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10, which again supports the second conclusion. At 
concentrations above 8M, k2 is independent of poten- 
tial, probably because of the need for a preferential 
orientation of oxygen leading to the formation of H202. 

5. The decrease in reaction rates at higher concen- 
trations can be attributed to four causes: lower oxygen 
solubility, lower proton activity, increased specific ad- 
sorption of anions, and a thicker double layer. Com- 
plementary experiments that yielded the concentration 
dependence of the potential of zero charge on mercury 
support the view that specific adsorption of anions is 
quite strong. 

6. Minima in the plots of i/co2 and of kl vs. concen- 
tration at a fixed potential illustrate the effects of 
differential solvation between electrode and reaction 
species on oxygen reduction kinetics. Similar phenom- 
ena have been observed for other reactions in mixed 
solvents. 
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Semiconductor Electrodes 
LIV. Effect of Redox Couple, Doping level, and Metal Type on the Electrochemical and 

Photoelectrochemical Behavior of Silicide-Coated n-Type Silicon Photoelectrodes 

Fu-Ren F. Fan, Theresa Varco Shea, and Allen J. Bard* 
Department of Chemistry, The University of Texas at Austin, Austin, Texas 78712 

ABSTRACT 

The surface potentials of silicide-coated n-type silicon photoelectrodes as functions of the potential of solution redox 
couples and the bias potential show that the Fermi level of these photoelectrodes is strongly pinned at the silicide/Si inter- 
face. The built-in potential barrier is consistent with the constancy in the photovoltage observed in solutions containing 
various reversible couples with redox potentials spanning a range larger than the bandgap of silicon. The performance of 
these photoelectrodes depends strongly on the metal, the charge transfer kinetics at the silicide/solution interface, and the 
doping density of silicon substrate. 

One approach to stabilizing small bandgap semicon- 
ductors against photocorrosion in photoelectrochemical 
(PEC) cells involves the utilization of a thin noble 
metal overlayer (1). We have recently demonstrated 
that noble metal silicide-coated n-Si electrodes and 
suitably modified forms (e.g., with RuO2) can photo- 
generate highly oxidizing species, such as chlorine and 
oxygen, with durable photoelectrochemical perform- 
ance in aqueous solutions (2). In the previous work, 
we proposed that the photovoltage arises at the Si/ 
silicide junction, based on preliminary studies with 
a few redox species in solution, and suggested several 
factors which contribute to the high stability and good 
performance of these photoelectrodes. However, funda- 
mental investigations of the interfacial energetics and 
the effect of the charge transfer kinetics at the silicide/ 
solution interface on the PEC performance were not 
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reported. In this paper, we examine the surface po- 
tential of these photoelectrodes as functions of the po- 
tential of solution redox couples and the bias potential. 
We also demonstrate that the performance of these sili- 
cide-coated n-Si electrodes depends strongly upon the 
metal, the charge transfer kinetics at the (silicide/solu- 
tion) interface, and the doping level of silicon sub- 
strate. Additionally, we confirm that constant photo- 
potentials are observed on these electrodes for solution 
couples with redox potentials spanning a range from 
--0.67 to -bl.lV vs. SCE, which is larger than the 
bandgap of silicon. 

Experimental 
Silicon substrates for silicide growth were n-Si(100) 

(0.02-2.5 2-cm) single crystals donated by Texas In- 
struments and n-Si (~1 12-cm) polycrystals donated 
by Dr. R. Noufi. Silicides were prepared by procedures 
reported previously (2). The detailed procedures for 
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prepa r ing  the ohmic contacts  and mount ing  and seal ing 
the electrodes were  also s imi la r  to those p rev ious ly  re -  
por ted  (3). The exposed area  of the photoelect rodes  
ranged  f rom 0.1-0.3 cm 2. The l ight  source, if not  o the r -  
wise ment ioned,  was a tungs ten-ha logen  l amp  fitted 
wi th  a 13 cm- th ick  wa te r  fi l ter wi th  an in tens i ty  of 65 
m W / c m  e. The vo l t ammet r i c  exper imen t s  were  pe r -  
fo rmed wi th  the same appara tus  and by  procedures  
p rev ious ly  described.  Reagent  g rade  chemicals  were  
used wi thout  fu r the r  purification.  Al l  solutions were  
p repa red  f rom t r ip ly  dis t i l led water .  Al l  exper imen t s  
were  car r ied  out  wi th  the solut ion under  a n i t ro -  
gen a tmosphere .  The e lec t rode  a r r angemen t  used in the 
measuremen t  of surface  potent ia l  is i l lus t ra ted  in Fig. 
1. Fo r  e lectrodes used in surface poten t ia l  measu re -  
ments,  a th icker  P t  ove r l aye r  was deposi ted on the 
si l icide l aye r  to lower  the sheet  res is tance to <100~. 
A s i lver  contact  was made  to a por t ion of si l icide 
over layer .  This Ag  l aye r  was sealed,  as was the back  
ohmic contact,  wi th  insula t ing silicone rubber .  S t rong 
rec t i fy ing  behav ior  in the  cur ren t -vo l t age  curve was 
observed be tween  these two contacts  indica t ing  the 
absence of shor ts  be tween  the two meta l  layers .  

Results and Discussion 
Surface potential of Pt-silicide-coated n-Si electrode. 

- - T h e  sur face  poten t ia l  (be tween  P tS i  and SCE) ,  Vs, 
of n - S i ( P t )  e lect rode at  open circuit  was the  same as 
the  redox  poten t ia l  of the  solution,  V o', as measured  by  
an independen t  P t  e lect rode (see Fig. 2); this demon-  
s t ra tes  tha t  the  si l icide l aye r  was in equ i l ib r ium wi th  
the  solut ion redox  couples. 

In  a solut ion containing suppor t ing  e lec t ro ly te  (0.5M 
Na2SO4, p H  5) only,  no apprec iab le  background  cur -  
ren t  was observed at  a P t  e lect rode over  the  poten t ia l  
range  --0.6 to 0.6V vs. SCE and Vs, as shown in curve a 
of  Fig. 3, was essent ia l ly  equal  to the  appl ied  po ten t ia l  
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Fig. 2. Surface potential (Vs) and rest potential (VZnGa) of n- 
Si(Pt) electrode vs. potential of redox couples (V ~ in 1M KCI. 
a: Fe-EDTA - / 2 - .  b: Fe(CN)6 3 - / 4 - .  c: I - / 1 8 - .  d: Fe 2+/z+. e: 
Fe(o.phenanthroline)~2 +/3 +. 
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Fig. 1. The setup and the electrode configuration used in the 
measurement of surface potential of n-Si(Pt) electrode. V is the 
high impedance voltmeter censlsting of a FET operational ampli- 
fier (Type NE 536T) in a voltage follower made with an input im- 
pedance > 108~. 

Fig. 3. Surface potential of n-Si(Pt) vs. applied potential in 0.5M 
Na2SO4 (curve a) and in 0.5M Na2SO4, 0.SM K4Fe(CN)6, and 
0.SM K3Fe(CN)e (curve b). 

Va (where  Va is the  poten t ia l  be tween  the  ohmic con- 
tact  to Si  and SCE).  Since Vs represents  the  change of 
the  potent ia l  drop be tween  P tS i  and solution, the  re -  
sults imp ly  that  the  appl ied  vol tage  is a lmost  com-  
p le te ly  absorbed  by  changes of potent ia l  across the  
Helmhol tz  double  l aye r  (if  the potent ia l  drop across the  
diffuse double  l aye r  and at  the  ohmic contact  is ne -  
g lec ted) .  (see Scheme I ) .  

When  equ imolar  (0.5M) amounts  of F e ( C N ) e  s -  and 
F e ( C N ) e  4 -  were  added  to the  solution, the  rest  po ten-  
t ia l  of the  n - S i ( P t )  e lect rodes  was 0.25V vs. SCE, 
which is equal  to formal  potent ia l ,  V o', of the  
Fe (CN )6  ~ - / 4 -  couple. In  the  dark,  a smal l  anodie cur-  
ren t  was observed  when an anodic potent ia l  scan (Fig.  
4, curve c) was appl ied  to the  n - S i ( P t )  e lec t rode  
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Scheme I. A, top: in terms of interfacial energetics, neglecting 

the potential drop across the diffuse double layer and at the 
~redox 

ohmic contact. AVI = AVH = Va - -  - - ;  band-bending un- 
e 

changed. B, bottom: in terms of distribution of Va (vs. reference 
electrode) in the system. Dotted line: no external bias. Solid line: 
with external bias. 

through the InGa ohmic contact. The potent ial  scan 
generates a peak current  at about  --0.38V vs. SCE at a 
scan rate o~ 100 mV/s  due to mass t ransport  l imitat ions 
(Fig. 4c). The voltammetric  curve of PtSi  was obtained 
by applying a potential  scan through the front Ag con- 
tact to the PtSi. As shown in curve a o~ Fig. 4, both 
anodic and cathodic currents were mass-transLer l im-  
ited. 

The current -vol tage  curve of the n - S i / P t S i  diode 
(current  flow and voltage, VD, between InGa  to Si and 
Ag contact to PtSi)  is shown in curve b of Fig. 4. In  
the reverse bias (anodic bias) direction, the current  
was essentially the same as that  in curve c and was 
much smaller  than the anodic current  (shown on curve 
a of Fig. 4) taking place on PtSi. In  the forward bias 
direction, before mass- t ransfer  l imitat ion took over, 
the diode current  was smaller  than the cathodic cur-  
rent  (shown on curve a of Fig. 4) on PtSi  and was 
near ly  equal to the real current  flow through the 
n - S i ( P t )  electrode (shown on curve c of Fig. 4). 

The system can thus be modeled as the Si-PtSi  diode 
in series with the PtSi /solut ion interface. At a g i v e n  
current,  Va is given by the sum of VD and Vs plus any 
in terna l  iR drops. As shown in curve b of Fig. 3, in the 
presence of equimolar  Fe (CN) 63- and Fe (CN) 64-, Vs 
was essentially fixed at Vo' of the Fe (CN)68-/4-  couple 
when Va was positive of Vo'. When Va was negative of 
the potential  at which mass- t ransfer  l imitat ion or the  
elect ron- t ransfer  kinetics on PtSi  becomes important ,  
the change of Vs was equal to the change of Va. If we 
assume that the potent ial  drop across the diffuse double 
layer  and at the ohmic contact is negligible, we can 
calculate the dis tr ibut ion of the applied voltage into 
the change of band  bending,  AVb, (which is equivalent  
to the drop across the diode, VD), and the change of 
potential  drop across Helmholtz double layer, AVH; this 
is plotted in Fig. 5. As shown in this figure, AVH ~ 0.0V 
when Va is positive of Vo', indicat ing that  the applied 
voltage is ma in ly  absorbed inside the semiconductor.  

(§ 

I' V a 

= l 
InGa//n-Si / PtSi /Soln SCE 

f 

O.5mA a / 

~' C/ 

V 
- 0 ; 4  

Fig. 4. a: voltammetric curve on PtSi (through Ag contact), b: 
current-voltage curve of the n-Si/PtSi diode, c: voltammetric curve 
on n~Si/PtSi (through InGa contact). Scan rate: 100 mV/s and in 
0.SM Na2SO4, 0.5M K~Fe(CN)6, and 0.SM K4Fe(CN)e. pH 5. 
Exposed PtSi electrode area < 0.1 cm 2. 

When Va is negative of Vo', the applied voltage dis- 
tributes both in AVE and AVb (Scheme II); AVD ap- 
proaches a maximum at a potential near the potential 
at which the peak current through the system was ob- 
served. Then AVH increases and AVB decreases steadily 
because of mass-transfer limitations to the current. 

Interyacial energetics.--We have carried out cyclic 
vol tammetry  for a var ie ty  of redox couples with Vredox 
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Fig. 5. The change of band-bending, AVb, and the change of 
potential drop across Helmholtz double layer, /WH, as functions of 
the applied potential, Va. Scan rate: 100 mV/s and in 0.5M Na~S04, 
0.$M KaFe(CN)6, and 0.SM IQFe(CN)6. pH 5. 
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values  spanning  a range tha t  is wider  than  the bandgap  
of si l icon in aqueous solut ion (see Scheme I I I ) .  Those 
r edox  couples a l l  show one-e lec t ron  revers ib le  cyclic 
vo l t ammograms  on a P t  e lec t rode  (Fig.  6), so tha t  
possible complicat ions caused by  different  in ter rac ia l  
charge  t r ans fe r  kinet ics  at the  s i l ic ide/solut ion in te r -  
face are  not  impor tant .  As shown in Fig. 6, in the  dark,  
MV 2+ is reduced on an n - S i ( I r )  e lectrode wi th  a ca th-  
odic peak  poten t ia l  (Vpc) of --0.9V vs. SCE. No anodic 
peak  corresponding to the reoxida t ion  of MV + was ob-  
se rved  in the  dark,  because of the  lack of holes in 
n -S i  and the unfavorab le  energet ics  for  e lect ron in-  
jec t ion  f rom solut ion species. Under  i l lumina t ion  wi th  

65 m W / c m  2, MV2+ is r educed  at  more  negat ive  po ten-  
t ia l  wi th  Vpc at  --1.07V and reoxidized wi th  Vpa at  
--1.01V vs. SCE due to the photogenera t ion  of holes. 
Wi th  Vo~ = [Vpa[n-S i ( I r ) ]  --  Vpa(Pt)  I (4, 5), this 
represents  V6c = 0.4V for MV 2+/+' .  S imi la r  resul ts  
were  obta ined for F e ( C N ) 8 8 - / 4 -  and F e ( o - p h e n a n -  
throl ine)  2+/3+. This constancy of Voc for var ious  one-  
e lec t ron  revers ib le  r edox  couples wi th  potent ia ls  be -  
yond the bandedges  of si l icon is consis tent  wi th  our  
previous  resul ts  over  a more  res t r ic ted  range (2) and  
suggests  that  the e lec t ro ly te  solut ion species do not  
in teract  wi th  si l icon subst ra te .  Rather ,  the  in terac t ion  
is wi th  the sil icide over layer  and the in ter rac ia l  en-  
ergetics is domina ted  by  this interact ion.  Apparen t ly ,  
the in ter rac ia l  energet ics  depend  s t rongly  upon the 
coverage of sil icide on sil icon substrate .  Elect ron spec-  
troscopic (AES and XPS)  ana lyses  (2, 8) show tha t  
most  of the  si l icide l aye r  w e  p repa red  were  r icher  in 
silicon than  in metal .  Even under  those conditions,  
n - S i ( M )  electrodes behave  as if the  surface  of Si e lec-  
t rode were whol ly  covered by  a un i form meta l  layer .  
The effect of var ia t ion  of the thickness of the me ta l  
over layer ,  the  anneal ing  conditions,  and coverage of 
si l icides or  meta ls  on the in ter fac ia l  energet ics  is cur -  
r en t ly  under  invest igat ion.  

Effect of charge transfer kinetics.--The charge t r ans -  
fer  kinet ics  a t  the  e lec t rode / so lu t ion  in ter face  migh t  

(A) 

~ - -0  

O~A 0 

.8 .4 0 - .4 - .8 
(B) I l , I t , I . 

V vs. SCE 

I mA / ",.,l ~ /' ,f / 

0 - ~ _ ~ ' I ~ -  " - ~ ~ / !  0 / / / - - -  --"" ~ " / / " / / /  

Fig. 6. Cyclic voltammograms 
of three reversible couples at 
scan rate of 100 mV/s on Pt (A) 
and on n-Si(Ir) (B) in the dark 
(broken lines) and under illu- 
mination with 65 mW/cm z (solid 
curves). Curve a: MV ~ +t+. 
Curve b: Fe(CN)68-'4-. Curve 
C: Fe(o-pbenanthrolineh 2+/3+. 
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affect the potent ia l  at which processes occur, as wel l  as 
the vo l tammet r ic  behavior  of the  photoelect rode and 
the observed photopotent ia ls  (6, 7). This was inves t i -  
gated in the fol lowing severa l  exper iments .  The charge 
t ransfe r  kinet ics  of the  F e ( I I ) / F e ( I I I )  couple was 
changed by  var ia t ion  of  the concentrat ion of chlor ide  
ion, [C1-] .  As shown in Fig. 7a, an increase  in the  
concentra t ion of C1- increased the ra te  of F e ( I I ) /  
F e ( I I I )  redox react ion at P t  electrode.  AVp(AVp _~_ Ypa 
--  Vpc) decreased f rom 330 mV at [C1-] = 0.0M to 60 
mV w'hen [ C t - ]  - 6M, where  the react ion approached  
revers ib le  behavior ,  wi thout  a significant shift  in the 
midpoin t  potent ial .  The rat io  of the anodic peak  cur-  
ren t  (ipa) vs. the  cathodic peak  cur ren t  (ipo) ap-  
p roaches  un i ty  when [C1-]  is increased (9). A s imi lar  
t rend  was observed with  an n - S i ( I r )  e lectrode under  
i l lumina t ion  with  80 mW/cm2 (see Fig. 7b),  a l though 
the peak  potent ia ls  were  shif ted towards  more  nega-  
t ive values by  about  0.4V, as compared  with  those on 
P t  (corresponding to the  photovol tage  observed on 
those e lec t rodes) .  This s imi la r i ty  of behavior  suggests  
tha t  the l ' a te - l imi t ing  process under  i l lumina t ion  is the 
kinet ics  of charge t rans fe r  a t  the S i ( M ) / s o l u t i o n  in te r -  
face. 

EfJect oJ dopant concentration in the silicon sub- 
strate and type metal (M) overlayer on the voltam- 
metric behavior o] n-Si(M) electrode.--The deposi t ion 
of a me ta l  onto a semiconductor  wil l  usual ly  resul t  in 
the format ion  of an ohmic contact  or  a Schot tky  ba r -  
r ier ,  depending  on the re la t ive  work  functions of 
semiconductor  and metal ,  the surface t r ea tmen t  of 
se~. iconductor  before  deposit ion,  and the in ter fac ia l  
chemis t ry  that  occurs upon deposi t ion or  dur ing  an-  
nea l ing  (10). By keeping  the conditions for etching, 
meta l  deposit ion,  and pos tannea l ing  constant  and v a r y -  
ing the doping  dens i ty  of silicon substrate ,  we found 
v e r y  d i f ferent  vol tammet r i c  behav ior  m the d a r k  a n d  

under  i l lumina t ion  (see Fig. 8). The clark oxidat ion  
cur ren t  increased and the reduct ion current  decreased 
sys temat ica l ly  wi th  decreased res is t iv i ty  of the sil icon 
wafers,  suggesting that  samples  wi th  a h igher  res is t iv-  
i ty form be t te r  rec t i fy ing junct ions  wi th  silicide. Cor-  
responding to this behavior ,  a be t te r  photoeffect was 
observed on samples  wi th  h igher  resist ivi ty.  The photo-  
e lectron spectroscopic resul ts  (8) suggested that  meta l  
diffuses a few hundred  angstroms into the sil icon sub-  
strate.  The incorpora ted  t ransi t ion meta l  could faci l i -  
ta te  e lect ron t ransfer  and recombina t ion  in the space-  
charge layer .  This effect wi l l  be more p rominen i  when 
the width  of the space-charge  layer  becomes n a r r o w e r  
due to h igher  doping densi ty.  The incorpora ted  t rans i -  
tion meta l  in the space-charge  layer  might  also form 
effective recombinat ion  centers  that  scavenge photo-  
genera ted  holes and thus degrade  the photoeffect.  This 
is consistent wi th  the resul ts  shown in Fig. 8. 

The effect of the na ture  of the meta l  on the vo l tam-  
metr ic  behavior  is summar ized  in Fig. 9. Severa l  in-  
t e r e s t i ng  conclusions resul t  f rom these studies.  Firs t ,  
the  work  function of meta ls  l is ted in Fig. 9 covers a 
range of at least  0.8V (11); however ,  Voc of these 
s i l ic ide-coated n -S i  e lectrodes only covers about  0.25V. 
This insens i t iv i ty  of Voc wi th  respect  to the  work  func-  
t ion of meta l  is bas ica l ly  consistent  wi th  the resul ts  
observed in so l id-s ta te  devices (12). Secondly,  the 
h igher  the rec t i fy ing rat io  (Rr) is (the absolute  ratio-0~f 
the dark  reduct ion cur ren t  vs. the da rk  oxidat ion cur-  
rent  at  equal  potent ia l  difference with  respect  to the 
rest  po ten t ia l ) ,  the be t te r  the photoeffect  is. Both P t  
and I r  show very  high Rr values and h~ave high 9"o~ 
and shor t -c i rcu i t  photocurrents  (isc), whereas  Ru shows 
poor Rr, Voc, and isr The factors cont r ibut ing  to the 
poor  photoeffect  on n - S i ( R u )  e lectrodes a re  not  clear  
and requi re  fu r the r  invest igat ion.  
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Fig. 7. C I -  concentration dependence of cyclic voltammograms 
of Fe ~+ at scan rate of 100 mV/s on Pt (A) and on n-Si(Ir) (B) 
under illumination with 80 mW/cm 2. Curve a: 5 mM FeSO4 in 0.5M 
H~SO4. Curve b: 5 mM FeSO4 in 0.SM H2SO4 and 3M NaCI. Curve 
c: 5 mM FeSO4 in IM HCI and 5M LiCI. (Note that potential axis 
for n-Si(Ir) is shifted by 0.4V w.r.t, that for Pt.) 
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Fig. 8. Effect of doping density on voltammetric behavior of 
n-Si(Ir) in 0.5M K4Fe(CN)6, 0.1M K~Fe(CN)6, and 0.SM Na2SO4. 
Light intensity at 65 mW/cm 2. Annealing at 500~ and 10 -6  torr 
for 10 rain. Curves 1 (in the dark) and 2 (under illumination): 
2.5 ~-cm. Curves 3 (in the dark) and 4 (in the light): 0.2,0,-cm. 
Curves 5 (in the dark) and 6 (under illumination): 0.02 ~-cm. 
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Fig. 9. Voltammetric behavior of n-Si coated with v~ious kinds 
of metals in 0.5M K4Fe(CN)6, 0.1M K3Fe(CN)6, and 0.5M Na2SO~. 
Light intensity 65 mW/cm 2. Postanneoled at 200~176 for 5-10 
min. Ir: ! (dark), 2 (light). Pt: 3 (dark), 4 (light). Rh: 5 (dark), 6 
(light). Pd: 7 (dark), 8 (light). Ru: 9 (dark), 10 (light). 

In conclusion, the measuremen t  of the surface po ten-  
t ia l  of n -S i  electrodes coated with  a thin l aye r  of noble  
meta l  sil icide reveals  tha t  changes in the appl ied  po-  
ten t ia l  on these electrodes are main ly  absorbed across 
Helmhol tz  double  l aye r  e i ther  in the da rk  or under  
i l luminat ion.  A constancy of open-c i rcu i t  photovol tage  
was observed on these e lect rodes  for  revers ib le  redox 
couples which span a potent ia l  range  la rger  than  the 
bandgap.  These EC and PEC character is t ics  s imulate  
those found when F e r m i - l e v e l  p inning occurs (13). The 
in te r rac ia l  charge t rans fe r  kinet ics  at the s i l ic ide /  
solut ion interface  also p lays  an impor t an t  role in the  
EC and PEC performance,  as does the doping dens i ty  of 
silicon suhs t ra te  and the type  of meta l  over layer .  
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Redox Conduction: Its Use in Electronic Devices 

P. G. Pickup and Royce W.  Murray 
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ABSTRACT 

A sandwich electrode composed of a film of the electroactive polymer [Os(bpy)2(vpy)2] ~§ sandwiched between a P t  disk 
electrode and a porous Au film, becomes conductive when the Pt  and Au potentials are properly poised in relation to the 
potential  at which the Os(III/II) mixed valent  state becomes generated. The potential  control is normal ly  judged  in relation 
to a reference electrode. The reference electrode can be shorted to, or made common with, the Au electrode, so that  two- 
terminal  potential  control circuitry can be employed to cause or not cause redox conduct ion through the sandwich. Such 
arrangements  are used to il lustrate principles for using the sandwich electrode as a two-terminal  device that acts in a man- 
ner similar to a Zener diode, and as a triode-like three-terminal  device in which the current  between two terminals  is 
controlled by  the potential  appl ied at the third. 

That  e lec t rochemical  charge  can be t r anspor ted  
th rough  films of redox  po lymer  sa tu ra ted  wi th  e lec t ro-  
ly te  solut ion and coated on electrodes has been recog-  
nized since 1978 (1).  Such films can contain the equiv-  

Key words: osmium, polymer modified electrode, electron dif- 
fusion, diode, triode. 

alent  of thousands of monomolecu la r  l ayers  of e lec t ro -  
active sites ye t  be r ap id ly  oxidized and reduced by  the 
electrode (2). For  a pyrazol ine  polymer ,  where  the 
e lec t roact ive  sites were  affixed to the  po lymer  lat t ice,  
Kaufman  et al. (3) proposed  that  charge t r anspor t  can 
occur by  e lec t ron se l f -exchange  react ions be tween  oxi -  
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