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PHOTOELECTROCHEMICAL SOLAR CELLS : STABILIZATION OF 
SMALL BAND GAP SEMICONDUCTOR I N  AQUEOUS SOLUTION BY 
SURFACE-ATTACHED ORGANIC CONDUCTING POLYMERa 

ARTHUR J. FRANK 
Photoconversion Research Branch 
Solar  Energy Research I n s t i t u t e  
Golden, CO 80401 

Submitted f o r  p u b l i c a t i o n  August 29, 1981 

Surface-attached po lypy r ro le  f i l m s  have been shown t o  
produce a marked improvement i n  the  s t a b i l i t y  o f  
n-type s ing le -c rys ta l  and p o l y c r y s t a l l i n e  S i  aga ins t  
ox ida t i on  i n  an aqueous e l e c t r o l y t e .  The cu r ren t  pro-  
duc t ion  o f  n-type p o l y c r y s t a l l i n e  S i  coated w i t h  po ly -  
p y r r o l e  de te r io ra tes  less  than 30% dur ing  122 h r  o f  
i r r a d i a t i o n  whereas the  unprotected bare e lec t rode  
stops producing photocurrent  w i t h i n  30 s. The polymer 
p r o t e c t i o n  o f  t h e  n-type s ing le -c rys ta l  S i  i s  s i g n i f i -  
can t l y  l ess  than t h a t  o f  the  p o l y c r y s t a l l i n e  ma te r ia l  
because o f  d i f fe rences  i n  t h e  adhesion o f  t h e  polymer 
f i l m  t o  the  e lec t rode surfaces. The adhesion s t rength  
i s  shown t o  depend on various sur face p roper t i es  o f  S i  
and o ther  e lec t rode mater ia ls .  Moreover, t h e  sur face 
morphology o f  the  e lec t rode a f f e c t s  t h e  topography of 
t he  growing sur face o f  the po lypy r ro le  f i l m .  Require- 
ments are discussed f o r  t he  app l i ca t i ons  o f  organic  
conducting polymers t o  photoel ectrochemi c a l  devices 
u t i l i z e d  f o r  so la r  enerqy conversion. 

aThis work was performed under the  auspices o f  the  O f f i c e  o f  
Basic Energy Sciences, D iv i s ion  o f  Chemical Sciences, U.S. 
Department o f  Energy, under Contract EG-77-C-01-4042. 
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3424 13741 A. J, FRANK 

INTRODUCTION 

Conversion o f  sun l i gh t  t o  e l e c t r i c i t y  and fue l s  i s  an impor- 
t a n t  but long-term opt ion  i n  p rov id ing  fo r  man's f u t u r e  
energy needs. The poss ib le  app l i ca t i on  o f  photoact ive semi- 
conductor electrodes t o  so la r  energy conversion has c o n t r i -  
buted considerable impetus i n  recent years t o  the r a p i d  ad- 
vancement seen i n  the  f i e l d  o f  photoelectrochemistry 
(PEC). There are two p r i n c i p a l  forms o f  PEC c e l l s l .  I n  t h e  
f i r s t  form, o p t i c a l  energy induces a cur ren t  f l o w  t h a t  pro- 
duces a net chemical change i n  the  e l e c t r o l y t e  (AG # 0). 
The e l e c t r o l y t e  product may be stored as a f u e l  o r  represent 
a useful  chemical. I n  the  second form o f  PEC c e l l ,  t he  
electrochemical photovo l ta ic  c e l l  , 1 i g h t  quantum i s  convert-  
ed i n t o  e l e c t r i c a l  energy w i t h  no ne t  chemical change i n  t h e  
e l e c t r o l y t e  ( A G  = 0). 

The focus o f  t h i s  paper i s  d i rec ted  t o  the  electrochem- 
i c a l  photovo l ta ic  c e l l ,  w i t h  only b r i e f  r e f e r r a l  t o  our work 
i n  fue l  production. The inves t i ga t i ons  discussed center on 
the  most serious problem i n  the  app l i ca t i on  o f  semiconduc- 
t o r s  t o  photoelectrochemica7 s o l a r  ce I  Is ;  namely, the  sus- 
c e p t i b i l  i ty o f  narrow-band-gap n-type semiconductor photo- 
anodes t o  ox ida t i ve  degradation. 

Figure 1 shows a t y p i c a l  con f i gu ra t i on  o f  an e l e c t r o -  
chemical photovo l ta ic  c e l l .  The c e l l  cons is ts  o f  a revers- 
i b l e  redox couple C*/C a counter e lec t rode and an n-type 
photoanode. Immersion o f  t he  n-type semiconductor and 
counter e lec t rode i n t o  the  redox e l e c t r o l y t e  r e s u l t s  i n  t h e  
i n t e r f a c i a l  energet ics i l l u s t r a t e d  i n  the f igure .  The d ia -  
gram shows the  chemical p o t e n t i a l  o f  e lec t rons  i n  t h e  semi- 
conductor ( the  Fermi l e v e l )  Ef i n  equ i l i b i rum w i th  the  chem- 
i c a l  p o t e n t i a l  o f  e lec t rons  i n  the so lu t i on  ( the  redox po- 
t e n t i a l ) ,  Eredox. A t  equ i l i b r i um the  conduction band CB and 
valence band VB are bent by up t o  Ef - Eredo . EBG i s  t he  
op t i ca l  band gap of t he  semiconductor. Upon i j l u m i n a t i o n  o f  
the  semiconductor w i t h  band-gap rad ia t ion ,  e lec t rons  are 
promoted from the  valence band t o  the  conduction band, 
c rea t i ng  an electron-hole p a i r  a t  o r  near the  i n te r face .  
Under the in f luence o f  the  e l e c t r i c  f i e l d  i n  the  space- 
charge region, the  holes migrate t o  the  semiconductor-1 i q u i d  
in te r face .  The holes w i l l  ox id i ze  t h e  semiconductor unless 
p roh ib i t ed  thermodynamically , o r  unless scavenged by the  re- 
duced h a l f  o f  the  redox couple C a t  t he  in te r face .  Simul- 
taneously, t he  e lec t rons  are dr iven  i n t o  the  bulk o f  the  
semiconductor, e x i t  a t  the  rear  ohmic contact, f l o w  through 
an external  load, and then are i n j e c t e d  a t  t he  counter e lec-  
t rode - l i qu id  i n t e r f a c e  t o  the  adsorbed ox id ized  h a l f  o f  t h e  
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PHOTOELECTROCHEMICAL SOLAR CELLS [ 137511343 

Phot ter Electrode 

Electrolyte Solution C + h ' - C '  C ' + e - - C  

FIGURE 1 An e lect rochemical  pho tovo l ta i c  c e l l  ( l e f t )  i n  
operat ion t o  conver t  1 i g h t  t o  e l e c t r i c i t y  and t h e  associated 
i n te r face  energet ics  ( r i g h t ) .  

redox couple Ct. The complementary reac t ions  a t  t he  photo- 
anode and the  counter e lec t rode produce no ne t  chemical 
change i n  t h e  l i q u i d  e l e c t r o l y t e ;  i.e., AG = 0, and e l e c t r i -  
c a l  power i s  produced i n  an ex terna l  load  through t h e  photo- 
cu r ren t  and photovoltage as a r e s u l t  o f  the  o p t i c a l  exc i ta -  
t i o n  o f  t h e  semiconductor. 

The open-ci r c u i t  photovoltage produced between t h e  il- 
luminated semiconductor and the  metal e lec t rode i s  equal t o  
t h e  d i f f e rence  between t h e  Fermi l e v e l  o f  t he  semiconductor 
and the  redox p o t e n t i a l  o f  Ct/C. The photocurrent  depends 
on the  o p t i c a l  band gap, t he  quantum e f f i c i e n c y ,  and t h e  
r a d i a t i o n  i n t e n s i t y .  Under s h o r t - c i r c u i t  condi t ions,  t h e  
Fermi l e v e l  o f  t h e  semiconductor and the  redox p o t e n t i a l  o f  
the  redox couple o f  t he  s o l u t i o n  are  equalized and a n e t  
charge f lows du r ing  i l l um ina t ion .  

E f f i c i e n t  conversion o f  1 i g h t  energy t o  e l e c t r i c a l  
power requi res the  op t im iza t i on  o f  the product o f  t he  ex te r -  
na l  photovoltage and photocurrent, a c r i t e r i o n  which i s  sa t -  
i s f i e d  by ma te r ia l s  w i t h  band gaps between 1.0 and 1.6 eV, 
i.e., l i g h t  absorpt ion beginning between 1250 and 750 nm. 

Unfor tunate ly ,  a1 1 known n-type semiconductors w i t h  
band gaps i n  t h i s  energy range are unstable t o  cu r ren t  f l ow  
i n  an aqueous e l e c t r o l y t e  when exposed t o  band gap rad ia -  
t i on .  I n s t a b i l i t y  o f  t h e  semiconductor e n t a i l s  i o n i c  d i s -  
so lu t ion ,  gas evolut ion,  o r  t he  format ion o f  a new phase o f  
the e lec t rode when photogenerated holes reach t h e  surface. 
As a consequence, the  simultaneous achievement o f  e lec t rode 
s t a b i l i t y  t o  o x i d a t i o n  and so la r  energy conversion t o  e lec -  
t r i c i t y  requ i res  the  k i n e t i c s  o f  t he  ox ida t i on  o f  t h e  reduc- 
ed form o f  t he  redox couple t o  s t rong ly  predominate over t h e  
ox ida t i on  o f  t he  semiconductor. 

Our approach t o  the  cor ros ion  problem has i nvo l ved  
coat ing  the  sur face o f  the  semiconductor w i t h  a t h i n  f i l m  o f  
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3444 13761 A. J. FRANK 

an organic conducting polymer t o  prov ide a conducting path- 
way f o r  t h e  removal o f  photogenerated holes from t h e  e l e c -  
t rode sur face before they have an oppor tun i ty  t o  ox id i ze  t h e  
semiconductor. As t he  organic conducting polymer, po lypyr -  
r o l e  was selected. The e lect rochemical  synthes is  o f  t he  
polymer has been developed and charac ter ized  by Diaz and co- 
worker$; t he  r e s u l t i n  polymer e x h i b i t s  c o n d u c t i v i t i e s  be- 
tween 10 and 100 S cm-'f and i s  r e l a t i v e l y  s tab le  t o  chemical 
ox idat ion.  Po lypyr ro le  i s  conducting i n  the  ox id ized  s t a t e  
and nonconducting i n  the  neu t ra l  s ta te .  We have mod i f ied  
the  electrochemical synthes is  o f  po l ypy r ro le  on semiconduc- 
t o r  surfaces t o  a photoelectrochemical technique as desc r i  b- 
ed ea r l i e r3 .  

N-type S i  was se lected as t h e  semiconductor e lect rode,  
p a r t l y  because i t  would be a valuable mater ia l  f o r  an e lec -  
trochemical pho tovo l ta i c  c e l l  i f  cor ros ion  could be prevent- 
ed, and p a r t l y  because t h e  cor ros ion  product S i O x  i s  gener- 
a l l y  water i n s o l u b l e  and i s  an exce l l en t  i nsu la to r .  These 
p a r t i c u l a r  p roper t i es  o f  SiO, are important f o r  t he  i n v e s t i -  
gat ion s ince any cor ros ion  o f  S i  w i l l  be passivated and thus 
d i s s o l u t i o n  o f  t h e  semiconductor sur face beneath t h e  polymer 
f i 1 m cannot occur. 

To moni tor  t he  oxide growth, photocurrent-t ime data 
were co l lec ted ,  The absence o f  s t a b i l i t y  means t h a t  t h e  
photogenerated holes reaching t h e  sur face c o n t r i b u t e  t o  t h e  
ox ida t ion  o f  S i .  The growth o f  the  i n s u l a t i n g  ox ide l a y e r  
i s  observable as a dec l i ne  i n  t h e  photocurrent  w i th  time. A 
reduced photocurrent i s  associated w i t h  a 1 ower tunne l i ng  
p r o b a b i l i t y  through the  oxide. If, on the  o ther  hand, t h e  
polymer i s  e f f e c t i v e  i n  s t a b i l i z i n g  t h e  n-type S i  e lect rode,  
t he  photocurrent would be maintained a t  a constant l e v e l  
w i th  time. 

RESULTS AND DISCUSSIONS 

Po lyc rys ta l l  i n e  n- type S i  

The p o l y c r y s t a l l i n e  n-type S i  (20 t o  30-n-cm r e s i s t i v i t y )  
cons is ted o f  g ra ins  o f  about 1.5 mm x 4 mm and was f a b r i c a t -  
ed i n t o  e lect rodes as described elsewhere3. I n  F igure 2 the  
photocurrent-t ime behavior o f  t h e  naked and t h e  po lypy r ro le -  
coated p o l y c r y s t a l l i n e  n-type S i  i n  aqueous i r o n  s u l f a t e  
s o l u t i o n  a t  pH 1 i s  presented3. The unprotected e lec t rode  
stops producing photocurrent  w i t h i n  one minute, whereas 
p o l y c r y s t a l l  i n e  n-type S i  coated w i t h  po l ypy r ro le  
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30 

1 0  

88 104 120 

FIGURE 2 S h o r t - c i r c u i t  photocurrent  o f  naked (-) and po ly -  
py r ro le  covered ( 0 s . )  p o l y c r y s t a l l i n e  n-type S i  e lec t rodes  
i n  aqueous 0.15 M FeS04, 0.15 M FeNH4(SO )2.12 HPO and 0.1 

mW/cmz. 
M Na2S04 a t  pH 1 under tungsten-halogen i 4 luminat ion  a t  143 

No precaut ion was taken t o  exclude a i r .3  

increases cu r ren t  product ion about 6% f o r  t he  f i r s t  5 hours 
and shows a 30% dec l ine  i n  cu r ren t  output  over t h e  e n t i r e  
122 hours o f  i r r a d i a t i o n .  The f i l m  appeared t o  adhere we l l  
t o  the  e lec t rode surface and exh ib i t ed  no evidence o f  d i s -  
s o l u t i o n  a f t e r  the  t ransmiss ion o f  ca. 3100 C/cm2 a t  a cur -  
ren t  dens i ty  between 6 and 9.2 mA/cm2. The amount o f  charge 
passed a f t e r  f i v e  days was more than l o 5  times t h a t  i nvo l ved  
i n  t h e  photoelectrochemical po lymer iza t ion  o f  t h e  f i l m .  

Photocurrent-vol tage measurements3 o f  the naked and 
polymer-protected n-type p o l y c r y s t a l l  i n e  S i  were cons is ten t  
w i t h  photocurrent-t ime data. The photoanodic cu r ren t  o f  t h e  
bare e lec t rode dropped t o  zero a f t e r  1-2 cyc les f o r  vo l tage 
excursions between 0 and 0.6 V, whereas there  was l i t t l e  
d i f f e rence  between t h e  photocurrents  o f  t h e  f i r s t  and t h e  
f i f t i e t h  scan f o r  the  polymer-protected electrode. 

The nature o f  t he  polymer p r o t e c t i o n  i s  i l l u s t r a t e d  
schemat ica l ly  i n  F igure 3. The p r o t e c t i o n  i s  a t t r i b u t e d  t o  
the  po lypy r ro le  coverage o f  p o t e n t i a l  oxide-forming s i t e s  on 
the  e lec t rode surface. During i l l u m i n a t i o n ,  t he  polymer e f -  
f i c i e n t l y  t ransmi ts  holes generated i n  t h e  semiconductor 
away from the  electrode-polymer i n t e r f a c e  t o  fe r rous  ions 
before ox ida t i on  o f  the  e lec t rode takes place. The choice 
o f  t he  redox couple, the  e l e c t r o l y t e ,  and t h e  pH of the  so- 
l u t i o n  can in f l uence  the  charge- t ransfer  k i n e t i c s .  The re -  
duced h a l f  o f  the  redox couple must compete e f f e c t i v e l y  w i t h  
the  polymer f i l m  for  t h e  photogenerated holes i f  i r r e v e r s -  
i b l e  chemical ox ida t i on  of the f i l m  i t s e l f  i s  t o  be prec lud-  
ed. 
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3 4 6 4  13781 A. J. FRANK 

FIGURE 3 SaJ+utipr+-permeable, conducting po lypy r ro le  f i l m  
con ta in ing  Fe /Fe . Charge t r a n s f e r  can tp,ke place be- 
tween t h e  semiconductor and the  ox id izab le  Fe i ons  w i t h i n  
the  mat r ix  o f  t he  f i l m  and a t  t he  polymer-electrode and 
polymer-so lut ion in te r faces .  

Potential. V VI. SCE 

FIGURE 4 Power c h a r a c t e r i s t i c s  o f  po l ypy r ro l  e-covered 
p o l y c r y s t a l l i n e  n- type S i  e lec t rode i n  aqueous 0.15 M FeS04, 
0.15 M FeNH4(S04)i;*12 H20 and 0.1 M Na2SO a t  pH 1 under 

power was cor rec ted  f o r  absorpt ion due t o  the  e l e c t r o l y t e  
so lu t i on  and i n f r a r e d  absorpt ion (mainly, x < 1200 nm) o f  a 
4-cm-1 engt h water f i 1 t e  r. 

tungsten-halogen luminat ion  a t  24.5 mW/cm 4 . The rad ian t  
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Figure  4 records t h e  power c h a r a c t e r i s t i c s  o f  a 1200-A- 
t h i c k  po l  p y r r o l e  f i l m  coated p o l y c r y s t a l l i n e  n- type S i  
e l e c t r o d e 3  No attempt was made t o  opt imize t h e  c e l l ;  
nevertheless, t h e  power conversion e f f i c i e n c y  was 3% corres-  
ponding t o  a s h o r t - c i r c u i t  cur ren t  o f  3.2 mA/cm2, an 
open-c i rcu i t  vo l tage o f  0.39 V and a f i l l  f a c t o r  o f  0.6 
under tungsten-halogen i l l u m i n a t i o n  a t  24.5 mW/cm2. Presum- 
ab ly  th inne r  f i l m s  and redox couples o f  more p o s i t i v e  poten- 
t i a l  than t h a t  o f  Fe3+/Fezt would produce h igher  photocur- 
ren ts  and photovoltages, respec t ive ly .  Unfor tunate ly ,  t h e  
photocurrent -vo l tage curve under in tense i l l u m i n a t i o n '  shows 
a l oss  o f  f i l l  f a c t o r  and thus e f f i c i e n c y .  

S ing le -c rys ta l  n-type S i  

S ing le -c rys ta l  wafers o f  n-type S i  (100) o f  1 t o  2-n-cm re-  
s i s t i v i t y  were mounted as e lect rodes and etched according t o  
the  procedure described f o r  t he  po lyc rys ta l  l i n e  n-type 
Si3. It can be seen i n  F igure 5 t h a t  po l ypy r ro le  s t a b i l i z e s  
s ing le -c rys ta l  n- type S i  w i t h  respect t o  t h e  bare e lect rode;  
the ex ten t  o f  photocurrent  s t a b i l i t y  i s ,  however, much lower  
f o r  t he  s ing le -c rys ta l  S i  than f o r  t h e  p o l y c r y s t a l l i n e  mate- 
r i a l s  (cf.  F igure  2). The photocurrent  o f  t h e  polymer- 
p ro tec ted  s ing le -c rys ta l  S i  dec l ines cont inuously  whereas no 
signs o f  photocurrent d e t e r i o r a t i o n  are e x h i b i t e d  i n  t h e  
case o f  the p o l y c r y s t a l l i n e  S i  over the  same period. The 
d i f f e rence  i n  photocurrent  s t a b i l i t y  i s  a t t r i b u t e d ,  a t  l e a s t  
i n  pa r t ,  t o  t h e  adhesion s t rength  o f  the  polymer t o  t h e  sub- 
s t r a t e  surface, Adhesion depends on several f ac to rs ,  one of 
which i s  the  roughness o f  t he  subs t ra te  surface. 

second. 

T h e  

FIGURE 5 S h o r t - c i r c u i t  photocurrent  o f  naked (-) and po ly -  
py r ro le  covered (..-) s ing le -c rys ta l  n-type S i  e lec t rodes  i n  
aqueous 0.15 M FeS04, 0.15 M FeNH4(S04) -12 H20 and 0.1 M 

mWfcm9. 
Na SO a t  pH 1 under tungsten-halogen i Z l umina t ion  a t  100 

No precaut ion was taken t o  exclude a i r .  
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Under s i m i l a r  experimental condi t ions,  po l ypy r ro le  f i l m s  
were grown on as-cut s ing le -c rys ta l  and as-grown po lycrys-  
t a l l i n e  S i .  I n  each case, the  polymer p ro tec ted  t h e  sub- 
s t ra tes  against  ox ide  format ion i n  manners s i m i l a r  t o  those 
ind i ca ted  i n  Figures 2 and 5; however,the f i l m  cou ld  be re -  
moved e a s i l y  from t h e  s ing le -c rys ta l  surfaces but no t  t h e  
p o l y c r y s t a l l i n e  surface. Complete d i s r u p t i o n  o f  t he  po ly -  
mer izat ion o f  p y r r o l e  on the  s ing le -c rys ta l  S i  sur face re -  
su l ted  a f t e r  t h e  subs t ra te  was given a rough p o l i s h  w i t h  20- 
pm s i l i c o n  carbide. The p o l y m e r i z a b i l i t y  o f  t he  S i  surface 
was restored, however, a f t e r  i t  was po l i shed w i t h  0.3-pm 
alumina. The e f f e c t  o f  t h e  0.3-pm p o l i s h  i s  be l ieved t o  be 
associated w i t h  more i n t i m a t e  contact  between the  chemical 
species invo lved i n  t h e  po lymer iza t ion  and t h e  sur face atoms 
o f  the S i  substrate. Fur ther  p o l i s h i n g  o f  the  same s ing le -  
c r y s t a l  S i  w i t h  s t i l l  f i n e r  p a r t i c l e s ,  0.05-pm alumina, 
never produced t h e  r e l a t i v e l y  s t rong adhesion observed us ing  
the  as-grown p o l y c r y s t a l l i n e  mater ia l .  

Another f a c t o r  a f f e c t i n g  adhesion may have been t h e  
d i f f e rence  between t h e  sur face morphologies o f  t h e  s i n g l e -  
c r y s t a l  and po lyc rys ta l  1 i ne S i  . The po lyc rys ta l  1 i n e  S i  
e lect rodes empl oyed were composed o f  m i  11 imeter -s i  ze 
grains. Such gra ins  cons is t  o f  var ious s i l i c o n  planes w i t h  
d i f f e r e n t  spacings between the  S i  atoms a1 ong w i t h  dangl ing 
bonds present a t  t he  g ra in  periphery. I n  cont ras t ,  t he  
s ing le -c rys ta l  mater ia l  has on ly  a s i n g l e  plane. The sur -  
face o f  both forms o f  S i  are expected t o  be o v e r l a i d  w i t h  a 
t h i n  (ca. 15 A) ox ide l a y e r  t o  which po lypy r ro le  binds. 
Di f ferences i n  the  o r i e n t a t i o n  o f  the  planes and l a t t i c e  
spacings may a f f e c t  t he  nature o f  t he  ox ide l a y e r  which, i n  
tu rn ,  in f luences  the  i n t e r f a c i a l  chemistry tak ing  p lace dur- 
i n g  polymer izat ion and the  i n t ima te  contact  area between t h e  
polymer f i l m  and t h e  substrate. 

Doped T in  Oxide and Plat inum Elect rodes 

I n  add i t i on  t o  S i ,  po l ypy r ro le  has been grown on antimony- 
doped t i n  ox ide and e f f e c t s  on adhesion due t o  sur face po- 
l a r i t y  have been observed. To remove hydrophobic contami- 
nants, t he  sur face o f  SblSnOp was cleaned w i t h  methanol, 
acetone, 100°C-concentrated H2SO4, and d i s t i l  l e d  water. 
This treatment produces a sur face t h a t  water wets and one t o  
which po lypy r ro le  adheres well .  I n  contrast ,  on the  un- 
t rea ted  hydrophobic SblSnOp surface, water beads and t h e  
polymer f i l m  adheres poor ly .  

The subst rate sur face a f fec ts ,  i n  add i t i on  t o  adhesion, 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
03

 2
1 

Fe
br

ua
ry

 2
01

3 



PHOTOELECTROCHEMICAL SOLAR CELLS [ 138 1]/349 

FIGURE 6 SEM o f  po l ypy r ro le  f i l m s  grown on (a) p la t inum 
and (b) indium t i n  oxide. 

t h e  growth p a t t e r n  o f  t h e  polymer. The polymer morphology 
i s  important i n  determin ing the  ex ten t  o f  p r o t e c t i o n  impar t -  
ed t o  the  semiconductor substrate. I n  F igure 6a, a scanning 
e lec t ron  micrograph reveals  t h a t  t h e  topography o f  t h e  grow- 
i n g  surface o f  a 4000-A-thick f i l m  on p la t inum i s  more com- 
pact  and fea ture less  than i t  i s  on In/Sn02. On In/SnOp 
(F igure 6b), t h e  f i l m  has an uneven sur face o f  h i l l o c k s  re -  
s u l t i n g  from t h e  p re fe r red  growth. The d i f f e rence  i n  mor- 
phology o f  t he  polymer grown on t h e  two subst rates may be 
associated w i t h  v a r i a t i o n s  i n  the  u n i f o r m i t y  o f  the  charge 
dens i ty  across the  e lec t rode surfaces. The sur face o f  
InSn02 i s  i r r e g u l a r ;  these i r r e g u l a r i t i e s  produce l o c a l  
regions o f  d i f f e r e n t  r e s i s t i v i t i e s  t h a t  e x i s t  even under 
constant -current  condi t ions.  Regions o f  h igh-cur ren t  densi- 
t i t e s  produce h igher  ra tes  o f  po lymer iza t ion  than those o f  
low-current dens i t i t es .  The th ickness o f  the  polymer f i l m  
thus var ies nonuniformly over t h e  e lec t rode surface, Such 
morphological change as a func t i on  o f  l o c a l  v a r i a t i o n s  i n  
the  charge dens i ty  i s  cons is ten t  w i t h  the  proposal2 t h a t  t h e  
polymer izat ion o f  p y r r o l e  invo lves  t h e  ox ida t i on  o f  i n d i v i d -  
ua l  monomers and does not  e n t a i l  i o n  or f r ee - rad i ca l  cha in  
processes. 

C r i t e r i a  fo r  Se lec t ion  o f  an Organic Conducting Polymer Ma- 
t e r i a l  f o r  S t a b i l i z a t i o n  

C r i t e r i a  can be formulated f o r  t h e  se lec t i on  o f  a polymer 
coat ing  f o r  a p p l i c a t i o n  i n  the  s t a b i l i z a t i o n  o f  photoac t ive  
semi conductor e lect rodes employed i n  the  photoelectrochem- 
i c a l  conversion o f  so la r  energy. The s p e c i f i c  phys ica l  and 
chemical p roper t i es  requ i red  o f  a polymer depend on the  
nature o f  and t h e  k i n e t i c  mechanism f o r  t he  cor ros ion  o f  t h e  

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
03

 2
1 

Fe
br

ua
ry

 2
01

3 
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semiconductor and on the  complexity o f  the  k i n e t i c s  o f  t he  
redox e l e c t r o l y t e .  I n  general , the  cor ros ion  mechanism o f  
semiconductors i s  complex, i n v o l v i n g  chemical i n t e r a c t i o n  
w i t h  t h e  so l  vent and bond d is rup t ion .  When t h e  photodecom- 
p o s i t i o n  begins, and how r a p i d l y  i t  proceeds, depends on t h e  
compet i t ion o f  o ther  redox reactions. Thus t h e  polymer f i l m  
must conduct t he  photogenerated m i n o r i t i e s  i n  the  semicon- 
ductor  away from t h e  semiconductor-polymer i n t e r f a c e  t o  t h e  
redox species a t  a r a t e  t h a t  g r e a t l y  exceeds the  r a t e  o f  
photodegradati on o f  t h e  semiconductor. 

Rapid charge t ransmiss ion from t h e  semiconductor can be 
achieved through several mechanisms. The l a r g e  sur face area 
o f  the conducting polymer can prov ide an en t rop i c  d r i v i n g  
fo rce  f o r  charge removal from t h e  semiconductor due t o  t h e  
h igh  capacitance o f  the  polymer f i l m .  I n  t h e  case o f  po ly -  
pyr ro le ,  t h i s  i s  an important e f fec t4 .  A l t e r n a t i v e l y ,  e lec -  
t r o n i c  r e c t i f i c a t i o n  a t  t h e  semiconductor-polymer i n t e r f a c e  
can f a c i l i t a t e  charge t ranspor t  away from t h e  semiconduc- 
t o r .  The s p e c i f i c  i n t e r f a c e  energet ics  depends on whether 
o r  not  the  redox e l e c t r o l y t e  can penetrate t h e  polymer f i l m  
t o  the  semiconductor. I f  the  polymer f i l m  i s  permeable t o  
t h e  solvent, as i s  t he  case f o r  po l ypy r ro le  f i l m s  i n  water, 
t he  semiconductor i t s e l f  can r e c t i f y ;  i.e., form a Schottky 
b a r r i e r  w i t h  t h e  redox e l e c t r o l y t e .  When t h e  redox e l e c t r o -  
l y t e  i s ,  t o  a l a rge  measure, excluded from contac t  w i t h  t h e  
semi conductor , r e c t i f i c a t i o n  a t  t h e  semiconductor-polymer 
i n t e r f a c e  depends on the  work func t ions  o f  t h e  two mate- 
r i a l s .  Thus, i n  t h i s  case, a prime cons idera t ion  f o r  se- 
l e c t i n g  a p o t e n t i a l  organic  conducting polymer mater ia l  f o r  
s t a b i l i z a t i o n  i s  t he  r e l a t i o n s h i p  between t h e  work 
func t i on  4 o f  the  polymer P and t h a t  o f  semiconductor sc. 
Rec t i f y i ng  (Schottky) b a r r i e r s  are formed when &:type < 
g/l-tYPe o r  when &type < +n-tYPe. 

To p ro tec t  t he  semic&ductor aga ins t  photocorros ion , 
the polymer must be k i n e t i c a l  l y  i n e r t  and/or more thermody- 
namical ly  s tab le  than both the  semiconductor and t h e  redox 
e l e c t r o l y t e .  Iner tness depends on t h e  composit ion o f  t h e  
redox e l e c t r o l y t e  (so l  vent, redox species , counter- ions , 
etc.). The redox e l e c t r o l y t e  must e f f i c i e n t l y  scavenge t h e  
t ransmi t ted  m i n o r i t y  c a r r i e r  from the  polymer i f  chemical 
corros ion o f  t h e  polymer i t s e l f  i s  t o  be avoided. Disrup- 
t i o n  o f  the e l e c t r o n i c  unsatura t ion  o f  the  polymer through 
chemical reac t ions  w i t h  t h e  so l  vent can produce d e t e r i o r a -  
t i o n  o f  the  e l e c t r i c a l  conduc t i v i t y  and a d imin ished e f f e c -  
t iveness i n  t h e  s t a b i l i z a t i o n  o f  the  semiconductor. Fast 
removal o f  charge from t h e  polymer i s  most l i k e l y  i n  t h e  
case of single-charge t r a n s f e r  t o  redox species i n v o l v i n g  no 
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k i n e t i c  complications. Such charge- t ransfer  reac t ions  have 
h igh r a t e  constants and may proceed f a s t e r  than poss ib le  
chemical transformations o f  the  polymer. This i s  the  case 
f o r  po lypyrro le-coated n-type S i  and aqueous Fe3+/Fe2+. Un- 
fo r tuna te l y ,  most redox reac t ions  i n v o l v i n g  t h e  so l  vent i t- 
s e l f  are complex (e.g., t he  e l e c t r o l y s i s  o f  water) and take  
place through a ser ies  o f  steps t h a t  can be as k i n e t i c a l l y  
slow as may be the  case f o r  t he  cor ros ion  o f  t h e  polymer o r  
o f  t h e  semiconductor i t s e l f .  

The polymer f i l m  must conduct e i t h e r  holes f o r  n- type 
semiconductors o r  e lec t rons  f o r  p-type mater ia ls ;  i.e., t h e  
polymer must possess p-type o r  n-type character, respect ive-  
ly. Since po lypy r ro le  conducts ho les and no t  e lec t rons ,  i t  
i s  most s u i t a b l e  f o r  t h e  p r o t e c t i o n  o f  n-type mater ia ls .  
Other polymers 2 9 5  are ab le  t o  conduct both ho les and e lec -  
t rons  depending on the  chemical environment. The polymer 
must be ab le  t o  conduct h igh  dens i t i es  o f  m i n o r i t y  c a r r i e r s  
induced by in tense s o l a r  l i g h t  w i thout  reducing the  f i l l  
f a c t o r  o f  t he  semiconductor. The sa tu ra t i on  photocurrent  
w i l l  depend on the  e f f i c i e n c y  o f  the  redox species t o  remove 
m i n o r i t y  c a r r i e r s  from t h e  polymer. 

The e x t i n c t i o n  c o e f f i c i e n t  o f  t he  polymer should be 
small over the  spec t ra l  reg ion where the  semiconductor ab- 
sorbs so as not  t o  a t tenuate  the  e x c i t a t i o n  energy o f  t h e  
semiconductor. Since the  ox id ized  s t a t e  o f  po l ypy r ro le  has 
strong, broad absorpt ion bands i n  t h e  near I R  (Emax = 8 
x 104 cm-1, Xmax = 1000 nm) and i n  the  v i s i b l e  (Emax = 5 
x 104 cm-1, Xmax = 400 nm) where S i  absorbs (XBG < 1120 nm), 
t he  photocurrent  i s  a f fec ted  adversely. F i n a l l y ,  as has 
been discussed, the  polymer must have s t rong adhesion i n  
order  t o  s t a b i l  i z e  t h e  semiconductor. 

I n  summary, the  requ i red  phys ica l  and chemical proper- 
t i e s  o f  a p o t e n t i a l l y  e f f i c i e n t  conducting polymer f o r  s t a -  
b i l i z i n g  photoelectrochemical s o l a r  energy devices inc lude:  

(1) h igh  conduc t i v i t y ;  
(2 )  h igh r e c t i f i c a t i o n  a t  polymer-semiconductor i n te r face ;  
(3 )  good e l e c t r o n i c  t ranspor t  a t  h igh  so la r  l i g h t  i n t e n -  

s i t  i es (80- 140 mW/cm2) ; 
(4)  h igh transparency t o  s o l a r  l i g h t  where semiconductor ab- 

sorbs; 
(5)  s t rong adhesion t o  semiconductor; and 
(6) long-term chemical and e l e c t r i c a l  s t a b i l i t y  a t  opera t ing  

t empe r a t u  res  . 
I n  a d d i t i o n  t o  these proper t ies ,  there  are economic 

cons t ra in t s  f o r  t he  a p p l i c a t i o n  o f  a p o t e n t i a l l y  e f f i c i e n t  
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organic conducting polymer t o  a PEC c e l l .  The economic con- 
s idera t ions  are t h a t  the  mater ia l  be inexpensive, r e a d i l y  
ava i l ab le  and e a s i l y  f ab r i ca ted  i n t o  t h e  device. 

CONCLUSION 

I n  conclusion, po l ypy r ro le  f i l m s  produce a marked improve- 
ment i n  the  s t a b i l i t y  o f  n-type S i  against  photoanodic c o r -  
ros ion  i n  an aqueous e l e c t r o l y t e .  The polymer e x h i b i t s  good 
adhesion t o  p o l y c r y s t a l l i n e  n-type S i .  The adhesion o f  t h e  
polymer t o  s ing le -c rys ta l  n-type Si i s  not  as good, although 
t h i s  s i t u a t i o n  may be remedied by sur face treatment tech-  
niques697. Other e lec t rode ma te r ia l s  are being examined 
w i t h  po l ypy r ro le  f i l m s  t h a t  are s u i t a b l e  f o r  energy s t o r -  
age. The r e s u l t s  o f  these studies899 appear very promising 
f o r  t he  p o t e n t i a l  a p p l i c a t i o n  o f  organic  conducting polymers 
t o  photoelectrochemi ca l  devices f o r  s o l a r  energy conversion. 
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