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ABSTRACT 

Measurement  of the in-phase (0 ~ and quadrature (90 ~ components  of a small (12 mV) a-c signal at frequencies of 1-5000 
Hz imposed on the d-c potential  allows the determinat ion of the a-c equivalent circuit. S tudy of the a-c impedance  as a func- 
tion of potential  and frequency permits  the determinat ion of the propert ies  of the semiconductor/solution interface. Results 
of measurements  on n-MoTe2 in MeCN containing various redox couples spanning a wide range of redox potentials are 
reported. The advantages of the in-phase (0 ~ component  for extracting propert ies  of surface states are discussed. In the 
region 0.3-0.5V negative of the valence bandedge,  the total surface-state densi ty is ca. 10 l~ cm -2. The adsorption in the I-/I~ 
system on the n-MoTe2 surface in aqueous and acetonitri le solvents are compared. 

Surface  states,  due to the  abrup t  d iscont inui ty  at  a 
c lean surface,  were  first pos tu la ted  by  Tamm (1) and  
a r igorous analysis  of a more  genera l  model  was given 
by  Shockley  (2). The ab rup t  d iscont inui ty  of the  or -  
dered  crys ta l  la t t ice  at  the surface resul ts  in dangl ing  
or unsa tu ra ted  bonds, producing  surface  energy  levels  
different  f rom those in the bu lk  mater ia l .  In ter face  
s ta tes  p roduced  by impur i t i es  incorpora ted  at  the sur -  
face, e.g., by  specific adsorpt ion  of solut ion species or  
by  fo rmat ion  of corrosion products  at the semiconduc-  
tor  e lec t rode  surface, also can produce localized en-  
e rgy  levels in the bandgap  of the semiconductor  e lec-  
trode. These ene rgy  levels in the fo rb idden  gap can 
serve  as reservoirs  of charge at  the semiconductor  sur-  
face. The  posi t ion of the Fe rmi  level  at  the surface  de-  
te rmines  whe the r  these energy  levels are  filled or  va -  
cant. The de te rmina t ion  of the energy  and dens i ty  of 
in terface  states as well  as the t ime constant  associated 
wi th  the  exchange  of charge car r ie rs  wi th  the  bu lk  and 
the cap ture  cross sect ion is impor tan t  in unde r s t and -  
ing the  behav io r  of semiconductors  in  contact  wi th  a 
me ta l  or  w i th  a solution. 

Indeed,  the re la t ive  independence  of the  Schot tky  
ba r r i e r  heights  of low bandgap  semiconductors  in con- 
tact  wi th  meta ls  of wide ly  differing work  functions 
was exp la ined  by  Bardeen  (3) and others  (4, 5) in 
te rms of p inning  of the  Fe rmi  level  at the  surface by  a 
h igh  dens i ty  of surface  states.  A s imi lar  phenomenon 
has been observed  in  photoelec t rochemical  (PEC) cells 
where  low bandgap  semiconductors  such as Si (6, 7), 
CdTe (8), and GaAs (9) exhibi t  a nea r ly  constant  
photovol tage  in contact  wi th  solutions containing a 
n u m b e r  of redox couples whose redox  potent ia ls  span  
a potent ia l  reg ime much  wider  than  the Eg of the  semi-  
conductor.  Such behavior  can also be exp la ined  by  
pinning of the  Fe rmi  level  by  in ter face  states (10). In-  
terface states can be s tudied  by  a number  of opt ical  
and e lect r ica l  methods.  Severa l  techniques have been 
deve loped  for  the measuremen t  of in te r facers ta te  p rop -  
er t ies  in so l id -s ta te  devices. These include measu re -  
ments  of (i) the  i so thermal  dielectr ic  r e l axa t ion  cur-  
ren t  (IDRC) (11); (ii) the the rmal  dielectr ic  r e l ax -  
a t ion cur ren t  (TDRC) (12); (iii) the low f requency  
capac i tance-vo l tage  behavior  (13); and (iv) the a-c  
conductance (14). However ,  the l iquid  e lec t ro ly te  in 
PEC systems prec ludes  the  appl ica t ion  of the  first two 
methods,  since meaningfu l  resul ts  can be  obta ined  only 
over  a wide range  of t empera tu res  which is res t r i c ted  
by  the l iquid range  of the solvent.  The  quas i -s ta t ic  low 
f requency  capaci tance technique and the a -c  conduct-  
ance method do not  suffer this l imita t ion,  and  capaci -  
tance measurements  have been  f requen t ly  employed  to 
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s tudy  the semiconduc to r / l iqu id  in ter face  (15, 16). 
However ,  the capaci tance technique is of l imi ted  value  
in s tudying  in ter face  states. For  example ,  in the case of 
me ta l -ox ide - semiconduc to r  (MOS) devices the capaci-  
tance method for the  de te rmina t ion  of sur face-s ta te  
proper t ies  is said to suffer from the fol lowing l imi ta -  
tions (14a): (i) T h e  var ia t ion  in the capaci tance va l -  
ues requi red  to find the  surface capacitance,  even when 
the f requency  is increased by  one o rde r  of magni tude ,  
is ve ry  small ;  this leads to er rors  in calcula t ing the  
dens i ty  of surface states and the i r  t ime constants.  (ii) 
The sur face-s ta te  capaci tance has to be ex t rac ted  f rom 
a combinat ion of the space charge layer ,  surface  state,  
and the oxide l aye r  capacitances.  Since the oxide  l aye r  
capaci tance is in series wi th  the semiconductor  capaci -  
tance, i t  de te rmines  the m a x i m u m  semiconductor  ca-  
paci tance tha t  can be measured.  This means  tha t  sur-  
face states located nea r  the middle  of the gap cannot  
be identif ied wi thout  g rea t ly  decreas ing the thickness  
of the oxide layer ,  which in tu rn  permi t s  tunnel ing  of 
charge carriers .  The pic ture  may  be fu r the r  compl i -  
cated b y  the invers ion layer  capacitance.  

The  para l l e l  equiva lent  conductance (Gp) ( the in-  
phase component  of the total  admi t tance  correc ted  for 
the space charge res is tance)  is more  useful  in char -  
acter izing in ter face  states since one can measure  di-  
rec t ly  the proper t ies  re la ted  to the capture  and 
emission rates of charge carr iers  by  surface states. 
Fur ther ,  i t  is useful  in ex t rac t ing  da ta  when the sur -  
face-s ta te  dens i ty  is as low as 109-1011 cm -~ eV - I  
(14a). In addit ion,  Gp can be used to de te rmine  the va l -  
ues for capture  probabi l i ty .  Even in those cases where  
the  quadra tu re  signal gives a f requency  independen t  
capac i tance-vol tage  plot, the locat ion of surface states 
and the i r  t ime constants  can be de te rmined  f rom the 
in -phase  component .  If  the t ime constant  for the  sur -  
face states is independen t  of potent ial ,  the in -phase  
component  is re la ted  to the sur face-s ta te  capaci tance 
by  the fol lowing equat ion (see Append ix )  

C s s ~  
Gplw = [1] 

(1 + c,~z 2) 

where  Css is the sur face-s ta te  capacitance,  ~ is the  an-  
gular  f requency  of the appl ied  a-c  signal,  and  r is the  
t ime constant  associated wi th  ca r r i e r  exchange.  F rom 
the re l evan t  equiva lent  circuits  for the in terface  given 
in Fig. la ,  i t  is clear  tha t  the  conductance does not  con- 
tain CD, the deple t ion  l aye r  capacitance,  but  depends  
only on the sur face-s ta te  b ranch  of the  equiva len t  c i r -  
cuit. A plot  of Gp/~ at a given poten t ia l  wi l l  have a 
m a x i m u m  va lue  at  a pa r t i cu la r  f requency;  the  rec ip-  
rocal  of that  f requency  yields a we igh ted  average  of 
the  t ime constant  associated wi th  the surface states,  
when  ~ ---- 1. This leads to a m a x i m u m  va lue  in Css 
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Fig. I. (a) Equivalent circuit for "single-level" time constant 
surface states in parallel ~ to the depletion layer capacitance in MOS 
devices. (b) Equivalent circuit for "multi-level" time constant sur- 
face states in parallel to the depletion layer capacitance in MOS 
devices. Key: CD, depletion layer capacitance; Css, surface-state 
capacitance; Rss, surface-state resistance; Gp, equivalent parallel 
conductance of the surface states. 

equal  to 2Gp/~. Hence, the capaci tance associated wi th  
the surface s ta tes  can be r ead i ly  calculated.  The den-  
s i ty of surface s ta tes  at a given energy,  Nss (in units  
of eV -1 cm-2 ) ,  can easi ly  be obta ined  f rom Gp, since 

Nss ~- 2Gp~/e [2] 

(where  e is the electronic charge) .  The value of , ,  as-  
sumed to be independen t  of potent ial ,  is t aken  as tha t  
corresponding to the  peak  value  in a plot  of Gp/~ vs. ~. 

There  have not  been many  reports  on the use of the 
a-c conductance technique in s tudies  of e l ec t ro ly te /  
semiconductor  PEC systems (17, 18). Barabash  and 
Cobbold (17) repor ted  some p re l imina ry  invest igat ions  
on the dependence  ef in te r face -s ta te  p roper t ies  of e lec-  
t ro ly te /S iO2/S i  s t ructures  on pH. Essent ia l ly  the  re -  
sults pa ra l l e l  those observed  for MOS devices and con- 
firm the va l id i ty  of a -c  conductance technique for eva l -  
ua t ing  in te r face -s ta te  p roper t ies  of semiconductor /  
l iquid junctions.  DuBow and Ra jeshwar  (18) have re -  
por ted  a sys temat ic  s tudy  of the admi t tance  charac-  
ter is t ics  of the  n -GaAs /A1Cl~-bu ty lpyr id in ium chlo-  
r ide room t empera tu r e  mol ten  salt  in terface  and 
demons t ra ted  that  the equiva lent  pa ra l l e l  conductance 
is more  sensi t ive to in te r face-s ta te  p roper t ies  than  the 
para l l e l  equiva len t  capacitance,  a l though both  funda-  
men ta l l y  contain  ident ica l  informat ion  about  the  su r -  
face-s ta te  proper t ies .  

We repor t  be low the resul ts  of a-c. impedance  tech-  
nique studies of n-MoTe2 in MeCN, 0.1M t e t r a - n - b u t y l -  
ammonium perch lo ra te  (TBAP)  containing a n u m b e r  
of redox  couples wi th  wide ly  differing redox poten-  
tials. MoTe2 is a l a y e r e d  compound whose proper t ies  
as a semiconductor  e lect rode were  first s tud ied  b y  

Tributsch and co-workers  (19). More  recent  s tudies  
of PEC cells wi th  MoTe2 are  descr ibed b y  A b r u n a  
et al. (20). 

Experimental 
Crystal growth.--The ~-MoTe2 crysta ls  were  grown 

by  ha logen vapor  t r anspor t  f rom MoTe2 powder  (Grea t  
Wes te rn  Inorganics,  Golden, Colorado, 99.9%.) Ei ther  
Br2 (70 mg) or  TeCl4 (100 mg) was used as a t r ans -  
por t ing  agent  for eve ry  5g of MoTe2. These were  in-  
t roduced into a quar tz  tube ( length 19 cm, d iamete r  
18 mm) ,  evacua ted  to be t t e r  than  5 X 10 .5  Torr,  and  
sealed. Samples  using b romine  t r anspor t  were  he ld  at  
l iquid n i t rogen  t empera tu re  dur ing  evacuation.  The 
sealed tube, wi th  the powder  evenly  d is t r ibu ted  along 
the length  of the tube,  was in t roduced into a hor i -  
zontal  spl i t  tube furnace  (Hev i -Du ty  Electr ic  Com- 
pany,  Water town,  Wisconsin;  length,  18 in., d iamete r  
11/4 in.) and  he ld  at  a m a x i m u m  t e m p e r a t u r e  of 875~ 
The t e m p e r a t u r e  decreased to a round  800~ at  the 
ends of the sample  and increased crys ta l  growth  could 
be  not iced in these regions.  Favorab le  condit ions for 
crys ta l  g rowth  were  ensured when  the tube was cooled 
by  convection of a i r  th rough  the spl i t  tube furnace,  
wi th  the m a j o r i t y  of the  crysta ls  growing on the wal l  
above the or iginal  charge. Af te r  the  t r anspor t  had p ro -  
ceeded sufficiently, the tube was removed f rom the fu r -  
r~ace and a su i tab le  section was held  under  runn ing  
wa te r  to condense the vapor  phase. The res t  of the tube 
could then  be cooled wi thout  h e a v y  contaminat ion  of 
the  crystals  wi th  the t r anspor t  agent.  

Samples  t r anspor ted  wi th  b romine  requ i red  2-3 days  
to produce  large  crystals  ( - ,  50 ram2), whereas  TeC14 
could t ranspor t  good crystals  in a pp rox ima te ly  18 hr.  
In  both cases, an increased concentra t ion of t r anspor t  
agent  increased the growth  rate;  condit ions for g rowth  
of the best  crystals  a re  those given above. Crysta ls  
occurred in clusters, a w a y  from the side of the tube 
in the form of p la te le ts  of  up to 1 cm ~ in area. Some 
crysta ls  exhib i ted  hexagonal  g rowth  spirals  and m a n y  
were  twinned.  However ,  a significant f ract ion had one 
flat crys ta l  surface, and a few grew as flawless hexag-  
onal  plates  f rom one corner.  Elect ron microprobe  
anaIysis  could not detect  the presence of halogens in 
the  t ranspor ted  crystals  or any  var ia t ion  in composi-  
t ion be tween crystals .  

Electrodes.--Single crysta ls  of a-MoTe2 were  se-  
lected f rom the clusters  of crystals  and cut wi th  a razor 
blade  to the  desired dimensions.  The face I C axis 
was peeled off wi th  adhesive tape and back-ohmic  con- 
tacts  were  made  wi th  G a / I n  alloy. A copper wire  l ead  
for el.ectrical contact  was a t tached to the  back-s ide  
wi th  s i lver  conduct ive pa in t  (All ied Product  Corpo-  
ration,  New Haven.  Connect icut)  and was subse-  
quent ly  covered wi th  5 rain epoxy. The assembly  was 
mounted  into 7 m m  d iam glass tubing  and he ld  in po-  
sit ion with  si l icone rubbe r  sealant  (Dow Corning Cor-  
porat ion,  Midland,  Michigan)  which also se rved  as an 
effective seal  against  the  seepage of e lec t ro ly te  solu-  
t ion to the rear  of the semiconductor .  The exposed area  
of the e lec t rode  was about  0.05 cm 2. The surface  of the  
e lec t rode  was t r ea ted  p r io r  to use wi th  6M HC1 for 5-10 
sec and then r insed thoroughly  wi th  dis t i l led  wa te r  
and dried. 

The solvent,  acetoni t r i le  (MeCN),  was purif ied and 
s tored as descr ibed e lsewhere  (21). Al l  chemicals,  em-  
p loyed af ter  purif icat ion or in the pures t  form com- 
merc ia l ly  avai lable ,  were  dr ied  under  vacuum before  
use. A check of the  pu r i ty  of al l  chemicals  used was 
pe r fo rmed  by  cyclic v o l t a m m e t r y  at a P t  d isk  elec-  
t rode (0.02 cm 2) at  the  beginning  of each exper iment .  
Po la rographic  grade  t e t r a - n - b u t y l a m m o n i u m  perch lo-  
ra te  (TBAP) ,wh ich  was twice recrys ta l l ized  f rom ace-  
tone -e the r  and dr ied  under  a vacuum of < 10 -5 Tor r  
for two days, was used as the suppor t ing  e lec t ro ly te  at 
0.1M concentrat ion.  
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A three-compartment electrochemical cell was used. 
A large area (~  40 cm s) Pt gauze counterelectrode im- 
mersed in the same compartment as the working elec- 
trode was used in impedance measurements. A P t  
gauze, separated from the main compartment by a me- 
dium porosity glass frit was used as the counterelec- 
trode for coulometric bulk electrolysis. The reference 
electrode was an aqueous saturated calomel electrode 
(SCE) with a saturated KC1 agar plug, immersed di- 
rectly in the main compartment. All potentials, unless 
stated otherwise, are reported vs. this SCE. 

A Princeton Applied Research (PAR) Model 173 
potentiostat and a PAR Model 175 universal program- 
mer, equipped with a Houston Instruments (Austin, 
Texas) Model 2000 X-Y recorder were used to obtain 
cyclic voltammograms. For impedance measurements, 
a Soltec (Sun Valley(California) Model 6432 X-Y1Y2 
recorder was employed. The lock-in amplifier tech- 
nique, which yields the in-phase (0 ~ and 0ut-of,phase 
(90 ~ components of a sine wave superimposed onto 
a linear potential ramp was employed. The a-c signal 
(12 mV peak-to-peak) at different frequencies was 
provided by an external signal generator, a Hewlett- 
Packard (Palo Alto, California) Model 200CD wide 
range oscillator. Components of the total impedance 
were obtained with a PAR Model 5204 lock-in am- 
plifier. All solutions were prepared and sealed in a he- 
lium-filled Vacuum Atmosphere Corporation (Haw- 
thorne, California) glove box. 

aqueous solutions containing I -  and I - ] I ~ -  are given 
in Fig. 9. 
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Fig. 2. Mott-Schottky (MS) plots of n-MoTe2 in MeCbl contain- 
ing 0.]M TBAP alone, at different frequencies. 

Results 
Capacitance-voltage p~ots.wThe two important pa- 

rameters, the flatband potential (VFB) and doping 
density are usually deduced from Mott-Schottky (MS) 
plots. Such MS plots for n-MoTes in MeCN containing 
0.1M TBAP alone are given in Fig. 2 for frequencies in 
the range 200 Hz-7 kHz. Although there is a very small 
dispersion in the slope, the VFB for all plots is located 
at --0.3V vs. SCE. If the dielectric constant of n-MoTes 
is taken as that of n-MoSes (22), the donor density 
(ND) is calculated to be about 2 X 1017 cm -3. The dif- 
ference (aEF) between the conduction bandedge (CB) 
and the Fermi level (EF) can be calculated from the 
Fermi-Dirac equation (23). With the reduced mass for 
the electron taken as the rest mass (22), aEF is --, 0.1 
eV, so that the conduction bandedge lies at --O.4V. 
With an MoTe2 bandgap 1.1 eV (24), the valence band- 
edge is at 0.7V vs. SCE. The band positions and the 
formal potentials of the redox couples employed in 
this study are given in Fig. 3 .  

Conduct ivi ty . - -The value of the conductivity has 
been computed from the equation �9 = ne~, where ~ is 
the conductivity (~-1 cm-1),  n is the charge carrier 
density (cm-Z), e is the electronic charge (1.6 • 
10-19C), and ~ is the mobility (cmsfV sec). A value of 

= 20 is taken from the literature (25). With n = 2 
• 1017 cm -3, the resistivity (1/~) is found to be 1.56a 
cm. This is in good agreement with previous values re- 
ported (26) for single crystal n-MoTes. 

Impedance measurements . - -The properties of the in- 
terface were primarily deduced from a-c imPedance 
measurements. The impedance of the semiconductor/ 
electrolyte interface was measured as a function of 
both the electrode potential and frequency (or angular 
frequency, ~,). The frequency range studied was 50 Hz- 
7 kHz. Typical plots of Gp vs. V and C vs. V are shown 
in Fig. 4 for n-MoTe2 in MeCN containing 0.1M TBAP 
alone. Figure 5 shows similar plots in the presence of 
various redox couples. As described previously, a plot 
of Gp/~ vs. J can be employed to determine the time 
constant of surface states. Such a plot is given in Fig. 
6a for MeCN, 0.1M TBAP at 0.3V vs. SCE. Plots of Gp 
vs. V and C vs. V in MeCN in the presence of I -  (as 
TBAI) and both I -  and In- are shown in Fig. 7 and 8, 
respectively. For comparison, plots of n-MoTe~ in 
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Fig. 3. Position of bandedges of n-MoTe2 in M~CN containing 
0.1M TBAP. CB, conduction bandedge; VB, valence bandedge; EF, 
Fermi level; I, iodine; FeCp2, ferrocene; IO-MP, lO-methylpheno- 
thiozine; Th, thianthrene. 
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Discussion 
The presence of surface states can cause f requency  

dependent  slopes and f latband potent ia ls  (VFB) in MS 
plots, and the absence of surface s tates  is sometimes 
assumed when  one obtains  f requency independent  MS 
plots. Al though  n-MoTea shows f requency  independen t  
MS plots,  the  in -phase  component  provides  evidence 
for surface  states. The in -phase  component  of the 
total  impedance  has been shown to dea l  d i rec t ly  wi th  
ra tes  of emission and capture  of car r ie rs  f rom surface 
states to e i ther  the bandedges  or the bu lk  t raps  (14a). 
Consider  Fig. 4, where  the  Gp vs. V and C vs. V plots  
are g iven for n-MoTes in MeCN containing 0.1M TBAP 
alone. The C-V plots  are  f requency independent ;  how-  
ever, the plot  of G l, vs. V shows a hump near  +0.3V 
whose magni tude  is f requency  dependent .  The Gp va l -  
ues in the deplet ion region va ry  wi th  f requency by  
nea r ly  two orders  of magni tude  whi le  the  overa l l  ca-  
paci tance values  change only marg ina l l y  in the same 
f requency regime. This observat ion,  that  the equiv-  
a lent  pa ra l l e l  conductance is more sensi t ive to the 
presence of surface states than  the quadra tu re  compo-  
nen t  for semiconduc tor / l iqu id  junctions,  para l le l s  tha t  
observed in MOS devices (17). Nicol l ian and Goetzber -  
ger  (14a) observed tha t  for  Si /SiO~/M the capaci tance 
increased by  only  14% while  the in -phase  component  
var ied  by  one order  of magni tude  for the same f re-  
quency domain.  Severa l  authors  have shown tha t  the  
surface states located in a pa r t i cu la r  potent ia l  reg ime 
m a y  be composed of surface states wi th  different  t ime 
constants  (27). The equiva lent  circuit  for  this condi t ion 

is shown in Fig. lb ,  whe re  severa l  different  •i-Ci e l e -  
m e n t s  are  connected in pa ra l l e l  wi th  the  space charge 
layer  capacitance. For  s implici ty,  however ,  we assume 
that  the surface states in n-MoTe2 can be represen ted  
by  a single t ime constant  and the equivalent  circui t  is 
shown in Fig. la. The plot  of Gp/w vs. f for a given po-  
ten t ia l  exhibi ts  a peak  at a pa r t i cu la r  f requency  char -  
acteris t ic  of the t ime constant  of the  surface  s ta te  (Fig. 
6a). The peak  va lue  occurs at 3000 Hz, corresponding 
to a t ime constant  w-* --  (2=]) -1 _-- 5 X 10 -5 sec. This 
t ime constant  p robab ly  represents  a weighted  average  
of t ime constants  associated wi th  sur face  states near  
0.3V. The increase  in Gp/~ at low frequencies  suggests 
that  a faradaic  component  also contr ibutes  to the  mea -  
sured total  conductance at  these frequencies  (18). If 
the  50 ;~see t ime constant  is t aken  to represen t  tha t  as-  
sociated wi th  surface states at n-MoTe2, the densi ty  of 
surface s ta tes  (Nss) can be calcula ted f rom Eq. [2]. 
F igure  0b is a typica l  p lot  of Nss (cm -2 eV -1)  for the  
n-MoTe2 elect rode in  MeCN, 0.1M TBAP solut ion con- 
ta ining FeCp20/+ over  the  potent ia l  range +0.4  to 
§ vs. SCE, where  a peak  in the Gp vs. V plot  oc- 
curs. The sur face-s ta te  densi ty  in this potent ia l  range 
var ies  be tween  6 X 101~ and 3 X 101~ cm -~ eV -1. The 
t ime constant  indicates  tha t  these surface s ta tes  a re  
fast surface states (28). In tegra t ion  of N~s wi th  potent ia l  
over  this region (0.2-0.4V) yields  a to ta l  surface den-  
sity, Nss', of ca. 1010 cm -e,  Note tha t  this dens i ty  of 
surface  s tates  is not  sufficient for F e r m i  level  p inning  
to occur (10). This is demons t ra ted  for  a 10-methyl -  
phenothiazine  (10-MP ~ solut ion (Fig. 5c) whose 
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Fig. 4. Parallel equivalent conductance (Gp) (0 ~ component) and capacitance (C) (90 ~ component) vs. V for n-MoTe: in MeCN contain- 
ing 0.1M TBAP. Frequency (#) - -  (a) 200 Hz; (b) 500 Hz; (c) 3000 Hz; (d) 5000 Hz. 
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Fig. 5. G'p a n d  C vs. V for n-MoTe:~ in MeCN, 0.1M TBAP solution conta in ing  (a) 10 mM FeCp~ and 1.2 rnM FeCp2+; f ---- 200 Hz. (b) 
10 mM FeCp2; f ----- 500 Hz. (c) 10 rnM 10-MP and ! mM 10-MP+; f "- 2000 Hz. (d) 8 mM Th~ f = 2000 Hz. 

Vredox is located +0.1V posi t ive of the VB of n-MoTe2. 
In the  presence of 10-MP ~ the G ,  vs. V and C vs. V 
curves are  essent ia l ly  the same as those ob ta ined  wi th  
b lank  solution, ind ica t ing  no change in VFB. Addi t ion  
of o ther  redox  couples, such as th ian th rene  (Th ~ 
and FeCp20/+, also produced  no appa ren t  shift  in VFB. 
This lack  of change in VFB for n-MoTe2 in the  presence 
of both  forms of the r edox  couple para l le l s  the  be -  
havior  found for  o ther  l aye red  compounds (29). These 

resul ts  can be contras ted  to those of o ther  e lementa l  
and  compound semiconductors  where  a monotonic  shift  
of VFB withVredox in the presence of both  forms of the 
couple in NIeCN solut ion was found (30). This be -  
hav ior  of the l aye red  compounds suggests that  surface 
states a re  not impor t an t  in es tabl ishing the equi l ib-  
r ium proper t ies  of the in terface  and tha t  specific ad-  
sorp t ion  of e lect roact ive  species on the e lec t rode  sur -  
face does not  occur. Note tha t  the a-c  impedance  mea -  

x~ 
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0 2 
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= 
'o 

~E  r 
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. . . . . . . .  
I I I 

o 0 . 2  
V vs.  S C E  

I 
0 . 4  

Fig. 6. (a) Gp/c~ ( in s e c / ~  
cm 2) vs. f for n-MoTe~, in MeCN, 
0.1M TBAP solut ion.  Potent ia l :  
-J-0.3V vs. SCE. (b) Nss vs. V for  
n-MoTes in MeCN, 0.1M TBAP 
conta in ing  FeCp2 ~ 
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2000 Hz. 
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Fig. 9. (a) Gp and C vs. V for n-M~Te2 in aqueous solution con- 
taining 1M KI. f ~ 2000 Hz. (b) Gp and C vs. V for n-MoTe2 in 
aqueous solution 1M KI/0.1M 12. f = 2000 Hz. 

surements  carr ied  out in the presence of I -  and l - / I s -  
(Fig. 7 and 8) [iodine has been shown to be specifically 
chemisorbed on e lec t rode  surfaces (31)] indicates  no 
change in the  Gp vs. V and C vs. V plots  except  for a 
small  hump around  --O.IV vs. SCE at low frequencies  
in MeCN. This suggests  tha t  in MeCN, I -  and I8-  a re  
not  specifically adsorbed on l aye red  compound~. How-  
ever, impedance  measurements  in aqueous solut ion in 
the  presence of both  I -  and I - / I s - ,  shown in Fig. 
9a and b, demons t ra te  tha t  while  there  is no effect wi th  
I -  alone, the presence of 18- shifts  VrB to more  posi-  
t ive values and comple te ly  e l iminates  the humps  a t -  
t r ibu ted  to the  surface states. Kau tek  and Ger ischer  
(32) reached a s imi la r  conclusion for M oSe2 in aqueous 
solutions in the presence of I - / I 8 - .  

Conclusions 
The a -c  impedance  of the semiconduc tor / l iqu id  in-  

terface para l le l s  that  for MOS devices. The in -phase  
component  is more  sensi t ive to sur face-s ta te  proper t ies  
than  the quadra tu re  component .  For  n-MoTe2 in 
MeCN, the to ta l  sur face-s ta te  dens i ty  was about  1010 
c m  -2,  which is too smal l  for Fe rmi  level  p inning to 
occur. The s ing le- leve l  t ime constant  was es t imated  as 
5 X 10 -5 sec, which falls  in the domain of fast surface 
states. The behavior  of n-MoTe2 para l le l s  tha t  of o ther  
l aye red  compounds in MeCN. While  adsorpt ion  of I s -  
in MeCN solutions was not  found, shifts of VFB in 
aqueous I8-  solutions suggests  in terac t ion  of this spe-  
cies wi th  the e lect rode surface under  these conditione. 
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APPENDIX 
The overall equivalent circuit for the semiconductor/ 

solution/metal counterelectrode cell is given in Fig. 
A-1 (a). 

Since the counterelectrode area is about 500 times 
larger than that of the semiconductor electrode, the 
contribution of the Ccounter and Rcounter to the overall 
cell impedance can be neglected. ]~ecause the electro- 
lyte concentration is fairly high and the bulk resistance 
of the electrode is small, the contribution of CH and 
Cdiff should be small. The equivalent circuit then re-  
duces to that shown in Fig. A,1 (b). Finally, since dark 
faradaic currents are not observed, RF should be very 
high. Since it is in parallel to Rss, the RF term can be 
neglected. Then the equivalent circuit of the semicon- 
ductor/liquid junction in the dark reduces to Fig. 1 (a). 
Analysis of the admittance of this circuit, Av, where 

Ap : Gp ~- j~Cp [A-l]  

yields the following expressions for the conductance, 
Gp (in-phase component) and capacitance, Cv (quad- 
rature component) 

(,~CsD~R~s ~Cssx G o -- [A-2] 
I H- (~RssCss) ~ I H- (~T) 2 

(.) 

Csc 

C~ 

_L 
CDIFF 
cH T 

T 
I 

t Rss 
T Css 

R= 

~RB 
J- 1 RCOUNTER CCOUNTER T 

J 

(b) 
o I 

I ~Rss R~ Csc T Css 

o I 
Fig. A-I.  Equivalent circuit for the semiconductor/solution/metal 

counterelectrode cell. Ceounter, capacitance associated with coun- 
terelectrade/liquid junction; Caiff, diffuse layer capacitance; CH, 
Helmholtz layer capacitance; Cse, space charge layer capacitance; 
Css, surface-state capacitance; RB, resistance associated with bulk 
resistance of the electrode and solution resistance; Rcounter ~ any 
resistance associated with interface between counterelectrode and 
solution; RF, resistance due to faradaic impedance; Rss, resistance 
arising from the presence of surface states. 

Css 
Cp : Cse -~ = Cse + 

1 + (O~RssCss) ~2 

Css 
1 Jr (~r 

[A-3] 

where �9 = RssCss. 
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