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Semiconductor Electrodes 
XLIX. Evidence for Fermi Level Pinning and Surface-State Distributions from Impedance 

Measurements in Acetonitrile Solutions with Various Redox Couples 
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ABSTRACT 

Capacitance-voltage (C-V) measurements  were made for the single crystal semiconductors  n-TiO2, n-CdS, n-InP, p-Si, 
p-GaAs, n- and p-WSe2, and n-MoSe2 in acetonitrile containing a number  of redox couples whose potentials (Vredox) spanned a 
potential regime much wider than the bandgaps.  The flatband potential  (VrB) evaluated from capacitance-potential  (C-V) 
measurements  (Mott-Schottky plots) exhibi ted three types of behavior with varying solution redox potentials: (i) VFB varied 
monotonical ly with Vredo • for p-Si, p-GaAs, and n:InP; (ii) for n-TiO2 and n-CdS, VFB did not shift for couples located negative 
of the midgap potential,  but  varied monotonical ly for couples positive of this value; (iii) for the layer-type, compounds  
(MoSe2, WSe~),VF, was almost independent  of Vredo• These differences were ascribed to differences in surface-state densi- 
ties. For  n-TiO2 crystals, (001) face etched with molten KHSO4 and reduced, evidence for surface states at two different po- 
tentials was obtained from the in-phase component  of the total admittance. Tentative assignment  of these states is to lattice 
defects. The states closer to the conduct ion band are assigned to oxygen vacancies and the deeper  states to Ti (III). The 
densities of surface states (N~) evaluated from GJ(o vs. (0 plots for TiO2 and p-Si are around 101~ and 101~ cm-2, respectively. 
These two values represent  different situations, i.e., while the former value of N~s is not sufficient for pinning the Fermi  
level, the latter value is sufficiently high for the occurrence of Fermi  level pinning. 

There  has been increas ing evidence, based  on m e a -  
surements  of open-c i rcu i t  photopotent ia ls  (Voc) de-  
veloped by  semiconductor  electrodes,  tha t  the model  
for the semiconduc tor / l iqu id  in terface  (1), in which 
the bandedges  r ema in  fixed in the presence 'of  different  
redox couples, of ten does not hold. The observed effect 
is t ha t  Voc is r e l a t ive ly  independen t  of  Vredox, the  po-  
tent ia l  of the redox couple in solution. This has been 
ascr ibed to Fe rmi  level  p inning (FLP)  (2) in the 
presence of a high dens i ty  of in terface  or surface 
states. Under  these conditions,  a change in po ten t ia l  
across the semiconductor / so lu t ion  interface  is l a rge ly  
absorbed by  a change in the potent ia l  drop across the 
Helmhol tz  l aye r  ra ther ,  than across the  space charge 
layer  wi th in  the semiconductor  (Fig. 1). Thus, in the 
presence of FLP,  the f la tband potent ial ,  VFB, changes 
with Vredox SO tha t  Voc ~- IVF8 - -  Vred~x] remains  r e l a -  
t ive ly  constant.  This shift  of VFB wi th  Vredox has not  
been the subject  of many  invest igat ions.  Previously ,  
we have shown by  capaci tance measurements  tha t  
VFB shifts for  p - S i  in MeCN solutions (3).  In  this  
paper ,  we ex tend  these studies to severa l  o ther  semi-  
conductor  mater ia ls .  We might  note that  F L P  is also 
wel l  known for semiconduc to r /me ta l  junct ions where  
the ba r r i e r  height  across the junct ion for a given semi-  
conductor,  e.g., GaAs, is found to be independen t  of 
the meta l  work  functions (4). 

Even with  la rge  bandgap  mater ia ls ,  surface states 
m a y  media te  in ter rac ia l  e lect ron t ransfe r  processes in 

* Electrochemical Society Active Member. 
Key words: capacitance, flatband potential, conductance. 

PEC cells (5-10). Surface  s tates  can also affect the  
efficiency of PEC cells, e.g., b y  act ing as recombina t ion  
centers  or  by  abe t t ing  da rk  backreact ions.  For  ex-  
ample,  the shape of the pho tocur ren t  vs. appl ied  bias 
curve can be used as a measure  of efficiency of a PEC 
cell; the precipi tous  increase in pho tocur ren t  nea r  VFB 
for  n-TiO2 etched in a special  w a y  with  s immer ing  
H2SO4 was taken  as a sign of improvemen t  (11). Such 
a sharp rise to the sa tura t ion  va lue  has been a t t r ibu ted  
to an absence of recombina t ion  sites and surface 
s ta tes  (12). The dependency  of the  Schot tky  ba r r i e r  
heights  on meta l  work  funct ion wi th  la rge  bandgap  
mater ia ls ,  such as TiO2 and SrTiO3 sol id-s ta te  devices 

s . . . . . .  

L- . . . . . . . . . . . . . . . . . . . .  
v b 
T 
E's 
r B ECB 
v_ _E 1 EB J "~ "-'CB 

Ef . . . . . . . .  1~2 ~ ~ l r  B 
Irf- -- - E 3 

:'VB Eg 
B 

B 

- Erefl ,' 

Fig. 1. Scheme I. Position of bandedges upon variation of the 
redox energy level of the contacting medium (El, E2, E3) for a 
Fermi level pinned n-type semiconductor. EB is invariant with Ei, 
while V~B varies with respect to the energy level of a reference 
electrode, Eref.. 
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(13), has been attributed to the absence of a high 
density of surface states. Further, the absence of sur- 
face states is sometimes assumed when frequency in- 
dependent Schottky-Mott (S-M) plots (plots of C-~ 
~s. V, where C is capacitance) are found. However, we 
(14) and others (15-17) have shown that with small 
bandgap semiconductors, the in-phase (0 ~ conduct- 
ance) component of the total admittance is more 
sensitive to the presence of surface states than the 
quadrature (90 ~ , capacitance) component (see Ap- 
pendix). 

We report here a-c impedance studies of several 
single-crystal semiconductors in MeCN and show that 
VFB shifts with Vredox occur with several of these. The 
effect of pretreatment of TiOs on its impedance be- 
havior and investigation of surface states by conduct- 
ance measurements are also discussed. 

Experimental 
The single crystals employed were n-TiO~, n-InP, 

n-CdS, n- and p-WSe~, n-MoSe~, p-Si, and p-GaAs. 
The procedures for polishing and mounting the semi- 
conductor electrodes have been described elsewhere 
(18-24) and the etching procedures are given in Table 
I. Two different types of TiO~ crystals were employed. 
The undoped TiO2 single crystal (Nakazumi Earth 
Crystals, Japan) is denoted crystal A and the Nb- 
doped TiO~ crystal, obtained from H. S. Jarrett, 
du Pont, is denoted crystal B. Both were oriented with 
the (001) face exposed to solution, as ascertained by 
x-ray diffraction (ASTM Card No. 23-1486). Some 
crystals were treated by a procedure recommended by 
Jarrett to produce a smooth surface (treatment 1). 
These were polished in succession with 0.3/~m alumina 
and 1 #m diamond paste to produce a mirror-like sur- 
face. This surface was then etched with molten KHSO~ 
in a Pt crucible (625~ for 2 hr. An SEM photograph 
(Fig. 2) shows a very smooth surface. Since the 
crystals had a straw-colored appearance after the 
molten KHSO~ etch, implying that they were oxidized, 
they were subjected to a reduction pretreatment be- 
fore use. The Nb-doped crystals were reduced in 
flowing CO at 700~ for 1 hr, the undoped crystals 
were reduced in an H2 atmosphere at 625~ for 20 rain. 
These were mounted as electrodes and used without 
further treatment. In treatment 2, the undoped TiOs 
crystals were not etched with KHSO~, but instead were 
only reduced in H~ (625~ for 20 rnin) directly after 
polishing with AltOs and diamond paste. The methods 
of purification of the solvent acetonitrile (MeCN) and 
sources of redox couples are given elsewhere (18). 
Abbreviations of the various redox couples employed 
are given in Table II. Their concentrations varied from 
0.1 to 30 raM. With perylene, rl~brene, chrysene, and 
MV(PFs)2 (where MV ---- methyl viologen) the con- 
centrations were about 0.1 raM; for Ru(bpy)s ~§ 
and AQ ~ (where bpy ~ bipyridine and AQ --- an- 
thraquinone) they were about 0.5 and 2 raM, respec- 

Table I. Doping density and etching procedures for different 
semiconductors 

SC ND(A)/cm ~ Etching procedures 

TiOs ~ 1 0  ~ 

CdS ~ 1 0 ~  

n-WSes 
n-MoSes ~ 1 0 ~  
p-WSe~ 
n- InP  ~ 1 0  ~s 

p -GaAs  ~ 1 0  ~ 

p-Si ~l{PS 

Conc  HNO~ f o r  1 r a in  f o l l o w e d  b y  cone  
H F  f o r  10 sec,  t h e n  r i n s e d  w i t h  dist i l led 
w a t e r .  T h i s  p r o c e d u r e  w a s  r e p e a t e d  twice .  
Conc  HC1 f o r  40 sec ,  t h e n  r i n s e d  w i t h  dis-  
t i l l ed  w a t e r .  
6M HCI f o r  30 sec,  t h e n  r i n s e d  w i t h  dis- 
t i l l ed  w a t e r .  Th i s  p r o c e d u r e  w a s  r e p e a t e d  
twice .  
6M HCI f o r  30 sec,  t h e n  r i n s e d  w i th  dis- 
t i l led  wa te r � 9  
HsSO~:H~Os(30%):HsO (3 :1 :1  b y  v o l u m e )  
s o l u t i o n  f o r  5 sec,  t h e n  r i n s e d  w i t h  dis-  
t i l l ed  w a t e r .  
HNO~:CH~COOH:HF,  (3:1:3  b y  v o l u m e )  
c o n t a i n i n g  a drop o f  Br~ p e r  50 m l  f o r  30 
sec  f o l l o w e d  b y  conc  H F  f o r  5 sec ,  t h e n  
r i n s e d  w i t h  d i s t i l l ed  w a t e r ,  
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Fig. 2. Scanning electron micrograph of TiO2 after etching with 
KHSO4 for 2 hr in Pt crucible. 

t iveIy. Ni t robenzene used with  p -S i  was about  30 mM. 
All  o ther  couples were  10 mM. The concentrat ions of 
the e lec t rochemica l ly  genera ted  forms were  about  20- 
30% of the s ta r t ing  mater ia l .  The suppor t ing  e lec t ro-  
ly te  was e lec t rometr ic  g rade  t e t r a - n - b u t y l a m m o n i u m  
perchlora te  (TBAP)  (Southwes te rn  Ana ly t i ca l  Chem-  
icals, Austin,  Texas) .  This was purif ied by  dissolving 
i t  in a min imum quan t i ty  of acetone, fi l tering the 
solution, and  then recrys ta l l iz ing  with  ether.  This p ro -  
cedure  was repea ted  twice. The recrys ta l l ized  TBAP 
was dr ied  for two days at  80~ under  vacuum (<10 -5 
T o r r ) .  Al l  chemicals  were  s tored in a he l ium-f i l led  
glove box (Vacuum Atmosphere  Corporat ion,  Haw-  
thorne,  Cal i forn ia) .  

A convent ional  two-compar tmen t  e lec t rochemical  
cell of  ~25 ml  capac i ty  was used for e lec t rochemical  
studies. For  impedance  measurements ,  a large  area  
(~40 cm ~) P t -gauze  immersed  in the same compar t -  
ment  as the  work ing  e lect rode was used as a counter -  
electrode.  A P t -gauze  (~10  cm2), separa ted  f rom the 
main  compar tmen t  by  a medium porosi ty  glass frit ,  was 
used as a countere lec t rode  for e lec t rochemical ly  gen-  
e ra t ing  radicals .  An aqueous SCE with  a KCl - s a tu r a t ed  
agar  plug, d i rec t ly  in t roduced into the main  compar t -  
ment,  was used as the reference  electrode.  Al l  the  po-  
tent ia ls  are  expressed  against  this aqueous SCE unless  
o therwise  specifie d . 

A PAR Model 173 potent ios ta t  and a PAR 175 un i -  
versa l  p rog rammer  (Pr ince ton  Appl ied  Research 
Corporat ion,  Princeton,  New Je rsey)  equipped  wi th  a 
Model 2000 X-Y recorde r  (Houston Ins t ruments ,  
Austin,  Texas)  were  used to ob ta in  the cyclic vo l t am-  
mograms as wel l  as for capac i tance-vol tage  measu re -  
ments.  A Soltec (Sun Valley,  Cal i fornia)  Model 6432, 
X-Y1Y2 recorder  was used for recording  both the 0 ~ 
and 90 ~ components  s imul taneously .  In  these l a t t e r  ex-  
per iments ,  a lock- in  amplif ier  technique,  which yields  
the in -phase  and the ou t -o f -phase  components  of an 
a-c  s ignal  super imposed  on a l inear  sweep, was used. 
The a-c  s ignal  (N12 mV p e a k - t o - p e a k )  at  different  
f requencies  was obta ined  for input  into the  poten t io-  
s tat  f rom a Model 200CD wide range  osci l lator  (Hew-  
le f t -Packard ,  Palo Alto, Cal i forn ia) .  I ts  components  at  
O ~ and 90 ~ were  ob ta ined  by  using e i ther  a PAR Model  
HR-8 or a PAR Model 5204 lock- in  amplifier.  An 
MINC-11 (Digi tal  Equ ipment  Corporat ion,  Marlboro,  
Massachuset ts)  computer  could also be used for  con- 
t inuous da ta  acquisi t ion f rom the lock- in  amplifier,  
and  a Houston Ins t ruments  d igi ta l  p lo t t e r  (Model 
,DMP-5) was used for  the  da ta  output .  The exper i -  
menta l  appara tus  and procedures  are s imi lar  to those 
ipreviously descr ibed (3) and wil l  be descr ibed in 
more  de ta i l  in a separa te  paper .  Al l  solut ions were  

p r e p a r e d  and sea led  inside the  glove box prior to r e -  
moval  for exper imenta t ion .  

Results 
C-V data.--Capacitance values  were  obta ined  for a 

number  of  s ing le -c rys ta l  semiconductors  in 0.1M TBAP 
MeCN solutions as a funct ion of f r equency  and appl ied  
potent ia l  in the absence and presence of var ious  redox 
couples spanning  a wide range of Vredox, The f la tband 
poten t ia l  vs. an aqueous SCE, VFm was then  de te r -  
mined  f rom a Scho t tky -Mot t  (S -M)  plot  of I/C~ vs. V 

1 2 
= (V - V~B - 0.025) [I] 

C 2 eeeoN 

where  C is the  capaci tance pe r  uni t  a rea ;  e, the elec-  
tronic charge (1.6 X 10 -19 C) ;  e, the semiconductor  di-  
electr ic  constant;  Co, the pe rmi t t i v i t y  of free space 
(8.85 • 10 -14 F / c m )  ; and N, the acceptor  (p - type)  or  
donor  (n - type )  densi ty.  Al though  in some cases de-  
t e rmina t ion  of VFB from the in tercept  of S -M plots  
involves some ambigu i ty  (25), VFB can genera l ly  
be de te rmined  to wi th in  0.1V, and shifts in VFB can 
quite read i ly  be de te rmined  f rom the C-V plots them-  
selves. As shown prev ious ly  (3), l inear  S-M plots  
which y ie ld  VFe can be obta ined  in the presence of 
surface states when the f requency  used to obta in  the 
capaci tance is such that  the sur face-s ta te  capaci tance 
does not make  an apprec iab le  contr ibut ion.  In  Fig. 3 
a re  given the S-M plots  for unetched TiO2 (crys ta l  A, 
t r e a tmen t  2) in suppor t ing  e lec t ro ly te  alone at  three  
different  frequencies;  in Fig. 4a, b, the C-V and the 
corresponding S-M plots, respect ively,  a re  shown for a 
solution containing the TMPD 0/+ couple ( abbrev ia -  
tions used are  given in Table I I ) .  Al though the VFB 
for n-TiO2 in the absence and presence of  the TMPD 0/+ 
couple is the same, addi t ion of o ther  redox couples, 
such as 10-MP 0/+ o r  Per  ~ causes an  apprec iab le  
shift  of VFB to more  posi t ive values.  The resul ts  are  
summar ized  in Table  II .  S imi la r  shifts in  VFB wi th  
Vredox are found wi th  n -CdS and n - I n P  (Fig. 5 and 6). 
In  Fig. 7, the plots of var ia t ion  of VFB wi th  Vredo~ are 
given for p-Si ,  p -GaAs,  p-WSe~, and n - I n P  along with  
n-TiO2 and n-CdS.  Note however ,  that  for the  l aye r -  
type  compounds n-WSel ,  n-MoSe~, and  p -WSel ,  VF~ 
is essent ia l ly  invar ian t  wi th  Vredox. This finding agrees  
wi th  a previous  s tudy  of the C-V behavior  of another  
l a y e r - t y p e  compound,  ~-MoTe~, where  VFB was inde-  
penden t  of Vredox (14). 

The behavior  o f - t h e  semiconductors  which show 
shifts of VFB wi th  Vredox is consistent  wi th  F L P  and 
the presence of surface states on the e lect rode surface. 
The dens i ty  and d is t r ibut ion  of these states can be 
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Fig. 5. S-M plot for n-CdS contacting MeCN, 0.1M TBAP, con- 
taining various redox couples; f ~ 2 kHz blank (11); 10-MP ~ 
(A) ;  Th ~ ( e )  (For abbreviations, see Table II). 

probed  b y  conductance measurements  (14). I f  a su r -  
face-s ta te  level  is assumed wi th  a t ime constant ,  3, in-  
dependent  of potent ial ,  the measured  overa l l  in -phase  
(0 ~ component ,  Gp, of a semiconductor  in contact  
wi th  a l iquid e lec t ro ly te  can be re la ted,  under  cer ta in  
condit ions (see A p p e n d i x ) ,  to the  sur face-s ta te  ca-  
paci tance,  Css, and its t ime constant  (3) by  the fo l low- 
ing equat ion (14) 

Gp Gss Cro Css~ GD 
-- = -- + - + [2] 

~ ~ 1 + w~ z 

where  GD is the deple t ion  l aye r  conductance,  Gss is the  
sur face-s ta te  conductance,  and ~ is the  angu la r  f re -  
quency.  Then a plot  of Gp/~  vs.  ~ at a g iven potent ia l  
wi l l  go th rough  a m a x i m u m  when ~T = 1. The rec ip-  
rocal of  this  peak  angular  f r equency  wil l  y ie ld  a t ime 
constant  which  represents  a weigh ted  average  of the 
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t ime constants  associated wi th  the surface s tates  lo-  
cated a round  tha t  potent ial .  For  the l a y e r - t y p e  com- 
pound,  n-MoSe2, a plot  of Gp/~  vs.  ~ at +0.25V vs.  
SCE, in MeCN, 0.1M TBAP, containing 10-MP is given 
in Fig. 8a. The t ime constant ,  3, corresponding to the  
peak  f requency  eva lua ted  f rom this plot, is a round  
1.14 • 10 -4 sec. This value  of r is in good agreement  
wi th  tha t  ob ta ined  by  K a u t e k  and Ger ischer  for MoSe2 
(26). Notice also that  the peaks  of the Gp/~  vs.  ~ plots 
(Fig. 8a) occur at  about  the same f requency  for differ-  
ent  appl ied  potent ia ls  in the region where  the peak  is 
observed in the Gp vs.  V plots;  this suggests  that  T is 
r e l a t ive ly  independen t  of potent ial .  Wi th  this va lue  of 
3, the sur face-w dens i ty  as a funct ion of potent ia l  
(Nss, in cm - s  eV -1) can be ca lcula ted  f rom the equa-  
t ion 

2Gss 
N~s = --" �9 [3] 

e 

where e is the electronic charge. The procedure used 
to determine Gss is given in the Appendix. A typical 
plot of Nss (cm -2 eV-1) vs. V is shown for n-MoSe2 
over the potential range +0.I-0.45V vs. SCE in Fig. 8b. 
The integrated value of the curve in Fig. 8b when 
multiplied by T/e yields the value of Nss (cm-2). Thus 
for n-MoSe2, the surface-state density in the +0.I- 
0.45V regime is estimated as about 1.4 X 101~ cm -2. 
This value of the density of surface states is compar- 
able to that obtained with a-MoTe2 (14) which is 10 *0 
cm -2. Similar values for �9 and Nss were obtained for 
n- and p-WSe2. In Fig. 9a, b are shown the plots of 
Gp/~e vs. ~ at --0.1V and Nss vs. V, respectively, for p-Si. 
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Fig. 8. (a) Gp/~ vs. f (where Gp is the measured equivalent 
parallel conductance and f is the frequency) for n-MoSes in 
MeCN, 0.1M TBAP, 18 mM 10-MP at different potentials; (b) 
Nss vs. V for n-MoSes in MeCN, 0.1M TBAP containing 18 mM 
10-MP. 

Following the method described above for n-MoSe2, 
the T and Nss are about 4 • 10 -s  sec and 101~ cm-2, 
respectively. 

E~Iect o] pretreatment on TiOz behavior.--For TiO.~, 
the etching procedures documented in l i terature span 
a wide regime of chemical act ivi ty--f rom such caustic 
mixtures as H2SO4/(NIQ)2SO4 (1:1) (27) and molten 
NaOH (28, 29) to solutions that probably only clean 
the surface, such as dilute acids (30-32). Molten bi- 
sulfates have been shown to dissolve TiOs at high 
temperatures,  and KHSO4 as an etchant has been 
shown to be specific for the TiO2 (0r01) face (33). We 
report below the effects of two different pretreatment 
procedures (treatment 1 and 2, see Experimental)  on 
the properties of surface states on n-TiO2 (001). To 
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b ~ I / 14,( 
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Fig. 9. (a) Gp/o~ vs. f for p-$i in MeCN, 0.1M TBAP at a poten- 
tial of 0.1V vs. SCE; (b) Nss vs. V for p-Si in MeCN, 0.1M TBAP. 

p. 

zd o 

J 
/ 

.d 

probe the effects of these two different treatments on 
the properties of surface states such as time constant, 
energy, and density distribution, the 0 ~ component was 
measured both as a function of potential and frequency 
for two undoped (crystal A) and Nb-doped (crystal B) 
TiOs crystals. In Fig. 10 are shown the Gp vs. V curves 
in MeCN, 0.1M TBAP containing 10 mM 10-MP ~ for 
crystal A (treatment 1). For crystal A (treatment 2) 
such plots are shown in Fig. 11. For Nb-doped TiO2 
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Fig. 10. Gp and Cp vs. V for TiO2 (crystal A, treatment 1) in 
MeCN, 0.1M TBAP containing 10 rnM 10-Mpo/+; (a) f = 25 Hz; 
(b) f = 50 Hz. 
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Fig. 11. Gp and Cp vs. V for TiO2 (crystal A, treatment 2) in 
MeCN, 0.1M TBAP, containing 10 mM 10-Mpo/+; f = 25 Hz. 
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crystals (treatment 1), Gp vs. V plots are given in Fig. 
12. The frequencies employed and the concentrations 
of the redox couples used are given in the respective 
figur e captions. For crystal B, the S-M plots in the 
presence of different redox couples are shown in Fig. 
13. A typical Gp/o, vs. ~, plot is given for crystal B in 
Fig.  14. Following the arguments given for n-MoSe2, 
the time constant, T, and the density of surface states 
located around 0V vs. SCE are around 8 X 10 -5 sec 
and 1010 cm-~, respectively. Similar values of T and 
N ,  were obtained for crystal A. 

Discussion 
Not many studies have been reported in literature 

pertaining to the a-c impedance measurements of 
semiconductors in nonaqueous solvents (34). Dutoit 
et  al. (25) and Tyagai and Kolbasov (35) have made a 
systematic investigation of the C - V  behavior of single 
crystal TiO2 and CdS in aqueous solutions. Essentially 
both of these studies indicate that surface states located 
within the bandgap influence the mechanism of the 
overall charge transfer occurring at the interface. For 
n-TiO~ (crystal A, treatment 2), the VFB was found to 
be frequency independent, although there was a mar- 
ginal variation in the slope (Fig. 3). A similar observa- 
tion was made by Kabir-ud-Din et al. (36), although 
the VFB values in MeCN reported by them were more 
negative by about 0.3V than our values; values of VFB 
closer to ours were reported earlier (8, 37). In the 
presence of Fe015-CsMes)~ ~ and TMPD ~ which 
are located above half of the gap, there is little varia- 
tion in the VFB from the blank solution. However, for 
couples such as Fe(Cp)~ 0/+ and 10-MP ~ located be- 
low half the gap, the VFB varies monotonically as 
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I 0.2 pF 

I I I 
1.2 0.8 0.4 

/ ) ~  ///90~ 

/ 1 / /  
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Fig. 12. Gp and Cp vs. V for TiO2 (crystal B) in MeCN, 0.1M 
TBAP containing 10 mM 10-MP~ (a) f - -  10 Hz; (b) f = 25 
Hz. 
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Fig. 13. S-M plots for n-'130~ (crystal B) contacting MeCN, 0.1M 
TBAP containing different redox couples; f "- 200 Hz; ( � 9  I - /  
12; ( e )  Th~ (Z~) IFe015 - -  C5Me5)2[~ (1-1) Blank; (11) 
10-Mpo/+. 

shown in Fig. 7. In the case of n-CdS, the variation in 
VFB with Vredo~ is similar to that of n-TiO2 (see Fig. 
7). A similar observation was made by Frese (38) for 
n-CdSe in aqueous solutions. With p-Si, p-GaAs, and 
n-InP, the VFB varies montonically with Vredox (Fig. 
7). In the case of n-InP, the S-M plot is linear for the 
entire bandgap (Fig. 6); similar observations with 
n-InP were made by Van Wezemall et al. (39) in 
aqueous solutions and by Tuck et al. (40) for solid- 
state Al /n-InP Schottky barriers. They observed that 
the S-M plot is linear over a range of 0.8V and deviates 
slightly thereafter implying the presence of deep donor 
levels about 0.8V below the conduction band. The 
layer-type compounds represent a different situation 
where there is no significant shift in VFB with Vredo,x 
from that observed in blank solutions for couples with 
Eo's located within or outside of the bandgap (Fig. 7). 
This probably indicates that while for many large and 
small bandgap semiconductors the role of bandgap 
surface states is important, for layer-type compounds 
the surface states have only marginal effects. The time 
constant associated with surface states on p-Si is 
around 4 X 10 -5 see, and this falls in the domain of 
fast surface states. The Nss is around 10 TM cm -2, and 
this is high enough for Fermi level pinning to occur. 

The surface states on TiOs made conductive by re- 
duction are due in part to oxygen vacancies and Ti 8+. 
Several investigators have used different techniques 
to deduce the presence of these states. These include 
(i) thermal and photoelectronic properties (41), (ii) 
electron spectroscopy (42), (iii) catalytic decomposi- 
tion of N20 supplemented with EPR studies (43), and 
( iv)  low frequency capacitance-voltage method (44). 
However, in all the methods, the evidence for surface 
states was not obtained with TiO~ in contact with an 
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TBAP. Gp value was extracted at a potential 0.0V vs. SGE. 

electrolyte .  Since the p roper t i e s  of the e lect rode sur -  
face d rama t i ca l ly  change upon immers ion  in e lec t ro-  
lyre (because of the la rge  electr ic  field in the in t e r -  
facial  region and in terac t ion  wi th  solvent  and e lec t ro-  
ly te ) ,  a s tudy  of surface states in  s i tu produces  more  
meaningfu l  in format ion  about  the e l ec t rode  surface. 
The low f requency  C - V  method,  which  employs  the  
quadra tu re  component  of the a-c  impedance,  can be 
employed to s tudy  the proper t ies  of the surface states, 
but  it  suffers f rom the l imi ta t ion  (15) tha t  the spread  
in the space charge capaci tance values,  even when the 
f requency  is im:reased by  one o rde r  of magni tude ,  is 
on ly  14%. This means  large  e r rors  wi l l  be in t roduced  
in the calculat ion of the su r face - s ta te  proper t ies  as we 
discussed in more  deta i l  in a recent  paper  (14). The 
conductance technique is more  useful  in ex t rac t ing  
sur face-s ta te  proper t ies .  In  our  studies on the a-c  ad-  
mi t tance  character is t ics  of n-Tin2 (crysta ls  A and B, 
t r ea tmen t  1), the  in -phase  component  y ie lds  evidence 
for the presence of states at two energies  (Fig. 10, 12). 
However ,  in the case of Tin2, c rys ta l  A, t r ea tment  2, 
only  one peak  in the Gp vs. V plot  at  0.1V vs. SCE is 
observed  (Fig. 11). Based on the evidence obta ined  by  
o ther  invest igators ,  we t en ta t ive ly  assign those closer 
to VFB (shal low level)  to oxygen  vacancies and those 
a round  the middle  of the gap (deep levels)  to Ti 3+, 
The peak  heights  are  f requency  dependent  as shown 
in Fig. 10-12. The shif t  in VFB'S of the KHSO4-etched 
Tin2 crysta ls  to posi t ive values  when Vredox is below 
half  the gap (Fig. 13) is s imi la r  to tha t  observed wi th  
crys ta l  A ( t r ea tmen t  2) (see Fig. 7). In  a l l  the S -M 
plots, the devia t ion  f rom l inea r i ty  nea r  the VFB is due 
to the constancy of  the capaci tance a round  VFB since 
at  potent ia ls  negat ive  of VFB an n - t y p e  semiconductor  
behaves  l ike  a metal .  Fo r  both crysta ls  e tched wi th  
KHSO4, the  peak  potent ia l s  of the surface states due 
to Ti  ~+ are  located at  the same potent ia l  (0.72V vs. 
SCE),  but  those due to oxygen vacancies (shal low 
levels)  are  offset by  0.1V (crys ta l  B 0.1V more  negat ive  
than crys ta l  A) .  Note that  surface states due to Ti 3+ 
and oxygen  vacancies a re  presen t  in both  the crysta ls  
~ubjected to t r ea tmen t  1. Thus i t  appears  tha t  in Tin2 
crysta ls  e tched wi th  KHSO4, wi th  the reduct ion by  
e i ther  CO or  Hs, two sets of surface states occur. The 
t ime constant  eva lua ted  f rom the Gp/~ vs. ~ plot  (Fig. 
14) is ~ 8  • 10 -5 sec, and the sur face-s ta te  dens i ty  for  
oxygen  vacancy is -~1010 cm -2. This value  of Nss is too 
smal l  for ~ e r m i  level  p inning  to occur (2).  The ab -  
sence of the Ti ~+ sur face-s ta te  peak  for crys ta l  A, 
t r ea tmen t  2 (Fig. 11) is difficult to explain.  Perhaps  the 
surface Ti 8+ ions are  oxidized in this crys ta l  or  a sur -  
face l aye r  forms to block these sites. 

Conclusions 
Based on the resul ts  repor ted  here,  we can assign the 

semiconductors  s tudied here  into th ree  categories:  (i) 
Smal l  bandgap  compound and e lementa l  semiconduc-  
tors (GaAs, InP, Si) r ep resen t  a s i tuat ion where  VFB 
t r a ck s  Vredo x monotonica l ly ;  (ii) Large  bandgap  semi-  
conductors  (Tin2, CdS) where  V ~  remains  fa i r ly  con- 
s tant  for couples located above half  of the  gap and 
varies  monotonica l ly  for  couples located be low half  of 
the gap; and (iii) L a y e r - t y p e  compounds (WSe2) 
where  VFB does not v a r y  wi th  Vredox. Evidence for two 
sets of surface states on a Tin2 surface contact ing 
M e C N  has been ob ta ined  b y  a-c  impedance  measu re -  
ments  of  the in -phase  component  of the  to ta l  admi t -  
tance. The t ime constant  associated wi th  surface states 
on TiO~. surfaces is equal  to 8 • 10 - s  sec, and the Nss 
for the level  at  0V vs. SCE was found to be ~101U 
cm -2. The t ime constant  and the Nss for p -S i  are  
4 • 10 -~ sec and l0 Is cm -2, respect ively.  This value  of 
Nss is sufficient for p inning the Fe rmi  level.  
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A P P E N D I X  
Figure  A-1 is the equiva len t  circui t  o f  the semicon-  

duc to r / l i qu id  in ter face  (45), neglec t ing  the con t r ibu -  
t ion f rom the Helmhol tz  l aye r  and countere lec t rode  
capaci tance as wel l  as the bu lk  resis tance of the  semi-  
conductor,  res is tance of the  e lect rolyte ,  and the F a r a -  
daic impedance.  The net  equiva lent  circui t  comprises  a 
series combinat ion  of sur face-s ta te  resis tance (Rss) and 
capaci tance (Css) connected in para l l e l  to a para l l e l  
combinat ion  of space charge  l a y e r  capaci tance (CD) 
and resis tance (RD) respect ively;  these are  f requency  
independen t  but  vol tage dependent .  The to ta l  admi t -  
tance of the  equ iva len t  circui t  is YD = GD § j~Co 
where  the in -phase  component  

,~ Css ~ Rss 1 
Gp = ~ [A-l] 

I + Rss 2,~ Css s + RD 

Css Rss 

rl 
Co 

Ro 
Fig. A-I .  Equivalent circuit of the semiconductor~electrolyte in- 

terface in the presence of surface states. 
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Fig. A-2. Illustration of the method used to extract Gss 

and the out-of,  phase component 

Css 
Cp = 1 + Rss 2 ~s Css 2 "~ CD [A-2] 

Equations [A-l]  and [A-2] can be written as 

~2 ~ Css 
Gp -- - -  ~- GD "- Gss "~- GD [A-3] 

and 
Css 

Cp = - -  ~- CD [A-4] 
1 + ws~2 

where Gss = Css~ST/(1 + ~Ts), T = RssCss, and GD "~ 
1/RD. Gp can be equated with Css and hence Nss, only 
after considering GD (Eq. [A-3J). Therefore, Eq. [2] 
holds only when GD is small compared to Gss. Since GD 
(and CD) are frequency independent, a change in the 
value of GD would be manifested in the G,/~ vs. ~ plot 
by a shift parallel to the G,/~ axis. The ~ value cor- 
responding to the peak would not be affected by such 
a change. Hence, the Gp/~ vs. ~ plot will always be 
valid for finding the value of T independent of the 
relative values of Gss and GD. 

To determine Nss, Eq. [2] can be written 

Gp -- GD Css~ 
CA-S] 

- 1 + ~ 2  

Theoretically, the Op/~ vs. ~ plot should yield values 
of G D from the baseline of the plots. However, these 
plots do not always have fiat baselines, and obtaining 
reliable values of GD becomes difficult. In these situa- 
tions, the Op vs. V curves can be more helpful. Values 
of GD at a particular potential can be obtained by ex- 
trapolating a smooth parabolic baseline in the regime 
of the peak due tosurface states (Fig. A-2). This value 
can then be subtracted from the measured value of O~ 
to obtain Css. 
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ABSTRACT 

A P t  ring disk electrode was used in acid solutions to s tudy the transit ion from Pt oxide growth to oxygen evolution and to 
dist inguish the rates of these two processes. When a constant  current  is appl ied to the disk electrode, the disk potential,  V, 
initially increases linearly with time, and hence with the charge density, while a negligible current is observed at the ring. In 
this potential  region, essentially all of the applied current  is used for the growth of a Pt oxide film. Following the linear V/t 
region, V continues to increase but  now more slowly and nonlinearly with time, while the ring current  initially increases 
sharply and then slowly approaches the value expected for 100% oxygen evo]ution at the disk electrode. Thus, the Pt  oxide 
film continues to grow in the nonlinear V/t region even when oxygen evolution becomes the major reaction. In the 
nonlinear V/t region, V again increases nearly linearly with the integrated charge densi ty for oxide film formation or with 
the oxide film thickness.  This V/q relationship in the nonlinear V/t region is different from the V/q relat ionship in the linear 
V/t region. However, the mechanism of Pt  oxide growth and the propert ies  of the film when the 02 evolution reaction is the 
dominant  reaction remain the same as in the initial Pt  oxide growth region where O~ evolution is not significant. The distri- 
bution of potentials in the oxide film and in the inner and outer Helmholtz layers is discussed. 

When a constant  anodic cur ren t  is appl ied  to a p r e -  
r e d u c e d  ox ide - f r ee  Pt  e lect rode s ta r t ing  f rom the rest  
po ten t ia l  in O2-satura ted acid or a lka l ine  solutions, 
VR = 0.98V vs. RHE (1) ,  three  dis t inct  po ten t ia l  r e -  
gions can be seen in a V/t t rans ien t  (2-5).  In i t ia l ly ,  the 
poten t ia l  increases r ap id ly  and non l inear ly  wi th  t ime 
as the  first monolayer  of an oxide film is fo rmed (5-7) .  
Fol lowing  this region, the e lect rode potent ia l  increases 
fa i r ly  l inea r ly  wi th  t ime (Fig. 1) wi th  the cur ren t  
being used for  fu r the r  growth  of the oxide  film (8).  
Even tua l ly  at  h igher  potent ials ,  oxygen  evolut ion be-  
gins and soon becomes the ma jo r  e lect rode reaction.  

In  Fig. 1, po t en t i a l / t ime  curves are  shown for three  
constant  cur ren t  densi t ies  in a 0.2N H.~SO4 solution.  In  
this  figure, the  t ime axis has been scaled for  each 
cur ren t  dens i ty  to represen t  charge densi ty,  q = it. 
At  a pa r t i cu l a r  potent ial ,  which depends  on the ap-  
pl ied current  dens i ty  and the pH, the  l inear  increase  
of the potent ia l  wi th  t ime, or  charge densi ty,  ceases. 
Now, the poten t ia l  increases at a ra te  which decreases 
wi th  t ime whi le  O2 evolut ion continues to increase  
and soon becomes the p redominan t  e lect rode react ion 
(9).  Previous  work  has shown tha t  at  long t imes the 
potenti.al changes nea r ly  l inea r ly  wi th  the  logar i thm 
of t ime of polar iza t ion  and the oxide film continues to 
g row at a ve ry  s low ra te  (3, 9, 10). 

In  this  s tudy,  a P t  r ing  disk e lec t rode  has been used 
to s epa ra t e  the  react ions  of P t  oxide  growth  and O2 
evolut ion.  A compara t ive  analysis  of the i r  ind iv idua l  
ra tes  and  the i r  dependence  on the e lec t rode  potent ia l  
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is expected  to y ie ld  i n f o r m a t i o n  on t h e  n a t u r e  o f  the  
changes in the kinet ics  of oxide growth  and on  the  
potent ia l  d i s t r ibu t ion  across the complex interface,  
comprised  of the oxide film and the inner  and outer  
Helmhol tz  layers ,  dur ing  the t ransi t ion f rom the oxide  
g rowth  to O2 evolut ion.  Su.ch an analysis  is also ex-  
pected to aid in the  overa l l  unders tand ing  of the 
mechanism of the  O2 evolut ion react ion at  ox ide-  
covered electrodes.  

Experimental 
A commerc ia l ly  designed P t  d i sk -P t  r ing  e l e c t r o d e  

(Pine  In s t rumen t  Company,  disk radius  0.383 cm, r ing 
i n n e r  radius  0.399 cm, and r ing  outside radius  0.422 cm) 
was ut i l ized in an a l l -g lass  cell  s imi lar  to that  de -  
scr ibed in (11). The r ing -d i sk  e lec t rode  was pol ished 
to a mi r ro r  finish wi th  a lumina  paste.  In  some exper i -  
ments,  a th in  l ayer  of gold (,~1000A) was e lec t rode-  
posi ted ove r  the r ing  electrode.  A sa tu ra t ed  calomel  
e lect rode in a separa te  compar tmen t  se rved  as the 
reference  electrode,  and a Luggin  cap i l l a ry  ex tended  
upwards  toward  the center  of the d isk  electrode.  A P t  
countere lec t rode  was placed in the same compar tmen t  
as the r ing  disk electrode.  

Solutions were  p repa red  f rom reagen t  g rade  su l -  
fur ic  acid and conduct iv i ty  water .  No extens ive  pu r i -  
fication of solut ions was car r ied  out, e.g., b y  pree lec-  
trotysis. In  al l  exper iments ,  solut ions were  first purged  
of O~ wi th  h igh  pu r i t y  Ar.  Dur ing  e lec t rochemical  
measurements ,  A r  was passed over  the solution.  

P r io r  to e a c h  series of exper iments ,  the  disk e l e c -  
t rode  was anodica l ly  oxidized and ca thodica l ly  r e -  
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