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Figure 1. Differences in average valence-shell energies between 
atoms A and the H atom (hartree). Left side: Free atoms F,  0, 
and N relative to H as zero reference. Right side: Atoms F, 0, 
and N in their hydrides relative to  H in H2 as zero reference. 
Values for both left and right sides are per bond (pattern shown 
is not qualitatively altered if whole-molecule energies are em- 
ployed). If the electronic chemical potential, p, were plotted in 
the same manner, the left side would be approximately the same, 
but the right side would be a single point at the reference line, 
H2. Equalization of electronegativity does not occur. 

each other, are required to have a common chemical po- 
tential," in contrast to xspec and other definitions of x, 

(11) p = -(Im,,, + A,,)/2, where I,,, and A,, are the minimum and 
maximum of the two I and A values, respectively. Perdew, J. P.; Parr, 
R. G.; Levy, M.; Balduz, J. L. Phys. Rev. Lett. 1982, 49, 1691. Parr, R. 
G.; Yang, W. Density-Functional Theory of Atoms and Molecules; Ox- 
ford Univ. Press: New York, 1989; Chapter 10. 

which have free-atom values at infinite internuclear sep- 
aration. 

It is well-known that almost all chemical bonding phe- 
nomena can be at least qualitatively explained within the 
framework of the Hartree-Fock approximation (including 
the periodic table and the successes of molecular orbital 
theory), and thus it is a surprise that density functional 
F cannot be obtained uniquely at  this level of approxi- 
mation. xspec contrasts sharply in that almost all of the 
useful chemical information is obtained at the Hartree- 
Fock level for most  molecule^.^*^ Likewise, in Pearson's 
Commentary referred to previously, he has pointed out 
that p does not give reliable estimates of bond polarity nor 
conform to Pauling's description of electronegativity.12 

In conclusion, it seems obvious that the electronic 
chemical potential, p,  as developed and applied by Parr, 
Pearson, et al., is an entirely different chemical quantity 
than the concept of electronegativity, x, which chemists 
and physicists have consistently associated with bond 
polarity. Thus, it creates unnecessary confusion to equate 
x with -p. For a very long time, electronegativity has been 
regarded by many scientists as a somewhat "fuzzy" and 
ill-defined idea, and misappropriation of the word elec- 
tronegativity would be an unfortunate setback just as a 
more precise and broadly applicable formulation is be- 
ginning to emerge. 

(12) In a Coord. Chem. Reo. article (in press), Pearson states in regard 
to his and Parr's identification of p with - x ,  "But this is a new electro- 
negativity that has been created. It not longer applies to atoms in a 
molecule so much, but to the entire molecule, radical or ion. Perhaps the 
word electronegativity should not have been preempted, and the term 
electronic chemical potential used instead." 
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The energy crisis of the early 1970s stimulated nu- 
merous investigations of semiconductor/liquid junctions 
for the conversion and storage of solar en erg^.^-^ Al- 
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though similar in concept to solid-state photovoltaic 
devices, semiconductor/liquid junctions offered the 
potential for inexpensive, chemically based energy- 
conversion devices, with the accompanying potential to 
effect the direct conversion of light into chemical fuels. 
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Figure 1. Schematic of a semiconductor/liquid photoelectro- 
chemical cell. Illumination of the semiconductor with light above 
its band-gap energy results in the creation of excited mobile 
electrons and holes in the solid. The electric field a t  the sol- 
id/liquid interface promotes the spatial separation of these 
charges, producing a faradaic current flow in the cell. The ori- 
entation of the field in an efficient cell always drives majority 
carriers into the bulk of the semiconductor and minority carriers 
to the solid/liquid interface. In this example, in the absence of 
illumination, the semiconductor had an excess of electrons (i.e., 
doped to be n-type), so photogenerated holes are driven to the 
semiconductor/liquid interface, as indicated by the direction of 
current flow in the cell. The electrical circuit is completed by 
motion of the redox ions in the liquid phase from the semicon- 
ductor photoelectrode to the metal counter electrode. 

The actual photoelectrochemical process is extremely 
simple: mobile charges are created when a semicon- 
ductor electrode absorbs light, and some of these 
charges are then transferred to ions in the electrolyte 
solution. This separation and transfer of charge results 
in production of a photocurrent through the external 
circuit of the cell (Figure 1). 

The apparent simplicity of the process belies the 
variety of problems encountered in the actual con- 
struction of a useful, operating photoelectrochemical 
device. Earlier investigations of semiconductor/liquid 
junction photocells in the 1950s and 1960s, by esteemed 
investigators such as Boddy: Brattain,5 Gerischer,6 
M~rr i son ,~  and Memming,8 had identified a key impe- 
diment to utilization and study of these systems in the 
laboratory: light-induced corrosion of the semicon- 
ductor electrode.,. Later, in the 1970s, renewed efforts 
were directed at these systems, and many combinations 
of semiconductors and liquids were discovered that 
could effect the stable conversion of light into electricity 
or chemical fuels. During this period, the studies of 
Heller and Miller: Wrighton,lo Gerischer;' Tributsch,12 
Bard,13 Parkinson,14 Fujishima and Honda,15 and oth- 

(4) Boddy, P. J. J. Electrochem. SOC. 1968, 115, 199. 
( 5 )  Brattain, W. H.; Garret, C. G. B. Phys. Rev. 1954, 94, 750. 
(6) (a) Gerischer, H. 2. Phys. Chem. (Frankfurt) 1960,26, 223. (b) 

Gerischer, H.; Mindt, W. Electrochim. Acta 1968, 13, 1329. 
(7) Morrison, S. R. Electrochemistry at Semiconductor and Oxidized 

Metal Electrodes; Plenum Press: New York, 1980. 
(8) (a) Memming, R. Electroanal. Chem. 1979,11,1. (b) Beckmann, 

K. H.; Memming, R. J. Electrochem. SOC. 1969,116,368. (c) Memming, 
R. J. Electrochem. SOC. 1969,116,785. 

(9) (a) Miller, B.; Heller, A. Nature (London) 1976, 262, 680. (b) 
Heller, A. Acc. Chem. Res. 1981, 14, 5. 

(10) Wrighton, M. S. Acc. Chem. Res. 1979, 12, 303. 
(11) Gerischer, H. J. Electroanal. Chem. 1983. 150. 553. 
(12) Tributsch, H. In Structure and Bonding; Springer-Verlag: Berlin, 

1982; Vol. 49, pp 128-175. 

erslW3 revealed many of the principles of semiconduc- 
tor/liquid junction operation. These studies also 
identified a few notable systems16-18 that were highly 
efficient in the conversion of sunlight into electricity. 

A striking generalization of the progress made during 
this period is that all of the efficient semiconductor/ 
liquid cells had been constructed in contact with 
aqueous solutions. Furthermore, these cells had all 
utilized strongly adsorbing inner-sphere redox reagents 
to stabilize the semiconductor electrode and prevent 
photocorrosion reactions. During this period, stable 
cells were also obtained in nonaqueous solvents with 
outer-sphere redox reagents, but the photovoltaic ef- 
ficiencies of these systems were generally factors of 10 
lower than those of the best aqueous cells.19-21 This 
poor electrical behavior was generally attributed to the 
presence of deleterious electrical recombination sites 
at the semiconductor/liquid interface.22 Thus, a par- 
adox was at  hand: interfaces that were generally very 
stable, and suitable for systematic chemical studies, did 
not provide efficient photovoltaic devices, whereas de- 
vices that were generally unstable (aqueous systems) 
could only be coaxed to exhibit stable, high-efficiency 
photovoltaic performance with an unpredictable and 
limited set of inner-sphere redox couples. 

The initial goal of our work in this field was to study 
the behavior of stable semiconductors in nonaqueous 
solvents, and to elucidate the principles of photoelec- 
trochemical operation using this series of well-defined 
chemical systems. Questions to be asked include the 
following: When the photogenerated electron-hole 
pairs recombine, why do they do so? Where is the 
recombination occuring: at  the solid/liquid interface, 
in the solution, or in the solid? What is the rate law 
for charge recombination, and how can we use this in- 
formation to understand device behavior and to design 
more efficient systems? The goal of research described 
in this Account is therefore to understand, from a 
mechanistic point of view, the fundamental principles 
that govern the behavior of the semiconductor/liquid 
junction. 

(13) Bard, A. J. J. Phys. Chem. 1982,86, 172. 
(14) Parkinson, B. A. Acc. Chem. Res. 1984, 17, 431. 
(15) Fujishima, A.: Honda, K. Nature (London) 1972,238, 37. 
(16) Parkinson, B. A.; Heller, A.; Miller, B. J. Electrochem. SOC. 1979, 

126, 954. 
(17) Cahen, D.; Hodes, G.; Manassen, J.; Tenne, R. ACS Symp. Ser. 

1981,146, 369. 
(18) (a) Heller, A.; Miller, B.; Thiel, F. A. Appl. Phys. Lett. 1981,38, 

282. (b) Heller, A.; Miller, B.; Lewerenz, H. J.; Bachmann, K. J. J. Am. 
Chem. SOC. 1980,102, 6555. 

(19) (a) Legg, K. D.; Ellis, A. B.; Bolts, J. M.; Wrighton, M. S. Proc. 
Natl. Acad. Sci. U.S.A. 1977, 74,4116. (b) Bolts, J. M.; Wrighton, M. 
S. J. Am. Chem. SOC. 1979,101,6179. (c )  Schneemeyer, L. F.; Wrighton, 
M. S.; Stacy, A.; Sienko, M. Appl. Phys. Lett. 1980,36, 701. 

(20) (a) Kohl, P. A.; Bard, A. J. J. Electrochem. SOC. 1979,126,603. 
(b) DiQuarto, F.; Bard, A. J. J. Electroanal. Chem. 1981, 127, 43. (c) 
Malpas, R. E.; Itaya, K.; Bard, A. J. J. Am. Chem. SOC. 1979,101,2535. 
(d) Nagasubramanian, G.; Bard, A. J. J. Electrochem. SOC. 1981, 128, 
1055. 

(21) (a) Langmuir, M. E.; Parker, M. A.; h u h ,  R. D. J. Electrochem. 
SOC. 1982,129,1705. (b) Singh, P.; Rajeshwar, K.; DuBow, J.; Job, R. J. 
Am. Chem. SOC. 1980, 102, 4676. (c) Fornarini, L.; Stripe, F.; Scrosati, 
B. J. Electrochem. SOC. 1982,129,1155. (d) Kautek, W.; Gerischer, H. 
Ber. Bunsen-Ges. Phys. Chem. 1980,84,645. (e) Nakatani, K.; Matsu- 
daira, S.; Tsubomura, H. J. Electrochem. SOC. 1978,125,406. (f) Nadjo, 
L. J. Electroanal. Chem. 1980,108,29. (g) Nodi, R.; Tench, D.; Warren, 
L. F. J. Electrochem. SOC. 1981,128,2363. (h) Thapar, R.; DUBOW, J.; 
Rajeshwar, K. J. Electrochem. SOC. 1982, 129, 2009. 

(22) (a) Bard, A. J.; Bocarsly, A. B.; Fan, F.-R. F.; Walton, E. G.; 
Wrighton, M. S. J. Am. Chem. SOC. 1980,102,3671. (b) Bard, A. J.; Fan, 
F.-R. F.; Gioda, A. S.; Nagasubramanian, G.; White, H. S. Discuss. Far- 
aday SOC. 1980, 70, 19. 
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Output Characteristics of 
Photoelec t rochemical Cells 

The key physical property of a semiconductor/liquid 
interface is the presence of an electric field a t  the 
junction between the two phases. This electric field will 
generally drive majority carriers (electrons for an n-type 
semiconductor) into the bulk of the semiconductor and 
minority carriers toward the surface, leading to the 
measured charge-separation characteristics of the cell. 
The form of the electric field has been described in 
detail in prior ~ o r k ~ - ~ , ~ ~  and in a previous Account;gb 
all that is necessary for our discussion is to realize that 
the field will rapidly attract photogenerated minority 
carriers to the solid/liquid interface (Figure 1). This 
sustained charge-separation process is ultimately re- 
sponsible for the photocurrents, photovoltages, and 
power characteristics of interest in photoelectrochem- 
istry. 

For a given semiconductor/liquid junction, there are 
three important electrical output quantities that we 
wish to understand. The first is the short-circuit pho- 
tocurrent density, J,,. This quantity is the current 
density obtained when the photogenerated charges are 
free to flow through the external circuit. J,, provides 
information on the net quantum yield for charge sep- 
aration and also serves as a measure of the yield of 
minority carriers that survive to cross the solid/liquid 
interface. Note that no net power is produced by the 
cell at short circuit, because the photogenerated ma- 
jority carriers do not produce any work as they flow 
through the external circuit under short-circuit condi- 
tions. 

The second parameter is the open-circuit voltage, V,. 
This reflects the maximum Gibbs free energy that can 
be produced by the photogenerated carriers. V,, is 
generally measured with a high-impedance voltmeter 
that is placed between the photoelectrode (the semi- 
conductor) and a metal electrode that senses the elec- 
trochemical potential of the electrolyte of interest. No 
current flows a t  open circuit, so no net power is pro- 
duced during this measurement. 

The third key output quantity is called the “fill 
factor”. In combination with J,, and V,, the fill factor 
provides a complete quantitative measurement of the 
cell’s power characteristics. For most photoelectro- 
chemical cells, there are several combinations of current 
and voltage that result in net power generation through 
the external circuit. For a particular cell, the maximum 
VJ product, divided by V,,J,,, is defined as the fill 
factor. The fill factor reflects the ability of the pho- 
togenerated current to perform work through an ex- 
ternal load and is therefore very sensitive to the kinetics 
of current flow through the semiconductor: liquid in- 
terface. 

All of these three parameters, V,,,, J,,, and the fill 
factor, are dependent on the light intensity striking the 
semiconductor electrode. For a given set of conditions 
(semiconductor, light intensity, cell temperature, etc.), 
the fabrication of an efficient photoelectrochemical 
device involves simultaneous optimization of these three 
quantities. They are also the primary observables that 
can be used to obtain mechanistic information regarding 
the charge-separation and charge-recombination pro- 
cesses in photoelectrochemical solar cells. 

(23) 1 e a t s  ?! S A n w  Rei t40trr Sci 1984, 14 95 

Lewis 

Short-circuit Photocurrent 
Our first set of mechanistic investigations concen- 

trated on the short-circuit quantum yield, which is re- 
flected experimentally by the value of J,,. Earlier 
studies of the behavior of Si,19a GaAs,lgbt20a InP, and 
other semiconductors in contact with nonaqueous sol- 
vents found relatively low short-circuit quantum yields.2 
These low J,, values were generally assigned to the 
presence of high surface recombination rates a t  the 
solid/liquid junction. To our surprise, in 1981, Chris 
Gronet, an undergraduate at Stanford University, and 
I discovered that some samples of n-GaAs in contact 
with CH3CN-0.1 M ferrocene (Fc)-O.l mM Fc+-O.l M 
[ n-Bu,N+] [C104-j solutions displayed extremely high 
quantum yields (20.7) when illuminated with 632.8-nm 
light from a He/Ne laser.24 Other samples of n-GaAs, 
with different dopant densities, exhibited lower quan- 
tum yields (<0.2) which were in accord with prior lit- 
erature values, while still others displayed quantum 
yields approaching 1.0 (based on photons absorbed by 
the semiconductor). The observation of high quantum 
yields indicated that rapid surface recombination pro- 
cesses were not present at these particular junctions and 
that it was possible, for as yet unknown reasons, to 
efficiently collect the photogenerated carriers from this 
nonaqueous liquid/semiconductor interface. 

We decided to investigate quantitatively the reasons 
for the variation in recombination among the various 
n-GaAs samples. Light was a very convenient tool for 
this study, because the different wavelengths of light 
have varying penetration depths before being com- 
pletely absorbed by the semiconductor. Qualitatively, 
reference to Figure 2 illustrates the situation. If re- 
combination in the bulk semiconductor were the dom- 
inant loss mechanism, carriers created by absorption 
of long-wavelength light should be located so far from 
the interface that recombination will occur before the 
carriers can be collected at the solid/liquid junction. 
This scenario should result in a smaller quantum yield 
for long-wavelength light than that observed for exci- 
tation with more strongly absorbed, shorter-wavelength 
photons. Alternatively, if surface recombination were 
the dominant process, then for a fixed photon flux, 
confining the photogenerated carriers to the surface 
region should produce an increase in the amount of 
recombination. This latter situation should produce 
lower quantum yields with short-wavelength light rel- 
ative to those found for long-wavelength excitation. 
Heller et al. had previously used a similar method to 
qualitatively illustrate the changes in J,, that could 
result from etching semiconductor surfaces to be used 
in aqueous mediaez5 We used this method to determine 
whether the variation in J,, of the n-GaAs/CH,CN 
system was due to a change in surface properties of the 
various samples or due to a change in the bulk collection 
properties of these electrodes. 

We found that, in all the GaAs samples available to 
us, the variation in J,, was completely explained by 
decreases in the quantum yield for long-wavelength, 
deeply penetrating photons.24 This clearly showed that 
the dominant short-circuit recombination path in the 
low-J,, samples was in the bulk of the semiconductor, 

(24) Gronet, C. M.; Lewis, N. S. AppE. Phys. Lett .  1983,43, 115. 
(25) Heller, A.; Chang, K. C.; Miller, B. J .  Am. Chem. SOC. 1978,100, 

684. 
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Figure 2. Use of light as a probe to distinguish bulk recombi- 
nation processes from surface recombination processes. Consider 
monochromatic illumination of the semiconductor with three 
different wavelengths of light, Xi, where the absorption depths, 
cx-'(X), are a-'(X1) < a-'(h2) < a-l(A3). If only bulk recombination 
processes are important, then the quantum yield CP should increase 
in the order @.(A3) < +(A2) < @(Al), as a higher fraction of the 
photogenerated carriers are created within a distance L, + W of 
the interface (where L, is the diffusion length and W is the width 
of the electric field region). Alternatively, if surface recombination 
is dominant, than at  constant light intensity, the bimolecular rate 
law for surface recombination predicts that quantum yields will 
increase in the order +(Al) < +(A2) < +(A3). 

as opposed to being located at the semiconductor/liquid 
interface. Furthermore, using a straightforward model 
of the quantum yield vs wavelength spectral response, 
advanced in 1959 by Gartner,26 it was possible to fit 
quantitatively all of the n-GaAs photocurrent spectra.24 
The only adjustable parameter in the data analysis was 
the minority carrier collection length, and the values 
obtained from the spectral response model were later 
validated with an electron beam induced current col- 
lection technique.27 

Applying this model, it became clear that values of 
J,, could be predicted for operating n-GaAs photo- 
electrochemical cells, provided that one parameter, the 
minority carrier collection length, was known. This 
observation was especially significant because it indi- 
cated that photoelectrochemical cells with extremely 
high short-circuit photocurrent densities could be ob- 
tained at  will, provided that high-quality bulk semi- 
conductor samples were used in the solid/liquid cell. 

Further tests of this model were then applied to other 
semiconductors in nonaqueous solvents. We found that 
the J,, values for n-Si,28 p-Si,29 n-InP,30 and other sem- 

(26) Gartner, W. W. Phys. Rev. 1959, 116, 84. 
(27) Tufts, B. J.; Abrahams, I. L.; Casagrande, L. G.; Lewis, N. S. J. 

(28) Rosenbluth, M. L.; Lewis, N. S. J. Am. Chem. SOC. 1986, 108, 
Phys. Chem. 1989,93,3260. 

4689. 

iconductors31 could be fit quantitatively in a variety of 
nonaqueous solvents. Amorphous Si:H alloys were 
predicted to exhibit a wavelength-dependent fill factor 
and a power dependence of Js,, and a-Si:H/CH30H 
junctions were found experimentally to obey these 
 prediction^.^^ The spectral response method has also 
found use in studying the "back-reaction" of photo- 
generated majority carriers that are created very close 
to the semiconductor/liquid i n t e r f a ~ e . ~ ~  To date, it 
appears that high short-circuit quantum yields can be 
obtained in the general case, and we are not aware of 
any semiconductor/liquid junction in nonaqueous sol- 
vents whose J ,  values cannot be predicted on the basis 
of only an application of the Gartner model for the 
short-circuit photocurrent density. 

Fill Factor 
The fill factor was the second observable to draw our 

attention. The optimization of photoelectrochemical 
cell efficiency required not only high J ,  values but also 
high values of the fill factor. Previous studies of Si and 
GaAs in nonaqueous solvents had revealed low fill 
factors at solar light intensitie~,l~9~O which were ascribed 
to surface recombination processes that were dependent 
on the applied potential and the light intensity. Only 
at  very high applied voltages, where the power pro- 
duction of the junctions was minimal, could charge be 
efficiently separated and collected at  solar light inten- 
sities. 

A major breakthrough in our understanding of the 
behavior of these systems resulted from the improve- 
ment of the fill factor of the n-Si/CH30H interface. 
Professor James Gibbons of the Stanford Electronics 
Laboratory suggested that the current-voltage behavior 
of the n-GaAs/CH3CN and n-Si/C2H50H cells that had 
been operating in our lab resembled that of a solid-state 
photovoltaic cell with a high series resistance. Although 
we initially rejected this idea because the photoelec- 
trodes were under three-electrode potentiostatic control, 
as described in the literature, further study revealed 
that the uncompensated ohmic resistance between the 
working and reference electrodes was very high in 
certain nonaqueous solvents, especially with relatively 
low concentrations of electrolyte. Use of the more 
conducting CH30H-1.0 M LiC104 electrolyte, combined 
with a Luggin capillary, was found to minimize the 
uncompensated cell resistance. Implementing these 
changes resulted in a drastic improvement in the fill 
factor of the n-Si/alcohol interface and demonstrated 
that surface recombination losses were not the source 
of the low fill factors for these systems.33 Combined 
with the improved J,, values obtained by use of high- 
purity bulk n-Si with long minority carrier diffusion 
lengths, the photoelectrochemical energy conversion 
efficiency of Si/liquid junctions was increased by over 
an order of magnitude, from less than 1% to greater 
than 10% under Air Mass 1.5  condition^.^^ This im- 
provement was notable because it brought Si-based 

(29) Lieber, C. M.; Gronet, C. M.; Lewis, N. S. Nature (London) 1984, 
307, 533. 

(30) Heben, M. J.; Kumar, A.; Zheng, C.; Lewis, N. S. Nature (Lon- 
don) 1989,340,621. 

(31) Kumar, A.; Lewis, N. S. J.  Phys. Chem., in press. 
(32) Gronet, C. M.; Lewis, N. S.; Cogan, G. W.; Gibbons, J. F.; Moddel, 

G. R.; Wiesmann, H. J .  Electrochem. SOC. 1984, 131, 2873. 
(33) Gronet, C. M.; Lewis, N. S.; Cogan, G.; Gibbons, J. Proc. Natl. 

Acad. Sci. U.S.A. 1983,80, 1152. 
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photoelectrochemical cells into a range of energy con- 
version efficiencies that was competitive with Si-based 
solid-state photovoltaics. 

The use of high-conductivity electrolytes to minimize 
solution resistance was subsequently found to be a key 
step in improvements of the fill factor of n-GaAs/ 
CH3CN,24,34 p-Si/CH3CN,29 n-InP/CH30H,30 and a- 
Si:H/CH30H3?- junctions. The wide variety of semi- 
conductor junctions and redox couples that suffered 
from this problem illustrates the generality of both the 
problem and the solution. The importance of uncom- 
pensated ohmic resistance can also be seen by visual 
inspection of the difference in fill factors between 
high-conductivity aqueous media and low-conductivity 
nonaqueous solvents for a variety of semiconductor 
photo electrode^.^^ To insure that the potentiostatic 
three- electrode measurements were accurate predictors 
of photovoltaic performance, a two-electrode thin-layer 
cell was constructed to minimize the ohmic resistance 
losses for the n-Si/CH30H system, and extremely high 
fill factors were obtained, as would be expected in this 
cell c~nf igu ra t ion .~~  
Open Circuit Voltage 

Comparisons between Liquids and Metals. The 
remaining observable to be addressed was V,. For the 
n-Si/CH30H system, we observed that variation of the 
redox potential with a series of outer-sphere redox 
systems (metallocenes and viologens) led to a change 
in V,, of the n-Si/CH30H interface (at constant light 
intensity, temperature,  et^.).^^ This behavior con- 
trasted with the known characteristics of semiconduc- 
torjmetal junctions based on n-Si, because the semi- 
conductor/metal systems only displayed open-circuit 
voltages of 0.3 V at Js, values of 20 mA/cm2 (and T = 
300 K) for a wide variety of  metal^.^^,^^ 

For n-%/metal junctions, the insensitivity of the 
device properties to the nature of the contacting phase, 
termed “Fermi level pinning”,38 signaled doom for 
predictive control of their photovoltaic behavior. On 
the basis of these results, similar Fermi level pinning 
behavior had been predicted for Si-based semiconduc- 
tor/liquid junctions.22 However, the observed variation 
in V, of Si/CH30H junctions, as expected from a sim- 
ple, ideal model of the solid/liquid interface, clearly 
illustrated the differences in junction properties be- 
tween liquid and metal  contact^.^^?^^ Improved V,, 
values were obtained with the liquid systems, and 
control over V,, could be gained by deliberate changes 
in the composition of the solution phase. 

The comparison between liquid and metal contacts 
was further enhanced by studies of the behavior of 
p-Si/CH30H and p-Si/CH&N systems, because most 
metals form either ohmic contacts or poorly rectifying, 
low-V,, (< lo0  mV) contacts to P - S ~ . ~ ~  However, p- 
Si/CH30H junctions showed Voc values ranging from 
0 to 550 mV.37 As expected from an ideal junction 
model, this behavior allowed the construction of high- 

(34) Casagrande, L. G.; Lewis, N. s. J. Am. Chem. So?. 1985,107,5793. 
(35) (a) Schneemeyer, L. F.; Wrighton, M. S. J. Am. Chem. So?. 1980, 

102, 6964. (b) Baglio, J. A.; Calabrese, G. S.; Kamieniecki, E.; Kershaw, 
R.; Kubiak, C. P.; Ricco, A. J.;  Wold, A,; Wrighton, M. S.; Zoski, G. D. 
J .  Electrochem. SOC. 1982, 129, 1461. 

(36) Gibbons, J. F.; Cogan, G. W.; Gronet, C. M.; Lewis, N. S. Appl .  
Phys. Lett. 1984, 45, 1095. 

(37) Lewis, N. S. J .  Electrochem. So?. 1984, 131, 2496. 
(38) Sze, S. M. Physics of Semiconductor Deuices, 2nd ed.; J.  Wiley: 

New York. 1981 

Lewis 

efficiency photoelectrochemical cells with p-Si/ 
CH3CN-cobaltocene interfaces,29 despite the prediction 
that such devices should not display high V, values if 
the Fermi level pinning behavior of semiconductor/ 
metal Si devices were also present for solid/liquid 
contacts. Similar large-V, behavior has been observed 
recently by Mike Heben and Amit Kumar for n-InP/ 
CH30H junctions,30 and this is consistent with the 
earlier studies of aqueous p-InP and p-Si/liquid junc- 
tions performed in the strongly adsorbing V3+/2+-6 M 
HC1 electrolyte.18b 

Upper Bounds on the Value of Voc: A Quanti- 
tative Mechanistic Approach. Despite the ability to 
vary V, systematically with a change in redox potential, 
a remaining mystery was the upper bound on V,, ob- 
served with the semiconductor/liquid junctions. For 
n-Si/CH30H interfaces, V, reached its highest value 
in the n-Si/CH30H-MeZFc+/O but the measured 
value of 0.5-0.6 V was only one-half of the band-gap 
energy. Thus, the internal energy of absorbed and 
thermalized photons in the Si semiconductor was 1.12 
eV, yet maximum voltage values of only 0.5-0.6 V could 
be obtained as output in the external electrical circuit. 
Many qualitative theories in the literature indicated 
that optimal values of V,, should approach Eg/q3*41 
(with E, the band-gap energy in eV), but no quantita- 
tive data were available to confirm these hypotheses. 
Voc values significantly lower than E,/q  were inter- 
preted as signaling wasted energy and were thought to 
result from restrictions on the photovoltage due to 
surface states that pinned the position of the semicon- 
ductor surface Fermi It was hypothesized that 
these states made it impossible to reach the optimal V, 
values of approximately E , / q .  

Using the n-Si/CH30H system, Mary Rosenbluth 
decided to test this hypothesis by performing kinetic 
studies on the semiconductor/liquid interface. Based 
on the extensive literature of solid-state photovolta- 
ics,38,42 we realized that Voc was a light intensity de- 
pendent quantity and was a property of a particular 
photostationary state. Therefore, Voc could not be re- 
lated to a thermodynamic property, E,, without con- 
sideration of the rate constants and external variables 
that described the specific system under study. We also 
realized that there were many possibilities for the 
rate-limiting process, and that a kinetic study would be 
needed to elucidate the mechanism of carrier recom- 
bination. Many of these concepts had been developed 
in the work of Gerischer and c o - ~ o r k e r s ~ ~  and by 
Myamlin and Pleskov4 during 1955-1965, but had not 
been applied to mechanistic studies of the subsequently 
developed stable photoelectrochemical cells. 

The mechanistic pathways of interest are depicted 
in the kinetic scheme of Figure 3.37942 Pathways Jth and 
Jtb both depict electrons (majority carriers in this n-type 

(39) Aruchamy, A.; Wrighton, M. S. J. Phys. Chem. 1980,84, 2848. 
(40) Aruchamy, A.; Bruce, J. A.; Tanaka, S.; Wrighton, M. S. J .  

Electrochem. So?. 1983, 130, 359. 
(41) Baglio, J. A.; Calabrese, G. S.; Harrison, D. J.; Kamieniecki, E.; 

Ricco, A. J.; Wrighton, M. S.; Zoski, G. D. J. Am. Chem. So?. 1983,105, 
2246. 

(42) Fonash, S. J. Solar Cell Device Physics; Academic Press: New 
York, 1981. 

(43) Gerischer, H. Adu. Electrochem. Electrochem. Eng. 1966,4,249. 
(44) (a) Myamlin, V. A.; Pleskov Y. V. Electrochemistry of Semicon- 

ductors; Plenum Press: New York, 1967. (b) Pleskov, Y. V.; Gurevich, 
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ture all yielded changes in V,  as predicted by eq 1 and 
the expected variation in Jbr.m342345 This study provided 
kinetic proof that the rate-determining recombination 
step in the n-Si/CH3OH-Me2Fc+/O junction did not 
directly reflect the junction kinetics, but was limited 
by the value of recombination in the bulk of the solid. 
It also formed a basis for the prediction of V ,  by 
knowledge of the rate-determining recombination step 
for the junction of interest. Minimizing the factors 
affecting J ,  led to a 670-mV V, at  J,, = 20 mA/cm2, 
T = 300 K for the n-Si/CH30H-Me2Fc+/0 interface.28 
This understanding provided the basis for construction 
of a 14% efficient photovoltaic cell based on the n- 
Si/CH30H junction.36 

Notably, the fact that the rate-determining recom- 
bination step is in the bulk semiconductor means that 
no junction formed with this specific sample of n-Si 
could have a V ,  larger than that observed for the n- 
Si/CH30H interface. An equivalent statement is that 
J ,  is already at  its minimum value for this particular 
sample. This comparison is particularly significant with 
regard to solid-state p-n photovoltaic systems, because 
it implies that the V,  obtainable with the solid/liquid 
junction will be greater than or equal to the V,  for a 
solid-state system made with the identical Si material. 
Furthermore, the relative efficiency of the two different 
types of systems will then only be affected by the rel- 
ative improvements in processing (to minimize light 
reflectivity, series resistance, contact resistance, and 
contact recombination, etc.) of the photovoltaic devices. 
The 14% efficient Si/liquid junction cell is one of the 
most efficient semiconductor/liquid junctions known 
to date, and its efficiency also compares favorably to 
the 10-15% solar efficiencies typically obtained from 
solid-state p-n junction photovoltaics made with similar 
quality Si.42 

Additionally, it can be noted that none of the recom- 
bination rates depicted in Figure 3 depend in the same 
fashion on the four variables of dopant density, mi- 
nority carrier diffusion length, photocurrent density, 
and cell t e m p e r a t ~ r e . ~ ~ ? ~ ~  Quantitative studies of the 
dependence of V,  on these fundamental variables can, 
in principle, yield kinetic information on the rate-de- 
termining recombination step for any semiconductor/ 
liquid system. This methodology has recently been 
applied to p-InP/ CH3CN,46 n-InP/CH30H,30 and n- 
G W ~ / C H ~ C N ~ ~  interfaces and should find application 
in most photoelectrochemical devices of interest. Ob- 
viously, if one understands the functional form of the 
variables that control V,, it will be relatively easy to 
make predictive variations in these quantities in order 
to obtain larger photovoltages and more efficient pho- 
toelectrochemical devices. 

Minority Carrier Characteristics: Effects of 
Surface-State Passivation vs Electrocatalysis 

The kinetic discussion to this point has focused 
primarily on the recombination properties of the ma- 
jority carriers inside the semiconductor. However, the 
interfacial kinetics of minority carriers can also be im- 
portant in determining the photovoltaic characteristics 
of semiconductor interfaces. For minority carriers to 

(45) Rosenbluth, M. L.; Lieber, C. M.; Lewis, N. S. Appl. Phys. Lett. 

(46) Segar, P. R.; Koval, C. A.; Koel, B. E.; Gebhard, S. C. J. Elec- 
1984, 45, 423. 
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Figure 3. Schematic illustration of the various different recom- 
bination pathways possible a t  semiconductor/liquid interfaces. 
J* represents majority carrier electron transfer to solution acceptor 
ions (A+), while Jtb represents the same process accompanied by 
partial tunneling through the electric potential barrier in the 
depletion layer. Pathways J,, J&, and Jb represent surface-state 
recombination, depletion-region recombination, and bulk-region 
recombination, respectively. Each pathway can be diagnosed by 
its distinctive functional form on the various values of the de- 
pletion width, applied voltage, photocurrent density, and cell 
temperature. 

semiconductor example) going “the wrong way”, i.e., 
crossing the interface, as opposed to being driven into 
the bulk and through the external circuit. Process Jth 
involves electrons being thermally activated over the 
entire electric potential in the semiconductor space 
charge region and then crossing the interface by capture 
with a solution-based acceptor species. Process Jtb is 
similar, except that the electron tunnels through some 
portion of the electric potential barrier and then pro- 
ceeds into an acceptor state in solution. The other three 
processes all involve recombination of a minority carrier 
with a majority carrier and are distinguished by where 
this recombination takes place in the solid. Process J, 
refers to surface-state recombination, process Jdr refers 
to recombination in the space charge region, and process 
Jbr refers to recombination in the bulk, or quasi-neutral, 
region of the semiconductor. 

This kinetic scheme is very useful for elucidating the 
properties of a given semiconductor/liquid interface. 
All of the rates depicted in Figure 3 proceed in parallel; 
thus, the magnitude of each kinetic process must be 
summed in order to obtain a value for the overall re- 
combination rate. Furthermore, if we know the rate- 
limiting step, its rate can be expressed as a recombi- 
nation current density, and we can then use a simple, 
well-known e x p r e s ~ i o n ~ ~ r ~ ~  to predict the resulting V,: 

V ,  = ( k T / q )  In (JL/J,)  (1) 
Here, JL is the light-generated photocurrent density and 
J ,  is the recombination current density at  zero applied 
voltage to the semiconductor/liquid interface. 

For the n-Si/CH30H-Me2Fc+/0 junction, kinetic 
studies were used to prove that the J ,  in eq 1 corre- 
sponded precisely to that expected for the rate process 
Jbr. Variation in dopant density, minority carrier dif- 
fusion length, photocurrent density, and cell tempera- 
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cross the interface and produce a photocurrent, recom- 
bination with majority carriers must be suppressed. A 
particularly facile kinetic pathway that can produce a 
loss of minority carriers is surface-state recombination 
(process J, in Figure 3). If surface-state recombination 
is important, then it might be expected that chemical 
reagents that reduce the number of surface states, or 
that reduce their rate constants for charge capture, 
would be effective in improving the photoelectrochem- 
ical characteristics of semiconductor surfaces. The 
solid/liquid junction is an excellent system to correlate 
the chemical and electrical properties of a surface 
treatment, because the nature of the surface bonding 
and the resulting electrical properties can be obtained 
simultaneously for the interface of interest. 

The pioneering work in this area was performed in 
1977 by Parkinson, Heller, and Miller,I6 who showed 
that chemisorption of Ru3+ ions onto n-GaAs pho- 
toanodes produced substantial improvements in the 
photovoltaic properties of the n-GaAs/KOH-Se-/2--/C 
cell. Some other aqueous solutions of common tran- 
sition-metal ions were also noted to improve/the I-V 
properties of the n-GaAs surface,16 but Ru3+ was the 
most effective ion studied. The observation that 
chemisorption of ions could modify, and improve, the 
electrical behavior of a semiconductor junction is a 
significant and encouraging finding for all future studies 
of the interfacial chemistry of semiconductor junctions. 

As of 1987, both the chemistry of Ru3+ chemisorption 
on GaAs and the mechanism of' Ru3+ I-V improvement 
of the n-GaAs/KOH-Se-12-jC cell were unknown. The 
mechanistic concerns focus on whether the improved 
photovoltaic properties resulted from a decreased sur- 
face recombination rate or from an increased rate of 
minority carrier capture by the electrolyte. Using this 
solid/liquid junction as a model system, Ian Abrahams, 
Bruce Tufts, and I developed a protocol for separating 
these two pathways and for analyzing the effects of 
surface treatments on minority carrier kinetics. 

The key experiments were performed on p-GaAs/ 
KOH-Se-12- j u n ~ t i o n s . " ~ ~ ~ ~ ~ ~  At an illuminated n-type 
semiconductor/liquid interface, holes are the minority 
carriers, and the ratio of the interfacial crossing rate 
to the surface-state recombination rate will determine 
the net quantum yield for photocurrent production 
(Figure 3). In contrast, for a p-type semiconductor, 
holes are majority carriers, and the hole current is the 
sum of the interfacial crossing rate and the surface-state 
recombination rate. Thus, if the role of Ru3+ ions is to 
reduce the hole surface recombination rate, the ob- 
served majority carrier (hole) current should be reduced 
(at a given voltage) for Ru"-treated p-GaAs/KOH- 
Se-I2- junctions relative to that for untreated p-GaAs 
surfaces. However, if the chemisorbed ions act to in- 
crease the hole charge-transfer rate, the observed cur- 
rent for p-GaAs should be larger after Ru3+ chemi- 
sorption. The comparison of p-GaAs with n-GaAs in 
the same electrolyte also ensures that similar surface 
chemistry, adsorption characteristics, and electrolyte 
effects are maintained, because these characteristics 
should be relatively insensitive to the small change in 

Lewis 
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composition from <1 ppm Te dopant in n-GaAs ma- 
terial to <1 ppm Zn dopant in p-GaAs material. 

The studies of p-GaAs revealed that chemisorption 
of Ru3+ increased the dark currents at  a given volt- 

This result implied that the predominant ki- 
netic role of Ru3+ chemisorption was to increase the 
interfacial hole capture rate constant in the KOH-Se-I2- 
cell. This conclusion was also supported by studies of 
polycrystalline n-GaAs anodes in KOH-Se-/2- media 
performed by Sharon L ~ n t , 4 ~  by studies on In203/ 
KOH-Se-12- junctions,27 by studies of n+-GaAs/KOH- 
Se-/2- and by real time luminescence studies of 
GaAs/KOH-Se-/2- interfaces performed by Gail Ryba 
and Pat Santangelo.50 Additionally, the result predicts 
that ions that yield increased hole-transfer rates in 
KOH-Se-12- electrolytes should effect improved pho- 
tovoltaic efficiencies at  n-GaAs anodes. A series of 
n-Ga.4~ surface modifications has been investigated 
based on group VIIIB metal complexes, and the pre- 
dicted trend in efficiency has been verified experi- 
mentally.27p48 Additionally, this correlation has led to 
the use of chemisorbed Os3+ on n-GaAs to produce a 
16% efficient photoelectrochemical cell from n- 
GaAs/KOH-Se-12- junctions.47 This is currently the 
highest reported efficiency for any photoelectrochemical 
cell under solar illumination conditions, and it was 
achieved through a mechanistic understanding of the 
important interfacial charge transfer rates. 

This approach should be quite general in determining 
whether improvements in the I-V properties after 
surface modification are due to a reduction in the rate 
of minority carrier recombination or to an increase in 
the rate of minority carrier collection across the sol- 
id/liquid interface. Surfaces where this technique 
might be applied include ~ -1nP /Ag+ ,~ l  n - C d s / R ~ ~ + , ~ ~  
n-CdSe/amine~,5~ and n-PdPS/Fe(CN),3-'4-,54 all of 
which have displayed improvements in photovoltaic 
output properties as a result of deliberate surface- 
modification procedures. This phenomenon also points 
out a difference between semiconductor/liquid and 
semiconductor/metal junctions, because in the latter, 
the density of states in a metal is sufficiently large that 
all minority carriers that reach the semiconductor/ 
metal interface are rapidly captured. Thus, for metal 
contacts, no change in I-V properties should occur even 
after chemisorption of species that increase the minority 
carrier injection rate into a specific electrolyte. Indeed, 
this was found to be the case for the n-GaAs/M con- 
tacts where M = Au and the ions were Ru3+ and 

To date, the chemistry of electrical traps on the G A S  
surface has not been elucidated, because no species has 
yet been found that improves the photoelectrochemical 
I-V characteristics by decreasing surface-state recom- 

Co3+ 27,48 
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bination as opposed to improving the minority carrier 
capture kinetics. This is an active mea of investigation 
and presents a challenge for scientists involved in the 
chemistry of interfaces. 
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Introduction 
Silicon, gallium arsenide, and cadmium selenide, are 

examples of semiconductors, a class of materials in- 
dispensable to modern solid-state electronics. Their 
properties can be understood in molecular terms. The 
Si-Si bond in bulk silicon is localized, tetrahedrally 
directed, and strong and, in fact, is no different than 
that in organosilicon molecular compounds. The rela- 
tionship between bulk silicon and the silicon atom is 
similar to the relationship between organic polymers 
and their constituent monomers. A piece of bulk silicon 
is simply a normal, albeit extremely large, inorganic 
molecule. 

Semiconductor electronic properties are a conse- 
quence of the molecular orbitals of the solid. Consider 
a small silicon crystallite growning from Si atoms, as 
schematically outlined in Figure l.1-4 The atom has 
four sp hybrid orbitals. Orbitals on neighboring atoms 
combine pairwise to form doubly occupied bonding 
orbitals and empty antibonding orbitals. Each new 
atom adds one orbital to the bonding set and to the 
antibonding set, for each bond formed. A spread of 
orbital energies develops within each orbital set, and 
the HUMO-LUMO separation in the molecule becomes 
the band gap of the solid. 

Semiconductor electronic properties depend strongly 
on the extent and dimensionality of polymerization, 
that is, on the size and shape of the oligomer. Only one 
dimension need become macroscopic for the bands to 
become continuous. Very thin sheets (termed 
“quantum wells” in the physics literature) show bulk 
solid-state properties in the two planar dimensions, but 
molecular, size-dependent properties in the thin di- 
m e n ~ i o n . ~  The interplay of solid-state and molecular 
properties in such structurally perfect, layered materials 
has led to remarkable discoveries: the fractional 
quantum Hall effect, ballistic electron transport, and 
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large nonlinear optical effects. 
In 1983 we began studying the three-dimensional 

evolution of molecular to bulk properties in large sem- 
iconductor clusters (alternative terms: quantum crys- 
tallites or quantum dots).6 These large structures have 
the internal geometry of the bulk solid, but electronic 
properties similar to those of molecules. We attempt 
to invent methods to synthesize, characterize, and un- 
derstand macroscopic amounts of large (100-5000 
heavy atom), chemically passivated clusters. We study 
large clusters because we find that bulk electronic 
properties develop slowly with size. The study of these 
clusters is a new branch of the chemistry of large 
molecules. 

Preparation and Characterization of Large 
Semiconductor Clusters 

Molecular Synthesis of Large Clusters. An ideal 
synthesis would prepare pure isolated clusters, mono- 
disperse a t  the atomic level, with the surface inde- 
pendently derivatized. Cluster size would be continu- 
ously variable, and a wide class of surface ligands would 
be possible, to impart desired surface properties. The 
enormity of this project is obvious, yet an encouraging 
start has been made. 

Most progress has occurred with 11-VI binary com- 
pounds. These semiconductors have small solubility 
products, ease of internal crystallization, and simple 
phase diagrams. Crystallinity is essential in the current 
schemes for internal structural characterization. Simple 
phase diagrams help ensure that only one type of cluster 
is formed. 

The precipitation of sulfides and selenides occurs in 
textbook qualitative analysis schemes. The process can 
be stopped kinetically a t  a size near the smallest ho- 
mogeneous nucleation seed by working a t  very high 
dilution and/or low t e m p e r a t ~ r e . ~ ~ ~  The resulting 
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