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Abstract

One of the first semiconductor systems limited by electron transfer has
been explored. Rate constants for electron transfer from n-Si to methyl
viologen dichloride (MVClp) and benzyl viologen dichloride (BVClp) in LiCl
methanol solutions have been measured for the first time. The driving force
dependence of ket for electron transfer to MVCly from n-Si has been
determined. Best fit to the data gave a reorganization energy of 0.9 eV and a
maximum rate constant (Ket,max) for this system of 1015 cm4-s-1. To our
knowledge this is the first experimentally determined value for the
maximum rate constant predicted by Marcus theory at a
semiconductor/liquid interface. This allowed an upper limit of ket max no
greater than 10-14 cm#-s-1 to be determined for this system.

This work describes a search for active corrosion of Si in contact with
CH3OH-ferrocenet/0 and CH3OH-dimethylferrocene(MeyFc)+/0 solutions
through the use of very sensitive electrochemical, chemical, and physical
methods. For CH30H-1.0 M LiClO4-100 mM MeFc-80 mM MepFct solutions,
an upper limit on the active corrosion rate of 6.6x10¢ nm-s-! has been
established through direct experimental measurements; thus, a 400 um thick
Si photoelectrode in contact with the CH3OH-Me,Fc*/0 electrolyte would
require over 1500 years to corrode completely at room temperature. An
alternative explanation for scanning electrochemical microscopy data
published previously claiming 4 um-hr-! is presented, based on the
documented existence of an inversion layer at the Si/liquid contact, and
shown to be consistent with the available data.

Key differences between the conventional and "irreversible" models of

semiconductor photoelectrochemistry are identified and discussed within the
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framework of experimental observations. Conceptual differences between
these two models appear to lie in the treatment of interfacial charge transfer
processes for photogenerated charge carriers. It is shown analytically that the
two models predict differences in the behavior of the available free energy
produced by a photoelectrochemical cell at a fixed incident light intensity and

are compared to experimental results for semiconductor/liquid junctions.
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Summary

This thesis deals with three different aspects of semiconductor/liquid
junctions. Chapter 1 is a brief introduction to some of the important aspects
of semiconductor/liquid junctions. Chapter 2 involves the measurement of
bimolecular electron transfer rate constants (ket) to methyl viologen at
n-silicon electrodes. These rate constants were measured as a function of the
driving force for the reaction (AG®") for the first time. This allowed the log ket
vs. AG®' plot to be fit to a Marcus theory equation and the first experimental
values for the reorganization energy (L) and the maximum rate constant
(Ket,max) at a silicon electrode to be determined. The A determined (0.9 eV) is
much bigger than the A estimated from the solution self-exchange rate (0.5
eV). More redox couples are needed to understand completely why this
might be. The maximum rate constant determined from the fit to the data
was 10715 em#-s-1. This work has allowed an upper limit of ket max < 10-14
cm#-s-1 to be established. This compares to some theoretical estimates of 10-17
cm#-s-1. Again more work is needed to understand whether there is some
deficiency in the simple theory or if there are other factors influencing these
rates.

Chapter 3 deals with determining the upper limits on the corrosion
rate of silicon in LiCIO4 CH30H, LiClO4-dimethylferrocene-
dimethylferricenium CH3OH, and LiClO4-ferrocene-ferricenium CH3zOH
solutions. Silicon samples with blocking posts of oxide were immersed in the
above solutions for ~116 days. Scanning electron microscopy of the samples
showed no evidence for pitting of the silicon thus only uniform corrosion
was expected. The blocking posts were removed, and the resultant corrosion

quantified by profilometry of the exposed vs. the protected areas of the



samples. The profilometry showed the life time of a 400 um thick wafer of
silicon to be 212000 years in LiClO4-CH30H, >1500 in years
LiClO4-dimethylferrocene-dimethylferricenium-CH3OH, and >750 years in
LiClOg4-ferrocene-ferrocenium-CH3OH solutions.

Chapter 4 involves an attempt to demonstrate that in order to explain
the behavior of semiconductor/liquid junction photoelectrochemical cell, the
principles of microscopic reversibility and detailed balance must be implicitly
or explicitly invoked. It is shown that a failure to consistently apply
microscopic reversibility and detailed balance leads to unrealistic predictions
about the effect of light intensity on the photovoltage of
semiconductor/liquid junctions, which is not justified by experimental

observations of any known system.



Chapter One

Introduction to Photoelectrochemisty

Interest in solar energy conversion with semiconductor/liquid
junctions exploded after the publication of Honda and Fujishima's Nature
paper in 1972 claiming to have split HyO to form Hp with TiO; using only the
energy of light.! In the context of the oil crisis of the time, it was touted as a
way to produce "unlimited" amounts of fuel from sunlight. No "unlimited"
source of fuel has been discovered, but our understanding of these systems
has increased dramatically. Most of the work has focused on using the electric
tields developed at single crystal or polycrystalline materials immersed in
redox solutions to separate charge and collect it.>

Photoelectrochemical cells provide the most efficient known chemical
method of converting solar energy into stored chemical or electrical
energy.>> Efficiencies of optimized devices can exceed 16%,!%!! while a
variety of semiconductor/liquid junctions have efficiencies of 10%.12-1%
Several of these systems have service lifetimes that project to several years,
and in this respect research in this area can be considered to be a success.

There are three basic requirements to harness the energy of light: 1)
there must be an absorption of the light with creation of excited particles; 2)
there must be charge separation so the particles do not recombine and convert
the energy of the light into heat; 3) the particles must be efficiently collected
so the concentrations do not build up to the point that recombination
becomes significant.?2 Plants perform these three functions in the photocenter
of chlorophyll with an array of ordered molecules that directs each excited
electron created by light to a reaction center, and then the charge is stored as

chemical energy.!%-20



Semiconductor/liquid junctions also meet the criteria above but with a
slightly different mechanism of charge separation. In general, when a
semiconductor is placed in solution with a redox active species, charge
transfer occurs until the electrochemical potential of the semiconductor
(Fermi level) equals the electrochemical potential of the solution. These
charges are taken from easily ionized dopants in the semiconductor. This
equilibration process sets up an electric field at the interface. The width of
this depletion region depends on the difference in the initial contact
potentials and on the density of dopants in the semiconductor.? That electric
field is used by most photoelectrochemical devices to separate the excited
electrons from the electron vacancies (holes) left in the valence band by the
absorption of light. An interfacial electric field is also the basis for most
semiconductor devices in use today.?!

There are many fundamental features of semiconductor/liquid
junctions that are not well understood even after decades of research.
Various mechanisms operate in a semiconductor/liquid junction to limit the
rate of charge transfer in the system (See Fig. 1). These include bulk
recombination, recombination in the depletion region, recombination at the
semiconductor surface, tunneling through the depletion region, and direct
charge transfer from the conduction band into the acceptor species of the
electrolyte, as well as charge transfer through intermediate surface states at
the solid/liquid interface.!®?2-26 Usually only one of these mechanisms
dominates the charge flow in any system. One of the most interesting
mechanisms is the direct charge transfer. Understanding the factors that
influence and control this charge transfer from the semiconductor into the
solution would impact a wide area of semiconductor applications. Charge

transfer rates are important for minimizing unwanted semiconductor



Figure 1

Recombination pathways that can control charge flow in the
semiconductor/liquid junction. 1) Bulk region recombination
current Jpk. 2) Depletion region recombination Jgr. 3) Surface
state recombination Jss. 4) Tunnelling recombination Ji. 5)
Direct electron transfer from the conduction band of the
semiconductor Jet. Only Jet is always dependent on the acceptor
concentration (A) in solution and only by measuring the direct
electron transfer rate constant for this process can Marcus theory

be tested for this system.
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photocorrosion processes,?’ for controlling photoinduced semiconductor
etching in lithography,?®-30 in porous Si formation,?!:32 for directing multi-
electron charge transfer processes at semiconductor photoelectrodes,?33 for
light-induced dye sensitization energy conversion schemes,!434.35 for
evaluating the prospects of hot carrier injection at semiconductor
photoelectrodes,?¢-38 and for design of new chemical sensors.3%40 Numerous
other applications of semiconductor electrochemistry and thus charge
transfer, detailed in various reviews and books,>**1-43 also rely on a basic
understanding of interfacial charge transfer kinetics at the
semiconductor/liquid junction.

The theory for charge transfer at semiconductors was originally
published by Brattain and Gerischer.#44¢  Gerischer's model modified
homogenous solution Marcus Theory.#7#8 Unfortunately, there have been
few experimental tests of this theory for semiconductor interfaces. In fact few
systems have been found that even allow the measurement of the rate
constants for electron transfer to solution species. Morrison published the
change in ket for a variety of very different redox couples on zinc oxide.*
Unfortunately, these redox couples in water were not all outer sphere
electron acceptors and it is unlikely that the electronic overlaps were the same
for the acceptors. Thus this system does not allow a valid comparison to
Marcus theory.

The requirements for a system to experimentally determine if simple
Marcus theory can be applied to semiconductor/liquid junctions are as
follows:

1) Use of a one-electron outer sphere redox couple is needed to allow

results from similar molecules with different driving forces (AG) to be



compared. This implicitly assumes the electronic overlap of such
redox couples will be similar.
2) Determination of a first order dependence of the electron transfer rate
on the solution acceptor species gives confidence that electron transfer
is important in the charge flow of the semiconductor/liquid junction.
There are many pathways that can restrict charge flow in
semiconductor/liquid junctions;? most do not have a dependence on
the acceptor concentration except as it affects the solution potential.
3) Some determination of the electron concentration is needed to
calculate a bimolecular rate constant, whether from direct or indirect
real time measurements of the decay from a light pulse or from
steady-state measurement of the energy of the bandedge and
calculation from that of a surface electron concentration.
These are the three requirements to measure electron transfer rate constants
that can be compared to Marcus theory at semiconductor/liquid junctions. To
date few systems have met all of the above requirements, with only a handful
of rate constants calculated.’® Many systems using one-electron outer sphere
redox couples have been evaluated, have been found not to be electron
transfer limited and thus are not of use for understanding the electron
transfer process.3->1,52

Ultimately, understanding the charge transfer process will allow some
of the following questions to be answered:

1) What are the criteria for obtaining an economical, efficient
photoelectrochemical cell?

2) What factors are responsible for the interfacial energetics and how are
these factors different for metal/redox vs. semiconductor/redox

interfaces?



3) Does the Marcus-Gerischer theory of charge transfer®*? predict the
correct behavior for these systems?
Continued work in this area needs many more examples of "ideal" systems to

help understand and answer these questions.
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Chapter Two

Electron Transfer Rate Constants at Silicon/Methanol Interfaces

Abstract: One of the first semiconductor systems limited by electron transfer
to the solution acceptor has been explored. Rate constants for
electron transfer from n-Si to methyl viologen dichloride (MVCly)
and benzyl viologen dichloride (BVClp) in LiCl methanol solutions
have been measured for this purpose. Steady-state current-voltage
curves and surface electron concentrations calculated from energies
determined from frequency independent Mott-Schottky plots were
used to determine ket. A slow reaction that changed the conduction
bandedge energy has allowed a determination of the driving force
dependence of ket for electron transfer to MVCl, from n-Si. A best
fit to the data gave a reorganization energy of 0.9 eV and a
maximum rate constant (Ket,max) for this system of 10-15 cm4-s-1. To
our knowledge this is the first experimentally determined value for
the maximum rate constant predicted by Marcus Theory at a
semiconductor/liquid interface. This allowed an upper limit of

Ket,max no greater than 10-14 cm#-s-1 to be established for this system.

L INTRODUCTION

One of the outstanding problems in semiconductor electrochemistry
involves understanding the interfacial charge transfer kinetics at
semiconductor/liquid contacts.!»? Such charge transfer rates are important for
minimizing unwanted semiconductor photocorrosion processes,® for
controlling photoinduced semiconductor etching in lithography*® and

porous Si formation,” for directing multi-electron charge transfer processes at
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semiconductor photoelectrodes,?8 for light-induced dye sensitization energy
conversion schemes,’!! for evaluating the prospects of hot carrier injection at
semiconductor photoelectrodes,'>!% and for design of new chemical
sensors.!>1® Numerous other applications of semiconductor
electrochemistry, detailed in various reviews and books,>!7?Y also rely on a
basic understanding of interfacial charge transfer kinetics at the
semiconductor/liquid junction.

To date, however, there are relatively few measurements of the
interfacial charge transfer rate constant from a semiconducting solid into a
one-electron, outer sphere, dissolved redox acceptor species.>!219:21-25 In this
respect, the understanding of charge transfer processes in semiconductor
electrochemistry lags that of charge transfer processes in molecular donor-
acceptor systems.262° Such heterogeneous charge transfer kinetic
measurements are fundamentally important because they would allow a
quantitative comparison with theoretical predictions of electron transfer
theories developed by Marcus, Gerischer, and others.30-35 36

In its simplest formulation, the rate of charge transfer across a
semiconductor/liquid contact is closely related to kinetic expressions that
have been developed recently for intermolecular charge transfer between
molecular donors and acceptors, where the donors are confined to one liquid
phase, the acceptors are confined to another liquid phase, and the two liquids
are immiscible.33 Considering the electron as a donor of radius, re, and the
acceptor as an ion of radius ra, and integrating over all possible distances and
angles for each donor-acceptor pair yields the overall rate. Assuming a

random distribution of donors and acceptors gives the rate constant for charge



15

transfer (ket) between the electron and the acceptor ion as:

Ket = Vn Xel Kn (1)
Kol = 27 (rp+1)B3 (2)
o 2
—(AG + K)
- N 3
Kn = EXP 4kt ©

with v the frequency factor, kel the electronic coupling between the
donor-acceptor, Ky the nuclear term containing the free energy (AG®")
dependence, B the distance dependence of the electronic overlap, A the
solvent reorganization energy, k the Boltzmann constant, and T the
temperature of the reaction. This theory has formed the basis for applications
of semiconductor electrochemistry, but has not been rigorously tested to date,
despite recent advances in both experimental methods and in theoretical
descriptions of the charge transfer process.!

Taking representative values for vy (1013 s71), B (108 em™1), re (107 cm)
ra (3x108 cm), and setting kn = 1, gives an order of magnitude estimate for the
maximum expected rate constant Keg(max)=10"17 cm#-s-1. This estimate
contrasts greatly with some reported values of ket as high as 10-12 cm4-s-1.12
Of concern, of course, is whether the electron transfer process in such systems
is adiabatic, how the delocalized electrons in the solid should be theoretically
treated in the donor-acceptor interaction, and whether repulsive terms in the
electrostatic contributions to the solvent reorganization energy at a
semiconductor /liquid contact are operative and important in affecting the

rate constants for charge transfer.
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To address these issues, kinetic measurements on several well-defined,
stable semiconductor surfaces in contact with outer sphere, one-electron
redox species need to be performed and compared with theoretical
predictions. One simple method for performing such comparisons involves
measurement of the steady-state current density-applied voltage (J-V) curves
of a forward-biased semiconductor/ liquid interface. When interfacial charge
transfer between a delocalized electron in the semiconducting solid (the
donor) and an acceptor in the solution is controlling the current flow, the rate

of the reaction should obey a bimolecular rate law:
rate = current/q = ket ng [Alg (4)

where q is the charge on an electron, [A]s is the acceptor concentration in the
interface region and ns is the electron concentration at the surface of the
semiconductor. If this rate law is observed, independent determination of ng
then allows extraction of Ket.

The problem with this approach is several-fold. First, reliable
measurements of ng are problematic at many semiconductor surfaces of
interest, in that the primary method of determining ng, differential
capacitance vs. voltage plots, often yields frequency dependent data thwarting
an unambiguous calculation of ng.>?337 Other methods for determining ng
are generally either ambiguous or are not sufficiently quantitative. Secondly,
comparison of rates for various different redox species requires that the
semiconductor/liquid interface display "ideal" electron transfer limited
behavior over a range of redox potentials,'*® and such behavior has been
observed in few systems to date. Thirdly, careful voltammetric
measurements in recent years have shown that many semiconductor/liquid

contacts based on nonaqueous solvents with well-defined, one-electron, outer
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sphere redox couples (the redox couples that simple Marcus theory applies to)
do not obey the rate law of Eq. 4, but instead exhibit a rate that is independent

of the acceptor concentration:?!3?
rate = K'et g )

In this situation, another charge transfer mechanism dominates the overall
interfacial carrier flow, so no direct information on the theoretically
interesting value of ket can be obtained by measurement of the steady state
current.

The rate law obtained in Eq. 5 can be rationalized by considering a
stepwise process, in which the charge transfer first occurs to defect sites on the
semiconductor surface (traps), and is followed by a subsequent charge transfer
step to the acceptor species in the solution (See Fig. 1). The total rate of charge

transfer through the two pathways can be expressed as:

rate = ketlAlng + ko [[ALNf, (6)

sol[

where kgo] = the rate constant for electron transfer from the surface state, N, =
the density of traps on the surface and f; = the percentage of filled traps (i.e.,
defects containing electrons). By steady-stating the occupancy of the traps, an

expression for f; can be obtained and substituted into Eq. 6:

k
SS™°S SO.

Where kgg = the rate constant for electron transfer from the semiconductor to

the surface state. Thus if ko [Al >>k and kN, >> ket[A], then the

ss''s
measured rate will be independent of [A],, and will only depend on the

density of electrical traps at the solid/liquid interface and ng. Taking



Figure #1
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Two pathways for the electron transfer through a semiconductor
interface: ket is the rate constant for the direct electron pathway.

kgs is the rate constant for filling surface states, and kgg is the rate
constant for transfer from the surface state to the acceptor species
(A) in solution. Together these two steps represent a second

possible pathway into solution.
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1x10-14 cm? as a typical cross section for capture by a surface trap, a surface
state density of 1 x 1014cm-2 (one defect for every 102 surface atoms), and a
thermal velocity of 107 cm-s™! gives an electron capture velocity (S) of 107
cm-sl. With S = ket[Alg, even an acceptor concentration of 0.1 M (6.02 x 1019
cm-3) will not provide enough dissolved acceptors to compete with the
surface state trapping route (102 vs. 107 cm-s1; assuming ket(max) = 10-17), so
the desired value of ket cannot not be obtained from current measurements
of such surface state dominated contacts. Based on similar arguments,
Gerischer has recently proposed that this type of mechanism will dominate
the current transport at almost all semiconductor/liquid interfaces.?>

Thus, to evaluate the electron transfer rate constant, ket, requires
discovery of stable, ideally-behaving, semiconductor/liquid contacts. These
contacts must be sufficiently defect-free to allow the desired rate law of Eq. 4 to
be observed experimentally. Reliable determinations of ng are also required
in order to extract ket from the measured value of the current at a specific
bias. In this report, we describe such a system, which has been fabricated from
n-type Si electrodes in contact with methanol-LiCl solutions of methyl
viologen chloride (MV2+/°+) or benzyl viologen chloride (BV2+/°+). This
system has allowed us to obtain some of the first experimental values for
charge transfer rate constants at a semiconductor/liquid contact and allows a

direct comparison between these rate constants and theoretical predictions.

IL EXPERIMENTAL

Methyl viologen dichloride and benzyl viologen dichloride were
obtained from Aldrich Chemical and were dried under vacuum at 60°C before
use. FcBF4 was prepared as described previously.*®#!  LiCl (EM Scientific)

was dried at ~250°C under vacuum before use. Mg powder (EM Scientific)
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and Iy (EM Scientific) were added to reagent grade methanol (EM Scientific)
and the pure liquid was distilled under an ambient pressure of Nj. All
experiments were performed in a Plexiglas tank that was continuously purged
with N(g) and that displayed oxygen concentrations of less than 10 ppm (as
monitored by fuming of diethyl zinc).

(100)-oriented, phosphorus doped, n-Si wafers (Silicon Sense; Nashua,
NH) used in these experiments were made into electrodes and exposed areas
determined by magnified photography as described previously.*® The sample
conductivity was either 4.2 Q-cm or 0.1 Q-cm as measured by 4-point probe
and the respective donor densities (Ng) were 1.1 x 1015 cm-3 and 8.0 x
1016 cm-3, as calculated the data of Thurber et al.42 The electrodes were etched
in 48 wt% agq. HF (Mallinckrodt, Inc., Paris, KY), rinsed with H»O, rinsed with
methanol, blown dry in a stream of Nj(g), and taken into the N»-tank. The
electrodes were then exposed to 0.20 M of FcBFy in CH3OH and rinsed with
CH30OH prior to immersion in the redox couple. ]J-V data were collected in a
3-electrode one-compartment cell using a Princeton Applied Research (PAR)
model 173 potentiostat, a PAR model 175 universal programmer, and a
Houston Instruments model 2000 X-Y recorder.

All the reduced forms of the viologens were generated
electrochemically by potentiostatic reduction of the dication to the
monocation in situ. This was done by addition of a separate fritted counter
electrode and a CH30OH-LiCl SCE that had been previously calibrated against a
standard SCE (ELic] = -0.010 V). The desired ratio of oxidized to reduced form
of the viologen was monitored both by the redox potential of the cell and by
the mass transport limited current at a Pt wire electrode in a stirred cell. For

J-V and MottSchottky (M-S) measurements, the CH30H SCE was replaced
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with a Pt wire since the SCE caused large frequency dispersion in the M-S
plots.

Flat band potentials (V) were obtained from the Mott-Schottky plots
of the differential capacitance of the Silicon/CH30H junction.?® Impedance
spectra from +1.0 V to +0.2V in 0.1V steps and currents at -0.1 V and -0.2 V vs.
the solution potential were obtained using a Schlumberger Model 1260
frequency response analyzer and a Model 1286 potentiostat under computer
control. The semiconductor capacitance (C) was calculated from the
imaginary part of the impedance spectrum (Z") using the equation Z"=
1/2nfC, where f = the frequency of the AC signal. The intercept of the line
from the plot of C-2 vs. applied potential (V) gave the flat band potential (V).

The potentials (-0.1V and -0.2V) at which currents were measured were
corrected for cell resistance (typically ~100 Q), then concentration
overpotentials were calculated from the measured limiting current of the
silicon electrode and the solution concentrations.?” The rate constant (ke
was then determined using Eq. 4 by calculating the surface electron
concentration (ns) at the corrected potential using Eq. 8 and the
experimentally determined value of the diode quality factor (a = 1.4). The
driving force AG® was determined from AG®' = qVg, - kT - qVy, - qE°', where
Vn = bulk potential of the semiconductor and E°' the standard redox potential
of the redox couple. All fits were performed using standard least-squares

fitting routines.
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III. RESULTS

1. I-V Properties of Ferricenium treated n-Si/MV2+/°+ and n-Si/BV2+/°+
Contacts

Figure 2 displays the In J-V properties of n-Si in contact with 1.00 M
LiCl-CH30H with 10/10 mM MV2+/°+ and 100/10 mM MV2+/°+ The Si was
HF etched, immersed in a 0.20 M ferricenium tetrafluoroborate (Fc*BFy)
CH30H solution for 1 min., rinsed with CH3zOH, and then immersed into the
MV2+/+ solution. The diode quality factor (a) was 1.4 for this surface, and the
current was linearly proportional to the acceptor concentration from at least
0.100 M < [MV2+] < 0.010 mM. Thus, over this range of concentration, the
rate law of Eq. 4 accurately described the interfacial electron transfer kinetics of
this n-Si/CH30H-LiCI-MV2+/ *+ interface. The equilibrium current density
(Jo) obtained from a plot of In J vs. V was 1.7 x 106 A-cm-2. The ], indicates
the exchange current for this semiconductor/liquid interface at equilibrium
and is related to the ease with which electrons can pass through the junction.

The slope of a In J vs. V plot indicates the extent to which the applied
voltage affects the current through changes in the surface concentration of
majority carriers. Expressing the surface electron concentration in these

n-type samples explicitly as a function of applied bias (V) yields:*?

_qv
ng =ng,e akT (8)

SO
with ngo the equilibrium electron concentration at the surface (i.e., ng = ng,
when J=0 and V=0). Eq. 8 indicates that, whenever an interfacial charge
transfer reaction is kinetically first-order in ns, a plot of In J vs. V should yield

a straight line with a diode quality factor (a) of unity. This situation is

expected for both the rate laws of equations (4) and (5).
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In [current density(])] vs. applied potential (V) for a (100)
ferricinium (Fc*) treated n-Si electrode in two 1.00 M
LiCl-CH30H solutions: 10/10mM MVZ2+/°+ and 100/10mM
MV?2+/°+  These plots have been corrected for solution
resistance and concentration overpotentials. The overlap of the
curves shows that the current as a function of V is "ideal" with
the solution concentration of acceptor [MV2+]. These plots have
a diode quality factor of 1.4 and a saturation current density (J,)

of 1.7 x 106 A-cm-2.
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Initial experiments with HF etched n-Si samples in CH3OH-MV?2+/°+
solutions showed that the junction produced a non-rectifying contact. Thus
there was little or no electric field present at the interface to control the
surface concentration of electrons. These currents are not in a semiconductor
limited regime and thus a bimolecular ket cannot be calculated from these
curves. This surface was also not suitable for rate constant determinations
since the capacitance of the semiconductor in this situation will likely rival
the Helmholtz layer and change AG®' as a potential is applied to the electrode.
If the electrode was left in solution (~2-3 hr) or given a one minute treatment
in 0.20 M FcBF4-CH3OH after HF etching, the J-V curves became rectifying in
LiCl-CH3OH. Most importantly, this surface displayed a first order
dependence on acceptor concentration.

Figure 3 shows the In J-V behavior of the n-Si/CH30H-1.00 M LiCl-
BV2+/*+ interface with 10/10 mM BV2+/°+ and 100/10 mM BV2+/°+. This
system also exhibited behavior in accord with the rate law of Eq. 4. It showed
a diode quality factor of 1.3 and a first-order dependence of the current on the
concentration of [BV2+] from at least 0.100 M<[BV2+]<0.010 M. The saturation
current density for this system was 3.7 x 107 A-cm2, and was thus somewhat
smaller than that for the n-Si/CH30H-MV2+/°+ contact, as expected for a

larger barrier height junction.

2. Mott-Schottky Plots of n-Si/CH3OH-MV2+/°+ and n-
Si/CH30OH-BV2+/*+ Contacts
Figures 4(a-d) display, in various forms, the frequency dependence of
the impedance for the n-Si/CH30H-BV2+/°+ contacts over a range of applied
biases. In reverse bias (+0.2 to +1.0 V vs. solution potential) for 10

kHz<frequency (f) <100 kHz, Bode plots yielded straight lines with slopes of -1
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Figure #3  InJ vs. applied potential (V) for a (100) ferricinium (Fc*) treated
n-Si electrode in two 1.00 M LiCl-CH3OH solutions: 10/10 mM
BV2+/°+ and 100/10 mM BV2+/°+. These plots have been
corrected for solution resistance and concentration
overpotentials. This system also demonstrates the current as a
function of V is "ideal" with the solution concentration of
acceptor [BV2+]. These plots have a diode quality factor of 1.3 and
aJo of 3.7 x 107 A-cm-2.
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Figure #4  Bode plots take in a 10/10 mM BV2+/°+ 1,00 M LiCl-CH30H
solution at 0.2 V and 0.8V vs. solution potential. a) log [vector
magnitude (1 Z1)] vs. log [frequency(f)] at 0.2V vs. solution
potential. b) phase angle (¢) vs. log fat0.2 V. ¢) log |Z| vs. log
(f) at 0.8V. d) ¢ vs. log fat 0.8 V. Both a) and c) have slope of -1
from 10 kHz < f < 100 kHz indicating the change in 1Z1 is
changing with f. Both b) and d) show ¢'s of almost 90° indicating

a capacitance dominating the impedance.
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and phase angles of ~ 90° (Figure 4 a-d). These data indicated that a frequency-
independent, purely capacitive component dominated the cell impedance
over this bias and frequency range.?®> Similar results were obtained using
MV2+/°+ as the redox couple.

Figure 5 presents these BV2+/°+ data in Mott-Schottky form
(differential capacitance™ vs. V) for two different doping densities of the Si
sample. The slopes of such plots were in excellent agreement with the values
calculated from the known donor density of the samples; furthermore, the
x-intercepts of the BV2+/°+ data shifted as predicted from the Mott-Schottky
equation with changing doping density (AVpredicted = 110 mV; AVeyxp = 116£8
mV). These data therefore allow a reliable assignment of the imaginary
component of the measured impedance to the differential capacitance of the
semiconductor space charge region. Application of the Mott-Schottky
equation:!”

’17: = p) Vapp_Vfb‘l<I 9)
C N g€sAG q

(where C is the capacitance in F-cm2, Ng the donor density, &5 the dielectric of
the semiconductor, Ag the surface area of the electrode, Vg, the flatband
potential, and Vapp the applied potential) and correcting for the bulk
semiconductor potential, Vy, yielded a potential for the bottom of the
conduction band, Eqp, of -1.05 V vs. SCE.

The measurements of Eqp for the MV2+/°+ system were more
complicated. M-S plots had the correct slopes as determined by independent
measurements of Ng and Ag (+8%), but the measured Ecp, shifted negatively
with time in solution, with Eqp finally coming to a value of about -1.1 V vs.

SCE. This conduction bandedge energy shift detected by M-S plots is



35

Figure #5  Mott-Schotky plot of two (100) n-Si electrodes in 10/10mM
BV2+/°+1.00 M LiCl-CH30H solution: a) Donor density (Ng) =
1.1 x 1015 em3, bulk silicon potential (Vy,) = 0.261 V, area = 0.153
cm?; flat-band potential (V) = -0.380£0.005 V vs. solution
potential, slope = 3.4 x 1017. b) Ng = 8.6 x 1016 em=3, V,, = 0.151 V,
area = 0.163 cm2; Vg, = -0.496+0.008 V vs. solution potential,
slope =7.5x 101, Egp = Vg, - KT/q - Vi 50 @) gives Eqp =
-0.667+0.005 V vs. solution, b) gives Ecp = -0.673+0.008 V vs.
solution. This demonstrates that this silicon methanol junction

is following the simple M-S equation (Eq. 9).
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consistent with previous reports of initial shifts of V. under illumination for
CH3OHY/Si systems.*! This shift is also induced by exposure of the HF etched
Si to an Fct-CH30H solution. It is known this solution removes the Si-H
bond formed on the surface during HF etching,* but the exact chemical
species remaining on the surface and the mechanism of the bandedge shift
are unclear at present.

Since these shifts were slow on the timescale of the M-S
measurements, the Eqp values could be used to evaluate the driving force
dependence of the rate constant for electron transfer into MV2+/°+, Figure 6
shows the compilation of many determinations of ket and Ecp in a AG®' vs.
log ket plot. The data can be fit with Eq. 3, yielding a ket max of 10715 cmé-s-1,
and A =0.9 eV, with a correlation coefficient (R) = 0.76. Given the
uncertainty, these data do not prove the applicability of Eq. 3 to this
semiconductor liquid system, but these data are consistent with a Marcus

region for this silicon-CH30H system.
IV.  DISCUSSION

The discovery of a system showing an ideal response to a change in
concentration of acceptor in solution is important in and of itself, since it
demonstrates that it is possible to define systems where electron transfer rate
constants can be measured and compared to theory.! Some workers
previously had argued that these measurements might never be possible
from steady-state measurements since crystal faces inherently have surface
states, and trapping would always dominate current flow.33

There are two pathways that can account for the observed
concentration dependence. In the first and most likely, the Si surface is

electrically defect free (on the order of < 1 defect per 106 surface atoms). This
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Compilation of the log ket vs. AG®' data calculated in this work
(AG® = qEcp - qE®). Error bars are reasonable estimates for the
data (AG® £0.01 V; log ket #0.25). The data was fit to the equation
log ket = -(AG®' + 1)2/(4kTA) + C, where C = log (unkel) = log

Ket max- Best fit was obtained with A = 0.86 eV and C =-14.92,

corresponding to 1.2 x 10-15 cm#-s-1.
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would allow the direct electron transfer to an acceptor in solution to
dominate the current flow. Alternatively, a mechanism involving surface
states (Fig. 1) cannot be ruled out. This would require that electron transfer to
solution from the surface state be slow relative to the filling of the traps, that
the activity of the traps be sufficient to carry the observed current, and that the
traps be in equilibrium with the electrons in the silicon. In order for this
mechanism to explain the results, Eq. 7 shows that keoi[Als must be on the
order of kgsng, otherwise there would be a dependence of ] on [A]s or ng, but
not both. It is not likely that these products are fortuitously equal, since the
rate in this MV2+/°+ gystem is dependent on both ng and [Als over a relatively
wide range of potential and concentration. Thus it is not likely that the
surface states are involved in the electron transfer process.

The observation of frequency independent Mott-Schottky plots has also
been essential to making these determinations of ket. This "ideal" behavior
lends confidence to the measured Eg's for these systems.?> Knowing Ecp
allows both AG®' and ng to be determined and thus ket to be calculated.

A plot of log ket vs. AG®' is shown in Fig. 6 and spans a range of AG®' of
about 0.4 eV (0.3 to 0.7 eV). Assuming a Marcus relationship holds, and
fitting these data to Eq. 3, gives a reorganization energy for the system () of
0.9 eV. The fit is reasonable for values of A above 0.6 eV if log ket max is
allowed to float (See Fig. 7 a-g). This best fit L = 0.9 eV is larger than the %
calculated from the self exchange rate constant of MV2+/°+ in solution
(A = 0.5 eV; keelf = 1 x 107 M-1-s71) using the equation:

A
Keelf = Zgol® 2T (10)

where Zgo) = 1011 M-1-s-1 (the collision frequency of molecules in solution).

Little is known about how A will change from its value in a homogeneous
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Figure #7  Best fit to the log ket vs. AG®' data calculated in this work (AG®' =
Ecb - E°') when L is fixed and ket max is varied from 0.5 eV to 1.1
eV. a) Best fit with A = 0.5 eV was obtained with log ket max =
-15.66, corresponding to 2.2 x 1016 cm#4-s-1. b) Best fit with A = 0.6
eV was obtained with log ket max = -15.79, corresponding to 1.6 x
10-16 em#-s71. ¢) Best fit with & = 0.7 eV was obtained with log
Ket,max = -15.62, corresponding to 2.4 x 10-16 cm4-s-1. d) Best fit
with A = 0.8 eV was obtained with log ket max = -15.24,
corresponding to 5.8 x 10-16 cm#4-s1. e) Best fit with A = 0.9 eV
was obtained with log ket max = -14.73, corresponding to 1.9 x 10~
15 em#-s-1. f) Best fit with A = 1.0 eV was obtained with log
Ket,max = -14.13, corresponding to 7.5 x 10715 cmé4-s-1. g) Best fit
with A = 1.1 eV was obtained with log Ket max = -13.46,

corresponding to 3.5 x 10714 cm4-s-1,
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reaction to its value at a semiconductor electrode. It does seem unlikely,
however, that A would be more than 2x greater than that in a self-exchange
process. solution since the dielectrics are not that much different. More work
with different redox couples needs to be done to better understand this effect.
The value of ketmax, is to our knowledge, the first experimental
estimate of the maximally exothermic rate constant for interfacial charge
transfer at any semiconductor liquid junction to date. The value obtained
from fitting the data (10-15 cm#-s1) is higher than the theoretical value for
Ket,max quoted earlier, but given the number of unknown quantities in that
estimate, the present experimental value is not unreasonable. When A was
varied from 0.7 eV to 1.1 eV, the best fit for ket max varied from 10-16 ¢cm4-s-1
to 1014 cm4-s71 (0.7 eV and 1.1 eV
respectively). A Ketmax as high as 10-12 can be ruled out by examining a
related system. Recently the barrier height for the
n-Si/CH30OH-dimethylferrocene-dimethylferricenium(MepFc*/0) system has
been determined to be 1.0 eV.*> This, along with the fact that this
n-Si/CH3OH system is known to be bulk recombination limited*! (i.e., not
electron transfer limited) allows an upper limit to be placed on the electron
transfer rate constant for this system (driving force = 1.1 eV). At an open
circuit voltage of -0.680 V (a bulk limited value) and a current of 20 mA-cm™2,
ng can be determined from Ng and Ecp, then a ket can be calculated from Eq. 4.
This gives the upper limit for the electron transfer rate constant for this
system to be 10-14 cm# -s"1 at AG® = -1.1 eV. Assuming the electronic coupling
for these two one-electron outer sphere redox couples are similar, this
observation constrains the values of A and ket max to values that maintain the

Marcus curve at or below this value. Fig. 8a shows the MepFc+/0 point added



Figure #8
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This shows the addition of the maximum log ket for the
MepFc*/0 system (log ket = 10-14; AG® = 1.1 eV) plotted with the
MV?2+/°+ data. a) Plot showing the best fit equation is clearly
consistent with this limit. b) Plot showing log ket max = -14 and
the best fit A = 1.0 eV is as large as log ket max can be without
exceeding this MepFct/0 limit. ¢) Plot showing the equation
when log ket max = -12 and the best fit A = 1.3 eV. This clearly is

not consistent with the MV2+/°+ data.
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to the MV2+/°+ data and the curve defined by the best fit to the MV2+/°+ data
(L = 0.9 eV; ket max = 10715 cm?-s71). These values for A and ket max give a
curve well below this point and so are consistent with the present best fit
interpretation of the data. By inspection, even with the flattening of the
curve in the inverted region, due to tunnelling, the ket max cannot rise above
10-14 cm4-s1, still be consistent with the MepFc+/0 point, and fit the MV2+/°+
data (see Fig. 8b). Fig. 8c shows the fit to the MV2+/°+ data for a Ket max = 10712
cm4-s1, giving A = 1.3 eV. There would need to be drastic differences between
the redox couples for this value of ket max to be reasonable. Thus a limit can
be set of 10714 ecm4-s71 for the Ket max in this system.

Measurement of rate constants in the "inverted" region (i.e., at higher
AG®') would allow a much more quantitative evaluation of the data and
increase the understanding of semiconductor/liquid junctions.
Unfortunately, simply choosing a redox couple with a more positive value of
E°' does not allow exploration of this regime. Increasing the AG® too much,
causes a different mechanism to dominate the charge flow, thus direct
measurement of ket is not possible. For example the MepFc+/0 system
mentioned above has a more positive E°' and has been shown to be
controlled by a bulk recombination mechanism, not direct electron transfer to
solution. These non-electron transfer limited systems only allow upper
limits to be placed on the rate constants and do not allow the actual rate
constant to be measured. More one-electron, outer-sphere redox couples need
to be explored that are about 0.2 V more positive of the MV2+/*+ used in this
study to determine if ket can be measured at increased driving force without
another mechanism dominating the charge flow through the

semiconductor/liquid junction.
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Alternate explanations for the data in Fig. 6 cannot be ruled out. The
assumptions needed to apply the Marcus expression for this system may not
be valid. It is possible that the electronic coupling between the silicon and the
acceptor in solution (xe)) changes when the reaction that shifts the bandedge
occurs. This would invalidate the assumption of Eq. 1 and might still give a
plot such as in Fig. 6. It is possible that the adsorption of the MV2+/°+ to the
surface influences the electron transfer and thus the calculated rate constant
by increasing [A]s and giving an apparent ket higher than its true value.
Cyclic voltammetery on the HF etched sample in MV2+/*+ solution showed a
peak to peak separation (Epp) of ~80 mV, demonstrating that for this surface,
there is no significant adsorption (an Epp of zero is expected for a fully
adsorbed electroactive species). If adsorption is important, this is an unusual
system in that it shows a first order dependence on acceptor concentration up
to at least 0.1 M. Thus the surface would still need to be in the linear region

of the adsorption isotherm and not saturating.
Conclusions:

This work has demonstrated one of the first electron transfer limited
semiconductor liquid junction systems, along with "ideal" M-S plots to
determine the energetics of the conduction band. This has allowed the first
exploration of the driving force dependence of the electron transfer rate
constants. Simple Marcus relationships give a A of 0.86 eV and a ket max of 1 x
10-15 cm4-s-1 for the reduction of MV?2+/°+ at silicon in CH30H-LiCl. Limits
on the value for Ket max of 1014 cm#-s71 have been established. More work
needs to be done to investigate the response of this system to different redox

couples and solution conditions to determine the general behavior of
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electroactive species at semiconductor electrodes and to decide if the theory

needs to be adjusted to explain a ket max 10714 cm#-s-1.
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Chapter Three
Limits on the Active Corrosion Rate of Si Surfaces in Contact with CH3;OH-

Ferrocene+0 and CH3OH-1,1'-Dimethylferrocene*/0 Solutions

ABSTRACT

Although Si/CH3O0H contacts have been extensively investigated and
reported to provide highly efficient photoelectrochemical energy conversion
devices, a recent study using the scanning electrochemical microscope (SECM)
has claimed that in CH30H solutions, Si surfaces in contact with 4.57 mM
ferrocenium (Fc*) actively corrode in the dark, at a rate of 75 nm-s-1. This
conclusion was inferred from an anomalously large feedback current in an
SECM experiment. The present work describes a search for active corrosion of
Si in contact with CH3OH-ferrocene+/0 and CH30H-
dimethylferrocene(Me;Fc)*+/0 solutions through the use of very sensitive
electrochemical, chemical, and physical methods. For CH30H-1.0 M LiClOg4-
100 mM MepFc-80 mM MepFct solutions, an upper limit on the active
corrosion rate of 6.6x10-6 nm-s-1 has been established through direct
experimental measurements; thus, a 400 pm thick Si photoelectrode in
contact with the CH3OH-Me,Fct/0 electrolyte would require over 1500 years to
corrode completely at room temperature. An alternative explanation for the
SECM data, based on the documented existence of an inversion layer at the
Si/liquid contact, is presented and shown to be consistent with the available

data.
L INTRODUCTION

Semiconductor/liquid contacts formed using Si/CH3OH junctions with

1,1-dimethylferrocene (MeyFc*/0) as the redox couple have been shown to
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provide extremely efficient photoelectrochemical cells.!® These Si/ CH30H
junctions are perhaps the most well-characterized semiconductor/ liquid
contacts to date, having been probed by a variety of chemical, electrical,
electrochemical, and spectroscopic methods.4!! Because of the substantial
body of knowledge involving the surface chemistry and materials processing
characteristics of Si, Si/CH30H interfaces provide a nearly ideal system for
developing new methodologies to investigate the behavior of solid/ liquid
interfaces.

Recent data obtained using the scanning electrochemical microscope
(SECM) have been interpreted to indicate that Si surfaces actively corrode at a
mass-transfer-limited rate in contact with CH3OH-ferrocene (Fc+/0)
solutions.!? In this SECM experiment, an anomalously large feedback
current, compared to that expected for an insulating surface, was observed
when Fct was generated at an SECM tip in close proximity to a Si crystal. This
excess feedback current was hypothesized to arise from reaction of Fc* with
the Si, leading to oxidation of the Si and regeneration of Fc in the vicinity of
the tip.12

Curiously, Si oxide formation in this open system would be expected to
passivate the Si>!® and thus could not produce the observed sustained
feedback current. It was therefore speculated that active corrosion of Si
occurred in the SECM experiment, resulting in the formation of a soluble
Si(OCH3)s-type moiety.!? The reported rate constant of 0.37 cm-s-1
corresponds to an equivalent corrosion current density of 240 mA-cm-2 and to
an active Si corrosion rate of 75 nm-s'1.12 As support for this hypothesis,
SECM measurements of the Si surface after ~15 minutes at a smaller current
showed a ~1 um deep feature in the Si. This etch rate corresponds to a

corrosion rate of 1.1 nm-s-! and an equivalent corrosion current density of 3.5
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mA-cm-2, assuming a 4-electron decomposition stoichiometry in the
oxidation of Si to soluble Si(IV).

The presence of even as little as 3.5 mA-cm=2 of corrosion current
density at 4.6 mM Fc+ would have serious implications for the
photoelectrochemical measurements reported previously from various
laboratories, including our own.>* Typical photocurrent densities of Si
electrodes under 1 Sun illumination are 20-30 mA-cm-2, 114 5o a corrosion
current-density of 3.5 mA-cm-2 (and certainly one of 240 mA-cm-2) would cast
serious doubt onto the interpretation of the previously reported current
density-voltage measurements. The presence of significant, active corrosion
of the Si would also complicate the interpretation of prior open circuit
voltage (V) data for the Si/CH30H contact. Measurements of Ve have
shown quantitative agreement with theoretical expectations based on the
Shockley diode equation,?* but if the sample is corroding significantly, Vo
might also reflect a mixture of the electrode potential for regenerative
electrochemical processes in combination with the electrode potential for a
corrosion reaction.

In contrast to the SECM results, prior studies of long term photocurrent
flow through n-5i/CyH5OH-Fc+/0 and n-Si/ CH3OH-Me,Fc+/0 systems have
reported no bulk weight loss of the Si.1:31> In addition, the
photoelectrochemical efficiency of a 400 um thick Si specimen in contact with
a propylene carbonate-CH30H-Me,Fct/0 electrolyte was reported to be stable
during =1 month of illumination at short circuit,! which is much longer than
the failure time of ~4 days that would be predicted from even the 1.1 nm-s-
corrosion rate of the SECM experiment. From these results, as well as other
reports, it would appear that the corrosion of Si/alcohol-ferrocene systems is

insignificant on typical laboratory timescales. In view of these apparently
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contradictory conclusions concerning the stability of Si electrodes, we have
performed a quantitative study of the corrosion of Si at n-Si/ CH3OH-Fc+/0
and n-Si/ CH3OH-Me2Fc+/ 0 contacts. In this series of experiments, we have
reexamined with higher sensitivity the current density-voltage (J-V) data in
the dark for n-Si/CHzOH-Me,Fc+/0 and p-Si/ CH30H-Me,Fct/0 contacts. We
have also performed weight loss experiments for Si crystals in contact with
CH30H-Fc+/0 and CH30H-Me,Fc+/0 solutions. In addition, we have
lithographically fabricated posts of Si oxide to act as blocking layers and to
provide a sensitive height reference for the presence of any corrosion features
on Si in contact with CHzOH-Fc+/0 and CH30H-Me,Fct/0 solutions. Stylus
profilometry data were then collected on such "post-referenced" Si electrodes
after ~116 days of continuous contact with methanolic solutions of
ferrocenes. Analogous stability data were obtained for "post-referenced" Si
photoelectrodes that were illuminated and run as electrodes in CH3zOH-based

photoelectrochemical cells. We report the results of these studies below.

IL EXPERIMENTAL

Me,Fc and Fc were obtained from Strem Chemical and were sublimed
before use. LiClOy4, Me,FcBF,4, and FcBE4 were prepared as described
previously.>* Mg powder (EM Scientific) and Iy (EM Scientific) were added to
reagent grade methanol (EM Scientific) and the pure liquid was distilled
under ambient pressure. All electrolytes and redox couples were then
dissolved into the solvent, and any particulates were removed by filtration
through a membrane filter with 1 um diameter pores. All samples for use in
corrosion measurements were stored for the duration of their exposure to the

various solutions in a flush tank that was continuously purged with Nj(g)
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and that displayed oxygen concentrations of less than 10 ppm (as monitored
by fuming of diethyl zinc).

Si electrodes used in J-V experiments were prepared as described
previously.® The electrodes were etched in 48 wt% ag. HF (Mallinckrodt Inc.,
Paris, KY), rinsed with HO, rinsed with methanol, blown dry in a stream of
N>(g), and then immersed into the desired solution. All exposures of Si to
the test solutions were performed in the dark except where otherwise
specified. ]-V data were collected using a Princeton Applied Research (PAR)
model 173 potentiostat, a PAR model 175 universal programmer, and a
Houston Instruments model 2000 X-Y recorder. Experiments in the presence
of illumination also included a PAR model 179 digital coulometer.
INlumination was generated by a water-filtered ELH-type W-halogen bulb with
a dichroic rear reflector. The incident light intensity was adjusted using
neutral density filters to give the desired current densities at the Si
photoelectrode.

X-ray photoelectron spectroscopy (XPS) was performed using an M-
Probe Surface Spectrometer (Surface Science Instruments (Fisons)). The
instrument was maintained at a base pressure of 5x10-10 torr. XP spectra were
taken by exciting electrons with Al Ko (1486.6 eV) X-rays and collecting data
with a hemispherical analyzer. Data collection and analysis of the oxide
thickness were performed with the M-Probe package software, version 3.4.

The silicon oxide posts were fabricated in the Microdevice Laboratory at
the NASA Jet Propulsion Laboratory (JPL), Pasadena, CA, using standard
photolithography methods. A silicon dioxide layer was first grown at =1000°C
on a 1.6 Q-cm resistivity, (100)-oriented n-type Si wafer (Silicon Sense;
Nashua, NH) using an electric furnace that contained a water-saturated

oxygen atmosphere. The oxidized silicon wafers were then spin-coated with
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AZ5214-E photoresist on a Headway Research spin-coater at 4500 RPM for 40
seconds. The coated wafers were then baked at 95°C for 2 minutes. A
chromium-patterned quartz mask, which had been prepared prior to the Si
oxide growth steps, was used to expose line patterns in the photoresist. To
expose the patterns, a coated wafer and the mask were placed in a Karl Suss
M]JB3 mask aligner and exposed to UV light for 45 seconds. The photoresist
was developed in AZ 400K developer (20% by volume in water) for 30
seconds to remove the exposed areas of the photoresist. The patterned wafers
were then etched for 2 minutes in buffered 10% HF(aq) to remove the exposed
oxide areas, and the wafers were rinsed in acetone to remove the photoresist.
Scanning electron microscopy (SEM) and profilometery were then used to
characterize the final structure, which consisted of posts 150 nm in height and
100 pm in width that were separated by a center-to-center distance of 500 um.
For the long-term corrosion experiments, the wafer was cut into ~1 cm?
pieces. Each piece was then marked on the back for identification, weighed on
a Sartorius model 2462 scale (£0.1 mg), etched in a 9:1 by volume HyO:buffered
HF (40/20/5 vol% NH4F/49%HF /HyO from Transene Co. Rowley, MA)
solution for 20 seconds, rinsed with HyO, rinsed with CH30OH, and dried
under a stream of N(g). The height of the oxide posts was then determined
by profilometry using a Sloan-Dektak model 3030 profilometer (+ 1 nm). The
specimens were then transferred into the Ny flush tank and were immersed
into their respective test solution. Samples were removed from the solutions
at 4 days, 47 days, and 116 days after immersion, rinsed with methanol, dried
under Nj(g), and weighed. Each sample was then etched with buffered HF,
rinsed with HyO, rinsed with CH30OH, and dried under Nj(g), after which

profilometry data were taken to determine the extent of etching.
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. RESULTS
A.  Current Density vs. Voltage Data for Si/CH3OH-MeFc +/0 Contacts

An anodic dissolution process leading to active corrosion of Si should
result in the presence of a non-zero short circuit current density, and a
non-zero open circuit voltage, for 5i/ CH3OH-Fc+/0/Pt cells in the dark. To
investigate this possibility, ]-V data have been obtained in the nearly
complete absence of band-gap illumination for n-Si and p-5i surfaces in
contact with the electrolytes of concern.

Figure 1 displays the J-V characteristics for a 2 Q-cm resistivity,
(100)-oriented, n-type Si sample in contact with CH3OH-1.0 M LiClO4-0.10 M
MepFc-0.020 M MeFcBF4. The open circuit voltage was -2 mV, and the short
circuit current density was (7£2)x104 mA-cm2. These very small non-zero
Voc and Jsc values presumably arose from effects of stray light entering the
system. The limiting reverse bias current density was on the order of 0.05
mA-cm-2. This value was somewhat variable from electrode to electrode and
was presumably dominated by the defect density, stray illumination, and/or
edge effects of the crystal/liquid contact. Nevertheless this sets an upper limit
on any electrochemically active corrosion process.

Figure 2 displays the J-V characteristics for a 0.68 £2-cm resistivity,
(100)-oriented p-type Si sample in the same solutions. The J-V characteristic
was nearly ohmic and to within experimental error had an intercept at the
origin. This type of behavior is consistent with the low barrier height value
that had been estimated previously for p-Si/CH3OH-MepFc+/0 contacts.!®
Thus, neither the n-type nor p-type samples displayed significant open circuit
voltages or short circuit current densities in the dark. Assuming a 4-electron

decomposition process and a maximum corrosion current of 0.05 mA-cm2,
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Figure #1 Dark J-V characteristics for a 2 Q-cm resistivity, (100)-oriented,
n-type Si sample in contact with CH3OH-1.0 M LiClO4-0.10 M
MepFc-0.020 M MeyFcBF4. The open circuit voltage was -2 mV,
and the short circuit current density was (7+2)x104 mA-cm-2. The
limiting reverse bias current density was on the order of 0.05

mA-cm-2.
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Figure #2 Dark J-V characteristics for a 0.68 Q-cm resistivity, (100)-oriented
p-type Si sample in contact with CH30OH-1.0 M LiClO4-0.10 M
MeyFc-0.020 M MepFcBF4. The J-V characteristic was nearly
ohmic, and to within experimental error (+2 mV) had an intercept

at the origin.
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an upper limit of 0.015 nm-s-1 can be placed on the electrochemically

detectable corrosion process of Si in these electrolytes.

B. Physical Measurements of Corrosion: Weight Loss and Profilometry
Data for n-Si/CH3OH-Me,Fct/0 and n-Si/CH30OH-Fc+/0 Contacts in the
Presence and Absence of Illumination

Another series of experiments was performed to search for any
physically detectable corrosion of the Si surface. In addition to the traditional
criterion of bulk weight loss of the crystal,!” we have performed more
sensitive measurements through the use of lithographically defined surface
structures. These structures have allowed investigation of corrosion in the
nm-thickness regime, as opposed to weight loss measurements, which
generally are only accurate to thickness changes of ~1-10 um.!8

Figure 3 contains a scanning electron microscope photograph of a
typical sample used for this study. Standard Si lithographic processing
methods!® were employed to produce a series of "posts," consisting of SiOp,
which were deposited onto the Si surface (Figure 4). SiOy is insoluble in
CH30H, so under our conditions, corrosion under the posts was blocked. In
addition, previous X-ray photoelectron spectroscopic (XPS) work® and
current-density vs. voltage studies'® have shown that Si itself does not
passivate either in the dark or under illumination in contact with
n-Si/CH30OH-Me,Fc+/0 solutions under anaerobic conditions. Thus, if the Si
were actively corroding in contact with the CH3OH-Me,Fc+/0 or CH30H-Fc+/0
electrolyte, sustained removal of Si through etching would occur in the
regions not covered by the oxide posts (Figure 4C). After removal of these
posts by etching the oxide in HF (Figure 4D), any etching of the Si from

exposure to the methanolic solutions would be readily detectable through
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Figure #3 A scanning electron microscope photograph of a typical
"post-referenced" Si sample used for this study. The white lines
are the S5iOp posts and the dark regions indicate the underlying
silicon wafer. Standard Si lithographic processing methods were
employed to produce this series of S5iO "posts" that were 150 nm
high, 100 pum wide and were separated by a 500 um center-to-

center distance on the Si wafer.
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Figure #4 Schematic of the fabrication procedure for the SiO; structures
used in this study. A) The photoresist was spin-coated onto the
wafer, exposed, and developed to expose areas of oxide. B) The
exposed oxide was removed by etching in HF. C) Samples were
exposed to methanolic solutions, with the oxide protecting the
areas underneath the posts from corrosion. D) Removal of the
oxide and subsequent profilometry revealed the extent of silicon
etching. Note that the size of the surface features is not to scale in

this schematic diagram.
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profilometry measurements of height differences between the protected and
unprotected regions of the specimen.

Initial attempts to quantify the Si corrosion rate were performed using
the "post-referenced” Si specimens in a CH3OH containing
photoelectrochemical cell that had either Me,Fc+/0 or Fc+/0 as the active redox
couple. In one initial experiment, 380 C of photogenerated anodic charge was
passed at short circuit through an n-Si/CH30H-1.0 M LiClO4-0.20 M Me,Fc-
0.0020 M Me,FcBFy contact. This amount of charge represented 130% of the
total charge that would be required to entirely corrode this particular Si
specimen, assuming a 4-electron/Si atom decomposition process to produce
the Si(IV) oxidation state. No evidence for etching of the Si electrode was
observed from profilometry measurements of these samples. The lack of
height change established an upper limit on the etch rate of < 9x10-5 nm-s-1.
In a separate experiment, 48 C of photocurrent was passed through an
n-5i/CH30H-1.0 M LiClO4-0.030 M Fc-0.0050 M FcBF, contact. Profilometry
measurements without removal of the oxide posts showed no evidence of
active corrosion. Subsequent XPS analysis of this electrode showed significant
unoxidized Si still near the surface, as demonstrated by the detection of a
prominent peak for substrate Si, with the bulk Si-[Si(2p)] to SiO,-[Si (2p)] peak
ratio corresponding to less than 1 nm of average oxide coverage over the
entire specimen.

More sensitive corrosion experiments in the absence of illumination
were then undertaken with these structures according to a strict double-blind
experimental protocol. One co-worker prepared several samples that
contained oxide posts, and another labelled and partitioned the samples into
four groups. The sample groups were then sealed in jars in a Np(g) flush box

(O2 concentrations <10 ppm). In this protocol, specimens were grouped as
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follows: 1) three samples were established as a control group in N, 2) six
samples were immersed in CH30H-1.0 M LiClOy solution, 3) six samples
were immersed in CH30H-1.0 M LiClO4-100 mM Me;Fe-80 mM Me,FcBFy
solution, and 4) six samples were immersed in CH30H-1.0 M LiClO4-30 mM
Fc-80 mM FcBFy. After elapsed times of 4 days, 47 days and 116 days, selected
samples were removed from the solutions, rinsed with CH30OH and dried in
N2. These samples were then prepared for analysis, and appeared identical
except for an identification code that had been scribed onto the back side of the
sample. A co-worker with no knowledge of the sample histories weighed the
samples, etched away the oxide posts in buffered HF(aq), and then performed
profilometry measurements to determine whether the samples had been
etched. The data were then correlated with the sample history by
simultaneous disclosure between the two parties. Sample chips generally
yielded ~50 profilometry determinations of the etch pit depth for each
specimen (~15 data points per scan, with scans being performed near the top,
middle, and bottom of each specimen). The multiple etch pit determinations
for a given specimen were used to establish a mean and standard deviation
for the possible corrosion rate of the sample.

No weight change was detected (£ 0.5 mg) for any sample. For the
longest duration runs, this lack of weight change established an upper limit
on the active corrosion rate of 1x10-4 nm-s-1. More precise corrosion rates
were obtained from the profilometry measurements. No etching was
detected at 4 days, whereas at 47 days of exposure to the electrolyte pits of ~22
nm and ~45 nm were detected for n-Si/CH30H-Me,Fc*/0 and n-Si/CH3OH-
Fc+/0 contacts, respectively. Table I summarizes the results of the
profilometry measurements for the samples exposed to the various solutions

for the 116 day period. A 10 nm etch pit was estimated as the detection limit
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Each entry represents the mean and standard deviation of a
profilometry scan of different portions of the sample, with the
number of determinations given in the adjacent column. The
measurements on all samples did not change significantly after
extended etching in HF, indicating that the oxide posts were
completely removed and that the pit depths indicated corrosion of
the silicon. Since the data did not change significantly after
extended HF etching, values from all HF-etched specimens were
used to calculate the etch rate in a particular solution. The mean
of the mean pit depths for each scan was then used as a measure of
the average corrosion rate for each piece.
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Solution Sample # Etch time # of Average pit depth

of posts measurements across sample

by HF mean * s (nm)
1.0 M LiClO4-CH3;0H v 2min - <10
1.0 M LiClO4-CH;OH VIII 2 min - <10
1.0 M LiClO4-CH3;0H X 2min - <10

1.0 M LiClO4-CH;OH I1 1 min 14 72%16

80/100 mM MepFc*/0 1 min 12 67+3
1.5 min 12 67£3
1.5 min 12 67+3
Mean 6812
1.0 M LiClO,-CH3;OH IX 1 min 9 70+4
80/100 mM MepFc*/0 1 min 14 6614
1 min 8 6415
1.5 min 10 68+4
1.5 min 10 68+4
Mean 6712
1.0 M LiClO4-CH;0H XVII 1.5 min 10 63+2
80/100 mM MepFc+/? 1.5 min 10 67+1
1.5 min 10 67+3
2 min 10 66+2
2 min 12 59+3
Mean 6413




81

1.0 M LiClO;-CH;0H I 1.5 min 10 110£3
80/30 mM Fc*/0 1.5 min 10 112+6

1.5 min 9 110+6

2 min 12 11144

2 min 12 108+5

Mean 110+1

1.0 M LiClO,-CH30H VII 1.5 min 12 119+6
80/30 mM Fc*/° 1.5 min 14 12344

1.5 min 10 12216

2 min 10 12618

2 min 12 11948

Mean 12243

1.0 M LiClO4-CH3;0H XVIII 1.5 min 10 173£3
80/30 mM Fc+/? 1.5 min 10 188+4

1.5 min 12 15248

2 min 12 17845
2 min 12 154410
Mean 169116
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of our setup, based on the variation in height (from the profilometry data) of
an uncorroded, HF-etched, "post-referenced" Si wafer. The data in Table I
therefore established an upper limit of the corrosion rate of silicon in contact
with CH30H-1.0 M LiClOy4 solutions as 1x10-6 nm-s-1 of Si. Assuming a
constant corrosion rate over the lifetime of the wafer, these data imply that a
typical 400 pm thick Si wafer would not be completely etched after >12,000
years in this electrolyte. The mean corrosion rates for n-Si/CH3zOH-Me,Fc+/0
contacts were (6.8+0.2)x106 nm-s-1, (6.7+0.2)x10-6 nm-s-1, and (6.4+0.3)x10-6
nm-s-1 for samples II, IX, and XVII respectively. The mean corrosion rates for
n-5i/ CH30H-Fc+/0 contacts were (11.0£0.1)x10-6 nm-s-1, (12.240.3)x10-6 nm-s-1,
(16.941.6)x10-6 nm-s-1 for samples I, VII, and XVIII respectively. Assuming a
corrosion stoichiometry of 4 electrons/Si atom, the highest observed
corrosion rate of (16.9+1.6)x10¢ nm-s-1 would correspond to a corrosion
current density of 5.4x10°11 mA-cm-2. These data indicate that even for the
most active corrosion processes detected in these experiments (sample #18),
the failure of a 400 pm thick Si wafer from active corrosion would require 750

years.

IV. DISCUSSION

The data presented herein indicate that n-Si samples are
extraordinarily stable in all of the electrochemical and photoelectrochemical
environments evaluated. No evidence for significant corrosion was found
during extended duration experiments either in the dark or under
illumination. Additionally, the electrochemical data described above indicate
that prior photoelectrochemical J-V measurements!>10.15 are not confounded
by the presence of significant corrosion currents. Using sensitive assays for

etch-induced changes in the near-surface topography, direct measurements of
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the corrosion rates of n-Si/ CH30OH-Me,Fc+/0 and n-Si/ CH30H /Fc+/0 contacts
were only possible when high concentrations of the oxidized forms of the
redox species (80 mM) were present in extended duration experiments. Even
under these forcing conditions, which contained significantly higher
concentrations of oxidant than that used in prior SECM experiments (80 mM
Fc* in the corrosion measurements vs. 4.6 mM Fc* in the SECM
experiments), the corrosion rates were insignificant for most applications
using typical wafer thicknesses on reasonable laboratory timescales. All of the
measurements reported herein were, therefore, consistent with the body of
prior data which indicated that these systems offer stable, durable
photoelectrochemical cells.}-510,15

Based on the experiments described above, the lifetime of an operating
n-5i/CH30OH-MepFct/0 cell is almost certainly limited by passivation due to
silicon oxide formation, as opposed to being limited by active corrosion
processes of the Si electrode. Given the low values for the corrosion rate and
the correspondingly long stability times inferred from the corrosion data,
decomposition of the electrolyte, decomposition of the redox couple, and/or
mechanical seal failure are more likely to limit the operational lifetime of an
operating n-Si photoelectrochemical cell' than is active corrosion of the Si
electrode. In this respect, the previously reported operation of a Si-based
photoelectrochemical cell for over one month of continuous air-mass 1.0
simulated illumination attests to the impressive stability of
semiconductor/liquid contacts in properly designed nonaqueous electrolytes.!

It is also possible to explain the apparently anomalous SECM feedback
data in view of the data presented herein. In the SECM experiment, the tip
current increased as the tip-sample distance was decreased.!? If the substrate

were an electrical conductor, increases in feedback current should be observed
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as the tip/sample distance is decreased, and the observed SECM current vs.
distance behavior would not be anomalous or indicative of corrosion
processes.?0 Alternatively, if the substrate were an insulator, Fc+ under the
tip could not equilibrate with Fc in the bulk of the solution, so the feedback
current should decrease as the tip sample distance is decreased. The observed
increase in current as the SECM tip approached the sample, along with the
assumption of a substrate that was insulating to faradaic current flow, were
therefore taken to indicate an active corrosion process.!?

Recent electrical studies, however, have shown that the n-Si/ CH3;0OH-
MeyFc*/0 and n-Si/ CH30H-Fc+/0 contacts are in strong inversion at
equilibrium, with barrier heights of =1.0 eV.21"23 Such a high barrier height at
a Si/liquid contact must produce significant, mobile, minority carriers in the
near-surface region of the solid, and these mobile carriers will be able to
support faradaic charge flow parallel to the solid /liquid contact. In fact, the
theoretically predicted current pathway parallel to the solid/ liquid contact has
recently been detected directly using a transconductance method, in which
minority carrier current flow with a near-surface resistivity of only ~0.2 Q-cm
was detected through impedance measurements from implanted p* contacts
in the near-surface region of an n-type Si/ CHzOH-Fc+/0 contact.2! In the
SECM experiment, these mobile minority carriers will facilitate equilibration
of any Fc+ generated under the tip with Fc in the unperturbed portions of the
electrode/liquid contact. In other words, although the n-Si/CH30H-Me,Fc+/0
interface is rectifying to current flow perpendicular to the solid/ liquid contact,
it is a conductor with respect to current flow parallel to the solid/ liquid
contact. Since current flow parallel to the surface is the important pathway
for generating feedback current in the SECM experiment, the SECM data

actually confirm the presence of an inversion layer at the
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n-Si/CH30H/MeyFc+/0 contact, as opposed to indicating the presence of an
active corrosion process that generates an unknown, highly CH3OH-soluble,
Si(IV) species. Thus, the SECM configuration provides an experimentally
convenient, though qualitative, probe for the presence of carrier inversion
and is complementary to the quantitative transconductance measurements
described in the recent literature?! for investigating this aspect of the
energetics of semiconductor/liquid contacts.

Without further information on the nature of the electrode surface
before and after the SECM experiments and in view of the lack of significant
corrosion determined herein, it is only possible to speculate about the origin
of the T um “pit” that was reported in the SECM studies. The presence of a
corrosion "pit" was inferred from a decreased feedback current in the region
of the SECM experiment after maintaining the tip at a fixed position for 15
minutes.'? This decrease in current could also be produced by any other
phenomenon that disturbs the ability to obtain electrochemical feedback in
the SECM geometry. A likely explanation for the decline in tip current is
oxidation of the Si surface in the region under the tip. Prior electrochemical
studies have shown that silicon will form a passivating oxide under band gap
illumination in alcohol solvents at low concentrations of redox donor
species.!> Under the SECM conditions, the ferrocene in the region of the tip
was converted at a mass-transport-limited rate to Fc+, depleting the Fc donor
that is required to compete with oxidation of the Si. Oxide formation would
increase the resistance of the Si to faradaic current flow parallel to the
solid/liquid contact, and would therefore produce the observed decrease in
local SECM tip current. Other explanations, such as perturbations in the
steady state concentration profile of redox species in the region of the tip, also

cannot be ruled out without direct information on the surface condition of
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the Si specimen before and after the SECM experiment. Nevertheless, local
passivation seems the most likely explanation, given the other information
on the behavior of Si/CH3OH contacts and the stability data of these contacts
described herein.

In summary, the active corrosion rates of silicon in contact with
CH30H-Fc+/0 or CH30H-Me,Fc+/0 electrolytes are exceedingly small. These
corrosion rates are sufficiently low that they do not affect prior interpretations
of the J-V behavior of these contacts, and the low corrosion rates validate
earlier claims concerning the stability of n-Si/CH30H-MeyFc+/0 and
n-Si/CoH50H-Fct/0 contacts for photoelectrochemical energy conversion
applications. The observation of "anomalous" feedback current in an SECM
experiment of these contacts is validation of prior evidence for the presence
of a conductive inversion layer in the near-surface region of these Si
electrodes, and does not arise from a diffusion-limited chemical reaction with
ferrocenium that produces a soluble Si(IV) species and corrodes the Si

electrode.
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Chapter Four

An Analytical Description of the Consequences of Abandoning the Principles
of Detailed Balance and Microscopic Reversibility in Semiconductor
Photoelectrochemistry

ABSTRACT

Key differences between the conventional and "irreversible" models of
semiconductor photoelectrochemistry are identified and discussed within the
framework of experimental observations. Conceptual differences between
these two models appear to lie in the treatment of interfacial charge transfer
processes for photogenerated charge carriers. The conventional model
utilizes detailed balance principles to obtain rate constant relationships for all
interfacial charge transfer events at semiconductor/liquid contacts and uses
the principle of microscopic reversibility to evaluate these rate constants for
situations away from equilibrium. In contrast, the irreversible model
postulates that local statistical detailed balance does not apply to charge
transfer events in photoelectrolysis, and that such charge transfer events are
highly irreversible, like photoemission into a vacuum. It is shown
analytically that the two models predict differences in the behavior of the
available free energy produced by a photoelectrochemical cell at a fixed
incident light intensity. The conceptual implications of these differences are
evaluated analytically and are also compared to experimental results for

semiconductor/liquid junctions.
L INTRODUCTION

Renewed interest in the photoelectrochemistry of metal oxides, for

applications in waste water treatment and photochemical energy
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conversion,l'5 has focused attention on the various theoretical models for
charge transfer at semiconductor/liquid interfaces. The conventional model
for semiconductor/liquid contacts®1? has closely followed that developed in
the solid state literature,?%?? and has utilized the principles of detailed
balance and microscopic reversibility to derive an analytical formalism for the
behavior of semiconducting photoelectrodes. An alternative proposal
suggests that the principle of detailed balance does not apply to water
photoelectrolysis, and that charge transfer reactions in semiconductor
photoelectrolysis processes are highly irreversible.?42® The purpose of this
chapter is to examine analytically some of the differences between these two
treatments, and to identify the experimental and conceptual consequences of
these two different models.

This work addresses our understanding of the conventional, statistical
model, and its applicability to semiconductor photoelectrochemistry. We
have also attempted to identify the means by which the conventional model
might be modified in order to formulate a conceptually different model for
photoelectrochemistry that is in accord with the stated postulates of the
"irreversible” model. It is our hope that by clearly re-elucidating the
equations for the conventional, statistical model, and the changes required
therein to formulate a distinct model for photoelectrochemistry, proponents
of the "irreversible" model will be able to clarify, in an analytical treatment,
what predictions the "irreversible" model makes that are different than the
conventional model. This will also enable an analytical identification of how
those predictions would affect the observables (e.g., the voltage, current, or
quantum yield) in the operation of a photoelectrochemical cell, while
maintaining a physically justifiable treatment of charge transfer processes at

solid/liquid interfaces.
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IL THEORETICAL FRAMEWORK

A. Basic Assumptions of the Conventional Model for

Photoelectrochemistry

We first consider the conventional model for photoelectrochemistry,
originally described by Gerischer!'"# and widely adopted throughout the
literature.51927-35 Tpe equations of this model have recently been re-cast
into a simplified form for the purposes of elucidating basic issues in the
kinetics of water photoelectrolysis.6'7 This simplified form is expanded
analytically herein, including some aspects of the minority carrier kinetics

that were implicit in the prior treatment.

1. Conditions in the Dark

a. Charge Transfer Rate Constant Relationships at Equilibrium: Use of the

Principle of Detailed Balance

When placed in contact with an electrolyte solution, a semiconductor
of band gap energy Eg, of bulk free carrier density np, with a density of states in
the conduction band N¢(E) (Ny(E) in the valence band), and with energies at
the solid /liquid contact of Egp, for the bottom of the conduction band and Evb
for the top of the valence band, will undergo interfacial charge transfer until
equilibrium is reached. At equilibrium, the Fermi level, Eg, in the
semiconductor equals the electrochemical potential of the solution, E(A/A").
The removal of charge from a nondegenerate n-type semiconductor will
produce a depletion region near the solid/liquid contact, and will produce a

barrier height, ¢p = (1/Q)(E(A/A") - Eep) of the junction.8'22'23 The electric
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potential gradient in the solid will result in a reduced equilibrium electron
concentration, nge, at the solid/liquid interface.

To describe the current flow at this interface, we will first consider
electron exchange through the conduction band. Electron flow from the solid
to the liquid can be characterized by an interfacial charge transfer rate
constant, kn(E) (See Figure 1). This rate constant kn(E) will, in general, have a
different value at every possible electron energy, E. This rate constant, with
units of cm-s-1-eV-1, implicitly incorporates the dependence of the charge
transfer rate at every energy on the concentration of acceptors in the solution
phase.ll'27'36 The resulting "forward" cathodic electron flux, Un,f, is obtained
by integrating the charge transfer rate at each energy over all possible electron
energies in the conduction band:

Upt=|  knE)nyE)E 1]

; Eq,
where ng(E) is the surface electron concentration as a function of energy.

The reverse current for this set of charge transfer processes proceeds
from the solution into the empty states of the conduction band of the solid.
Taking the concentration of empty states in the solid as a constant, including
it and the concentration dependence of solution species into the apparent
interfacial charge transfer rate constant, yields:

Up = j};:) K, (B)dE 2]
where kn'(E) is the rate constant for the process at each electron energy (in

units of cm-2-s71-eV-1) and Up; is the flux corresponding to the "reverse"
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Representation of the interfacial kinetic processes in the
conduction band of a semiconductor/liquid junction. The
bottom of the conduction band at the solid/liquid contact has an
energy E = Ecp. Multiplication of the electron concentration,
ng(E), at every energy E (four energies, E1,Ep E3,E4, are shown) by
the rate constant at each energy, kn(E), yields the rate of
interfacial charge transfer at each electronic energy level of the
system. The rate constant ky(E) implicitly incorporates the
concentration of the acceptor states at energy E. At every energy
there must also be a reverse rate constant, k,'(E), representing
electron flow from the electrons in the solution at energy E into
the empty states in the conduction band at this energy. At
equilibrium, the forward charge transfer rate must equal reverse
charge transfer rate at every energy E. The rate constant ratios
for these processes determine the chemically reversible
equilibrium constant, K(E), at each electronic energy E of the
system. Although the situation is only shown for electrons in
the conduction band, a similar situation occurs for holes in the
valence band. Note that energies are on the electrochemical
scale, with more positive values being further from vacuum and
indicating more oxidizing species.
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process of Up . The net interfacial electron flux, Un,tot, is thus:

—00

Un,tor = [, Den(EIng(B)~ky' (E)IAE g

A similar equation can be obtained for the net hole flux across the
interface through the valence band:

oo

Up.tor = [ [y (py Bk, (B)1AE u

Here, kp(E) is the rate constant for hole transfer from the valence band energy
E into the donor species in the solution, ps(E) is the hole concentration at the
semiconductor surface at energy E, kp'(E) is the rate constant at energy E for
the "reverse" process in which holes are injected from the solution species
into the valence band of the solid, and Up, tot is the net interfacial hole flux.
At equilibrium, no net current can flow through the interface. Thus,

we obtain:

Utor = [y [p(E)pso(E) ~ k' (E)IdE - Ji, tn (B (B) =k (ENE =0 [5]

with ngo(E) and pso(E) equal to the equilibrium electron and hole
concentrations at the surface at energy E, respectively. The negative sign
between the integrals arises from the sign conventions of Egs. 3 and 4, in
which a positive carrier flux of either electrons or holes designates a net flow
of the appropriate carrier from the solid into the liquid.

To obtain the desired expressions for the interfacial kinetics, kn'(E) and
kp'(E) must be related to other known parameters of the system. A key aspect
of the conventional theory of semiconductor photoelectrochemistry is the
assumption that charge transfer equilibrium will eventually be attained

under any arbitrary condition of temperature, pressure, etc.>!° Within this
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framework, each possible charge transfer pathway must separately have zero
net flux at equilibrium, or else equilibrium could not be attained.3” This is
essentially a restatement of the principle of detailed balance.0-11,13-19,37-39
Therefore, the charge transfer equilibration arising from current flow in the
conduction band process can be treated separately from the equilibration being
established due to current flow arising from the valence band, as long as both
processes are included in the final equations describing the equilibrium state
of the system. Thus, setting the net flux equal to zero in Egs. 3 and 4 for every
value of E yields the desired relationships between the forward and reverse

charge transfer rate constants at each energy E:

kn(E) ngo(E) = ky'(E) for Ecp 2 E > -oo 6]

and
kp(E) pso(E) = kp'(E) for o < E < Eyp (7]

The quantities ngo(E) and pso(E) are readily calculated from the Fermi
distribution function if the density of states vs. energy in the solid is known.
Thus, Egs. 6 and 7 provide analytical expressions for the ratios kn(E)/ky'(E)
and kp(E)/kp'(E) at every energy E of a semiconductor/liquid interface.
Although the energy dependence of the rate constants kn(E) and kp(E)
have been derived originally by Gerischer!1:27-38 using the classical Marcus
theory rate constant expressions for outer sphere electron transfer
processes,‘m'41 the specific functional form of k,(E) vs. E or of kp(E) vs. E is not
needed for any of the analysis contained herein. As indicated by Egs. 6 and 7,
only the rate constant ratios kn(E)/kyn'(E) and kp(E)/ kp‘(E) at each value of E

are dictated by the principle of detailed balance. These ratios are thus all that
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we will require to evaluate the key predictions of the conventional model for

photoelectrochemistry.

b. Rate Constant Relationships For Thermalized Carriers at Equilibrium: Use
of the Principle of Detailed Balance

Although the conventional model encompasses arbitrary electron and
hole distributions in the solid, this model also allows a derivation of simpler
rate constant expressions for the special case in which carriers are considered
to be thermalized, i.e., in which the electrons and holes each have an
effective temperature equal to that of the surroundings. Figure 2 depicts the
important energetic parameters and kinetic processes for interfacial transfer of
thermalized charge carriers in a photoelectrochemical cell. For thermalized

electrons, Eq. 3 simplifies to:
Untot = kn ng - ky' 8]

In other words, thermalized electrons leave the solid with an effective charge
transfer rate constant ky, and return to the solid with an effective rate
constant kn'. A similar equation can be obtained for the net flux of

thermalized holes across the interface through the valence band:
Upltot = kp ps - kp‘ [9]

This expression is the simplification of Eq. 4 for thermalized holes in the

valence band.

The averaged charge transfer rate constant for thermalized electrons,
kp, is readily evaluated by considering that essentially only those carriers
within =3kT of Ecp contribute to the charge transfer process. The thermalized

electrons in the conduction band therefore exhibit a charge transfer rate



Figure #2

98

Representation of the four pathways for charge transfer through
the semiconductor/liquid interface and the energetics for this
system. The surface electrons (of total surface concentration ng)
and surface holes (of total surface concentration ps) are assumed
to be thermalized at the temperature of the lattice and thus react
from the conduction bandedge energy, Ecp, and the valence
bandedge energy, Eyp, respectively. The rate constant ky is
obtained from integrating the energy dependent rate constant,
kn(E), over =3kT in energy, so that ky represents the averaged
charge transfer rate constant for most of the distribution of
thermalized electrons in the conduction band of the solid. ky'is
the analogous rate constant for electron transfer from solution
into the empty states of the conduction band. The hole transfer
rate constant kp is analogous to kp, but has been averaged over
~3kT around Eyp to account for the distribution of thermalized
holes in the valence band. kp'is the averaged rate constant for
hole transfer from solution into the empty hole states in the
valence band of the semiconductor. E(A/A-) is the
electrochemical potential of the solution phase, q¢p, is the energy
barrier for electron transfer into the semiconductor, and qVy is
the energy separation between the Fermi level, Ef, and the
conduction bandedge in the bulk of the semiconductor.
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constant in the framework of Eq. 1 as if they had an effective standard state
energy of E = E¢p. For thermalized electrons in the conduction band of a
nondegenerate semiconductor, the Boltzmann approximation can be used to
evaluate the Fermi distribution function, i.e., to evaluate ngy from ng(E).

Thus, we obtain the well-known expression of:
ngo = Ne expl(Ecp - E(A/ A7) /KT]

for the surface electron concentration (in units of cm-3), when the carriers are
thermalized.
Applying detailed balance to the electron charge transfer rate constants

for thermalized carriers at equilibrium therefore yields:
kn nso = kn' [10]

The units of ky are now cm-s-1, because kn(E) has explicitly been integrated
over the energy of the thermalized carrier distribution to obtain the effective
value for the charge transfer rate constant. Thus, for thermalized electrons,

the desired rate constant ratio is:
kn'/kn=N¢ exp[(Ecb - E(A/A%))/KT))

Similar expressions can be obtained for the surface hole concentration,
and for the effective hole transfer rate constant, for thermalized holes in the
semiconductor valence band. The effective hole transfer rate constant for
thermalized holes, kp, is related to the equilibrium hole concentration at the

surface by:

kp Pso = kp' [11]
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This yields the following rate constant ratio:
kp'/kp = NV eXp(E(A/A' ) - Ecb - Eg)/kT]

These expressions make sense because the electron transfer process
through the conduction band takes place to reflect an equilibrium constant,
Kn =kn/kn’, for exchange of thermalized electrons into and out of the solid.
Thermalized electrons in the solid at energy Egp, are therefore in equilibrium
with electrons from a liquid of energy E(A/A-), with a similar
thermodynamic relationship for the valence band process.6'19 Reference to
the description above shows that the general expressions for an arbitrary
carrier distribution, Egs. 6 and 7, preserve this equilibrium constant
relationship at every electronic energy level of the carrier distribution. The
conventional model of photoelectrochemistry therefore yields simple,
intuitive expressions for the charge transfer kinetics of thermalized charge
carriers under equilibrium conditions, and also describes the relevant charge

transfer kinetics for arbitrary electron energies of the system.

¢. Charge Transfer Rate Constant Relationships Away From Equilibrium:

Use of the Principles of Detailed Balance and Microscopic Reversibility

In order to obtain a description of current flow through the solid /liquid
contact, the expressions derived above must be related to the charge transfer
processes that occur away from thermal equilibrium. To make this linkage,
the conventional model of photoelectrochemistry invokes the principle of
microscopic reversibility, which states that elementary chemical
transformations have the same values of their transition probabilities (i.c.,

forward and reverse rate constants) at, and away from, equilibrium. If this
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were not true, then for elementary rate processes, the equilibrium constant
for an elementary chemical transformation, K, could not be related to the
forward, k¢, and reverse, ky, rate constants through the conventional
expression K = k¢/ky. The equivalent quantum mechanical statement is that
the matrix elements for an elementary electronic transition are invariant
regardless of whether equilibrium is established.?” The principle of
microscopic reversibility thus allows the rate constant ratios that have been
obtained from the application of the principle of detailed balance at
equilibrium to be applied to the interfacial kinetic processes that occur under
non-equilibrium conditions.?’3”742 This approach will rigorously describe
the kinetics for an arbitrary distribution of electronic levels away from
equilibrium provided that the correct distribution functions for reactants and
products are included in the kinetic analysis.

We first treat the simple case of interfacial charge carrier flow from
thermalized carrier distributions, and then generalize this approach to
arbitrary carrier distributions. Since the expressions for Uy tot and Up, tot in
Egs. 8 and 9 are still valid, Eqs. 10 and 11 provide explicit expressions for ky' in
terms of ky and kp' in terms of kp. Concise expressions for the net conduction

and valence band fluxes are thus:

Un,tot = kn(ns - ngp) (12]
Up,tot = kp(ps - Pso) [13]
Utot = kp(ps - Pso) - kn(ng - ngp) [14]

Egs. 12-14 demonstrate that the rates of the interfacial charge transfer reactions
for thermalized processes are driven by the surface concentration of

thermalized holes and electrons even for non-equilibrium conditions.®"
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The derivation of expressions such as Egs. 12-14 is not possible without
explicitly or implicitly invoking the principles of detailed balance and
microscopic reversibility.

The general case of a non-thermalized carrier distribution is also given
explicitly by the conventional theory of photoelectrochemical charge transfer
kinetics. In this situation, the more complicated expressions, Eqs. 3 and 4,
obtained from detailed balance, must be used to calculate the interfacial
charge carrier flow at each energy, E. Again the surface carrier excesses (now
at energy E), relative to their values at equilibrium, drive the rates of charge
transfer across the solid/liquid contact. Explicit integration of these
expressions over energy, with the appropriate distributions of carriers in the
solid, therefore provides a general, analytical approach for the interfacial

kinetics for an arbitrary carrier distribution.

2. Conditions Under Illumination

We now apply the equations developed above from the conventional
model of photoelectrochemistry to the specific case of a semiconductor
photoelectrode under illumination. Expressions for two key observables, the
light-limited photocurrent and the open circuit photovoltage, will be
obtained. Specific examples for a thermalized carrier distribution are
provided first, and the results are then generalized to an arbitrary charge

carrier distribution.
a. Behavior of the Photocurrent

Under illumination, excess electrons and holes will be created in the
semiconductor. For simplicity, we first consider the case of photogenerated,

but thermalized, carriers (i.e. carriers in thermal equilibrium with their
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respective bands). Because these photogenerated charge carriers are
thermalized in the bands of the solid, such excess charge carriers must be
considered, with respect to interfacial charge transfer reactions, as kinetically
identical to the charge carriers that are generated from the thermal excitation.
Only the concentration of carriers, ng and ps, can be altered by the presence of
illumination. Thus, in the conventional model of photoelectrochemistry,
Egs. 12-14 also describe the current flow under illumination, except that ng
and ps now include the photogenerated carriers as well as those generated
from thermal excitation.6-19-38/43

An absorbed photon flux I'y (photons-cm-2-s-1) will produce excess
electrons and holes (Anp and Apy,) in the bulk of the semiconductor. The
number of photogenerated electrons must equal the number of
photogenerated holes, and both quantities are directly proportional to T,
Under low level injection (Anp << np dark), Np is essentially unchanged from
its value in the dark. However, Apy, is far greater under illumination than py,
in the dark. To an excellent approximation, pp under illumination equals
Apb, because with nj equal to the intrinsic carrier concentration of the
semiconductor, generally {pp dark = (niz/nb,dark)} << Apyp for any reasonable
photon flux.

The net hole flux is therefore non-zero under illumination.
Expressing the fraction of holes generated in the bulk that successfully cross
the interface as ®@p, and realizing that generally Aps >> pso, the net hole flux

under illumination is simply given by continuity as:10:36

Up,tot = ch I'o [15]
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In the conventional model of photoelectrochemistry, the minority carrier
flux due to photogenerated carriers is thus directly proportional to the
incident photon flux in low level injection.®"1?

A similar conclusion is obtained for an arbitrary distribution of
photogenerated charge carriers.' 27 Continuity of carriers at the solid/liquid
interface will still result in Eq. 15, so the conventional model of
photoelectrochemistry predicts that the minority carrier flux is proportional
to the incident photon flux in low level injection even for arbitrary energy

distributions of the photogenerated carriers.
b. Behavior of the Photovoltage

It is also useful to consider the photovoltage developed by the
illuminated semiconductor electrode. We again will illustrate the situation
initially for thermalized carrier distributions, for which simple closed form
solutions of the relevant equations are readily available. At open circuit, the
net current through the interface must be zero. Therefore, the surface
electron concentration under illumination will increase until Un,tot = Up, tot,
so that Ugot = 0. In low level injection ny, is essentially unchanged from its

value in the dark, so Eq. 12 still suffices to describe Un,tot- Thus, at open

circuit:67/10:36

Utot = (Dp I'o - kn(ng - ngp) = 0 [16]

Writing the voltage developed by illumination as (AkT/q)In(ns/ngo), where
A = the ideality factor, and combining this with Eq. 16, leads to the desired

expression for the open circuit voltage, Vyc:

Voc = (AKT/q) ln{(I)p [o/(kn ngo) + 1} [17]
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The open circuit voltage thus starts at zero and increases logarithmically with
light intensity (when [®p I'o/ (kn ngo)] >> 1), in the framework of the
conventional model of pho’coelec’crochemis’cry‘6'19

For an arbitrary distribution of photogenerated carriers, simple closed
form solutions for the photovoltage cannot be readily obtained. The entropy
of the photogenerated carriers, as well as their internal energy distribution,
must be accounted for in order to properly describe the free energy produced
by the photoelectrode under these circumstances. In the specific situation
where all of the recombination occurs through interfacial charge transfer
across the solid/liquid contact, the required quantities can be evaluated from
the generalized detailed balance and microscopic reversibility constraints in
Egs. 3 and 4. These equations will yield values for the carrier concentrations,
ng(E) and ps(E), which then can be related to the photovoltage of the system.
An analytical evaluation of this situation, however, is beyond the scope of
this work, and is not necessary to contrast the conventional model with

predictions of the irreversible photoelectrolysis model.
B. Basic Assumptions of The Irreversible Photoelectrolysis Model

The irreversible photoelectrochemical model has recently been
advanced as still being a viable photoelectrochemical model that is different
than the conventional model.?® This alternative model for
photoelectrochemistry states that local statistical detailed balance is not
maintained in photoelectrolysis reactions at semiconductor electrodes,?* that
thermalized, but photochemically generated carriers react formally from the
bandedge energies,26 and that such charge transfer reactions are highly
irreversible, like photoemission into a vacuum.?2% In this section, we

examine analytically these postulates of the irreversible photoelectrolysis
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model. In section C, we then describe the consequences of the assumptions of
the irreversible model and analyze the predictions of both the irreversible
and conventional models with respect to certain key experimental
observations.

As published in the literature,?*"2® no analytical equations have been
presented or derived for the irreversible model. Thus we will attempt to
modify the equations above in a fashion which reflects the postulates of the
irreversible model. To do this, we must consider what "irreversible" charge
transfer kinetics implies. The conventional model, using chemically
reversible kinetic rate constant ratios evaluated from the principles of
detailed balance and microscopic reversibility, analytically describes
photocurrent flow under a variety of non-equilibrium conditions. These
include both low quantum yield and high quantum yield processes away
from equilibrium, i.e., all situations for which ng(E)#n¢(E) and/or
Ps(E)#pso(E) for any energy E (vide supra). So "irreversible" cannot simply
refer to situations away from equilibrium (i.e., Un,tot > 0 and/or Up tot > 0),
because if this were the case, and if the rate constant ratios kn(E)/ky'(E) and
kp(E)/kp'(E) were the same at every energy E as those of the conventional
model, there would be no distinct "irreversible" model to evaluate.
Similarly, the conventional model analytically describes the charge carrier
kinetics for arbitrary carrier distributions, so "irreversible" cannot refer
merely to specific (i.e., thermal vs. non-thermal) carrier distributions, while
preserving the rate constant ratios kn(E)/kn'(E) and kp(E)/ kp'(E) given by the
principles of detailed balance and microscopic reversibility. Arbitrary
magnitudes of the interfacial charge transfer rate constant ratios are included
analytically into the conventional theory (for various energies E and/or

various barrier heights at the semiconductor/liquid contact), so the
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"irreversible” model cannot differ from the conventional theory merely by
reference to specific situations with large, but chemically reversible, rate
constant ratios [kn(E)/kn'(E) and/or kp(E)/ kp'(E)] at a given energy E. Thus, for
there to be a distinct "irreversible” model to evaluate, "irreversible charge
transfer kinetics" must imply that the charge transfer rate constant ratios,
kn(E)/kn'(E) and/or kp(E)/Xkp'(E), are different for some energy E than the rate
constant ratios obtained at this same energy from the application of the
principles of detailed balance and microscopic reversibility. Otherwise, the
models are the same in all essential features and there is no "irreversible"
model to evaluate.

The irreversible model is not specific as to whether equilibrium is
generally attained in the dark in a photoelectrochemical cell. We will assume
that this model allows that equilibrium is always reached in the dark for a
photoelectrochemical cell, since all available experimental data indicate that
this is the case.3?324451 Therefore, within our analysis of the irreversible
photoelectrochemical model, it must be the case that Egs. 8 and 9 still hold,
i.e., that detailed balance still applies to carriers generated thermally in the
dark, in order to allow equilibrium to be reached.

Because the basic rate constant expressions for interfacial charge
transfer in the dark are apparently no different in either model, the key
questions must revolve around the forward and reverse rate constants for
photogenerated carriers. For purposes of notational clarity, quantities that are
relevant to the situation in the irreversible photoelectrolysis model under
illumination will be designated through the use of asterisk superscripts. As
described above, for the irreversible model to be different from the

conventional model, the inequality
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ns(E) [kn*(E)/kn"(E)] # 14(E) [kn(E)/k'(E)] and /or
PS(E) [kp*(E)/kp"(E)] # ps(E) [kp(E) /kp (E)]

must hold for some value of energy E in the photogenerated carrier
distribution. Therefore, since the conventional model applies to an arbitrary

carrier distribution, it must be the case that:

[kn*(B)/ k"' (B)] # [k () / k' (E)] and/or
[kp"(E)/kp"(E)] # [kp(E) /oy (E)]

Furthermore, the hypothesis that charge transfer reactions proceed

irreversibly from the solid to the liquid must imply that:

kn"(B)/kn"(B)] > [kn(E)/kn(E)] and/or
[kp'(E)/kp" ()] > [kp(E) /Ky (E)]

Thus, to obtain a distinct "irreversible" model, the rate constant ratios at a
given energy must be larger than the values of kn(E)/k,'(E) and kp(E)/kp'(E)
that are obtained for the thermally generated carriers at energy E, i.e., different
from those given by the equilibrium constant expressions derived for
thermally generated carriers (Eqs. 6 and 7) using the principle of detailed
balance.

The irreversible photoelectrolysis model has been applied to
thermalized carrier distributions, and states that photogenerated, thermalized
charge carriers are treated kinetically as if they arise from the bandedge
energies.26 Since this is precisely the situation described for all types of
thermalized charge carriers in Egs. 8 and 9 of the conventional model, the rate

constants for transfer of photogenerated carriers across the solid /liquid
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interface in the irreversible model are identical to those expressed in Egs. 8

and 9. Thus, for the simpler case of thermalized carrier distributions,
kn* = kn and kp* = kp

Therefore, for thermalized carriers, the irreversible model can only

fundamentally differ from the conventional model because
kn* << kp' and/or kp*' << kp'

Otherwise, the models for thermalized carrier distributions would be
identical in all essential forms and there would be no irreversible model to
evaluate in this scenario. As described below, a similar statement can be

formulated for the general case of an arbitrary carrier distribution.
C Differences Between the Models

Adopting the assumptions of the irreversible photoelectrolysis model
as stated in the literature, within the framework described above, has several
important consequences both theoretically and experimentally. We will first
discuss differences between the two models formulated above with regard to a
threshold for photocurrent, and then we will discuss differences in the
behavior of the photovoltage. We will discuss possible differences for
thermalized carriers first, and will then generalize these to arbitrary carrier
distributions. Finally, several other important aspects of the irreversible
photoelectrolysis model, that follow directly from its unique stated

hypotheses, will be examined.
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1. Behavior of the Photocurrent

The behavior of the photocurrent vs. light intensity in
photoelectrolysis systems has been one of the key experimental points of
focus in both the conventional and irreversible photoelectrolysis
models.®72426 In fact, the use of a photocurrent threshold had been
proposed as a primary method for experimentally distinguishing between
these two models.> The theoretical behavior of the photocurrent within the
two models is therefore of importance both historically and conceptually.

The conventional model of photoelectrochemistry predicts a linear
dependence of the minority carrier photocurrent (in our examples, the hole
photocurrent) on the incident photon flux under low level injection
conditions.®!® This arises simply because the minority carrier flux will be
linearly related to the flux of photogenerated carriers, as expressed in Eq. 15.
Even if there are non-linear recombination regimes in which the linearity
between I'y and Up tot is destroyed, the conventional model never predicts a
regime in which no net minority carrier photocurrent is expected, except at
the unique value of I’y = 0.°1° The conventional, statistical model therefore
predicts no threshold in photocurrent as a function of light intensity. This
conclusion was clearly described in a recent theoretical and experimental
treatment of photoelectrolysis with SrTiO3 and TiO; electrodes.®” Although
the irreversible photoelectrochemical model also predicts no photocurrent
threshold, it is clear that the photocurrent behavior of photoelectrochemical

cells can be satisfactorily explained by the conventional model.®"19:>2
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2. Behavior of the Photovoltage

Although the models do not predict differences in photocurrent vs.
light intensity behavior, they do predict differences in photovoltage behavior.
We again discuss the simpler case of thermalized carriers first, and then

generalize to arbitrary carrier distributions.
a. Thermalized Carrier Distributions

In the irreversible photoelectrolysis model, the reverse reaction rate
constants for molecules created from photogenerated, thermalized carriers,
kn" and kp*', are apparently different than the reverse reaction rate constants
for molecules created from thermally generated carriers, k' and kp'. These
reverse rate constants determine, in essence, the photovoltage of the system
under illumination. Thus, if the photogenerated carriers are undergoing
irreversible charge transfer reactions, the free energy produced by the
photoelectrode will be greater than if the molecules created by the
photogenerated carriers were capable of undergoing reversible charge transfer
reactions. In the limit of near total irreversibility, as postulated in the
irreversible model ("photoemission into a vacuum"),>4"2¢ the
photogenerated carriers would be capable of providing essentially an infinite
source of photoproducts, thus sustaining a free energy output approximating
that of the semiconductor band gap even at arbitrarily low light intensities.
This arises because the photoproducts are assumed not to undergo significant
back reactions in the irreversible photoelectrolysis model.

In contrast, the conventional model of photoelectrochemistry predicts
a logarithmic dependence of the available free energy from a photoelectrode

as a function of the incident light intensity (Eq. 17).°"1% Thus, as pointed out
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previously,6’7 the free energy vs. light intensity behavior, as opposed to the
photocurrent vs. light intensity behavior, is the quantity of interest that
should differentiate between the two theories. An exhaustive review of the
literature indicates that the predictions of the conventional model for
photoelectrochemistry with respect to the logarithmic behavior of the free
energy on incident photon flux (with an asymptotic behavior at low light
intensities to the equilibrium condition) are fully consistent with
experimental observations on regenerative cells, and are also consistent with
recent studies of the behavior of water photoelectrolysis cells.619,27-30,32-34,44-
15354 16 our knowledge, there is no report of a stable photoelectrochemical
cell whose available free energy rises rapidly to the band gap energy at
extremely low photon fluxes. Thus, we are aware of no experimental support
for the irreversible charge transfer model of photoelectrochemistry.

It is also useful to examine conceptually the consequences of the
treatment of the rate constants within the two different approaches. To be
specific in the discussion below, we will assume that the irreversibility arises
from a thermalized electron transfer process, i.e., ky" << kp', although similar
conclusions apply if the irreversibility arises from the thermalized hole
transfer process (i.e., if kp*' << kp’). The assumption that ky"' << ky' is
equivalent to stating that molecules which have been reduced by
photogenerated, thermalized electrons react differently than those molecules
that have been reduced by thermally generated electrons. The irreversible
photoelectrolysis model explicitly states that the two types of electrons in the
semiconductor are kinetically treated the same (i.e., both types of carriers react
formally from the bandedge energy),?® so the difference in the back reaction

rate constants can only arise from differences among the molecules in the
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solution. This amounts to labeling the molecules according to whether they
were formed by a photogenerated carrier or a thermally generated one.””

A similar conclusion is reached even if the irreversibility is postulated
to arise from differences in reaction rates between thermalized photocarriers
and thermally generated carriers, i.e., kn* # kn and/or kp* = kp. This occurs
because detailed balance requires that equilibrium is reached in the dark for
each separate photon energy in the thermal blackbody distribution that is
characteristic of that particular temperature of the system. Thus, at an
arbitrary temperature, some fraction of the thermal excitation arises from
photons of an arbitrary energy, Ephot, and carriers created by photons of this
energy must be in equilibrium with the molecules in the solution at the
given temperature. If the irreversibility in the model does not arise from the
products, i.e., if kn* = ky' and kp*' = kp', then it must be the case that kp* >> kp
and/or kp* >> kp; otherwise, the models are again identical and reversibility
is attained according to the principles of detailed balance and microscopic
reversibility. Again focusing on the electron transfer process for specificity,
the assumption k," >> ky amounts to labeling the electrons in the
semiconductor according to their source, and requires distinguishing
thermalized, photogenerated electrons that are created by energy Ephot in the
thermal bath from those created by photons of energy Ephot due to deliberate,

additional illumination of the solid/liquid contact.
b. Arbitrary Carrier Distributions

This analysis can be readily extended to photogenerated,
non-thermalized "hot" carriers, i.e., to an arbitrary carrier distribution. The
quantities in the basic equations above are simply extended to be explicit

functions of energy and momentum (and electric field strength, if desired). If
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equilibrium in the dark is assumed, detailed balance implies that kn(E,7)
nso(E,P) = kn'(E,P) for all possible electron energies, E, and all possible
electron momenta, ﬁ; otherwise, it would be possible to conceive of
situations in the thermal bath in which equilibrium in the dark at the
solid/liquid contact would not be attained. If irreversible behavior of
photogenerated carriers is postulated for carriers of any specific value of E
and/or P, this implies that kn(E, 1)/ kn'(E,P) # kn'(E, )/ kn"(E,P) for some
value of (E,P’). This again amounts to labeling either the electrons, or the
reagents formed from this specific class of electrons, according to their source.

Thus, the arguments presented above, while referenced specifically to

thermalized carriers, apply equally rigorously to an arbitrary carrier

distribution.
D. Behavior of Photogenerated Minority Carriers Under Non-Equilibrium
Conditions

The treatment described above of the conventional model also
provides insight into some experimental data claimed to support hot carrier
transfer at semiconductor/liquid contacts.’®>8 The observation of
photocurrent for reduction of acceptors with standard electrochemical
potentials, E®'(A/A"), more negative than Ecp for photocathodes has been
interpreted as evidence for "hot," non-thermalized carrier injection at the
solid /liquid interface.”®8 This aspect of photoelectrochemical behavior also
can be consistently explained within the conventional framework of
photoelectrochemistry using thermalized carrier distributions having the
temperature of the semiconductor lattice.

In the conventional model of photoelectrochemistry, Eq. 13 describes

the kinetics expected for interfacial charge transfer of thermalized minority
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carriers. We use holes as minority carriers, and photoanodes as electrodes, to
be consistent with the equations used in the treatment above. Although kp is
a function of Eyp, - E9' (i.e., of the driving force for thermalized interfacial
charge transfer), kp does not vanish to 0 when E°' > Eyp,. Within the
conventional theoretical framework, hole transfer from photogenerated
carriers is still expected for species with formal electrochemical potentials
more positive than Eyp, because ps under illumination is generally much
larger than ps in the dark. In particular, the Marcus-Gerischer relationship

predicts that
kp = ovS(KT/mA)1/2 exp{-[(Eyp - EO' - 1)]2/ (4AKT)}[A] [18]

where ¢ is the cross section for minority carrier capture, v is the thermal
velocity, & is the effective reaction distance, and A is the reorganization energy
for the reagents in the charge transfer process.9’18'19'32'36'39 Although this
particular relationship has not been fully verified experimentally for
semiconductor electrodes at present,36 it is consistent with expectations of a
finite, and possibly large, rate constant for charge transfer even when E®' > Eyp,
for an n-type semiconductor.

The analysis of minority carrier photocurrent densities then becomes a
quantitative issue, because the observed magnitude of the minority carrier
photocurrent must be compared quantitatively to that predicted from a
thermalized carrier distribution using Eq. 13. For small values of kp, ps will
simply increase in the light until continuity is re-established at steady state.3®
The excess minority carriers can then react by transferring charge across the
interface in order to generate current, or the carriers can recombine to
generate heat. This situation has been analytically described recently and will

not be reviewed further here.3¢ However, it is clear that a finite interfacial
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photocurrent is expected under these conditions even in the absence of hot
carrier effects.

An additional feature of concern with most of the experiments to date
is that they have been analyzed only in the absence of significant
concentrations of minority carrier donors (majority carrier acceptors) in the
electrolyte, i.e., only with the reduced form of the redox pair, A/A-, when an
n-type semiconductor is considered, and with the oxidized form of A/A-
when a p-type semiconductor is considered.”®>8 In the absence of minority
carrier donors in the solution, k' will be artificially low, because kp'
implicitly contains the concentration of reagent in the solution. Thus, in a
stirred solution with only minority carrier acceptor reagents present in the
electrolyte, a significant minority carrier based photocurrent density can be
expected for most values of E°' relative to Eyp. These expectations, with
appropriate notational changes, apply equally rigorously to experiments at
photocathodes. We therefore conclude that a conventional model of
photoelectrolysis, with a purely thermalized minority carrier distribution,
may suffice to explain many of the photocurrent density-voltage experiments
presented in the literature as evidence for so-called "supra bandedge
reactions".”®% In general, additional quantitative analysis, including explicit
values of the thermalized minority carrier charge transfer rate constants and
adsorption isotherms for the molecular reagents, would be required to
demonstrate the presence of "hot" carrier injection processes using only the
steady-state current-voltage properties of a photoelectrode as the experimental
observable. One such approach has been recently described by Koval and
co-workers, who have used photocathodes with a low dopant density to
provide information on the thermalized carrier charge transfer rates, and

then complemented these results with an investigation of the steady-state
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current-voltage properties of highly doped photocathodes in contact with the
same electroly’ce.59 The equations presented herein provide a simple
framework from which to address these issues, as well as those of

6,7

photoelectrolysis reactions,”” in an analytical fashion.

II. CONCLUSIONS

A simplified, conventional model of photoelectrochemistry has been
presented which captures the essence of many important aspects of the
statistical theory of semiconductor electrochemistry. Key conceptual
differences between this model and the irreversible charge transfer model for
photoelectrochemistry as presently stated in the literature appear to lie in the
treatment of the rate constant ratios for interfacial charge carrier kinetics. The
conventional model utilizes detailed balance and microscopic reversibility
principles to obtain rate constant relationships for all carriers both at, and
away from, equilibrium. To be a distinct theory from the conventional model
of photoelectrochemistry, the irreversible model must postulate different rate
constant ratios at a given energy from the rate constant ratios obtained using
the principles of detailed balance and microscopic reversibility. Thus, in the
irreversible theory, photogenerated carriers at some energy E must produce
different interfacial kinetic processes than do thermally generated charge
carriers of the same energy. An analytical formulation of the irreversible
charge transfer model, derived from the details published in the literature,
results in several predictions that are neither well-founded nor supported by
experimental observations. In contrast, the conventional model for
photoelectrochemistry is in accord with all available data on these systems,
including regenerative photoelectrochemical cells and photoelectrolysis

systems. In addition, the conventional kinetic treatment, with thermalized
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carrier distributions, can qualitatively explain a class of experimental data that
has been taken previously to indicate conclusively the presence of
non-thermalized hot carrier transfer at semiconductor/liquid contacts.
Distinguishing between the presence of thermalized and "hot" carriers from
measurements of the steady-state photocurrent-voltage properties of
semiconductor/liquid contacts therefore requires a quantitative analysis of
the interfacial charge transfer rate constants expected for the junction of

concern.
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