
Semiconductor Electrodes 
LVII. Differential Photocurrent and Second Harmonic Techniques for in situ Monitoring of 

Surface States on n-MoSe2 in Aqueous Solutions 

Bob L. Wheeler, G. Nagasubramanian, and Allen J. Bard* 
Department of Chemistry, The University of Texas at Austin, Austin, Texas 78712 

ABSTRACT 

Second harmonic ac impedance and differential photocurrent  techniques are employed to monitor, in situ, the sur- 
face states on n-MoSes electrodes in aqueous solutions containing the Fe(CN)6 s-/4- couple. These two techniques are 
qualitatively more sensitive to the presence of surface states on single-crystal n-MoSes than first harmonic ac tech- 
niques. Surface states on this semiconductor electrode were passivated by a thin layer of RuOx. This film also increased 
the PEC efficiency of both single-crystal and polycrystalline n-MoSes. 

Surface states, either intrinsic or extrinsic, are known 
to affect the performance of photoelectrochemical  (PEC) 
cells and behavior of semiconductor  electrodes by pro- 
moting Fermi level pinning, acting as recombinat ion cen- 
ters, and abetting dark current flow (1-3). Several tech- 
niques for the study of surface states at electrode surfaces 
contacting electrolyte solutions are available; these in- 
clude (i) current-potential methods (3), (ii) photocapaci- 
tance spectroscopy (4), (iii) electroluminescence spectros- 
copy (5-7), (iv) photoluminescence spectroscopy (7), (v) 
measurements  of the subbandgap photoresponse (8-10), 
(vi) interfacial capacitance (11), and (vii) surface 
photovoltage (12). Recently, we reported that the ac im- 
pedance technique can provide information about both 
the energy distribution and density of surface states 
(13, 14). This method could detect the presence of surface 
states even when their density was too small to cause 
Fermi level pinning on n-MoTes. We report here ac im- 
pedance studies of n-MoSes and demonstrate the use of 
this method as a means of in situ monitoring of the semi- 
conductor surface and the effects of surface treatments. 
In addition, two techniques are described which are qual- 
itatively even more sensitive to the presence of surface 
states: the second harmonic ac impedance and the differ- 
ential photocurrent  techniques. Deposition of a thin layer 
of R u O / o n  the surface of n-MoSes was shown by all three 
techniques to passivate the surface states present. Con- 
currently, the photocurrent-voltage behavior showed a 
dramatic improvement.  This provides strong evidence 
that all three techniques monitor the semiconductor  sur- 
face, in situ, and that the surface states were responsible 
for the poor photocurrent-voltage behavior with the un- 
treated surface. The improvement  of the single-crystal be- 
havior encouraged us to at tempt to improve polycrystal- 
line MoSes films by the same method. 

Experimental 
Electrodes.--Single crystals of n-MoSes 1 were used. The 

van der Waals surface ( -~ C axis) was the face exposed to 
the solution. Ohmic contacts were made to the back sur- 
faces with Ga/In eutectic. A copper wire lead for electrical 
contact was attached to the ohmic contacts with silver 
conductive paint (Allied Product  Corporation, New Ha- 
ven, Connecticut) and then covered with 5 min epoxy ce- 
ment  (Devcon Corporation, Danvers, Massachusetts). A 
fresh surface was exposed by peeling off the top van der 
Waals layers with adhesive tape until the surface ap- 
peared free of edges or steps upon examination with a mi- 
croscope. Assemblies were then mounted in 6 mm diam 
glass tubing and held in place by covering all except  the 
front surface with silicone rubber sealant (Dow Coming 
Corporation, Midland, Michigan), which also served as a 
seal against the seepage of the electrolyte to the back con- 
tact. The exposed area was -0.06 cm s for all electrodes 

*Electrochemical Society Active Member. 
1The single crystals of n-MoSes were obtained from Dr. Barry 

Miller and Dr. Frank DiSalvo of AT&T Bell Laboratories, Mur- 
ray Hill, New Jersey. 

used. The surfaces of the electrodes were treated with 6M 
HC1 for 1 min and rinsed with distilled water prior to use. 
The electrolyte consisted of an aqueous solution of 0.2M 
K2Fe(CN)6, adjusted to pH 8 with KOH, and deaerated 
with prepurified N2 prior to the experiment.  A positive 
pressure of this Ns was kept in the cell during the experi- 
ments. 

Polycrystalline films of MoSe2 were made from MoSe2 
powder, 99+% (Alfa, Danvers, Massachusetts) using Is 
vapor transport. A quartz tube, 1.5 cm diam + 15 cm 
length, was rinsed successively with 48% HF, distilled 
water, aqua regia, distilled water, 48% HF, and distilled 
water, then dried under  vacuum at 150~ Approximately 
3g of the MoSe2 powder was placed in the tube, and the 
tube was evacuated (< 10 -5 torr) for lh. The tube was 
filled with He and I2 was quickly added (-20 mg/g 
MoSe2). Most of the He was removed and the tube was 
cooled in liquid N2 and evacuated and sealed. The MoSe2 
and Is were distributed along the tube, which was placed 
in a split tube furnace (Hevi-duty Electric Company, 
Watertown, Wisconsin, length 18 in., diam 1.25 in.) and 
kept at 900~ The ends of the furnace were plugged with 
spun alumina to minimize any temperature gradient 
which could cause growth of single crystals. After three 
weeks, the tube was removed from the furnace, and a 
suitable section was cooled under running water to con- 
dense the I2, and then the rest of the tube was cooled. A 
polycrystalline mass of MoSe2 had grown above and be- 
neath the original charge. The side of the polycrystalline 
mass which faced the center of the quartz tube was cov- 
ered with crystalline platelets protruding perpendicularly 
to the quartz walls; this was designated as the rough side. 
The opposite side, which was against the quartz tube, was 
shiny and was designated as the smooth side. The poly- 
crystalline films were quite sturdy and could be removed 
easily from the quartz after the tube was broken. Contact 
to these films was made with silver paint and copper 
wire. The contact and the rest of the film, except  for the 
area to be exposed to the solution, was covered with 5 
rain epoxy cement. Since the films had pinholes, the con- 
tact had to be kept above the solution level. The electro- 
lyte solution used was an aqueous solution of 1M KBr, 
deaerated with Ns. 

A conventional three-electrode single-compartment cell 
with a flat Pyrex window for illumination of the semi- 
conductor  electrode was used. The cell, which had a vol- 
ume of about 30 ml, also contained a Pt  gauze electrode 
(area > 40 cm s) which was used as the counterelectrode. 
The reference electrode was a saturated calomel electrode 
(SCE) separated from the cell by a KCl-saturated agar 
bridge. All potentials are reported vs. SCE. 

Current-potential behavior was obtained with a PAR 
Model 173 potentiostat with Model 179 digital coulometer 
plug-in and Model 175 programmer (Princeton Applied 
Research, Princeton, New Jersey) and recorded with a 
Model 2000 X-Y recorder (Houston Instruments,  Austin, 
Texas). Polychromatic i l lumination was obtained from a 
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450W Xe lamp (Oriel Corporation, Stamford, Connecticut) 
provided with a water filter. The intensity was 100 
mW/cm ~. 

Photodeposition of RuOx (x -- 2) on the MoSe2 elec- 
trodes was accomplished by a modification of the proce- 
dure reported by Anderson and Warren (15). To a solution 
of 1.7g of RuC13 �9 3H20 in 100 ml of 98% aqueous EtOH, 6 
ml of 1,3-cyclohexadiene was added (16). The solution 
was placed in a boiling flask fitted with a reflux con- 
denser and heated to 45~ for 3h. The reflux condenser 
was then removed, and the solution volume was reduced 
to 30 ml. The red precipitate of [Ru(~s-C6H6)C12]2 was col- 
lected by filtration, washed with EtOH, and allowed to 
dry in air. This species was dissolved in a min imum 
amount  of water, and 4 mol AgBF, were added per mole 
of Ru dimer to obtain Ru(~6-C6H6)(OH~)~ ~§ and a precipi- 
tate of AgC1. The solution was filtered, and the filtrate 
was diluted to give 0.04M Ru. The pH was adjusted to 5 
and NaC104 was used as supporting electrolyte at a con- 
centration of 0.1M. The aquated species can be oxidized 
on Pt  at +0.9V vs.  SCE to give a film of RuO~. (15). On il- 
luminated n-MoSe2, photo-oxidation starts at +0.2V vs. 
SCE. The films were produced by i l luminating the 
n-MoSe2 with white light and biasing at + 0.5V while mon- 
itoring the charge passed with a coulometer. 

A C  i m p e d a n c e . - - T h e  lock-in technique (13, 14) was 
used to measure the ac impedance behavior as a function 
of applied potential. In  this technique, a small amplitude 
sine wave, 12 mV peak to peak, from a wide-range oscilla- 
tor (Model 200 CD, Hewlett-Packard, Palo Alto, Cali- 
fornia) is superimposed on a slow (-< 5 mV/s) dc ramp 
from the PAR universal programmer by the PAR poten- 
tiostat and applied to the cell. The output of the current 
follower of the potentiostat is input  to a lock-in amplifier 
(PAR Model 5204 or 5206) which separates the signal into 
the components  in and out of phase (90 ~ with the ac sig- 
nal from the oscillator. These signals were calibrated by 
using an RC circuit composed of a resistance substi tution 
box checked with a digital multimeter and a precision 
decade capacitor (Hewlett-Packard Model 4440 B). The in 
and out of phase signals as a function of dc potential were 
plotted on an X-Y-Y recorder (Soltec, Sun Valley, Califor- 
nia, Model 6432). 

The second harmonic measurements were made by ap- 
plying the same ac signal at a fundamental  frequency (f) 
and setting the lock-in on the external 2f mode. The 
HP200 CD oscillator was found to have negligible har- 
monic distortion detectable at the sensitivities used, and, 
therefore, this oscillator was used for all ac measure- 
ments. All other inst rumentat ion was the same as that 
used in the measurements at the fundamental  frequency. 

Di f f e ren t ia l  p h o t o c u r r e n t . - - I n  this technique, the 
photocurrent is electronically differentiated with respect 
to potential as a function of potential (17). The method 
used the intermodulation frequency of chopped light and 
ac modulation of the electrode. This method has been de- 
scribed in  detail elsewhere (18) and the results are plots of 
the photocurrent vs.  voltage, as well as the differential 
photocurrent vs. voltage. Instrumentat ion is identical to 
that described previously (18). 

Results and Discussion 
Capac i t ance -vo l t age  behav ior  o f  s ing le-crys ta l  

n - M o S e 2 . - - M o t t - S c h o t t k y  (M-S) plots over the frequency 
range (f) 0.5-5 kHz are given in Fig. 1 for n-MoSe2 in aque- 
ous solution containing Fe(CN)~ 4-~3- as the redox couple. 
In  this frequency regime, the capacitance values (C) were 
generally free from the deleterious effects of surface 
states and yielded values of C which were only slightly 
dependent  on f. The value of flatband potential (V~B) and 
the average value of the doping density (ND) obtained 
from the M-S plots are around -0.1V vs.  SCE and 2 x 
10~Vcm 3. Taking the bandgap as 1.4 eV (19), we estimate 
that the valance band (VB) and conduction band (CB) 
edges are located, respectively, at +1.16 and -0.24V. 
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Fig. 1. Mott-Schottky plots for n-MoSe2 in aqueous 0.2M 
K4Fe(CN)~. a: 500 Hz. b: 1 kHz. c: 5 kHz. 

Inflections in the reverse bias region of capacitance (C) 
or conductance (G) vs.  V plots are often associated with 
excess charge residing in surface states (20). Such inflec- 
tions will be manifested as dips or humps in the C-V or 
G-V plots with frequency-dependent peak positions and 
heights. The shape and size of the humps are determined 
by the time constant (7) associated with charge exchange 
and the density distribution as a function of potential en- 
ergy (N~s, cm-~eV-1). The integrated area under  .the hump 
can be used to obtain quantitative information about the 
total density of surface states. This approach was used 
previous]y (14) to obtain a surface-state density of 1.4 • 
10 '~ cm -2 for n-MoSe2. This density is too small for pin- 
ning the Fermi level (21, 22). In Fig. 2 are shown plots of 
the equivalent parallel conductance (G,) and equivalent 
parallel capacitance (C,) vs. V for two typical n-MoSe2 
electrodes in aqueous solution containing 0.2M K4Fe(CN)6 
at two different frequencies, 100 and 500 Hz. While the C, 
vs.  V plots at 500 Hz show no hump in contrast to that at 
100 Hz, the Gp vs. V plots exhibit humps with a frequency- 
dependent  peak height. Different electrodes all gave simi- 
lar results. This observation, that the in-phase component  
is more sensitive to the presence of surface states than the 
90 ~ component, is in accord with earlier observations (13, 
23, 24). In Fig. 3 is shown the second harmonic of the ac 
impedance of n-MoSe2 electrode of Fig. 2a in 0.2M 
K,Fe(CN)6 with ac modulation at 500 Hz. Note the ab- 
sence of any dip or hump in the Cp vs. V at 500 Hz, while 
the second harmonic (which is related to d C / d V  vs.  V)  ex- 
hibits a hump around +0.2V, roughly in the same poten- 
tial region in which Gp vs. V exhibits a hump. In  many de- 
vices, the capacitance changes much less rapidly than 
d C / d V  (25, 26, 27) since, while C, cr V1:2, d C d d V  ~ V -3/'~. As 
with the dCp/dV behavior, the small hump present in the 
G, vs. V curve is greatly amplified in the second har- 
monic of the conductance (dG~]dV) (Fig. 3). 

Pho tocurren t  a n d  d i f f e r e n t i a l  pho tocurren t  behav ior  o f  
n-MoSe.2.--In Fig. 4 are given the photocurrent (j) and the 
differential photocurrent (Aj) vs.  V for two n-MoSe~ elec- 
trodes with monochromatic i l lumination at 500 nm in 
aqueous solution containing IQFe(CN)~ as redox couple. 
The plots in Fig. 4a are for the same electrode as Fig. 2a. 
Note that the current axis for Aj is given in a logarithmic 
scale. The log Aj vs.  V plots exhibit a large hump in the 
potential regime in which j vs.  V curves exhibit  a dip. 
Similar results were obtained when the two modulating 
frequencies were varied by -+ 20% while maintaining the 
intermodulation frequency constant at 400 Hz for ease of 
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Fig. 2. AC impedance of 
n-MoSe2 in 0.2M K4Fe(CN)e. (a) 
and (b) denote different elec- 
trodes. The upper plots are for 
100 Hz, and the lower for 500 
Hz. Gp, in-phase or equivalent 
parallel conductance, Cp; quadra- 
ture or equivalent parallel capaci- 
tance. 

filtering. Since Aj is the differential photocurrent at any 
potential, information concerning inflections in the pho- 
tocurrent attributable, for example, to surface recombina- 
tion and surface states, are amplified in hi. Even a very 
small dip or hump in j vs. V will be apparent in Aj vs. V 
plots. Recall that the in-phase component  (Fig. 2) exhibits 
a peak in the same potential regime in which the j and hj 
vs. V plots exhibit a hump. This observation suggests that 
the differential photocurrent technique can be used as a 
diagnostic tool to probe the electrode surface for surface 
states. 

The ac impedance and current-voltage behavior of  
n-MoSes after surface modification wi th  RuOx.--These 
techniques, in conjunction with the ac impedance and 
current-voltage measurements,  have been extended to re- 
gimes where surface states can be passivated by a thin 
layer of RuOx. The thermodynamic potential for RuO~ 
deposition from Ru(~6-C~H6)(OH~)3 2§ complex is about 
+0.gv vs. SCE. The VB edge of n-MoSes is located at 

V vs. SCE 
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Fig. 3. Second harmonic ac impedance for n-MoSe~ in aqueous 
0.2M K4Fe(CN)~. Fundamental modulation frequency = 500 Hz. Sen- 
sitivity for dGp (second harmonic of Gp) and dCp (second harmonic of 
~p) ore 100x and 20x, respectively, Gp and Cp in Fig. 2b. Negative 
values are plotted upward. 

d..._..,, +io 

\ , '  1 
. j "  / ~ J  - -  - 7.8 

Vv CE s . $  
1.0.8 * 0.4 0 

I I I i I ,, 

DLJ =0 

I ~  / / 0.25 IJA / 
i- / /  

/ 

j log AJ//// 
- - / ~ - -  - 9 .5  

" ' ~ l o g a j : '  - -  -9.0 
- 0.7 

i I I i I 
~0.8 * 0 . 4  0 

V vs. SCE 
Fig. 4. Photocurrent (j) and log differential photocurrent (Aj) vs. po- 
tential for n-MoSe.~ in 0.2M K4Fe(CN)6. Monochromatic illumination 
at 500 nm, j obtained with light modulation at ~1.1 kHz, and ~j at 
the difference frequency (0.4 kHz) between the potential modulation 
(~1.5 kHz) and the light modulation. (a) and (b) denote different 
electrodes. The plots for (a) ore for the electrode of Fig. 2a. 
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Fig. 5. AC impedance of n- 
MoSe2/RuO~ in 0.2M K4Fe(CN)6. 
Gp = equivalent parallel conduct- 
ance, Cp = equivalent parallel 
capacitance, dGp = second har- 
monic of Gp (sensitivity = 5 • 
Gp). Modulation frequency is 25 
Hz (left) and 100 Hz (right). Neg- 
ative values of dGp are plotted 
upward. 
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1.16V vs. SCE. We have photoelectrochemical ly deposi ted 
a thin layer of RuO~ on the surface of the n-MoSes elec- 
t rode of Fig. 2a held at +0.5V under  white l ight i l lumina- 
tion from a 450W Xe lamp. The film appeared  golden yel- 
low, and the amount  of  charge passed was equal  to t.9 
mC ( -  30 mC/cm2). In Fig. 5 are given plots of the imped- 
ance and the second harmonic  ac impedance  for two 
modulat ion frequencies in K4Fe(CN)6 solution. Both the 
ac impedance  at the fundamental  frequency and the more 
sensitive second harmonic exhibi t  smooth plots that  are 
indicative of an improved surface. In Fig. 6 is shown the j 
and Aj vs. V for n-MoSe2 after deposi t ing RuO~. Note the 
significant improvement  in the shape of  the current- 
voltage behavior. The photocurrent  rises to saturation 
much more quickly than its counterpart  in Fig. 4. This 
type of steep rise to saturat ion has been at t r ibuted to the 
absence of surface states and recombinat ion effects (28, 
29). At 0.3V, corresponding to the Vredox of Fe(CN)64-~s-, 
the photocurrent  (roughly corresponding to the  short- 
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0.3 0.0 
i I i I I j = o  

Vvs.SCE 

l og  Aj 

Fig. 6. Photocurrent (j) and log differential photocurrent (Aj) for 
n-MoSe2/RuO~ in 0.2M K4Fe(CN)~. Illumination and frequencies are 
as in Fig. 4. 

circuit  photocurrent  in a two-electrode PEC cell con- 
figuration) of the RuOx-modified electrode is approxi-  
mately double that of the untreated electrode. Consider 
the behavior  of the differential photocurrent.  Aj decreases 
more sharply with V than its counterpart  in Fig. 4. Fur-  
ther, the hump at t r ibutable to the presence of surface 
states is absent,  suggesting the passivation of the surface 
states. The RuOx films were found to be stable in the 
presence of all mineral  acids, but  could be dissolved by 
sulfochromic acid. Short  t reatments  in this acid of bare 
n-MoSe2 electrodes were found not to affect the ac imped- 
ance behavior. In  Fig. 7 is given the plot  of j and hj vs. V 
after part ial ly removing the RuO~ layer by briefly dip- 
ping the electrode in chromic acid. Compare Fig. 6 and 7. 
In  both cases, the j vs. V behavior is the same. The lower 
photocurrent  in Fig. 6 is probably due to larger attenua- 
tion of the impinging light intensity by a thicker  RuOx 

0.8 0.4 o.0 
I , I , , ) , , I J--O 

Vvs. SCE 

" ~  - I 0  

- 9  

/ I o g A j  

Fig. 7. Photocurrent (j) and log differential photocurrent (Aj) for 
n-MoSeJRuOx in 0.2M K4Fe(CN)6 after etching RuOx coating in chro- 
mic acid for 5s. Monochromatic illumination and frequencies are as in 
Fig. 4. 
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Fig. 8. Current-potential curves 
for smooth side of polycrystalline 
MoSe2 in 1M KBr. Dark (---), 
illuminated with 450W Xe lamp 
( - 1 0 0  mW/cm s) ( ), and after 
deposition of RuOx under illumi- 
nation (-.-). 

film. However, the Aj vs. V behavior is not the same. This 
plot exhibits a hump in the same potential regime in 
which both the ac impedance and differential photocur- 
rent (before RuOx deposition) exhibit a hump. This obser- 
vation indicates that the differential photocurrent method 
can be used to monitor the presence of surface states 
even at low levels, where the photocurrent behavior ap- 
pears normal. In addition, even those states which cannot 
be charged in the dark but  can be charged under  illumi- 
nation (30) are detectable by.the differential photocurrent 
technique. In this respect it is even superior to the second 
harmonic impedance method for detecting surface states. 

In  a previous paper (14), we reported that the surface 
states existing on n-MoSes were not present in sufficient 
density to cause p inning  of the Fermi level in acetonitrile 
solutions. The possibility that a Schottky barrier exists 
between the n-MoSes and the RuO~ is ruled out by the 
constant  onset potential of photocurrent in solutions of 
iodide, bromide, and ferrocyanide. Formation of insulat- 
ing layers such as oxides could cause the measured im- 
pedance to be no longer equivalent to the combinat ion of 

space charge layer and surface states illustrated by Fig. 
A-1 of Ref. (14). The fact that RuOx is a conducting layer, 
as well as the values of the capacitance away from the po- 
tential regime of the_surface states before and after RuO~ 
deposition (compare Fig. 2a and Fig. 5), strongly suggests 
that the space charge layer capacitance is being mea- 
sured. Additional support for this contention lies in the 
fact that even at frequencies as low as 100 Hz, the Mott- 
Schottky plots are linear; this would not be the case if the 
space charge capacitance were not approximately equiva- 
lent to the measured capacitance. 

PEC behavior of polycrystalline n-MoSe2.--Recent stud- 
ies on polycrystalline films of p-WSe2 (31) and n-WSes (32) 
have been described. In the latter work, results of a modi- 
fication procedure with silver and lan thanum ions were 
discussed. We report here work done on similar poly- 
crystalline films of n-MoSes and results of surface 
modification with photodePosited RuOx films. In  Fig. 8 
is shown the j-V behavior for the smooth side of 
polycrystalline n-MoSe2 in aqueous solution containing 
1.0M KBr as the redox couple before and after depositing 

0.8 0.4 i. 0 

,,,,,,' V vs SCE 

!," mA/om 2 
Fig. 9. Current-potential curves 

for rough surface of polycrystal- 
line n-MoSe.> Dark (--),  illumina- 
tion ( ). Conditions are as in 
Fig. 8. 
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a thin layer of RuOx. The conditions are the same as used 
for the single-crystal n-MoSez except  the number  of cou- 
lombs passed in RuO~ deposi t ion (~420 mC/cm '2 of pro- 
jec ted  surface area). (However, the actual surface area 
could be as much as an order  of magni tude greater than 
the projected area.) The photoperformance is improved 
after RuO~ deposition; not  only is the photocurrent  in- 
creased, but  the onset of photocurrent  is located at least 
0.3V more negative. Al though the j-V performance ap- 
pears to be improved after modifying the electrode sur- 
face with RuO,, the photocurrent  and efficiency of the 
polycrystal l ine material  is still much smaller  than that  of 
t reated single-crystal MoSe~. Under  similar conditions, 
the untreated rough side of the polycrystal l ine MoSe2 
gave bet ter  photocurrent  than the RuOx-coated smooth 
side (Fig. 9). However, deposi t ion of the RuOx on the 
rough side did not improve the behavior. Thus, the RuOx 
t reatment  appears to help a poor surface more than a 
good one. 

Conclusions 
Both the second harmonic and the differential photo- 

current  methods can be used as diagnostic tools for moni- 
toring the presence of surface states. Even under  condi- 
t ions where the presence of surface states cannot be 
detected by the photocurrent ,  the differential photocur- 
rent  can be used to detect  them. Further,  even those 
states which are not charged in the dark but  can be 
charged under  i l lumination can be detected by the differ- 
ential photocurrent.  In this respect,  it is even superior  to 
the second harmonic impedance  method. The second har- 
monic is more sensitive than the ac impedance  of the fun- 
damenta l  frequency. 

Photoelectrodeposi t ion of a thin film of RuOx signifi- 
cantly improves both the potential  for photocurrent  onset 
as well as the short-circuit  photocurrent  for single-crystal 
n-MoSe2 and the smooth side of polycrystal l ine MoSe2. 
At tempts  to s tudy the behavior of similar n-MoTe2 with 
RuOx films were not successful. The Ru(~?6-C6H6)(OH2)32§ 
redox potential  is more positive than the valence band- 
edge of this material  (13) and, therefore, RuO~ films 
could not  be formed by this method. 
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