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standard potential for the redox couple was 0.4 to 0.5 V , i ndependent of the
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face with semiconductors having a high density of surface states with energies
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ap re,,9ion. Ii such a surface controlled system , the Fermi
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leve l of the semiconducto r is pinned at the surface state level . Severa l
solar cells In which c-GaAs shows stable behavior are descrlbed .~~-The cell
p-GaAs/1 (0.25 LI), 1 (0.75 M)/Pt showed an open circuit voltag~’of 0.20 V
and a sh~rt circuit current density of 30 rnA/cm~

L under i rradiat ion with
1.1 mW He-Ne laser . The quantum efficiency at the maximum photocurrent in
this cell was about 95~~
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S&’in I~~ ) i ~l i I C t e I ’ I. l ( ’~ t I l Ie’ . 1  - IWI1,l\ 1(1 1  .iii.l

Phott ’ 1 .‘Ct 1 )CI1CIU I c~i I I I I~ i’~ ’d (Ml I ’ \ j 3 e  ( aA ’ .

in  J\ 1UC01I~ ~ ) l t I t  10115

III — Ron 1 . I an and -\ 11 ei~ - I . I~ I r~I

l~~par~ iicnt I) I (~h iii i

The [ m i  vers i t  v of Iex ; i s  a t  Aii - - ;t in

-\ i i s t  i n , I ’ e x ;i~ ~~~ 12 //
(ABS ’l Ri\ C~ I

i’he elect rochem ica I hchav i ei ’ of s i II~~ Ic er ’ st a I p I \ ‘ p( ’ ( ; I . \ ’ - i~ ~l I ~~~ Is

s&~ II ~t 10115 c O f l t a i i r l n g  ~evcr ;I I redo\ couple ’ . I ~/ I , Fe ( I I  I i ‘ I : ~ ( I I )  . Sn( Ri /

“ 1 1 ( 1 1 )  , l i i  I I I )  / L i I (  I 11) in  th e  dark ;IIhI LItkICl’ i rl’.Id I at  ion i ‘- (
~ ‘~c r i  bed .

S ‘11w ~!‘sc rvat  ion t h a t t lie d i  lereiice in  p~ t e n t  1.1 1 bet wccii t h a t  for  the cn’~ct

ol l I l ( I t lcurreflt and the  St ~u 1d~Ird po t en t  i a I I or t h e  rede .’. cs~up Ic ~~ Is (1 ,4  1

(1 . 5 ‘~ independent o I t lie coi p i e , leads t O  .1 rev i sed mode l Iei ‘~ in i coii~llki ei ,

e le c t  r o l v u  c ---~~l i i t  ion i n t e r l a c e  ~ i t  h ~cTii i i 111d1I. I OI ~ !) I\ i11k ~ ;l 11 i~~I i dells i t \ ’  ( 1 $

SUI~I ,I~ C st  i tes  t~ I th energies  Ic I ft In  t h e  hand ~~I 1T VCf ion . I n  such a - , i i r faee

cent i o l  led svst  (‘In ~Ile Fei.m i l ev e l  t h e  sem i conduct or i s  r i  muie d at  t h e  s l ir

face st . - l t e  l eve l .  Several  so l ar  eel Is  in  w h i c h  p -~~a \ s  sIie~~ ~t a h l e  heh.iv ior

arc described . I’he eel I p ( . I . \ - . , I .. ((1 . ~~~ ~‘ I) , I ( () . 7~ M) - P t  ~-~hei%clI an open

C l  r c ( I l t  vo l t age  01 ~~~. .‘u l \‘ and ‘ I io~~ ci  rci~ i t  cllrr ( ’n t den’-. i t  v ( ‘ I t  3i 1 m-\ ~ l ’in ’

under irr~ ’liation with the ful l  visible (lonqer  than I~ )Q nrn and IP f i i t e i ’ e e fl

output fran a 450 W Xe—lan’l) focused onto tue ~~ ‘It I x’ ,it  I1I \ k’ . Tile quafl t’iiill I t I ‘I ( ‘tiI. ’
~\

.It the max iimnn photocurrent in this cell Was .thout ~~~~~~~~

( l-~id ( ‘II N l st  r .ll ’t 

~~.-‘‘‘ -
.
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I u t  i’o~Itic t ion

Considerable  ~lic cess lia~ been rca I i~~ct1 r ec ent  lv t 
i i i  c e i l v e m t  i i m g

v i s i b l e  I i ght  to  e l e c t r i c i t y  us i ng n tYp e  semicondtmc t~ ’ u I l l - - I - I l  j I lI l t o

e le c t i’ochemnical Pl -~’ I eel I s .  In  pr inc i p l e  , p t \ ‘j x’ sci~i I~. ‘ii ~I i: ~ t e t . sh~ i i I d

he usefu l as photocat bodes in a l’l ~ 
‘ cc 11 . Some P t ‘1 ~‘ 5~ I11 I cot’t di ~ ~

c L- 1 t  ede-~ stud i ed to date , r ~k~S - Cdi’c , 
~ ~~~~~~~~ I i  p (a1’ , scorn t o  ic

s t a b l e  when used .i’. 1 llo t ocatliodes 1 
~~~. 

[In I c r t u n a t c  I , t lie onsot  p h ’ I t  e

poten t i a l  for  the  P1 C react  ion on most p t v i e  e lec t m odes l i e s  R ’~~~ I~ I ’ t

ol t h e  I I I t  b~iii d potent  m a I • , ;nid c lose t o  t 1w st an d a r d  po ten t  i , i l  c I

he redox couple in  the  e Ice t m e l  i t e . l I i  m ~. 11111 1 t t 1k’ open c I rct l i t  I iho t o

\ l  (age el p — t Y p e  semt condu . k t e l  l a ~-.e~l I’H ccl  Ii- . t I  r e l a t  i~~c l v  s m a l l  v a l u e s .

Lii  t h i s  paper w e describe I I ( ’ c l i  ccl on p a-\ ’ . e lec t i’odes . he sI ie i ~

1 .mt the .ILLU I tU IU .‘ t t  ic  tenc I c —  ot t Iw’.e I ’l l.’ c e l l s  a I C  ~t rong I v depeuiden

Oil the red~ x couples present in t lie so l i l t  I Oil and t lie ‘‘ ouie - - t l i i  rd ru t  e’’ I I I

s emiconductor  phvs ics~ is  app l i c . i b i c  t o  ex p la in  t lie presen t r e s u l t s .  I m i

add i t  ien , ice demonst r ate  a p C~i\~. based ‘~o Ia  i ’ c e l l  in  ni I 
- - I . ~‘~~ t c i .  The

‘~h to r t  t i rcu i t (I I1~t Il t Iun v i e l d s  for e l e c t  t ell t ’ l \ \  of t h i s  c c l i  . I l ’ I p I ’ aL F

t i t w i c t ’  shor t -  t enim i I l uin i na t ~Ofl i~ i t  Ii the l~i i l  I i s  i b l e  longer t han

r~ i ( i  urn and I R f i l t e r e d )  ou t pu t I rom a .1 :~t l It \e 1 amp I ocused omi t  I’I t lie photo

L a t l l o d c , the p - ’.~ L\s e lect  rc~Ie I % , l 5  st a b l e .  I ow’ know l ed ge f l u  s represent”

the Ii  r s t  example el a s in g l e  p t ~ pc semi ct ~u i d iic  ‘It bas ed I’I C cel I i n

:iqtIeotIs solut  ion which shoi~ s nea t ’ 1(1 1) : .  sh ot ’ t c i l - cu i t quaii  111111 c i  t I c  i clue

trnde r l ’a m i ’ I v  strong lig ht i n t e n s i t y  u~i t I i  go xl s t a b i  I i t ~~ .

. ‘cper i nme nt  .1 1

‘l’hc ‘ ‘nl i ondimctei ’ ’-~ used am - c p t \  ‘I t ’ ~~~~~~ s i m i : l e  c i ’ s ~. t . i  i s  ‘ I I ’ I t . l  i i ie . l  t 

S ~.___ -~ ‘-5-
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\t  orne rg i c Chemicals  ( l on g  1 sl and • .\ . . 1 . ‘l’he accept or colicemi t 1.1 t b i t  it~ t ”

3x 10 1 Scm
_ 

~~~. ‘rile ohmic cent act I~as obt a i tied h~v e l  oct rop I a t  i ng Au on t he

rear si l l - lace  (which  was 1)01 1 shed Ii  rst u~ it 11 sandpaper and then u~ t t h 0.

i~m altuinna on t e l t )  . .\ copper t~ i m’e was then at  t achod to  the  el ’un i c  cont.lI t

uc i t  hi conduct i ye si  ivei’ epoxy F\ l i t  ed Product s Corp . , Nei~ t a t  eli , Con iuec i c u t )

wlii ch i~.is sul’Ise tuent 1 ~ cot (‘l ed , a long u~ i t  ii I he coppe r i~ i re and t lie s ide s

of ’ the c r v st a  1 , i~ i th  s i l i c o ne  rubber ‘‘ca 1 ant ( Pow Corn il i g Corp . , ~t t ( I  l and .

Mi ch igan )  . The st~i-t iconductor ir~i ter  I a I i.,as then niounted onto  an 5’’ long

ieee of nm d lal te ter  g lass  t imb i mig , i e s i l  I t  I mig i l l  an exposed a rca of P

of 0 .05 a u .  l~efoi’&’ use , the surface  el the  d e c  t i’edt ’ i % . t S  etched t o m ’  10- - 15 seconds

in  c on cem it  rated lL~~l
1 : 30% Il ~O 2 : l l , i )  ( 3 : 1 : 1 )  fo l  loi~e1l 1w ~ ~l R I  for

10 I S  seconds.

A convent i en;t I t hr i ’t- - e l ec t  rode , ~ I T I i ~ le -com~iartj neti t C~ l was used for

the  elec t rochemica 1 mt’asuretncn t s - The elec t rochem i c.i I cc I I  (ye ltn ne ~~ ml . 1

tcli i ch contained the Pt disk Or sem i eonduc t or ucork j u g  e lect  rode was I t t t ed

u’~ i th  a flat 1’s-rex uc i i ld ou% b r  i 11 urn i nat  ion of the sem i cotidiic t or  - Removal ’ I e

a i r —  t ig l i t  Teflon jo i u t  S were used w i t  Ii t he  Pt d i sk em ’ ~em 1 coludLic t or elec t rode

A plat intw foil t, — 4 0  c m )  was used ; t ’ - the coiuitei’  elec t rode and an wI l i c ol ls

saturated calome l t’iectrcxle (SCF) as the i ’eI ’erence elect  rode .

11W cvc 1 ~c Vol  t ailGTiOg I’aJlls i~ t ’i’t’ obt a i l i .’1l t~ I t ii  a l~-~R 1 ‘3  Potent  i ¼ s t a t

PAR I ‘S tlniversa I Prog ranine r and l’AR I ~~) CuII’reli t  t o  \ ol  tage Converter  and

on a t Iousto~ Inst nunent -
~ Mode I .000 \ I m e e e i ’dc U (. -\ust in , l e x a s

In  the solar cell  measurements , ciirren t i i )  and ~o I t  age (V 1 read i ngs i~ci’c

t .iken between the wor 1~ ing elect  i’ode and th e  1 11 , 11  1 inmi coun t ci’ elec t rode

w i t h  t ie externa l power source . ‘l’Iie p t i o t o v t ’ l  t age :111(1 the  l’Ihotoctli’t’eIit

as func t ions  of the l oad res is tance  icc l t ’ measured m~i h a Kem t l f l e v  ~~~‘I I I t ’ I i O ii ,.\
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elec trometer or a custom -built volta ge followe r and a current-to-volta ge

converter.

The lig ht source used in the studs’ of the FEC e f fec t  isas an Or i e l

Corp . 450 W Xe-lamp (Stamford , Connect icut ) .  Experiments designed for

spec i fic wavelengths employed an On e! 7210 gra t i n g  monochromator u % j t h  a

t) run hand pass. A red f i l t e r  (59() urn cut -on)  was used w i t h  t i -ic xenon

lamp . ‘rhe radiant in tens i ty  ‘~,as measured w i t h  an l~G ~ G Model 550 Radio-

meter/Photometer (Sa lem , ~kissachuse tts ) .

Reagent grade chemicals were used w i t  hout fur ther  pun f i  ca t iOn . Al l

solut ions were prepared from t r i p lv  d i St i i  led water  and were deoxvgenated

fo r at least 30 minutes  w i t h  pun t ied i i i  t rogen before each exper uncut

A l l  experiments were carried out w i t h  tile so lui t  ion under in trogen wi thout

st in  r ~ rig .

A Perkin-Elmer 303 atomn i~ ahs orpv 1011 spec t rometer f i t t e d  w i t h  a

s tanda rd  Ga ho l low cat hode operated at  257-1 A was used to determine the

concentration in the solution . Standard s o l u t i o n s  containing Ga~~
i~ere prepared from a stock solution of GaC 13 (2 (R) ppiii Ga~~ ) w i t h  the same

elect r o l v t e  solution as used in the solar ce l l  measurement.

Results

Current—potent ial  helrwior. - Typ ical  voltanune tr i c curves in tile I / I
sy stem are shown in F i gure 1 - As shown i fl  curve I , the dark anod ic current ,

which starts at about 0.28 V vs. SCE , represents the oxidat ion of iodide throug h

the valence hand of p - G aAs ;6 t h i s  reaction competes w i t h  the anodic dissolution .

T u e  rate of oxidation of iodide on p - (~L•\s is  much smal le r  than that at a Pt

electrod e (compare curves I and 3) .  Neg I i g i b i v  small  cathodic currents



—-------- ---‘--—,- — --‘---- -— — --‘ -‘- -- --- SW - - - - -- 5 - -  -5-—~~~~~ - —5--’ ‘-‘ - - - .

~~ ‘ m  e ~‘ 1 ’— .~’ i t  L ’xI t o m  p n ,u \ ’ - i i i  t I m e  5 1 , i m k  ~ t t t \  c 11 , a- - 5 -~~; ’c5 t e d  1 0 1  a 1’ t ‘ rc

~_ i~ 5 ’ i t ai ~i , c .  , ~~i t )m ~‘i i l ’  .i ‘~m a 1 l  5t ~’ii’- i 1 ~ 01 r’ t i i s ’ i t t ’  ~ a m t  t e l  ‘-~~ c ’ 5 -~ t I e . ’. .

1 he s l i t  t .1¼ c ) .  lE e  s ,~~ h~x i i c  i n  ~ei i t  i~.i’. ‘.iI ~~’S 1 i I1 t  t~ i I h emth .uw s\I a’id5 -m

i I ~~ l i i .t  t on , k-cause e e5 I i  en’ - .n e pm ed ~ -~~- I i  ~~~
‘ i n I  ¼ ’ t i s -  cous ins  I

\r cnl ’l tea i~’i~ ~‘i t ‘s~~c m c - a  I t  i - - 1 h i  I I is-  m ~~~ I i on ‘a ’, e ot i ~‘d i nc

on p tIa \ ‘. 1 im  i t  ~o b~ t is’ ci c c l i  on domi ’ - m t ~ . i t  t is -  ‘ ‘at I , ~ c 01 p a

‘ l o s  t 1 5 x (e~ r t t E ’ i  tha n tis- ~‘ ‘ t ’~ i~ I L  1 5 1  - 1 11¼15 ’ S 0fl’~ ( , l U I  I ‘n a . t t  ~ea

.1 5 it h od  t~ ptio i 0,. U I  i s ’I I t  a’u~it ’ i15  m ms~ at d .~~ - \ ‘, -
~ ~~ ~_ . uUt e — 1 

~~
— ‘ ~‘l ’- -~’l \ cc

he ‘ ~~~ \~. t~ le~ i ’c~,h . l ls- i’lis ’~ ~~~~~~ i 5 - nI d i i i  i i i c  . i  1 - 0 1  e m i t  1.1 1 ‘-Ss ’ ’ O 111

uui’~t ti re d ‘~o 1ut ten m e , ichc~i a rs i ~ i ; i s~
- , i~ , t ls si ~ ~~~, 

- \ ‘.,~~~ ‘i i ’e i  em 0 d5s

Cs’ d ’~ e ,i ’—c i l l  t h e  i t  hod i - . j ’he l ~\ i t  l i ¼ ’ ’ l ~~~~ i~ l ’ 0 1 ¼ 1 1 1  i i  ‘ ‘ , i I  l t c  c ’ ‘ 
- ~ ,

‘ \

~ a~ I i  i b i i t~~~! t o  “1, O~ 5 I t  . tm i ’ .i ci em I ‘~ I s  • -- i mi ~ e t an he c i  ~ m i ~~,i t cd  I”

t I~:em ~‘mt ’  ‘~t I i i  trig ot I he ‘- oliu t ton  -~~‘c am \ s ’ ’ - 
- , i  ~~~~~~~~~~~~~ . \~- t  e I ho he

tot t r i  i o d id e  i_ I - ‘i i e~i i i 5  I toe .  I m~~’ - .11 :-o l e ; ’I  t a t ’ . ne’- t I i \ c  ~~~

t h e  I’~~t ’11t t , i i  ‘ t e l ’  I S .’ 1 5 \ t i i 5  I l O l l  s ’t  ~Sl  Pt C h’5 t t~ x t ~’’’ . I i  - ‘ . ‘0~ ~‘l l t  - i i

di t t o t  cm’.., c m e;’ m 5 ’ - -c~i I -
~ .s ’ S s il t  c m  ‘~ t e n  ot ~ I 10 c ~~~ s , t  ~~~ s 1 , t Ofl

I is- i ~ 5 1 1 1  (~~ 05 } I , i ,5 l  e. I tO’ ~‘nc ‘1 5\ l i S  -— l i _ i l  -~ I I S O  I ‘ 0 c51 ~ m l 0

.t mi~l ~ I , i t  111111 1 (‘ ¼ S ’ S I i s \ 1 s ’~~ I l l  , l f l  I — -o l~~I I cii S~ ls~ ’ I Ic ‘‘Ii5 ’i~ In ~:i~ s ( i i i i I t

c i t  i~~ i emi ~ ‘ , H i t s  t ’ ~ t t i de5 ’51 ol’’~e m \  e~i ams I i., i I he i I Iut ’ —I i at  5 -d 1’’ l’ s ’ I ~‘‘-n I —~

- I I he ‘-~‘la t s c i I dc” 5 t i  IS. ’d he I 55¼

In  I he .it ’’— e m t 5  c 01 1 • t he c.i h5\. i s  lS’ I 0,. a m en I ~~ s ’s I ,e. ’c ’ ’ 1 ¼ ’ l l s ’ ’.~ ~~ t O  1

-~‘ m.m i i  t a I ite~’ ~ t m a e  I ”  - I ‘~ s ’t1 I l l  t t i l ’ - is I ~c ‘5C~l I I l l  1 - ’ , l t ’ ” s ’l \ s 5 ’ ¼ ’ I . ¼

-‘ l~ iii I i 5 a i l t  1 l \ s t i s ’s eit  et ~‘lttt ton isa- . ~‘lll \ e.’”’- i  \ ~~ .i t  p~’ I c i i t  ~.tl . sS’ l i t ’  ci

0. \ t s , l-’& 1 - l e . i i ’ lv  . t is’ t ’h5 ’I  01 ~\i i i ~ ¶ tO l l  0 1 I O 1 ’ ’ s ’ t t ’” c ‘ ~~ 1 s i t  ii

tis - ‘~~ lt’ os~eit I s ’iU , i t  ion . I i  WI I s’  i s i t ~~; - - 1115  t~~m t  ~
‘ pm 5 ’d i~ Ie~I 5~~ l \ ci ~

in  I i i  ~ “ odmuim ~~ ( I i~~~ . .‘I  . 11 1 0,115 1551 i s  ~‘i i 0 l  ~~~ i 5 a  • \  j ’¼ ”.” t H e  I’\ ~‘ti ~’I~’

‘ t ’1is ’Li ~ 0,( (‘~~ t ’s t l O l l ”  - 1h5 ’ l , i ~ k ot t c O I l S  l O l l  01 0 5 ’155’l the’s’ onc i

~ h a t  t h e  ~~~~~~~ ., bo~- ’. r io t  ! i , i \  e !c ~‘r ’ i  I - - 1st 1 ,is l e t  t ’ ’I i s  ~‘t  ‘ ‘  

-~~~~~- - - ~~~ -- _ _ _ _ _  
____________



5- -. -~~ 
5-- -

~~~~ - 5 - -

t1\ 0 t s ’Ceil overpotent  t , il ’’ ~‘U t’ t  ace- - , t h e  i’Iiot~
i-edue I ion ot I -cl c i  i i  s t  lie u

LOU~~ I ~~~~ at  F ( ; 1\ s  WOi ’~’ - t I I’S ’ I i l l  (‘‘-I i s , i  i s  sI  ~, ‘~t h I  e I ) Is i ft , i I I  c i  I h5 ’ i~ ’.I, ’\

L o L t p  Ics , .511 OX RI i .‘ed t o  m u m -  • e~ ce~ ‘1 1 a I c  ( I I I  1 - 5 5 ’iii ~s- Ic \ s s ~l I Is I I - - 1 s t  Oi l ’-

1 0 1  P h ot os~s,’liei ’a t c~l c l e~ i i s ’ii~ Oil F - ~~. L - \ 5 .  tO- ‘-hs ss t i  i i i  I i~ u t i ’e • c~ cmi is ’i’~ v i

V io1o ~ cii hept~ l V i s ’I0 ~ eii ’ , irid I u~ II ) I H I ) , s l i i c l i  k u  e T1K ~1’e i i s ’~~, I  l v s ’

s t , tu id , t i ’ s,l i s , ’sls ’’s ps ’t ~’ i i t t a l  1~. l \ i ’ - . \. U )  t i i a m ~ t h a i ot I I .  I t ’ ( i ’ . s ’ \ i s .

\1I) a t  p11 ~~ i c  , u l ’ I e  to cs ’ i q s - t  e I a  i i  I s e l l  t s i  Ii i s ’ I’’ s ! m s ’~:s ’n ci s ’ I i i  i s ’i i .

( l i e  v t m i s ~ ~j ’t ) - d i  —~c (p n , L \ - -~ t ’ I s ’ s II \~~ sn i T ’ ’ i ’ i l t  c~i I n )  I I  I ~~i, l I t  I ’’~ S -

e.g - -I s’s -J t 1st . t  I ;~~~‘~~ t I di l ’ , 01 Is- . - I ~~I i 5  ; ‘l lcl  C5 l i i  i c n  I I din’ I s ’

lie pli e t e m - e5ht c t ion o I I ut I I I  I . I i i  he s’I t ” t ’ ci  I iej ’ 1 s ’t  0 t lC i l . .1 1 I 1 ’ ~ s ’

ill -0l tEl 0 • I i 0 l e t  , he 1’ I vi m e l  ~~~~~ I ’ (~~i s  ‘i- i t  J( ’ O i l  he ~~ ‘~~ ‘~~~ i t  5’d on li e I’ -

i im i 5 l e r  I lu u n i n ;t t  i on  by . i m ’ p l v  i ill: ,i ps I e at  t a  I ~ t ’ c i i t  -0 .  -
- 

- \ \~~— . ST on I I c

P - , j ’~~I e l c c t t ’ ~xk’ . \ ‘i ’ ltc.t t i 0 i i~ ot  t h e  p 
( ‘,.L \ S I  l I \  11 I ‘.\ st e lu  t o  e 5 ’ s, I t s ’

.,‘liu -om ic dot- icc ’  , t m s i  u~’c !ia i : s ’ . i ) -  Ic ‘~~~‘ l i i  cm ’ i  i I ~ s i I I is ’ ~I t ‘~c 1 l ’ , S I s ’ s i  s, ’ I  - -~‘sls ’i~’ -

lii ~’ ‘ s~~5 t V i s ~ t ’ 01 “ s ’ \ c i . t l  otlw’ i ’ ‘— I  ‘— lo tu s ~~ ~
‘ d, i \— i - . i i  l u s t  t a t e ~! 111 l h t,:umis

File I 01 t alI tI l le l I i~ sI,i t , t  ‘‘al lis, t m  ed i t t  L iE  Ic I ‘ ‘ l i s ’u~ I I I , I I  I Is ’ 0111— C t

1’ s ’ t O l i t  i l l s  I O I  t h e  l~1 (  t e L  I t e n - - i’~~ - t h e  s t . t i ~ 5 I . t m d  ‘s ’ t C : m t  101 s .  \ ‘\“ , are

ot i l ’  s i t  s,, I i t  lv  ~lepcndeui t on I he uesis ’\ ~ Ol ;  ‘ le ’~ u - -ed i i ’  t l i i  s s I  ask \ \ S

- Oh

t o t ’  hi” ms about i~,:~0 \ , is h i ~ j~ ~ ls ~~ ’ t o  d m 0  t h i  m d  of t h e  h, 115( ~:ap

of ~~i \ s  ~l .-1 ~‘\
‘) .

~o I a i  c e l l  iIit ’ i s i l m CIII cnt - . s ’ s s ’ i I e t . I t  u s ’ ‘-Ci I l i~ 5 ’~i 5 i i i 5  I O U ‘I  i q u l i s i  i [hls ’ I  10 11

pl ’te ~ o 1 t . t i c  ( 5 0 1 , 11 ° c e l l s  a l e  u , t i ’ 5 i 5 . t t e 5 i  h~ l ’ I’ 5’’~ ‘- t i Is  t h i s ’ ~efl1 l c~’m15 11l5

~‘ltS.’ I 5 ’5i s,’ ,ti’t~l I t  Count  t e n  elec t 1 0,10 i i ’  .1 ‘— 0 t a t  I O il  5 e ~u t i t n i  ~~ ut i ’esis ’\ coup I e

( h i g u i e  :~) 
- (li t Ii I) t ~pe scmR’ o l s u : i 5  t o n s  • i s i i i ch i  ic I a— p i s ’ t o i i s ~ 1c” in the

ccl!’~. th e  i ’ests ’\ cs ’ui p s ie ~o t ten scul s ’s 0 s t , 0 ’  i I i Ls ’ I Is ’ scm’~ i c 5 ’ i 1 5 l a 5 t 5 ’i ’ a -~- l  I n s t

p h ot o  OX Rio t  ion , h u t  lo ,i n i i ~t 1s-r ~‘t  c e l l  ‘ u~ I t l i  I I pe ‘ l t t s , ’ U  n i l  s ( 5 ’ . 5 .  ~~~~

s 1”O ’~ h i , l t O  l’ce ’i de- - s i t Es ’s~ , -~t u i h l e  ~o l I  s si t h i r ‘- ‘c ‘Io ’nl cs , ssIu t o i s

t h e  l oss t r&~lL tChit . Sol III’  c e l l s  isei’~’ t , ‘‘1I1e~I t~ i t  Ii ,i  P - t ~~ \5 t ’t s ’t ocat his \ le  and

L - - - ~~~~~~~~~~~~~~~~~~~~~~~~~ 



-‘-.5- —-‘- -—.-“ -----,-------‘5-,-’,———----.——.— -
~~~~~~

--.‘-

5- - -
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modified by filling the surface states , in this case moving the semi-

conductor Fermi level up to the location of the solution redox couple while

ma intaining band bending between the surf ace and bulk semiconductor . Such

a model can also accoun t for the observed photoejection of electrons from

p-GaAs into liquid aimiionia at potentials considerably negati ve of those

correspond ing to the conduction band edge.

The semiconductors which should exhibit this surface controlled

behavior are those which exhibit s imilar behavior with metal Schottky

barriers , Such studies suggest that surface controlled behavior occurs

in semiconductors of low ionicit y , as represented hr the difference in

electronegativities of the constituents .’4 Thu s GaAs , Si , and InP would

show such behavior . Indeed recen t studies of lnP in acetonitrile 15 and p-Si 16

suggested the importance of surface effects.

Solar cells. - The open circuit photovoltage of the two electrode

photovoltaic cells , V~~, should ideally approach the ~V-va 1uc g iven in

Table I. In most cases however V0~ was significantl y smaller (Table II).

This difference can be ascribed to the dark anodic current which is present

in the potential region for the onset of the photocurrent w i t h  most couples.

The V0~ represents the onset of the modulated or phase sensitive-detected

photocurrent which occurs superimposed on a net d .c .  dark anodic current .

The Voc~value represents the d .c .  photovoltage which w i l l  he at less

positive values. Significantly the \- ‘ 
- 

value for the E u ( l I I ) / E u ( J I )  sy stem ,
1) 1,.

which is well negative of the anodic decomposition current of the GaAs , is

largest. Similar effects have recently been seen I’or p-Ga\s in a

methy l  viologen electroly te (V°= -0.66 V vs. S(~E). For the Sn(IV ’h / S u i ( I l )

couple , the system is slow even at Pt (F i gure 4c) and t h i s  too contributes

to the low operating cell voltage eVc~ at very small currents.

— ~~~~~—- -~~~ - ‘  
-
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ss ’i :i i c o i i s l t i s t o i  i s  about this ’ ~ I t I i i ( ’ l o u  ~ , i s hi , , t ~ s ’\ j scs  15sl t o t  1 : - i i t t a s s ’
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Fi gure Captions

Fi gure 1 \‘oltan~netric curves of Pt and p-GaA s electrodes in 1.0 N HI

solution .

1. Dark cyclic voltanutogram on p-GaAs . Scan rate , 100 mV/sec .

In i t ia l  potential,  s, 0.00 V vs. SCE (with or without added 12 ) .

2.  Current-potential curves under i l l umina t ion  by red li ght on

p-GaAs . Scan rate , 5 mV/sec . Initial potential 0.78 V vs.  SCE . Solution

contained 0. 5 ~i I , . The pliot os’ul’T’el it i~;ts measured hr j )hasC’ — S C f l S i  t ir e  I -

detec tion technique . a .  Soliit  ion IO I S not s t i rred . b . Solitt ion was Stirred .

3. Cyclic voltaiinetrv on P t .  Scan rate , 100 mV/sec . In i t i a l

potential 0.2 8 V vs. SCF . Solu tion contained 0.25 M I ,.

4. Current-poten tial curve under illumination with red light on

p-GaA s in 1.0 N III . Scan rats- , S mV/sec . Initial potential 0.10

V vs . SCE . The photocurrent was measured by phase-sensitive

detection techn ique (is - i thout added I ,)  -

Figure 2 Schematic diagrani of the cnerg~- l evels at the p -GaA s/ electrolyte

interface. F , F , and P denote the conductionc f V

band edge , the Ferm i energy, and the valence hand edge of p-GaA s ,

respec t ivelv.

Figure 3 Voltaninetric curves of Pt and p-GaA s electrodes in variou s

solutions. In i t i a l  potential 0. 110 V vs.  SCL .

a. On p-GaAs , 0.1 N KEr (ph i ~ 6 ) .  Scan rate 100 mV/sec . In

the dark .

h. On p-GaAs, 0.1 N KBr (p11 6). Scan rate 1 (f) mv/sec. In the

Ught .

c-I  . On p-GaA s under i i  i t im in o t ion . (LI  ‘I KBr and 2 s- 10~~ ~‘s) h eptv l  -

viologen~~ (p11 ~ 6) .  Scan rate 100 m\’,’scs- .

_ _ _ _



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~--—~~
-‘-—--- —‘—-— ~~ ‘--__.--- - ‘—--~~~~~~ -

20

c-2. On p-GaAs in the dark right after c- I . 0.1 M KBr and 2x10

M heptyl-v iologen2~ (pi t ~ 6). Scan rate 100 mV (sec.

d. On Pt. 0.1 M KBr and 2x10 2 M hepty l-vio1ogen 2’
~ (pH ~ 6 ) .

Scan rate 100 mV/sec.

e. Current-potential curve under illumination with red light

on p-GaAs in 1.0 M HC 1O 4 containing 0 .20  M Eu2’~
’ (pH 

‘

~~

‘ 0). Scan

rate S mV/sec . The photocurrent was measured by phase -sensitive

detection technique.

f. Current-potential curve under illumination w ith red light

on p- GaAs in 1.0 ~1 HC1O4. The photocurrent was measured by phase-

sensitive detection technique.

Figure 4 Current-potential curves for p-GaAs and Pt electrodes in various

electrolyte solutions.

(a) 0.20 M Fe(III)-EDTA and 0 .20  M Fe(II)-EIfl’A (pH ~ 5).

1. On Pt. Scan rate 100 mV/sec .

2 . On p-GaAs under chopped red ligh t .  Scan rate 10 mV/sec .

3. On p-GaAs in the darl<. Scan rate 100 mV/sec .

(b) 1.0 M H
3
P0
4 

containing 0 . 5 N Fe( I T)  and 0 .5  l’s ? F e ( T I I ) .

4. On Pt. Scan rate 100 mV/sec.

5. On P-GaAs under chopped red light .  Scan rate 10 mV/sec .

6. On p-GaAs in the dark. Scan rate 100 mV/sec .

(c) 1 N i-rb , 0.5 N Sn(II), 0.5 N Sn(TV), and 6.0 M Br.

7. On Pt. Scan rate 100 mV/sec.

8. On p- GaAs under chopped red light . Scan rate 10 m\’/sec .

9. On p-GaAs in the dark . Scan rate 100 mV/sec .

Figure 5 Schematic representation of a regenerat i ve semiconductor/liquid

j unction photovoltaic cel l  conta in ing  a redox couple RI O.
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l i gut’s’ a k~i i i a l1 t iu I I  ‘s - f t  a~’ L s - l icv  V s .  wa ’s’s ’ t s ’ i i g t l i  b r  a p—P ,t\ ’~ I (U. 5 \))

1. ~~~~ Ml, I I ~ ( 1 . 1) ‘Il/Pt ‘I ~ cs - I l  - ~I~’ l m , ’s - l l l s ~ m I , i t  i s t~i i 1  nih - l i- I t ~

- S lni~1’ cm .

I t - i .uig it’s : coz’i’ected t’or so h U t  1 On ~i h l — .ol~~ t 1 5)11 .

( ‘ i r c  I t ’s : i % t t hoti t Corr eCt  i i i g  l s ’ t  ‘—s - ì t i i t  i s - s i t  l i ’ s - l i t tO l l .

Steady state ctii- t’ent den si t~ - Vo l ta~c t’eI;i t ton t o r  a p-~~~L-\ s I -

(0 .~~S ~fl , L ( i l . 2 S  ‘P . II ( 1 . 0  ~i ) , I t  I ’ l l ’ Ce l l .  1t’t’ ~ts h i , t t  ion n , i ~ n t t h

the t u l  1 V t s ii ’ Ic (longe r t hi~U ’s ~11~L I  iu i i an ’s1 a iso I L~ U i l t s ’ red) out put U

:i - I : ~m) \ s ’ l i s ’ l I  l aInI ) t s ’s,’IISs ’ s-I on ’ o the p hi oto c Io c t  t’sxk’. I’lie opt s a  I ‘at ii

(P ms - ’us-~}m t his’ ~~s- ’ h i t  ion i s - , i~~ ; i h i s - s t t t  1 cm -

Fi gur ’s- S l ime ds’pcndencs-’ ot ’ th e  s Ils - t os’ili ’ l ’cl I t s’t ,l I” ~I t \ ~ I (1 ) . 7~~ N ) ,  1

(0.25 N). I I ~ 1 .11 N~ Pt PF ’ s-~e Il. lii ’s- cs-Il ts~ iS l il t !  P m l L t \ i m l f l l l m  “‘l ’~~ m

!~V C s ’ I l l I s’Ct i l I ~ t h i t ’ t~Lig h a lsiasl i cc  isLulCe of P .  The ss- s l u t  j on t, , i c  
- 

‘1

u s - it st i rrcsl . I r r a s l iat  t O l l  ! s- , tS  is- it hi (lie t ’ s~sI i i  ~ht ( P ~
) i) am cut -s-in j ’l s l

a l so  IR Ui Iten’sl) ti’ s~ii a 1 : 0 )  Is  \s- ’ l i U i l l i  I s- ’C i I - s - ’ s - i  ~‘ l t  0 t is - ’ ‘Pot os- i s - C t  l Os -Is ’ . 
—

Ih e  opt i cal  pa th  throug h th is’ ~o hit 1 s ’ T m  i s - : i~ about 1 ciii .
4
’I i ’ ~ i i t ’s ’ l) ‘s-, Iis ’ l ’Li t  I s -  l - ’s’p I’ s - ”~s’ I I t a t  I s - i l l  s i t  t h is ’ s i l l ’ ) ~i s ’C Ii~it’t’ l O t  11 it Ss ’lli l COIlslLtL ’t s’I’,

ss”li it tou t i n t e r f a c e .  1 ’ 
- 

= s’onsk is ’t i on  bans-I s sI’,’,s’, F — = } s ’l~ ’ m~ i s - ’~~c)
5 - I

I ‘s,ilettct ’ band edge sit ’ j ss’m i L ’onshis - t s - ’l \ = ‘- t  a i m s - I t t ’s- i P o t s - l i t  i a I

01 ’ .1 Fs’sIO\ s- x i j i i s’; “ f ~j i  t’iat bansi p o te nt  n i t  oU  a ss ’ m i s - ’ s ’ m m s h t c t s - ’r

el s’s t l ’t~sl& ’ ¶ = CLI i’reiit sls’u’t 5 i t ’ s’

a. Idea I mode 1 .

Vs-ic = ~ iefl-c i 1•CLI it phs t s- ”s ~ It i s -~s ’ s- i f  a ‘i C Cs ’ 1.

Ii . Rec~ nh i nat i ‘s- c lli ’sXlc 1 (CIi rvs ’ s I ~t iisI 2 ts ” t ’ n Si -
, S iii s l -

~ for  p 5~ 1 .

5 .5 .  = SLit ’taCs ’ st a t e s  oi l’s’ds i l i l I ” i  : 1 ?  1011 s s - ’i l t s - ’ l S  I ~i iis - I ci i r t’ ent

potent i~il d i l l - V ’ s-s ntis-Ic 1’ i i  hun m a t  ion w i t  hoi it t’ s ’cs i i’ml ’  I ) 1 t I s ’ll . 2 ansI -I =

s-’ttrrent -potent ia I ctil ’ves ui’sslei- I I I t u i t  i f la t  i out w i t  Ii recsinh i na t ion ; \ ‘OC =

s ij i’s’li - c I r i i  i t  p t iot  si vo It ~i s -~s .

-- - - - -~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Fi gure 9 c s - s l i t  iitsicd)

c . Sir l i t c e  1~iVei ’ cont i o I  lesI lil~sk’ I ( ( ‘i i  t ” s s- ’s 1 - -I  i s - i t ’ ii SC ulisl

S - S for p—SC) . 1 ait sl S = cit 1 t ’ c li t  - Pot eat i~t l  cit l \ s ’s i l l  t i k ’ dark

wi thout  rec~ uli i nat  I s- i l l ; 3 aiisl S = s--u i- i -cu t - I ’s- sit cli t I a I si,1FVCS ituis i s ’  I

i i  l ’smi i an t 1011 i~~l t hout r ecc4nb ina t  i s - ’ i i ;  2 miiisl 0 = cu t ’ t ’ c i it  — p o t e n t  jul

s-iirves in the sha rk wi th recs~nti i na t  i ou ; -1 ansI = Cit i’reti t - J s s - i t  ent  j u l

curves tuisle t i i  hun t nut  on w i t  Ii res--omhi i nat iou : I = sl,i t - t a c c  s t : i t  c

energ ies \ = potent i a I corr esl-sol - IsI i rig t ~ \ Os-’ sip~~ti - s-’ i T s - t i l t

iil’iotovo I t  ;ige is- 1 t ii rs ’cOllll i i i l J t  isi l t ;  \ s - i s-’ = open — c i i’ s - i  l i t  ~ P s - s - t  s- i ’s - e l  t : i ’

w i thout recomh i nu t ion .
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