal sensitized with N3. The concentration of N3/ethanol solution was 
0.13 mM. The light source was an argon ion laser (514nm), and the diameter
of the beam was 1 mm. The intensity of the beam was 5.1 mW (Le. 0.64 W cm'2). 
The measured currents were multiplied with the value of 127 in order to con­
vert to cm '2. However, the dark currents were generated not only from the 
illuminated area (7.85 x 10"3 cm '2) but also from the entire crystal areas
exposed to the electrolyte (approximately 1 cm '2). Therefore, the dark cur­
rents are inadvertently presented 127 times more than the actual values. The
dark currents for the both crystal, that are shown approximately 2 pA cm' 2 at
1.0 V vs. SCE in Figure 3.6.a & b, are actually less than 16 nA cm'2.
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crys ta l .  4.3 x 10 ' s to 1.9 x 10'° c m  ' with the M o t t - S c h o t t k y  m e a s u r e m e n t s ,  

were not  detected with EDS.

One  poss ib le  e x p l a n a t i o n  for the g r e a te r  IP C E mv̂  tor  the N o r w e g i a n

(101) face ove r  the Braz i l ian  (101) face may be the  d i f f e r e n c e  in t h e  

d op an t  dens i t i es .  A c c o r d i n g  to the M o t t - S c h o t t k y  m e a s u r e m e n t s .  t h e  

N o r w e g i a n  c rys ta l  has a d o p a n t  dens i ty  about  five t imes  h i g h e r  th an  t h e  

Braz i l i an  c rys ta l .  The  h i g h e r  d opa n t  dens i ty  makes  the  space  c h a r g e  

reg io n  n a r r o w e r ,  r e s u l t i n g  in h i g h e r  e lec t r ic  field g r a d i e n t  and  then  a

g r e a t e r  d r i v i n g  force for in jec ted  e le c t r o n s  to be d r i v e n  away  f rom t h e  

sur f ace .  The  same t e n d e n c y  was repo r t ed  for o t h e r  m a te r i a l s  a n d

pred ic t ed  by the o n e - d i m e n s i o n a l  O n s a g e r  model  by S p i  t i e r . -  * The  s l o w  

in c r e a s e  of  s e n s i t i z a t i o n  c u r r e n t  with i n c r e a s e d  d e p l e t i o n  in t h e  

s e m i c o n d u c t o r  ( F i g u r e  3.6.a and  b) can be ex p la in e d  bv i n c r e a s e d  d r i v i n g  

force for in jec ted  e le c t r o n s  not to be t rapped  by the s u r f a c e  states a n d

recom bi ne  with I, or  oxidized  N3.

3 . 3 . 3 .  D i s c u s s i o n  on  t h e  f a c e  d e p e n d e n c e  o f  t h e  d y e  s e n s i t i z a t i o n

Re cen t l y ,  the o r i e n t a t i o n  d e p e n d e n c e  of  c h a r g e  t r a n s f e r  p r o c e s s e s

on a na ta se  s in g l e  c rys ta l s  was r e p o r t e d . - -  W a te r  r e d u c t i o n  a n d  

photo ox ida t ion  was found to o ccu r  at s l igh t ly  more  n e g a t i v e  p o t e n t i a l s  f o r

the (001)  s u r f a c e  than for the (101) s u r f a c e . - -  L i t h iu m  i n s e r t i o n  w a s

o b s e r v e d  to be more  fa vo ra b l e  on the (001) s u r f a c e  than  the  ( 1 0 1 )

s u r f a c e . - -  The  d i f f e r e n c e  in the reac t ion  po te n t ia l s  was e x p l a i n e d  by t h e  

more  nega t ive  Hatband  poten t ia l  for the (001) su r f a c e  du e  to the  d i f f e r e n t  

c h e m i s o r p t i o n  o f  w ater  on the c rys ta l  s u r f a c e . - -  T h e  d i f f e r e n c e  i n
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l i th ium in s e r t i o n  was r a t i o n a l i z e d  by the more open s t r u c t u r e  of  t h e  

a n a t a se  lat t ice in the c axis d i r e c t i o n . - -  The  o r i e n t a t i o n  d e p e n d e n c e  o f

p h o t o c h e m i c a l  r e a c t i o n s  on rut i le  s u r f a c e s  has also been r e p o r t e d . - ' *  T h e  

(101).  ( I l l )  and (001)  rut i le  o r i e n t a t i o n s  were found  to ha ve  g r e a t e r  r a t e s  

of  p h o t o r e d u c t i o n  of  A g k to Ag inetal f rom an aq u e o u s  so lu t ion  than  t h e

(100) and  (110)  o r i e n t a t i o n s . - " *  The  o r i e n t a t i o n  d e p e n d e n c e  o f  t h e  

p h o t o c h e m i c a l  r eac t io n  rates was e x p l a i n e d  with the o r i e n t a t i o n  

d e p e n d e n c e  of  the surface  s t r u c t u r e ,  su r f ace  c h e m i s t r i e s .  and s p a c e  

c h a r g e  po te n t ia l s .  The  su r f ace  o r i e n t a t i o n  d e t e r m i n e s  the m i c r o s c o p i c  

su r f a c e  a rea,  the Ti site den s i t y ,  and the  Ti c o o r d i n a t i o n  of  the s p e c i f i c  

facets.  Th e  sur face  c h e m i s t r i e s  a ffect  the m e c h a n i s m s  of  a d s o r p t i o n  a n d  

d e s o r p t i o n  or  the surface  spec i f ic  r e a c t i o n s  ta k in g  place.  In s tud ies  o f  

rut i l e s in g l e  c ry s ta l s  with the (001)  o r i e n t a t i o n ,  it was o b s e r v e d  that t h e

c o o r d i n a t i o n  e n v i r o n m e n t  of  in d iv id u a l  Ti ions was the p r i m a r y  

d e t e r m i n a n t  o f  the produc t  d i s t r i b u t i o n s  in the p h o t o o x i d a t i o n  of  p r i m a r y

a lc ohol s  and c a r b o x v l i c  a c i d s . -5* 2(1 Space  c h a r g e  po te n t i a l s ,  wh ich  c a n

play a s i g n i f i c a n t  role in d e t e r m i n i n g  the p h o t o c h e m i c a l  r eac t i o n  r a t e s ,  

are d e p e n d e n t  on d ie l ec t r ic  c o n s t a n t s ,  w hic h  are kn o w n  to d i f f e r  w i t h

c r y s t a l l o g r a p h i c  d i rec t ion  { i . e .  for rutile.  e = 173 or  174 paral lel  to [001] a n d

89 or  86 parallel to [ 10 0 1 o r  174 and S 6 ) . 11 ■ 28

The  d i f f e r e n t  s e n s i t i z a t i o n  y ie lds  b e tw een  the (101) and (001)  f a c e s  

can be a t t r i b u t e d  to d i f f e r e n c e s  in N3 a d s o r p t i o n  to the d i f f e r e n t  f a c e s .  

The  adso rp t io n  could  be related to the d i f fe rences  in the spac ing  o f  the t w o

or m o r e  b i n d i n g  sites needed  for s t r o n g  N3 su r f a c e  b i n d in g .  Th e re  a r e

se ve ra l  pos s ib le  b in d in g  modes  for  the  ca r b o x y l  gr o u p  o f  N3 to t h e
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u n s a t u r a t e d  su r f a c e  Ti a toms,  an e s te r - l i k e  l i n k a g e - ^  or  b r i d g i n g  

c o n f i g u r a t i o n  ( i . e .  two T i 1* si tes bound to one  ca r b o x y l  g r o u p T h e  

d i s ta n c e s  b e t w e e n  T i 1* sites are c r i t ica l  for the b r i d g i n g  mode .  The  ( 1 0 1 )  

s u r f a c e  of  a n a ta se  has ha l f  p e n t a / h a l f  h e x a c o o r d i n a t e  Ti a toms  ( F i g u r e  

3.7.a. i )  whi le  the (001)  su r f a c e  of  ana tas e  has all p e n t a c o o r d i n a t e  Ti a t o m s  

(F ig u re  3.7.a. i i) .  Only  p e n t a c o o r d i n a t e  Ti a toms can act as b i n d i n g  s i t e s .  

The  sh o r t e s t  d i s t a n c e  b e t w e e n  the p e n t a c o o r d i n a t e  Ti a toms is 3.78 A ( t h e  

a -ax is  d i m e n s io n )  for  the both sur faces .  Judging  from the bo nd  le ng th s  o f

Ti -O and C-O and the angles of  Ti -O-C and O-C-O.  N3 can bind in the b r i d g i n g

m ode  to both s u r f a c e s . 6 The  dens i ty  o f  p e n t a c o o r d i n a t e  Ti on the ( 0 0 1 )  

s u r f a c e  is 1.3 t imes h i g h e r  than  that o f  the (101)  sur face .  Whe n t w o

c a r b o x y l  groups are  in v o lv e d  in b i nd in g .  there  are th r ee  p o s s i b l e

c o m b i n a t i o n s  o f  c a r b o x y l  g r o u p s / 1 Th ese  th ree  c o m b i n a t i o n s  are (i) t w o  

c a r b o x y l  g r o u p s  are of  the sa me  b ip y r id v l  l igand (F ig u re  3.7.c. i) .  (ii) t w o

c a r b o x y l  g r o u p s  are in the long m o l e c u l a r  axis (F ig u re  3.7.c. i i ) .  and ( i i i )

two c a rboxy l  g ro ups  a re  in the short  m o le cul a r  axis  (Figure  3 . 7 . c. i i i  ) /  T h e  

d is ta n c e s  b e t w e e n  O a toms w hi ch  can be invo lved  in b i n d i n g  are 6.2 A. 

I0.0A. and 9.8 A. r e s p e c t i v e l y / 1 Dis tances  b e t w e e n  p e n t a c o o r d i n a t e  Ti s i t e s  

close  to the d i s tances  be tween  the O a toms o f  the carboxyl  g r o u p s  are 5.4 A. 

7.6 A. 7.6 A. 10.2 A. and 10.7 A  to r  the (101) su r face  (F ig u re  3.7.b. i) .  and 5 .4 

A. 7.6 A. and  10.7 A for  the (001)  sur face  (F ig u re  3.7.b. i i ) .  By c o m p a r i n g  

the d i s t a n c e s  b e t w e e n  O a t o m s  and the d i s ta nces  b e t w e e n  p e n t a c o o r d i n a t e  

Ti si tes,  the  b ind ing  wi th two carboxyl  groups  of  the  same  b i p y r i d v l  l i g a n d  

(F ig u re  3.7.c. i)  s eems  to be d i f f icu l t  on e i t h e r  su r f ac e .  The  s m a l l e s t  

d i f f e r e n c es  in the d i s t a n c e s  are 0.75 A o n  the (101)  face and  0.85 A o n  t h e
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(i) (101) face 

10.2 A.

1 ^ 3 . 7 8  A

(U) (001) face

3.78 A

( b )  (i) 10.2 A
3.78 A

3.78
±

3.78 A

7.56 A 7.56 A

11.3 A
7.56 A

Figure 3 .7 .a & b. Crystal structure models of anatase and the distances 
between Ti sites, (a) Crystal structure models of anatase, side views. Small 
black spheres are Ti, and large grey spheres are O. The numbers with arrow 
are the coordination numbers of Ti’s of the row (i.e., 5: pentacoordinate Ti; 6: 
hexacoordinate Ti). (i) the (101) surface, (ii) the (001) surface, (b) The dis­
tances between pentacoordinate Ti sites. Black dots are pentacoordinate Ti. 
The numbers near the top are the coordination numbers o f Ti’s of the row (i.e., 
5: pentacoordinate Ti; 6: hexacoordinate Ti). The broken lines represent no 
Ti’s in the row. (i) The (101) surface has a lattice of dimensions lal = 3.78 A 
(equals to a or b of the anatase crystal) and Ibl = 10.2 A (corresponds to the la +
cl of the anatase crystal).** Distances between adsorption sites close to the dis­
tances between the O atoms of the carboxyl groups are 5.45 A (10.5a + 0.5bl), 
7.63 A (11.5a + 0.5bl), 10.2 A (Ibl), and 10.7 A (12.5a + 0.5bl). (ii) The (001) sur­
face has a lattice of dimensions lal = Ibl = 3.78 A. Distances between adsorption 
sites close to the distances between the O atoms of the carboxyl groups are 5.35 
A (la + bl), 7.56 A (I2al), and 10.7 A (12a + 2bl).
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(ii)

y v
/ v * .

^ --- — :--------10.0 A 9.8 A

Figure 3.7.c. Possible combinations of carboxyl groups of N3 for bidentate 
chelating binding.6 Gray spheres: carbon; red spheres: oxygen; blue spheres: 
nitrogen; yellow spheres: sulfur; light gray sphere (at the center o f the 
molecules): ruthenium, (i) two carboxyl groups are o f the same bipyridyl 
ligand, (ii) two carboxyl groups are in the long molecular axis, (iii) two carboxyl 
groups are in the short molecular axis.
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(001)  face.  These  di fferences are too la rge for u n s t r a i n e d  bond f o r m a t i o n .  

A l t e r n a t i v e l y .  the b in d in g  with two c a r b o x y l  g ro u p s  f rom d i f f e r e n t  

b i p y r i d v l  l igands  (F igure  3.7.c.ii and iii) is poss ib le  on the (101)  s u r f a c e .

The  smal les t  d i f f e r e n c e s  b e tw e e n  the d i s t a n c e s  are  0.2 A  for b i n d i n g  w i t h  

two c a r c b o x y l  gr oups  a long the long m o l e c u l a r  axis ( F ig u re  3.7.c.i i) .  a n d

0 .4 A for binding with two ca rb o x y l  g r o u p s  a long  the short  m o l e c u l a r  a x i s

(F ig u re  3.7. c. iii I. The  ( 0 0 1 1 su r f ace  does not eas i ly  a c c o m m o d a t e  t h e s e  

modes  o f  N3 binding ,  since the smal les t  d i f fe rences  in the d i s ta n c e s  are 0 .7 

A  and 0.9 A. Thus,  the g r e a t e r  s e n s i t i z a t i o n  yield o f  the  (101) sur fa ce  m a y

he e x p la in e d  wi th the s t ronger  b i n d i n g  of  N3 in b i d e n l a t e  modes ,  w h e r e a s

on the (001)  sur fa ce  the N3 can b ind p r e d o m i n a t e l y  with only o n e

c a r b o x y l  g r o u p .

The  d i f f e r e n t  faces will have d i f f e r e n t  d e n s i t i e s  and e n e r g y  l e v e l s  

o f  s u r f a c e  states due to the d i f fe r e n t  t e r m i n a t i o n  of  the sur face .  T h e s e  

d i f f e r e n c e s  in sur f ace  states may c o n t r i b u t e  to d i f f e r e n t  s u r f a c e  

r e c o m b i n a t i o n  rates.  However ,  a recen t  p u b l i c a t i o n  s how ed very s i m i l a r  

e f f i c i e n c i e s  and c u r r e n t  vo l tage c u r v e s  for w a te r  ox ida t ion  In UV

i l l u m i n a t i o n  of  the (101) and (00! )  faces of  s y n t h e t i c  an a ta s e  c r y s t a l s . - -  

i n d i c a t i n g  that  the sur face  r e c o m b i n a t i o n  ve loc i ty  o f  p h o t o g e n e r a t e d  

va le nce  band  holes  are not  rad ical ly  d i f fe ren t  be tw e e n  the  tw o faces.

3 . 3 . 4 .  . S e n s i t i z a t i o n  p h o t o c u r r e n t  t r a n s i e n t s

A typica l  rise and decay  of the  p h o t o c u r r e n t  for the N o r w e g i a n  

a n a t a s e  sens i t i z ed  with a 0.13 mM N3 so lu t ion ,  w h ic h  c o r r e s p o n d s  to 0 .6  

m o n o l a y e r  N3 c o v e r a g e  (F ig u re  3 .3.a), was m o n i t o r e d  u n d e r  t h e  

i l l u m i n a t i o n  with the a rgon  i o n  laser  (514 nm).  The  rise t ime  w a s
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d e f in e d  as the t ime  n e c e s s a r y  to reach  63 9c (i.e. 1 -e 1 > o f  the  s teady  s t a t e  

p h o t o c u r r e n t . 1 The  l ight was m a n u a l l y  b locked ,  r e s u l t i n g  in a rise t i m e  

and decay  t ime of  0.25 ms for the l ight pulse.  The  rise t ime  of  t h e  

sens i t ized photocur ren t  was measured  to be 2 ms at 0.97 W cm  : and 19 ms a t  

15 m W  cm ! (F igure 3 .8 .a and b). These  transients are mo re  than 6 orders  o f

m a g n i t u d e  s l o w e r  than those  r epo r te d  for s ing le  c ry s t a l s ,  w hi ch  is in t h e

s u h - p i c o s e c o n d  t i m e - s c a l e . - ^ 2 These t r a n s i e n t s  are in the  same  t ime s c a l e

as those  r e p o r t e d  for n a n o c r y s t a l l i n e  TiO: f i l m s . 33-36  j | le s |ow e l e c t r o n  

t r a n s p o r t  t h r o u g h  n a n o c r v s t a l l i n e  TiO: f i lms has been  e x p l a i n e d  bv t w o  

u n iq u e  aspec t s  o f  the e l e c t ro n  t r a n sp o r t  th r o u g h  n a n o c r v s t a l l i n e  f i l m s .

The f irst  aspec t  is the e le c t r on  t r a n s p o r t  t h r o u g h  n a n o c r v s t a l l i n e  TiO? 

fi lms is d r iv e n  solely by the d i f fu s io n  of  e le c t r o n s .  This is be caus e  t h e

nano c ry s t a l l i t e s  do  not  have  enou gh  ionized im pur i t i es  to form a d e p l e t i o n

layer  inside the par t i c l es ,  r e s u l t in g  in the a b s e n c e  of  an e le c t r i c a l  f i e l d

that d r ives  the e le c t r o n  t r a n s p o r t  t h r o u g h  the s ing le  c r y s t a l s . 7 T h e  

d i f f u s i o n  of  e l e c t r o n s  t h r o u g h  the n a n o c r v s t a l l i n e  film is s lower  th an  i n 

s ing le  c ry s t a l s  b e c a u s e  of  the s c a t t e r in g  at g ra in  b o u n d a r i e s .  The  s e c o n d

aspec t  is that  t r a p p in g  and de t ra ppi ng -^-  of  e lec trons  in bulk or s u r f a c e  

states  p lays a s ign i f ic an t  role in the e lect ron t ransport  p rocess .  B ecaus e  o f

the i n t e r p e n e t r a t i o n  of  the e le c t r o ly te  and n a n o s iz e  p a r t i c le s .  t h e  

n a n o c r v s t a l l i n e  film has a g r e a t e r  n u m b e r  of  su r f a c e  states w h e n

c o m p a r e d  to a s ing le  c rys ta l .  The  p h o t o c u r r e n t  r e a c h e s  a s teady  s t a t e

when  the t r a p p i n g  and  d e t r a p p i n g  of  e l e c t r o n s  at all the su r f ace  s t a t e s

r e a c h e s  a s teady  state.  T h e r e f o r e .  the g r o w th  an d  decay of  t h e

p h o t o c u r r e n t  o f  the nanoc ry s t a l l i n e  f i lm is very  slow. It ap p e a r s  that  t h e
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Figure 3.8. Photocurrent transients of the Norwegian anatase recorded under 
monochromatic (514 nm) illumination. The concentration of the N3 solution
was 1.3 mM. The light intensity was 0.97 W cm'2 (a) and 15 mW cm'2 (b).
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slow g r o w th  and decay of  the p h o t o c u r r e n t  for  the N o r w e g i a n  a n a t a s e

in d ic a te s  the  in v o l v e m e n t  o f  t r app in g  and d e t r a p p i n g  m e c h a n i s m s .  S i n c e  

the N o r w e g i a n  a na ta se  is a n a t u r a l l y  fo rm ed crys ta l ,  the i m p u r i t i e s  o r

defec ts  ins ide o f  the c rys ta l  may be act ing as traps.

The  r e l a t i o n s h i p  b e tw e e n  the rise t ime  and the l ight  i n t e n s i t y  i s  

s h o w n  in F igure  3.9. Th e  rise t ime  of s u b - b a n d g a p  p h o t o c u r r e n t  ( i . e .  

wi thout  the dye) was much s lower  ( - 2 0  ms) because  o f  the  slow t rap f i l l i n g  

due  to the  low absorp t ion  of  photon  and sub sequen t  low e l e c t r o n  flux. T h e  

dye  sens i t i za t ion  sho r te ned  the rise t ime,  which  was a lmo s t  i n d e p e n d e n t  o f  

su r f a c e  c o v e r a g e  and  was 2 to 2.5 ms at 0.3 \V c m  : . H o w ev e r ,  at l o w e r

sur face  cove rages ,  the rise t ime was s igni f icant ly  longer :  6 ms at 0.3 W c m :.

A l ight  in t e n s i t y  d e p e n d e n c e  of  rise t ime has also been  re p o r te d  f o r

n a n o c r v s t a l l i n e  T i ( ) : f i l m s . ■**' The  s h o r t e n i n g  of  the rise t ime  wi th  t h e

h i g h e r  l ight  in te n s i t y  is ex p la in e d  by the fa s te r  f i l l ing  o f  the t raps w i t h  

the h i g h e r  pho to n  and s u b s e q u e n t  e le c t r o n  flux. The  dye  c o v e r a g e  

d e p e n d e n c e  of rise t ime  can also be e xp la in ed  by the fas te r  t rap  f i l l ing  a t  

the  h i g h e r  dye  c o v e r a g e  s ince there  is a h i g h e r  p h o t o c u r r e n t .  T h e  

o b s e r v e d  l ight  in tens i ty  d e p e n d e n c e  and dye c o v e r a g e  d e p e n d e n c e  of  r i s e

t ime for the N o r w e g i a n  ana ta se  is c o n s i s te n t  with the i n v o l v e m e n t  of  a 

t r a p p i n g / d e t r a p p i n g  m e c h a n i s m  in the e le c t r o n  t r a n s p o r t  in t h e  

N o r w e g i a n  a na ta se  as i l lus t r a t ed  in F igure  3.10. A s s u m i n g  the rate o f  

e l e c t r o n  in j e c t i o n  ( r,n|) is c o n s ta n t ,  the rate of  t r a p p i n g  the i n j e c t e d  

e l e c t r o n s  ( r , r i r ) is first o rder  with the n u m b e r  of  vacant  t raps .  T h e r e f o r e ,  

du r in g  the initial s tages o f  f i l l ing the traps,  the  rate o f  t r a p p i n g  ( r , Iip) w i l l  

he c o m p e t i t i v e  with the rate of  the injec ted  e l e c t r o n s  e s c a p i n g  f rom t h e

s u  r f a c e  ( i . e .  r t.s. is p r o p o r t i o n a l  to p h o t o c u r r e n t ) .  S ince  the l i fet ime ot
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Figure 3.9. Plot of rise time of the dye sensitization photocurrent for 
the Norwegian anatase versus light intensity. The concentration of 
N3 solutions are; black circles: 0.31 mM, white circles: 0.13 mM, 
triangle: 20 pM, crosses: not sensitized.
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Figure 3.10. The trapping/detrapping mechanism involved in electron trans­
port in the Norwegian anatase crystal. S*, S+, and S0 are the excited state, the 
oxidized state, and the ground state of the dye, respectively. rinj: electron 
injection rate to the conduction band of the anatase crystal from the excited 
dye; resc: escape rate of injected electrons to the bulk; r ^ p i  trapping rate of 
injected electrons by the traps; r^ g ^ p i detrapping rate to the Ti02 conduc­
tion band. rrec/trap: recombination rate of trapped electron at the traps with 
I3'  or oxidized dye.
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the e l e c t r o n s  in the t raps is r a th e r  long,  the t raps fill with e l e c t r o n s  a n d  

so the n u m b e r  o f  em pt y  t raps de c re a se s  and so the rate of  t r a p p i n g  ( r , , , p ) 

also decrea ses  until  a s teady state p h o t o c u r r e n t  is re ached .  S ince  the r a t e  

of  d e t r a p p i n g  the e l e c t r o n s  into the TiO: c o n d u c t i o n  band  ( r tlelrar) is f i r s t  

o r d e r  with the n u m b e r  of  the t r app ed  e l ec t ro ns ,  the d e t r a p p i n g  r a t e  

( r ) mus t  be cons iderab ly  smal le r  than the rate of  t r a p p i n g  even  w h e n

all the traps are filled.

T he  possibi l i ty that the N3 is b leached at the h igher  l ight  i n t e n s i t i e s  

mus t  be c o n s id e re d .  The l inear  r e l a t i o n s h i p  of  p h o t o c u r r e n t  with l i g h t

in te n s i t y .  Figure 3.11. shows  that  b l e a c h i n g  is not s i g n i f i c a n t  in t h i s

11 :
system. Moreover ,  a m on o la ye r  cove rage  of N3 is about 9.2 x 10 mol c m

as e x p l a i n e d  l a t e r . 1-"’ t h e r e f o r e ,  the qu a n t i t y  of  N3 is c a lc u la te d  to be 5.5 \

1 ‘ : '
10 m ol e c u le s  cm  . W he n  the l ight in tens i ty  is I W c m  . the flux o f

i« i :
ph o to n s  of  2.4 eV (514 nm)  is c a lc u la ted  to be  2.6 x 10 p h o to n s  s c m  . 

S ince  the re d u c t i o n  of  the oxidized N3 occurs  on a t ime scale of  10s s 1. -  a 

light intensi ty of  I W cm should not bleach the N3.

3 . 3 . 5 .  C o m p a r i s o n  o f  s e n s i t i z a t i o n  b e h a v i o r  b e t w e e n  t l ie  a n a t a s e  n a t u r a l  

c r y s t a l s  a n d  n a n o c r v s t a l l i n e  H Q  f i l m s

The qu a n t i ty  of  adso rbed  N3. the IPCE. the opt ical  a b s o r b a n c e ,  t h e

l ight h a r v e s t i n g  e f f i c i e n c y  (LHE).  and the a b so rbe d  ph o to n  to c u r r e n t

e f f ic iency  (APCE) for the N o rw e g ia n  an a ta se  and the TiO: n a n o c r v s t a l l i n e  

film were c o m p a r e d .  This c o m p a r i s o n  is useful  to see if the h i g h  

p e r f o r m a n c e  of the TiO; n a n o c r y s t a l l i n e  fi lms can be s imply  a t t r i b u t e d  to  

the ir  high sur face  areas.  The d a t a  for  the n anoc rvs ta l l in e  f i lms  a re f rom
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Figure 3.11. Plot of photocurrent versus light intensity. The light source was 
Ar ion laser (514 nm). The slope of the line corresponds to a quantum yield
of 3.3 x 10-4.
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our  p r e v i o u s  w o r k . 7 These  values are s i m i l a r  to o t h e r  p u b l i s h e d  v a l u e s . -  

T he  resul t s  o f  the  c o m p a r i s o n  are tabu la t ed  in Ta b le  3.1. First ,  t h e  

r e l a t i o n s h i p  b e t w e e n  the qu a n t i ty  of  a d so rbe d  N3 and  the IPCE w a s  

e x a m i n e d .  Th e  m a x i m u m  possib le  qu a n t i t y  of  the  ad s o r b e d  ( a n d  

i l l u m i n a t e d )  N3 for the  N o r w e g i a n  ana t ase  was c a l c u l a t e d  by d i v i d i n g  t h e

i l l u m i n a t e d  a rea  of  the c rys ta l  (0.06 c m  ) with the p r o j e c t e d  m o l e c u l a r

a rea of  N3 (180  A ).7- This assumes a close packed m o n o l a y e r  o f  N3. T h e  

quant i ty  o f  the a d s o rb e d  (and i l l u m i n a t e d )  N'3 for the n a n o c r y s t a l l i n e  TiO. 

f i lms was c a l c u l a t e d  for the i l l u m in a te d  a rea  (0.06 c n r l  f rom the  q u a n t i t y  

of  the N3 adsorbed  to the  en t i r e  film (1.8 c u r ) ,  w hi ch  was  o b t a i n e d  f rom a

direct  m e a s u re m e n t  o f  the up take  of  N3 by the n a n o c r y s t a l l i n e  f i l m . 7 T h e  

c o m p a r i s o n  in d i ca te s  that  the n a n o c r y s t a l l i n e  TiO.  film a d s o r b e d  

a p p r o x i m a t e l y  000 t imes  more  N3 molecu le s  than the N o r w e g i a n  a n a t a s e  

on a geome t r i c  su r f a c e  a rea  basis.  How ever ,  the n a n o c r v s t a l l i n e  TiO. f i l m  

e x h i b i t e d  an IPCE a p p r o x i m a t e l y  2300 t imes g r e a t e r  than tha t  o f  t h e  

N o r w e g i a n  a n a t a s e .

Second,  the abso rbance  of  adsorbed N3 and the L H E  were  o b ta in e d  i n 

or d e r  to e x a m i n e  the interna l conve rs io n  e f f ic i enc ie s  o f  the bo th  sys tems .  

LHE ( k ) is the fract ion o f  the incident  photons  that  are a b s o r b e d  bv the N3 

and  is c a lc u l a ted  f rom equat ion  2.

LHE(  a.) = | - I O ~ A b s a » [2 |

w h e re  A b s O . ) is the opt ica l  a b s o r b a n c e  of  the a d so rb e d  N3. Th e  m a x i m u m  

a b s o r b a n c e  o f  the  N3 ad so rb ed  on the n a n o c r v s t a l l i n e  TiO.  fi lm w a s

prev ious ly  m easu red  to be  0.7 with di ffuse  r e f l e c t a n c e  s p e c t r o s c o p y . 7 T h e  

a b s o r b a n c e  o f  t h e  N3 a d s o r b e d  on t h e  N o r w e g i a n  a n a t a s e  w a s  e a l e u l a t e d
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Table 3.1. Comparison of the Norwegian anatase single crystal 
with anatase nanocrystalline films.

Nanocrystalline
Film Single Crystal

Ratio ( Nano- 
crystalline Film/ 
Single Crystal)

Adsorbed 
N3 (mol) 5.0 X 10* 5 .5 X 1 0 -12*1 900

IPCE 6.2 x 10*1 3.2 x 10*4 2300
max (8.6 X 10-1)*2 (1.1 X10-3)*3 (750)

Absorbance max 0.7 0.0013 -

LHE
max 0.8 0.003 260

APCE
max

0.77
(1.0)*2

0.11
(0.37)*3

7.0
(2.7)

*1 Assuming close packed monolayer coverage.
*2 The numbers in the perentheses were calculated from ref. 2. 
*3 The numbers in the perentheses were calculated from ref. 15.
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f rom the  f o l l o w in g  e q u a t i o n .

A b s ( I )  =  r  \  ctOw) [3]

w her e  r  is the  su r f ace  c o v e r a g e  in mol c m ' 2, and a(3.)  is a b s o r p t i o n  c r o s s

sec t ion  ( c m 2 m o l  The  su r f ace  c o v e r a g e  was e s t i m a te d  to be 9.2 x 1 0 "

mol c m  2 by u s i ng  the m o l e c u l a r  a rea  o f  180 A 2.*- The  a b s o r p t i o n  c r o s s

7 : i
sec t ion  t o (X ) )  was ca lc u la te d  as 1.4 x 10 c m  mo l  at 534 nm by us in g  t h e

c o e f f i c i e n t  o f  the a b s o r p t i o n  m a x i m u m  for N3 d iss o l ve d  in e th a n o l  (1.42 x

10 M c m  at 534 n m ) . -  a s s u m i n g  that the a b s o r p t i o n  c o e f f i c i e n t  of  N3

does not c h a n g e  upon the ads o rp t i o n  to the an a ta se  s u r f a c e . " 1 Equa t io n  2

vields a LHE of  0.8 for  the n a n o c r v s t a l l i n e  TiO. film and 0.003 for t h e
m . ix

c rys ta l .  The  rat io of  the LHE was 260. w h ich  is about  one  thi rd of  t h em.n

ratio of  the a m o u n t  of  adso rb ed  N3 to the IPCE mit. This s m a l l e r  rat io w a s

exp e c te d  b e c a u s e  the N3 on the i l l u m in a te d  side of  the n a n o c r v s t a l l i n e

film can ab so rb  only the t r a n s m i t t e d  por t ion  of the  i n c id e n t  l ight .  I n

1 Ac tua l ly ,  the  co n d u c t i o n  band of  TiO..  w h i c h  is a it* orb i ta l  d e r iv e d  f r o m  
Ti 3d orb i ta l s ,  may o v e r l a p  with the it and it* o rb i ta l s  o f  the b i p y r i d y l  

l iga nds  of  N 3 . ‘t * And.  the  a b s o r p t i o n  peak (at 534 nm)  is a s s ig n e d  to t h e
e lec t ron  t ransfer  from the 3d orbitals o f  the Ru (II) to the it* orb i ta l  of  t h e
b ip y r id y l  l i gands  (MLCT) .  T h e r e f o r e ,  the c h a n g e  of  the a b s o r p t i o n  
c o e f f i c i e n t  o f  N3 migh t  be h a p p e n i n g  from the so l u t ion  form to t h e  
a d s o rb e d  form.  Vet. we  c o n s i d e r  that the use of  the  e s t i m a te d  va lues  o f

L a n d  ct(534) is re l i ab le  for the p u rp ose  of  o b t a i n i n g  the  a b s o r b a n c e  o f
the N3 a d s o rb e d  to the N o r w e g i a n  an a ta se  for  the fo l l o w i n g  r ea so n .  T h e  
Abs ,, , , ,  o f  the N3 adsorbed  to the Norwegian  ana tase  was  c a l c u l a t e d  as 0 .0 0 1 3  
from e q u a t i o n  2 by u s in g  the es t im a te d  values.  M e a n w h i l e .  Ka van  el a l .  
s p e c l r o p h o t o m e t r i c a l l v  m e a s u r e d  the a b s o r b a n c e  o f  ten m o n o l a y e r s  o f  N3

a d s o rb e d  on five s ta cked  rut i le  w a f e r s . a n d  o b ta in e d  the va lue  o f  0 .0 0 1 2  
for one  m o n o l a y e r  N3. U n f o r t u n a t e l y .  these  types o f  m e a s u r e m e n t s  
ca n n o t  he car r i ed  ou t  for  anatase  because  s ingle  c rys ta l  a n a ta se  wafer s  a r e  
not  ava i lab le ,  and  our  na tural  c rystal s  have  a  s i g n i f i c a n t  a b s o r b a n c e  f r o m  
im p u r i t i e s .  The  a g r e e m e n t  o f  the a b s o r b a n c e  va lues  se em s to e n s u r e  t h e  
c r e d i b i l i t y  of  the c a l c u l a t e d  a b s o r b a n c e  even if  the  a d s o rb e d  s u r f a c e s  a r e  
absor bance , , , . , ,  c a lc u l a ted  f rom the es t imated  T and c r<534) .
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oilier words ,  one  thousand layers o f  N3 will not  abso rb  one  t h o u s a n d  t i m e s  

mor e  p h o t o n s  than  one layer  of  N3 can.  Also, all the ad s o r b e d  N3 in t h e  

na n o c r v s t a l l i n e  f i lm are not  e q ua l ly  act ive in a b s o r b i n g  l ight  as they  a r e

on the s ing le  c rys ta l .  F ina l ly ,  the APCE was c o m p a r e d .  The  APCE c o n s i s t s  

o f  the  in jec t ion  e f f ic iency  of  p h o t o - g e n e r a t e d  e le c t r o n s  to the c o n d u c t i o n  

hand  of  TiO: and the c o l le c t io n  e f f i c i e n c y  o f  the injec ted  e l e c t r o n s  at t h e  

hack  contac t .  Equat ion  4 d e s c r ib e s  the r e l a t i o n s h i p  b e t w e e n  I P C E t M .  

LHK( /.). and APCH k ) .

IP C E t /o  = LHEO.) x APCE!*.) [41

By s u b s t i t u t i n g  e q u a t i o n  2 into e q u a t i o n  4. APCE(X) is c a lc u l a t ed  f r o m  

e q u a t i o n  5.

APCE(X) = IPCE-:<X)/(1 -  | o  Abs(>‘)) [51

The  c a lc u l a t ed  APCE,,,,, was 0.77 for the n a n o c r v s t a l l i n e  film and 0.1 I f o r  

the  N o r w e g i a n  anatase .  The  rat io of  the two APCE is 7.0. i n d i c a t i n gw max v

g r e a t e r  c h a r g e  i n je c t io n  a n d / o r  co l l e c t i o n  e f f i c i e n c i e s  o f  t h e

n a n o c r v s t a l l i n e  fi lm than those o f  the s ing le  c rys ta l .  The  g r e a t e r  APCE 

for  the  na no c rvs ta l l in e  sy s t em  is qu i te  c o u n t e r i n t u i t i v e  be cause  a g r e a t e r  

mi  m h e r  of  su r f ace  states and the a b s e n c e  o f  a space  c h a r g e  la ye r  a r e  

e x p e c te d  to lower  the APCE of  n a n o c r v s t a l l i n e  film. Su r fa c e  s ta les  a r e

c o n s i d e r e d  to be r e s p o n s i b l e  for  the r e c o m b i n a t i o n  of  p h o t o - i n j e c t e d

e l e c t r o n s  with the oxidized  redox c ou p le  or  ox idized d v e . , s - ■*- A s p a c e

c h a r g e  layer  pr ov ide s  a d r i v i n g  force for p h o t o - i n j e c t e d  e l e c t r o n s  to  

t ravel  to the back con tac t ,  t h e r e f o r e ,  w i th ou t  the d r i v i n g  force to e s c a p e  

f rom the sur f ace  states,  the  in je c te d  e l e c t r o n  in the n a n o c r v s t a l l i n e  f i l m s  

m a y  e x p e r i e n c e  more  t r a p p i n g  b y  su r f ace  states and r e c o m b i n a t i o n .
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Hence ,  the n a n o c r v s t a l l i n e  m o r p h o l o g y  sh oul d  re du ce  the c o l l e c t i o n  

e f f i c i e n c y  of  in je c te d  e l ec t r ons .  How eve r .  a g r e a t e r  APCE f o r

n a n o c r v s t a l l i n e  TiO, fi lms had also been noted by Kavan .  el a l . 15 F o r

c o m p a r i s o n ,  the a u t ho rs  a ss um ed  the APCE for n a n o c r y s t a l l i n e  f i lms to b e  

one. Th e  rat io o f  APCE for the ir  data was c a l c u l a t e d  as 2.7 as s h o w n  i n
tnat

Table  3.1.

The  h igh  p e r f o r m a n c e  of  sensi t i / . ed n a n o c r v s t a l l i n e  TiO, f i l m s ,  

desp i te  th e i r  p r o p o r t i o n a l l y  sm al le r  l ight h a r v e s t i n g  e f f i c i e n c y ,  w a s  

th e o r i z e d  to i n v o lv e  a g r e a t e r  APCE than that o f  the s in g l e  c rys ta l .  T h e  

or ig in  of  this c o u n t e r i n t u i t i v e  resul t  was also d i s cuss ed  by Kavan et a l . l ?

They  e m p h a s i z e d  the i m p o r t a n c e  of  sur fa ce  m o r p h o l o g y  in t h e  

p e r f o r m a n c e  o f  these  types of  solar  cells bv r e f e r r i n g  to a study on S n S ,

s ing le  c r y s t a l s . -*-* The  study on S n S ,  r epo r te d  the  i n c r e a s e s  in p h o t o

r e s p o n s e  upon  e t c h i n g  the a t om ic a l l y  smooth  van der  Waais  planes .  T h e  

i n c r e a s e s  were  mu ch  more  than the a m o u n ts  e x p l a i n a b l e  s imply  by t h e

i n c r e a s e d  s u r f a c e  areas.  S imi l a r ly ,  the i n c r e a s e  in the IPCE u p o n

c h a n g i n g  the m o r p h o l o g y  of  a TiO. c rys ta l  f rom a s ing le  c rys ta l  to

n a n o c r y s t a l l i t e s  c a n n o t  be ra t io n a l i z e d  s imply  by the in c re a s e d  s u r f a c e  

a rea  b e c a u s e  the  l ight h a r v e s t i n g  e f f i c i e n c y  of  the  n a n o c r y s t a l l i n e  f i l m  

did not incr ea se  p rop or t io na l ly  to the increase  o f  the sur fa ce  area.

So. why is the APCE g r e a te r  for  r o u g h e n e d  s u r f a c e s  o r

n anoc ry s t a l l i t e s?  As  ex p la in ed  previously,  it is d if f icu lt  to be l ieve  that  t h e

r e c o m b in a t i o n  of  the  in jec ted  e lec t rons  with the  I. an d/ o r  the ox id ized  d y e

oc cu rs  less f r e q u e n t l y  in a n a n o c r v s t a l l i n e  film than  in a s ing le  c r y s t a l .  

One  c o n c e i v a b l e  o r ig i n  of  the g r e a t e r  APCE for the n a n o c r v s t a l l i n e  f i l m s
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is in the e l ec t ro n  in je c t i o n  process .  The  e f f i c i e n c y  o f  in j e c t i n g  e l e c t r o n  

from N3 to ana t ase  n a n o c r y s t a l l i t e s  may be h i g h e r  than  to l a rg e r  a n a t a s e  

s in g le  c rys ta l s .  The  e l e c t r o n  in je c t i o n  e f f i c i e n c y  f rom a e / s - d i a q u a  

h i s t 2 . 2 ‘ - h i p y r i d y I - 4 . 4 * - d i c a r b o x y l a t e > r u l h e n i u m d l )  to th e  na noc rv s t a l l i ne  TiO

films has been  re p o r t ed  to be n e a r  100 T . 44 T h e r e f o r e ,  the e l e c t r o n  

in j e c t i o n  e f f i c i e n c y  from the N3 to the n a n o c r v s t a l l i n e  TiO: f i lms  may b e  

c lose  to 100 rf .  On the o th e r  hand ,  a d irec t  m e a s u r e m e n t  of  the e l e c t r o n  

in j ec t i o n  e f f ic ie ncy  for  ana ta se  s ing le  c r ys ta l s  has not yet  been r e p o r t e d .  

Su r f ace  a toms,  espec ia l ly  at s teps of  a tomic  h e ig ht ,  k inks  in the steps,  a n d  

defec t  sites, e x p e r i e n c e  large  c h a n g e s  in the e l e c t r o n i c  s t r u c t u r e ,  o f t e n  

r e s u l t i n g  in h ig h e r  reac t iv i ty .  In fact.  AF;M images  rev ea le d  that  t h e  

p h o t o r e d u c t i o n  of  Ag* to Ag at the  rut i le o c c u r r e d  p r e f e r e n t i a l l y  in t h e

de le c t  a r e a s . - 4 The h i g h e r  r e a c t i v i t y  may be the resu l t  o f  the u n i q u e

e l e c t r o n i c  s t r u c t u r e  at the de fec t  sites. These  (a tomic  level)  de fec t s  a r e  

s o m e t i m e s  r e f e r r ed  to “ specia l  s i tes".  Thus,  there  is a p o ss ib i l i ty  that  t h e  

g r e a t e r  APCF. for the n a n o c r y s t a l l i n e  sys tem may be c o n t r i b u t e d  by t h e  

n a n o - s c a l i n g  of  the TiO- c ry s t a l l i t e s ,  which  inc re as e s  the n u m b e r  o f  t h e  

sp ec ia l  sites, w here  the e l e c t r o n  t r a n s f e r  from the N3 is more  e f f i c i e n t .  

Fu tu re  inv es t ig a t io n  with in  s i t u  s cann in g  probe  mi croscopy is e x p e c t e d  to 

revea l  the r e l a t i o n s h i p  a m o n g  the c rys ta l  sur face  m o r p h o l o g y ,  the d y e

a dso rp t i o n ,  and the e lec t ron  in jec t ion  e f f ic ien cy  (see C h a p t e r  4.  page  145).
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3.4. C onc lu sio n s

Natura l  an a ta se  c rys ta l s  were  sens i t i zed  with the r u t h e n i u m - b a s e d  

dve  (N3)  and s ho w ed a m a x i m u m  IPCE o f  3.2 x 10 J. about  one  third o f  t h e  

va lue  for a sy n t h e t i c  ana t ase  s ingle c rys ta l .  The  s e n s i t i z a t i o n  e f f i c i e n c y  

va r i ed  a m o n g  the d i f fe r e n t  c rys ta l s .  A face d e p e n d e n c e  of  s e n s i t i z a t i o n  

e f f ic ie nc y  was also observed.  The m o r p h o l o g i c a l  e x a m i n a t i o n  with a t o m i c  

force  m i c r o s c o p y  ind ica ted  that these  d i f f e r e n c e s  in s e n s i t i z a t i o n  by t h e  

c r y s t a l s  and the faces were  not solely the resul t  o f  sur fa ce  a r e a

d i f f e r e n c e s .  The  e x p l a n a t i o n  for the face d e p e n d e n c e  of  s e n s i t i z a t i o n  

e f f i c i e n c y  was a t t e m p te d  hv using  the su r f ace  s t r u c t u r e  o f  the (101) a n d

(001) face of  a na ta se  and m odel in g  the two site b i n d i n g  of the N3 

m o le c u le s .  The  na tura l  ana tase  ex h ib i t ed  very slow p h o l o e u r r e n t  

t r a n s i e n t  o f  onse t  and decay on a m i l l i s e c o n d  t ime scale.  The  rise t i m e  

b e c a m e  s h o r t e r  with i n c r e a s i n g  light in te ns i ty  and dye c o x e r a g e .  T h e s e  

o b s e r v a t i o n s  sugges t  that the m e c h a n i s m  of  t r a p p i n g  and d e t r a p p i n g  o f  

in jec ted  e lec t rons  at t raps inside o f  the c rxs t a l s  p lays  a s i g n i f i c a n t  role i n 

the e l e c t r o n  t r a n s p o r t  in the na tura l  ana t ase  as well as in a n a t a s e  

n a n o c r v s t a l l i n e  f i lms.  The c o m p a r i s o n  of  s e n s i t i z a t i o n  b e h a v i o r  b e t w  e e n  

the an a ta s e  s ing le  c rys t a l s  (na tu ra l  and s y n t h e t i c )  and a n a t a s e  

n a n o c r v s t a l l i n e  f i lms found that  the c a l c u la te d  APCE for t h e

n a n o c r v s ta l l in e  f i lms was appr ox im a te ly  3 to 7 t imes  g r e a t e r  than that f o r

the s ing le  c rys ta l s .  A l t h o u g h  this c o u n t e r i n t u i t i v e  resul t  is p r e s e n t l y  

u n e x p l a i n a b l e .  fu ture  i n v e s t i g a t i o n  with in  s i t u  s c a n n i n g  p r o b e

m i c r o s c o p y  is e x pe c te d  to reveal  the r e l a t i o n s h i p  a m o n g  the c r y s t a l  

s u r f a c e  m o r p h o l o g y .  the dye a d s o rp t i o n .  and the e le c t r o n  i n j e c t i o n  

e f f i c i e n c y .
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CHAPTER FOUR

Im ag ing  C ry s ta l S u rfaces

In the pr ev io u s  two c h a p te r s ,  my e x p e r i m e n t a l  data and d i s c u s s i o n s  

about  how dye  c o v e r a g e  a ffec ts  the dye s e n s i t i z a t i o n  e f f i c i e n c i e s  in a n a t a s e  

(a m ix tu re  with rut i l e)  n a n o c r y s t a l l i n e  f i lms and na tu ra l  a na ta se  c r y s t a l s  

were  p r e s e n t e d .  As d e s c r ib e d  at the end of  C h a p t e r  3. the final goal o f  t h i s  

p ro jec t  is to reveal  the r e l a t i o n s h i p  b e tw e e n  the m o r p h o l o g y  o f  

s e m i c o n d u c t o r  sur f ace .  the dye  a d s o r p t i o n  b e h a v io r .  and  the d y e  

s e n s i t i z a t i o n  e f f i c i e n c y  with in  s i t u  s c a n n i n g  probe  m i c r o s c o p y .  T h i s

a p p r o a c h  a l lows  us to c o n n e c t  the resul t s  ob ta in ed  with c o n v e n t i o n a l

p h o t o e l e c t r o c h e m i c a l  t e c h n i q u e s  to n a n o s c o p i c  o b s e r v a t i o n s  o f  t h e  

d v e / s e m i c o n d u c t o r  i n te r f a c e .  Atomic force m i c r o s c o p y  (AFM)  can  b e  

p e r f o r m e d  i n  s i t u  w he re  a sam ple  is c o n t a i n e d  in a cell  and i m m e r s e d  in a n 

a p p r o p r i a t e  l iquid.  With this me th od ,  the d y e / a n a l a s e  in t e r f a c e  can  b e  

i n v e s t i g a t e d  in an e l e c t r o l y t e  that  is the ac tua l  o p e r a t i o n  c o n d i t i o n  o f  t h e  

d y e - s e n s i t i z e d  so la r  cel l .

The  aspec ts  of  the dye  a d s o r p t i o n  to the  c rys ta l  sur faces  that  we  a r e  

i n t e r e s t e d  in are:  I) How do  the dye m ol e c u le s  adsorb  to the c rys ta l  s u r f a c e s ,

by fo rm in g  i s lands  or  i solated m onome rs '?  If  the dye m ol e c u le s  form i s l a n d s ,  

ho w does a  dye  c o v e r a g e  a f f e c t  i s l a n d i n g ?  How does i s l a n d i n g  a f fect  t h e
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photo n  to c u r r e n t  c o n v e r s io n  e f f i c i enc ie s?  2) How do the dye  m o le c u le s  b i n d  

to the c rys ta l  su r f a c e  at s tep and  k ink  si tes? Do the dye  m o l e c u l e s  a d s o r b  

p r e f e r e n t i a l l y  to these  si tes? Do the dye m o le cu le s  ad s o r b e d  to the s teps  o r

k inks  sens i t i z e  d i f f e r e n t l y  than dyes ad so rb ed  to flat t e r r a c e s ?  3) How m u c h  

su r fa ce  m o bi l i t y  do the a d so rb e d  dyes have  on the c rys ta l  s u r f a c e s ?  How is

the s u r f a c e  m obi l i t y  o f  the a d so rbe d  dye i n f l u e n c e d  by the m o r p h o l o g i e s  o f  

the c rys t a l  s u r f a c e s ?

As the first step to the in  s i t u  i n v e s t i g a t i o n .  I hav e  a t t e m p t e d  to o b t a i n

adeq ua te ly  flat su r f aces  on the na tu ra l  ana t ase  c rys ta l s  in o rd e r  to image  t h e

a d s o r p t i o n  b e h a v i o r  o f  the dye.  Because  the dye  m o le c u le s ,  w h o se  m o l e c u l a r  

h e i g h t  is a p p r o x i m a t e l y  10 A. need to be d i s t i n g u i s h e d  f rom the c r y s t a l  

sur face ,  an ideal c rys t a l  su r f ace  is a t e r ra c ed  su r f ace  wi th r a t h e r  wide  ( > 1 0 0

A) te r r aces .

In addi t io n  to the na tu ra l  a na ta se  c ry s ta l s ,  s y n t h e t i c  rut i l e  c r y s t a l s  

were  also u t i l i zed  for su r f ace  im a g in g  with AFM. High p u r i ty  s y n t h e t i c  

rut i l e c ry s t a l s  are more  readi ly  ava i l a b le  with la rge su r f a c e s  and s h o u l d  

have  less r o u g h n e s s  than na tura l  c rysta l s .  Also, we  are i n t e r e s t e d  i n

c o m p a r i n g  the  dye  a d so rp t io n  b e h a v io r  b e tw e e n  an a ta s e  and rut i l e  s u r f a c e s .  

A synthe tic  h igh ly  or ien te d  ana tase  thin fi lm was  a lso p r o v id e d  by Dr. Gao  a t  

Pac if ic  N o r t h w e s t  Nat iona l  L a b o r a to r y .  U n f o r t u n a t e l y ,  an a to m ic a l l y  f l a t  

t e r raced  sur f ace  was  only found  in one  ex p e r i m en t  on pe rh aps  a spec ia l  a r e a  

of  a crystal .

In this final chapter .  I repor t  my effor t s  to p r e p a r e  an a to m i c a l l y  f l a t ,  

t e r r a c e d  su r f a c e  by p r e s e n t i n g  the AFM im age s  taken  in a i r  and  i n  s i t u  o f

the  c rys ta l  su r fa c e s  befo re  an d  a f te r  var ious  t r ea tm en t s .
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4.1. S am ple  C ry sta ls

Natural  ana tase  crystal s f rom the same sources as those used  for  t h e  dye 

sensitization ex pe r im en ts  as well as f rom an additional source  were ut i l ized for  d v e -  

s e m i c o n d u c t o r  in te r face imag ing  wi th AFM .  These  na tura l  c rys ta l s  are f r o m  

Tysse da l .  Norw ay ,  f rom Uruacu  Goias.  Brazil ,  and front Ural Pu vv a .  R u s s i a .  

R e p r e s e n t a t i v e  c ry s t a l s  are sh o w n  in F igure 3.1. and F igure  4.1.  T h e  

N o r w e g i a n  a n a ta se  c rys ta l s  were an acu te  b i p y r a m i d a l  c o n f i g u r a t i o n  a n d  

had a b lack  luster  (F igure  3 . 1.a.). All o f  the N o r w e g i a n  a n a ta s e  c r y s t a l s  

e x h ib i t e d  c lear ly  de f in ed  (101)  faces as s h o w n  in F igure  3 . 1.a. The  B r a z i l i a n  

ana ta se  c ry s ta l s  were a ta b u la r  hab it  and were t r a n s l u c e n t  re ddi sh  b r o w n  

(F igure  3 . l . b . ) .  All o f  the Braz i l ian  c ry s t a l s  e x h ib i t e d  one  or  two (001)  f a c e s  

and se v e ra l  (101)  faces as s h o w n  in F igure  3 . l .b .  The Russ ian  a n a t a s e  

c ry s ta l s  had the same crys ta l  habi t  as the N o r w e g i a n  ana tase  c ry s t a l s ,  a c u t e  

b ip v ra m id s  with a b lack  luster  (Figure  4 . 1.). The  s i m i l a r  c rys ta l  hab i t  o f  t h e  

R uss ia n  and N o r w e g i a n  c ry s t a l s  a l lows us to assign the i r  m a jo r  faces to b e  

(101 I.

Figure 4.1. Russian anatase crystal.
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In a d d i t i on  to the  na tura l  ana t ase  c rys ta l s ,  s y n t h e t i c  rut i l e  c r y s t a l s  

with (100) and  (001)  su r f aces  were  p u r c h a s e d  (MTI  C o r p o r a t i o n )  a n d  

invest iga ted .  Both rut i le c rys t a l s  are t r a n s p a r e n t  with d i m e n s i o n s  of  1 cm x 

1 cm x 1 mm.  As m e n t i o n e d  p re v io u s ly ,  a c o m p a r i s o n  of  dye  a d s o r p t i o n  

b e h a v i o r  b e t w e e n  a na ta se  and rut i l e su r f aces  was one of  the p u r p o s e s  f o r  

using  the s y n t h e t i c  rut i l e c rysta l s .  The  c rys ta l  s t r u c tu r e  model  o f  rut i le  i s  

i l lustrated in F igure  4 .2 .a (See Figure 3.7 for anatase) .  As ana lyzed  in C h a p t e r

3. the  d i s tances  be tween  oxyg en  atoms that  can be involved in b i n d i n g  of  t h e

N3 dye  are 6.2 A. 10.0 A. and 9.8 A (F ig u re  3 . 7 . 0 . 1 T h e r e f o r e ,  the d i s t a n c e s  

between Ti sites suitable for the N3 binding are 5.9 A. 9.6 A. and poss ibly 9.2 A

on the (100) sur face ,  and  6.5 A  and possibly 9.2 A  on the (001)  su r f ace  ( F i g u r e

4 .2.b ). So. it appears that N3 can bind to the rutile sur faces ,  yet p e r h a p s  w i t h  

d i f f e r e n t  g e o m e t r i e s .

A s y n t h e t i c  an a t ase  thin film with p r e d o m i n a t e l y  (001) o r i e n t a t i o n  

was g r o w n  by m e t a l - o r g a n i c  c h e m ic a l  vapo r  de po s i t i on  on a SrTiO,  ( 0 0 1 )

s u b s t r a t e . -  A n a ta s e  thin f i lms gr o w n  in this method  are ep i tax ia l  with t h e  

Sr TiO,  s u b s t r a t e  and have  a latt ice c o n s ta n t  a p p r o x i m a t e l y  equa l  to that o f  

bu lk a n a t a s e . ' -

4.2. A tom ic force m icroscopy

The a to mi c  force  m i c r o s c o p e  (AFM) was a Digital [ n s t r u m e n l s / V e e e o  

with a N a n o s c o p e  I? Il l  A c o n t r o l l e r  and  a m u l t i m o d e  base.  S c a n n i n g  in t h e

air was do ne  with ta p p i n g  mode wi th  a J or  E sc a n n e r .  The  tips w e r e

U l t r a l e v e r B  (Park  Sc ien t i f ic  In s t ruments )  s i l i con  tips wi th  force  cons ta n t s  o f  

a p p r o x i m a t e l y  1.9 N/m.
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(a) (001 )

o-J- ( io o )

9.2 A
(b)

9.2 A

5.9 A

i i
A

9 .6 A ^ .

^ ___________
b

(100) surface (001) surface

Figure 4.2. Crystal structure model of rutile and the distances between Ti sites 
on the (100) and (001) surfaces, (a) Crystal structure model of rutile. Large 
gray spheres are oxygen, and small black spheres are titanium, (b) The dis­
tance between Ti sites, that are suitable for the binding of the dye molecules 
with two carboxyl groups, on the (100) and (001) surfaces. Small black dots 
are Ti sites.
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The  A F M  was also operated in e thanol  to image  the adsorbed  dye  on t h e  

c ry s ta l  s u r f a c e  i n  s i t u .  E thanol  was c h o s e n  for the f luid b ec ause  the d y e  

d i ss o l ves  in e t h a n o l ,  and this  so lu t io n  is used for  t r e a t i n g  the a n a ta s e  a n d  

rut i le sa m p le s  to adsorb  the dye.  Fluid i m a g i n g  r e q u i r e s  a special  tip h o l d e r  

to c o n t a i n  the  fluid. The  f luid tip h o l d e r  cons is t s  o f  a small  glass a s s e m b l y  

wi th a wi re c lip to hold an AFM c a n t i l e v e r  s ubs t r a te .  The  glass s u r f a c e  

p ro v i d e s  a f l a t ,  be ve led  in t e r f a c e  so that  the AFM laser  beam may e n t e r  t h e  

fluid w i t h o u t  be ing  d istor ted  by an u n s t a b l e  fluid s u r f a c e . ^  A s c h e m a t i c  o f  

the fluid tip h o l d e r  is sh o w n  in F i gu re  4.3. S c a n n i n g  in a fluid was d o n e

us in g  t a p p i n g  mode  with a J or E s c a n n e r .  The tips were U l t r a l e v e r s ( P a r k  

S c i e n t i f i c  I n s t r u m e n t s )  s i l i con  n i t r i d e  tips wi th force c o n s t a n t s  o f

a p p r o x i m a t e l y  1.0 N/m.

On e  of  the d if f icu lt ies  e n c o u n te re d  du r in g  the  im a g in g  in e th a n o l  w a s  

that  a ir  b ub b le s  are t ra ppe d  near  the  ca n t i le v e r  and i n t e r f e r e  with the l a s e r

b e a m ’s op t ica l  path.  The  b ubb le s  ma ke  it d i f f ic u l t  to get a good  l a s e r  

r e f l e c t i o n  f rom the c a n t i l e v e r  a f te r  f i l l ing the tip h o ld e r  with e t h a n o l .

A l though  the bubbl es  cou ld  be b r o k e n  loose f rom the tip by for c ing  e t h a n o l  

q u i c k l y  t h r o u g h  the l iquid cell ,  this d i s t u r b e d  the  th e rm a l  e q u i l i b r a t i o n  o f  

the cel l ,  and the drif t  o f  the image became  severe.  The  ef fect  o f  thermal  d r i f t  

is es p ec ia l l y  d i s r u p t i v e  at small  scan sizes (i.e. c t p m ) .  S ince  it is n e c e s s a r y  

to image  the adsorp t ion  of  dye  at the smal l  scan sizes,  solving this “air  b u b b l e  

pr o b lem ' '  is an urgent  ob jec t ive  for  the success  o f  this p ro jec t ,  e s p e c ia l l y  f o r  

real t ime  o b se rv a t i o n  of  dye  adso rp t io n .
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Figure 4.3. Schematic of a setup for AFM imaging in a fluid.
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4.3 . Surface tre a tm e n ts  and  m orphologies of c ry sta l su rfaces

M o r p h o l o g i e s  o f  the c rys ta l  su r f a c e s  were i n v e s t i g a t e d  b ef or e  a n d  

a f te r  su r f ace  t r e a t m e n t s  wi th opt ica l  m i c r o s c o p y .  s c a n n i n g  e l e c t r o n  

m ic ro sc o p y ,  and  a tomic  force m ic r o s c o p y .  The  su r f ace  t r e a t m e n t s  a p pl ie d  to

the c rys ta l  su r fa ce s  are: I) phy s i c a l  p o l i s h in g  with co l lo ida l  si l ica.  2 )

chemica l  e tch ing with 5 M NaOH at room temperature,  hot  5 M  NaOH.  and  18 M

H . S O i at room t e m p e r a t u r e .  3) high  t e m p e r a t u r e  a n n e a l i n g  with a f low o f  

o x y g e n .

i) B r a z i l i a n  a n a t a s e  c r y s t a l s

Optical  m i c r o g r a p h s  of  the su r f ace  of  a Braz il ian  a na t a se  c rys t a l  a r e  

s h o w n  in F igure  4.4. The  (101) su r f ace  of  the Braz i l ian  c rys ta l  in d i ca te s  a 

s te p p e d  s t r u c t u r e  (F i gur e  4 .4 .a). The  (001) sur f ace  of  the Braz i l i an  c r y s t a l  

ap pea r s  flat wi tho ut  to pogra ph ic a l  features  (F igure 4.4.b) .  Im pur i t i es  in v o i d  

and  occ lu s ion s  are c learly  seen on both  sur faces.

S c a n n i n g  e le c t r o n  m i c r o g r a p h s  (SEM) of  the B raz i l ia n  c rys ta l  b e f o r e  

s u r f a c e  t r e a t m e n t  were  sh o w n  in F igure  3.4. In orde r  to ob ta in  SEM i m a g e s  

at m a g n i f i c a t i o n s  h i g h e r  than x 2500.  good e le c t r ic a l  c o n ta c t  b e t w e e n  t h e  

c rys ta l  and a samp le  h o l d e r  was c r i t i c a l ,  s ince  c h a r g i n g  o f  the s a m p l e  

sur face  with the e lec t r on  beam s i g n i f i c a n t l y  reduced  the r e s o lu t i o n .  A g o o d  

e lec t r ica l  conta c t  was  fo rm ed wi th  s i lver  epoxy (Tr i cone ) .  The  (101) s u r f a c e  

of  the Braz i l i an  c rys ta l  sho ws  an a n g u l a r  sca le - l ik e  s t r u c t u r e  (F i g u r e  3 .4 .d ) .

On the (001) su r f ace  of  the Braz i l ian  c rys ta l ,  r e c t a n g u l a r  pits are seen at a 

low m a g n i f i c a t i o n  ( F ig u re  3.4.e). and  t a b u l a r  p r o t r u s i o n s  are vi s ib le  a t  

h i g h e r  m a g n i f i c a t i o n s  ( F i g u r e  3 . 4 . f).
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Figure 4.4. Optical micrographs of the surfaces of a  Brazilian anatase crystal, 
(a) The (101) surface. A cantilever is seen a t the right edge, (b) The (001) 
surface.
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0 2.01.0 3.0 pm

Figure 4.5 (a) Atomic force micrograph of the (001) surface of the Brazil 
anatase crystal before treatments, (b) Section analysis of the atomic force 
micrograph.
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A flat t e r raced  surface was found with a tomic  force m i c r o s c o p y  on a n 

u n t r e a t e d  (001) face of  the Braz i l ian  c rys ta l ,  and is sh o w n  in F igure  4 . 5 . a. 

Large  te r ra c es  a p p e a r  as sha rp  lines in the image.  The  sec t ion  ana ly s i s  o f  

the a tomic  force m i c r o g r a p h  (F ig u re  4.5.b)  reveals  that the h e i g h t  

d i f f e r e n c e  b e tw e e n  the h ig h es t  and lowes t  po in ts  on the l ine i s  

a p p r o x i m a t e l y  5 A. c o r r e s p o n d i n g  to one or  two layers of  the a na ta se  u n i t  

cell.  This flat t e r ra ced  su r f ace  was found  by cha n c e ,  h o w e v e r ,  it o r  s i m i l a r  

reg ions  have  not  been loca ted  again.

To r e p r o d u c i b l y  obtain a Hat t e r ra ced  su r f ace  is c ruc i a l  f o r  

i n v e s t i g a t i o n  of  dye a d s o r p t i o n  on the c ry s ta l  sur f ace .  T h e r e f o r e ,  t h e  

natura l  c rys ta l s  were  po l i shed  to reduce  the overa l l  sur fa ce  r o u g h n e s s  p r i o r  

to chemical  e tching.  In order  to pol ish the c rys ta l s ,  the c ry s ta l s  were p o t t e d  

in epoxy,  so the crystal  sur face  was paral lel  to the epoxy sur face  (F ig ur e  4 .6) .  

Ext ra epoxy above  the crystal  sur face was cut  off.  and the c rys ta l  s u r f a c e  w a s  

po l i s hed  wi th  succes s ive ly  sm al le r  gri ts with the final pol ish us ing  c o l l o i d a l  

sil ica.  Po t t ing  the c rys ta l s  also fac i l i t a tes  the im a g in g  of  the c r y s t a l  

su r f a c e s .  p a r t i c u l a r l y  those  with the shapes  and sizes d i f f ic u l t  to  

a c c o m m o d a t e  in the  f luid t ip -h o ld er  and  o-r ing .

Crysla I 

Epoxy

Fig ur e  4 .6 .  Natura l  c rystal  pot ted in epoxy
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AFM im ages  of  the Brazi l ian  c rysta l  a f te r  p o l i s h i n g  are sh ow n  i n 

Figure 4.7. At a large scan s i /e  (F ig ur e  4.7.a>. a wavy fea tur e  is seen,  m a y b e

i n d i c a t i n g  te r r aces .  The  wavy fea ture  w a s n ' t  an a r t i f ac t  s ince the w a v y  

l ines tu r ne d  90  when the scan angle  was c h a n g e d  by 90 ( F ig u re  4 .7.a to b ) .  

How eve r ,  the image  at a sm a l l e r  scan size ( F ig u re  4 . 7 . 0  le v e a l s  that t h e  

te r r a c e s  are not c lear  cut an-.! f u r th e r  su r f ace  t r e a t m e n t s  are n e c e s s a t y  f o r

o b t a i n i n g  flat su r f a c e s .

The  B raz i l ia n  ana ta se  c rys ta l  was t rea t ed  wi th hot  5 M NaOH for 3 

hours.  The  AFM  images  o f  the chemica lly t rea ted Brazi l ian c rystal  are s h o w n

in Figure 4 8. The image  at a small  scan size (F ig ur e  4 . 8 . 0  ind ica te s  that  t h e

c h e m i c a l  e t c h i n g  may have  s h a r p e n e d  the t e r r a c e  edges  by d i s s o l v i n g

s u r fa c e  c o n t a m i n a n t s .  The same sample was also i n v e s t i g a t e d  in e t h a n o l  

with a to m ic  force  m i c ro s c o p y  and show n in F igure  4A>. I m a g i n g  in a f l u i d  

with A F M  potent ia l ly y ields  be t te r  re so lu t io n .  This is b e c a u s e  the c o n d e n s e d  

water  layer,  which  is formed on a sam ple  s u r fa c e  hv the  a d s o t p l i o n  of w a t e r  

va por  f rom the a t m o s p h e r e ,  has less ef fect  in a fluid than in the air. T h i s  

a d v a n t a g e  of  im a g i n g  in a fluid may he seen in F igure  4 .‘> b. s h o w i n g  a 

c le a re r  im age  than obta ined  in the air  (F ig ur e  4.8.b).  H o w e v e r ,  drift  o f  s c a n

spots  d u r in g  thermal  equ i l ib r a t i on  o f  the licptid s e v e r e ly  d i s to r te d  the i m a g e

taken at a smal le r  scan size (500  nml  (Figure  4.9.c).
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Figure 4.7. AFM images of the Brazilian anatase crystal after polishing.
Scan rate: 0.5 Hz for (a), and 1.0 Hz for (b) and (c); set point: 0.92 V; drive 
amplitude: 900 mV; drive frequency: 234 kHz; number of samples per scan: 
512; scan angle: 0° for (a), 90° for (b) and (c).
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Figure 4.8. AFM images of the Brazilian anatase crystal after polishing and 
etching with hot 5 M NaOH for 3 hours. Scan rate: (a) and (b) 1.0 Hz, and 
(c) 0.5 Hz; set point:1.2 V for (a) and (b), and 1.4 V for (c); drive amplitude 
500 mV; drive frequency 373 kHz; number of samples per scan: 512.
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Figure 4.9. AFM images of the Brazil anatase crystal in ethanol. The crystal 
was polished and etched with hot 5 M NaOH for 3 hours. Scan rate: 1.0 Hz; set 
point: 1.2 V for (a) and (b), and 1.1 V for (c); drive amplitude: 500 mV; drive 
frequency: 7.34 kHz; number of samples per scan: 512.
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ii)  N o r w e g i a n  a n d  R u s s i a n  a n a t a s e  c r y s t a l s

An opt ical  mi c ro gr aph  o f  a N orw e g ia n  ana ta se  c rys ta l  c le a r ly  e x h i b i t s  

a s t epp ed  s t r u c t u r e  (F ig u re  4 . l0 .a ) ,  w h ic h  is e x p l a i n e d  wi th a c r y s t a l  

s t r u c t u r e  model  o f  the (101) su r f ace  s h o w n  in F igure  4 . ! 0 . b .  The  s t a i r c a s e  

s t r u c t u r e  is also c le ar ly  seen in s c a n n i n g  e l e c t r o n  m i c r o g r a p h s  of  t h e  

sur face of  the Norwegian  crystal  (Figure 3.4.a & b). AFM ima ges  of  a R u s s i a n  

a n a ta s e  c ry s ta l ,  w h ic h  e x h i b i t e d  the same acute b i p y r a m i d a l  hab it ,  a r e  

s h o w n  befo re  t r e a t m e n t s  (F ig u re  4.11) and a f te r  p o l i s h i n g  with c o l l o i d a l  

s i l ica ( F ig u re  4.12).  Because  o f  the sh ap e  of  the N o r w e g i a n  and R u s s i a n  

c rys ta l s ,  m o u n t i n g  the c ry s t a l s  flat ag a in s t  the s c a n n e r  is very d i f f i c u l t .  

Po t t ing  these  c rys ta l s  in epoxy (F igure  4.6)  and po l i sh ing  wi th  co l lo ida l  s i l i c a  

so lved  this p roble m and grea t ly reduced  the var iat ion o f  sur f ace  h e ig h t  f r o m  

30 nm (Figu re  4.1 l .b)  to 3.0 nm (F ig ur e  4 . l 2 .b )  at 1.3 utn scan size.  No 

c h a n g e s  in sur face  m o rp h o lo g y  o f  the N o r w e g i a n  and Ru ss i an  c ry s ta l s  w e r e  

de tec ted  with AFM  after  the t rea tment  with hot 5 M NaOH for 3 hours.
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(a)

(b)

Figure 4.10. (a) Optical micrograph of a surface of a Norwegian anatase 
crystal, (b) A side view of the (101) surface of anatase crystal created by 
using Crystal Designer software. Small black spheres are titanium, and large 
gray spheres are oxygen.

134

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4.11. AFM images of the Russian anatase crystal without surface 
treatments. Scan rate: 3.0 Hz; set point: 0.32 V; drive amplitude: 477 mV, 
drive frequency 363 kHz; number of samples per scan: 512.
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Figure 4.12. AFM images of the Russian anatase crystal after polishing. Scan 
rate: 1.0 Hz; set point: 0.39 V for (a) and (c), and 0.31 V for (b); drive 
amplitude: 550 mV; drive frequency:426 kHz; number of samples per scan: 512.
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i i i )  S y n t h e t i c  a n a t a s e  th in  f i lm

An AFM ima ge  o f  a sy n t h e t i c  ana ta se  th in f i lm o f  the  (001)  s u r f a c e

sh o w s i s la nds  g r o w t h  in a spec i f ic  d i r ec t io n  (F ig u re  4.13.b) .  At a s m a l l e r

scan  size,  he igh t  v a r i a t i o n  is a p p r o x i m a t e l y  I nm, w h i c h  is about  I un i t  c e l l  

in the c -d i r ec t io n  (F ig u re  4 . 1 3 . 0 .  The  an a ta s e  thin f i lm was a n n e a l e d  at 8 0 0  

C u n d e r  an o x y g e n  flow in o rd e r  to p ro m o te  the f o r m a t i o n  of  t e r r a c e s .

A c c o r d i n g  to a pr iv a te  c o m m u n i c a t i o n ,  this a n a t a s e  thin fi lm will n o t  

un d e r g o  p h a s e  t ra ns i t io n  to rut i le  even  when a n n e a l e d  at 800 'C  b e c a u s e  t h e

SrTiCh s u b s t r a t e  is t e m p l a t i n g  the an a t ase  l a t t i c e . 6 The  e f fec t  o f  t h e  

a n n e a l i n g  on su r f ace  m or p h o lo g y  was not  d e te c te d  wi th AF M.

iv ) Sy n t h e t i c  r u t i l e  s i n g l e  c r y s t a l s  o f  t h e  ( 100) a n d  ( 0 0 1 )  s u r f a c e s

S y n t h e t i c  rut i l e  s ingle  c ry s ta l s  were  i n v e s t i g a t e d  wi th  AFM a s  

re c e i v e d  and  a f te r  a t r e a t m e n t  with hot 5 M NaOH for  1.3 hour s .  The  r u t i l e

c rys ta l  o f  the (001)  s u r f a c e  shows a d i r e c t i o n a l  i s lands  g r o w t h  (F i g u r e  4 .1 4 ) .

that  was also o b s e r v e d  on the (001) su r f ace  o f  the s y n t h e t i c  an a ta s e  f i l m

(Figure  4. l3.b> .  Th e  sur face  of  the rutile crystal  is fair ly sm oo th  with 1.0 n m  

v a r i a t i o n  in h e i g h t  at a scan  size of  I p m  x I p m  e xcep t  the h igh  i s l a n d s

growth .  A F M  images  o f  the (001) surface taken in e thanol  a f ter  the c h e m i c a l

t r ea tm en t  s h o w  pits on the  sur fa ce  (F igu re  4 . l 5 . a  & b). These  pits may h a v e  

been  c re a t e d  by the  c h e m i c a l  e tc h i n g  or  b e c a m e  v is ib le  due to the b e t t e r

r e s o l u t i o n  o f  i m a g i n g  in the fluid.  A s y n t h e t i c  ru t i le  s ing le  c rys t a l  o f  t h e

(100)  s u r f a c e  does not  hav e  any h igh  is lands  g r o w t h  (F ig u re  4.16).  and t h e

su r f a c e  is fair ly sm o o th  wi th a va r i a t i on  in h e i g h t  o f  I nm. The  p a r a l l e l

l ines seen at  a l a rger  scan size (Figure 4 .1 6 . a) are po l i s h ing  marks .  The  ( 1 0 0 )  

su r f a c e  was t r ea te d  wi th ho t  5 M NaO H  for  1.5 hours ,  yet  no im p ro v e m e n t  o f
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Figure 4.13. AFM images of synthetic anatase film of the (001) surface as 
received. Scan rate: 1.0 Hz; set point: 0.86 V for (a), 0.75 V for (b), and 0.84 V 
for (c); number of samples per scan: 512.
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Figure 4.14. AFM imges of synthetic rutile with the (001) face as received. 
Scan rate: 1.0 Hz; set point: 1.2 V; drive amplitude: 600 mV; drive frequency: 
282 kHz; number of samples per scan: 512.
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Figure 4.15. AFM images of synthetic rutile with (001) face in ethanol. The 
crystal was etched with hot 5M NaOH for 1.5 hours. Scan rate: 1.0 Hz; set 
point: 0.76 V for (a), and 0.59 V for (b) and (c); drive amplitude: 1.0 V for (a), 
and 1.2 V for (b) and (c); drive frequency: 9.1 kHz for (a), and 8.9 kHz for (b) 
and (c); number of samples per scan: 512.
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Figure 4.16 AFM images of synthetic rutile with the (100) face as received. 
Scan rate: 1.0 Hz; set point: 1.3V for (a) and (b), and 0.90 V for (c); drive 
amplitude: 700 mV for (a) and (b), and 500 mV for (c); drive frequency: 
282 kHz; number of samples per scan: 512.
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the sur face  m o rp h o lo g y  was de tec ted .  Af te r  the s u r f a c e  t r e a t m e n t  with 18 M 

H:SO,,  AFM images  o f  the ru t i le  c rystal  of  the (100)  su r fa c e  ha ve  n o t  

s u c c e s s f u l l y  been taken .  Af te r  the t r e a tm e n t ,  the a t t r a c t i o n  b e t w e e n  t h e  

s ur fa ce  and the AFM tip b ecam e  so s t r ong  that  e n g a g i n g  the tip to t h e  

sur face  in a s m o o th  m a n n e r  b e c a m e  very d i f f icul t .

4.4. S um m ary  and  d irec tion  for fu tu re  w ork

P o l i s h i n g  the c ry s ta l  s u r fa ce s  with co l lo ida l  s i l i ca g re a t l y  r e d u c e d  t h e  

sur face  r o u g h n e s s .  H o w e v e r ,  no i m p r o v e m e n t  of  the s u r f a c e  m o r p h o l o g i e s  

of  the c rysta l s  was  obse rve d  with the c h em ic a l  t r e a t m e n t  wi th hot  5 M NaOH. 

C h em ic a l  e t c h i n g  of  the po l i s he d  sur faces  with HF is c o n s i d e r e d  to be t h e  

next resor t  to o b t a in  flat t e r r a c e d  sur faces .  HF wi th  N H ,  b u f f e r  fo l lowed b y 

heat t rea tmen t  at 1100 "C has been reported to etch the Sr T iO ,  (100)  s u r f ace  to 

p roduce  u n i t - ce l l  s t e p s . 7 However ,  the an a ta se  c ry s ta l s  sho u ld  not b e  

a n n e a l e d  at t e m p e r a t u r e s  h i g h e r  than 600 C for  long t imes s ince  t h e  

t r an s i t io n  f rom a n a ta s e  phase  to rut i le phase  occurs  a p p r o x i m a t e l y  at 600  C 

for n a n o e r y s t a l l i t e s . x Vet. bulk ana tase  c rys ta l s  may u n d e r g o  a p h a s e  

t r a n s i t i o n  a t  h i g h e r  t e m p e r a t u r e s .

The  s y n t h e t i c  a n a t a se  thin film and rut i le  s in g le  c r y s ta l s  had v e r y  

small  su r f a c e  r o u g h n e s s e s .  I to 5 nm in I p m  scan size.  T he se  sa m p le s  a r e  

p r o m i s i n g  to p ro v id e  flat t e r r a c e d  sur f aces .  Heat  t r e a t m e n t  of  the a n a t a s e  

thin f i lm with ox y g e n  flow may be wor th t ry ing at a h i g h e r  ox y g e n  f low.

So lv in g  the “a i r  b u b b le  p r o b l e m "  for  f luid i m a g i n g  is c r u c i a l  

es p ec ia l ly  for  real t im e  o b s e r v a t i o n  of  the dye a d s o r p t i o n .  By r e a l i z i n g  t h i s  

obse rv a t io n ,  the t ime  sca le  o f  t h e  dye a d s o r p t io n  to the c ry s t a l  su r f a c e ,  s i t e
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s p e c i f ic i t y  of  the ads or p t io n ,  and m o r p h o l o g i c a l  e f fec t s  on the a d s o r p t i o n  

will be u n d e r s to o d .  A more in v o lv ed  t e c h n i q u e ,  in  s i t u  p h o t o - a s s i s t e d  AFM .  

w hi ch  is u nde r  d e v e l o p m e n t  in our  gro up .  will add n a n o s c o p i c  

p h o to e l e c t r o c h e m i c a l  in forma t io n .  T h e  s e t - u p  for  i n  s i t u  p h o t o - a s s i s t e d  AFM  

c ons i s t s  o f  a ch o p p e d  laser  beam (514 nm) .  a lock- in  a m p l i f i e r .  a n d  

e l e c t r i c a l l y  c o n d u c t i v e  AFM tips,  in add i t i on  to the se t-up  for i n  s i t u  AFM.  

The  laser  beam ab so rb ed  by dye a d so rbe d  on a c rys ta l  su r f ace  g e n e r a t e s  

p h o  t o c u r r e n t .  The p h o t o - i n d u c e d  c o m p o n e n t  of  the t u n n e l i n g  c u r r e n t  

b e t w e e n  the tip and the c rys ta l  sur fa ce  is i sola ted by u t i l i z ing  the l o c k - i n  

a m p l i f i e r .  This t e c h n i q u e  will p ro v id e  i m p o r t a n t  i n f o r m a t i o n  o f  

p ho to e le c t r o ch em ic a l  act iv i t ies o f  the dve  a d s o rb e d  at d i f fe rent  s i tes,  and  t h i s  

p ro jec t  wi l l  be comple ted .
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