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structure. In addition, photoelectrochemical cells offer interesting practical
prospects with respect to the microfabrication of semiconductor structures and
remediation of pollutants from contaminated water sources. A third type of in-
teraction of light with an electrochemical environment is the photogalvanic cell,
in which a species dissolved in the electrolyte (or chemisorbed on the electrode
surface) undergoes a photochemical process that generates a current that is
collected at an electrode. The electrode utilized may be constructed of either a
metal or a semiconducting material, Recently semiconducting photogalvanic cells
have been shown to offer high efficiency for the conversion of visible optical
energy to electricity.

Electrochemiluminescence typically involves the electrochemical generation
of species that undergo homogeneous reactions to generate electronically excited
dissolved compounds. In certain cases, emission can then be observed as these
molecular species relax to the ground state. As such, ECL in some sense rep-
resents the opposite process of that observed in a photogalvanic cell.

IL. PHOTOELECTROCHEMISTRY—SEMICONDUCTOR/
ELECTROLYTE INTERFACES

A. Semiconductor Solid-State Physics

While many of the standard electroanalytical techniques utilized with metal
electrodes can be employed to characterize the semiconductor—electrolyte inter-
face, one must be careful not to interpret the semiconductor response in terms
of the standard diagnostics employed with metal electrodes. Fundamental to our
understanding of the metal-electrolyte interface is the assumption that all po-
tential applied to the back side of a metal electrode will appear at the metal
electrode surface. That is, in the case of a metal electrode, a potential drop only
appears on the solution side of the interface (i.e., via the electrode double layer
and the bulk electrolyte resistance). This is not the case when a semiconductor
is employed. If the semiconductor responds in an ideal manner, the potential
applied to the back side of the electrode will be dropped across the internal
electrode-electrolyte interface. This has two implications: (1) the potential ap
plied to a semiconducting electrode does not contro] the electrochemistry, and
(2) in most cases there exists a “built-in” barrier to charge transfer at the semi
conductor—-electrolyte interface, so that, electrochemical reversible behavior can
never exist. In order to understand the radically different response of a semi
conductor to an applied external potential, one must explore the solid-state band
structure of the semiconductor. This topic is treated at an introductory level in
References 1 and 2. A more complete discussion can be found in Referenccs
3,4,5,and 6, along with a detailed review of the photoelectrochemical responsc
of a wide variety of inorganic semiconducting materials.
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Solid-state physics depicts a semiconductor as being energetically composed
of a series of closely spaced, low-lying, mainly filled orbitals, known as the
valence band, and a series of closely spaced, high-energy, mainly vacant or-
bitals, the conduction band, separated by a forbidden zone known as the band
gap (see Fig. 28.1) [6]. The band gaps of several semiconductors that have been
extensively investigated as photoelectrodes are given in Table 28.1. The orbit-
als within each band are delocalized in nature. Thus, a single crystal of a semi-
conductor is best described as a single molecule, within traditional chemical no-
menclature! The interorbital spacing within a band is so small in energy that
orbital to orbital transitions occur by thermal activation. Thus, the primary
optical characteristics of a semiconductor (including its color) are established
by the energy required to promote electrons across the band gap, from the
valence band to the conduction band.

In addition to energy, the semiconductor band gap is characterized by
whether or not transfer of an electron from the valence band to the conduction
band involves changing the angular momentum of the electron. Since photons
do not have angular momentum, they can only carry out transitions in which
the electron angular momentum is conserved. These are known as direct tran-
sitions. Momentum-changing transitions are quantum-mechanically forbidden and
are termed indirect (see Table 28.1). These transitions come about by coupling

Conduction Band

Conduction Band
>
0]
Bandgap &
Z
w AR PR, trdas i
Valence Band
Valence Band
Semiconductor Metal

Figure 28.1 The electronic structure of a solid can be described in terms of a band
model in which bonding electrons are primarily found in a low-energy valence band,
while conduction is typically associated with antibonding or nonbonding high-energy
orbitals known as the conduction band. In the case of a semiconductor (left), these two
bands are separated by a quantum-mechanical forbidden zone, the band gap. Excitation
of electrons from the valence band to the conduction band gives rise to the bulk opti-
cal and electronic properties of the semiconductor. In the case of a metal (right), the
conduction band and valence band overlap, giving rise to a continuum of states.
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Table 28.1 Bandgaps of Common Semiconductors

Onset
Bandgap® (eV) wavelength®
Semiconductor  (transition type)® (nm) Bulk color Dopant type
Si 1.11 (D) 1100 Black porn
InP 1.28 (D) 960 Black porn
GaAs 1.35 (D) 915 Black porn
CdTe 1.50 (D) 820 Black porn
CdSe 1.74 (D) 710 Black n only
o-Fe,0; 22 560 Orange-red primarily n
GaP 224 (D 550 Orange porn
Cds 2.4 (D) 515 Yellow n only
TiO, 3.0 (D) 412 Pale yellow/ n only
white
SrTiO, 3.2 (D) 386 White n only
Zn0 32 386 White n only
SnO, 3.6 (D) 340 White n only

"At 300 K.

Transitions that conserve momentum are direct transitions (D); those that involve a change in
momentum are indirect transitions (J).
“Absorption edge of the bandgap transition.

the absorption of a photon with a phonon (a quantum of solid-state lattice vi-
bration). The net effect is that direct semiconductor transitions give rise o
extreme absorptivity very close to the band gap energy, while indirect transi-
tions are associated with a mild increase in absorptivity as one moves to ener-
gies greater than the band gap energy.

In general, whether an electrode is a metal or a semiconductor, to sustain
a current, electrons must populate the conduction band levels, since these empty
delocalized orbitals are needed to allow the electron to be physically transported
through space (i.e., from orbital to orbital). In the case of a metal, the band
gap is zero; therefore, the valence band and conduction band orbitals overlap
(see Fig. 28.1). Thermal excitation of electrons from the valence band to the
conduction band orbitals provides for a conductivity pathway. The relatively
large band gap of a semiconductor, however, precludes thermal population of
the conduction band by valence band electrons. However, optical excitation of
the semiconductor with photons of energy greater than or equal to the band gap
energy can be employed to produce conduction. Excitation of an electron gen-
erates not only an excited conduction band electron but also an empty orbital
in the valence band. This empty orbital can undergo a self-exchange process with
a filled valence band orbital to effectively “move” the empty orbital through the
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semiconductor lattice. The “movement” of an empty photoexcited orbital is
physically equivalent to the motion of a positively charged particle through a
semiconductor lattice. These empty orbitals are referred to as holes (h*). Thus,
a photoinduced current in a semiconductor can be thought of as a flow of con-
duction band electrons in one direction and an opposing flow of valence band
holes. Holes can be given pseudoattributes similar to the properties of electrons,
such as charge, mass, velocity, etc.

Simple promotion of electrons across the semiconductor band gap is insuf-
ficient to generate a photocurrent, since nonradiative relaxation of excited elec-
trons to the ground state is quite facile in the solid state. This deactivation
pathway can be overcome by carrying out a thermal charge-transfer reaction
between the semiconductor and a second phase to generate a charge separating
electric field at the semiconductor surface (prior to photoexcitation). This in-
terfacial electric field can be used to spatially separate photoinduced electron-
hole pairs, thereby preventing their nonradiative recombination. The necessary
interfacial electric field can be developed by placing the semiconductor surface
in intimate contact with any medium having a free energy different from that
of the semiconductor. From an electrochemical point of view, the most inter-
esting contacting phase is an electrolyte.

B. The ldeal Semiconductor-Electrolyie Interface

As shown in Figure 28.2, the contacting of a semiconductor surface by an elec-
trolyte containing an electroactive species having a well-defined redox poten-
tial causes (in the dark) the transfer of a limited number of electrons between
the semiconductor and the electrolyte. This brings the free energy difference
between the semiconductor (the semiconductor’s Fermi level) and the electro-
lyte (the redox potential) to zero, establishing equilibrium. The direction of
electron flow during this process will depend on the relative values of the Fermi
level and the redox potential. In theory, both the free energy of the semicon-
ductor and the free energy of the electrolyte should change in order to estab-
lish the equilibrium condition. However, since there exists a tremendous excess
of charge carriers in the electrolyte (i.e., the number of electroactive molecules)
compared to the number of charge carriers in the semiconductor, the redox
potential of the electrolyte is virtually unaffected by this process. Rather, the
semiconductor Fermi level shifts to the electrolyte redox potential.

In order to understand this process, the nature of the Fermi level must be
considered. Within the nomenclature of physics, the Fermi level is defined as
the energy at which there is a 50% probability of finding an electron in a metal—
what a chemist would call the highest filled molecular orbital (i.e., the top of
the valence band). In an intrinsic semiconductor, a material having a completely
filled valence band and a completely empty conduction band, this energy level
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Figure 28.2 An intrinsic semiconductor (top) has a Fermi level that lies in the band
gap halfway between the conduction and valence bands. Doping the semiconductor n-
type adds electrons to the conduction band, causing the Fermi level to shift higher in en-
ergy to a position just below the conduction band edge. Doping a semiconductor p-type
adds holes to the valence band, lowering the free energy of the semiconductor and
moving the Fermi level to slightly above the valence band edge. In either case, if the
semiconductor iS contacted with an electrolyte, a dark charge-transfer reaction occurs to
bring the semiconductor-electrolyte interface into equilibrium. This establishes a deple-
tion region and related electric field at the semiconductor interface. The band edges in
the depletion region bend due to the electric field. In the case of an n-type material, the
field is established such as to propel holes in the semiconductor to the interface, while
a p-type material yields band bending that causes electrons to move through the inter-
face.
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mathematically lies at the center of the bandgap (Fig. 28.2). Of course, no
electrons can be found at this energy, since no orbitals exist there. Thus, while
retaining its thermodynamic meaning in a semiconductor, the physical picture
of the Fermi level is lost. However, using Equation 28.1 the physical signifi-
cance of the Fermi level can be understood as a solid-state analog of an
electrolyte’s redox potential,

AG = -nFEg (28.1)

where n, the stoichiometric number of electrons, is set equal to 1, F is Faraday’s
constant, and Ep. is the Fermi level. As such, it is appropriate to equate redox
potentials and Fermi levels. The Fermi level of a given semiconductor can be
adjusted by adding dopants to the semiconductor lattice. These dopants either
donate or accept charge (depending on electronegativity). Typical dopant con-
centrations are very low, generating from 10" to 10' charges per cubic centi-
meter. If a dopant that is less electronegative than the semiconductor is
employed, a small population of high-energy electrons will be added to the semi-
conductor (conduction band) and the Fermi level will lie close to the conduc-
tion band edge (in the band gap). Such semiconductors are known as n-type.
The electrons in such materials are referred to as the majority carriers, while
holes are the minority carriers. When placed in contact with an electrolyte,
electrons typically move from the n-type semiconductor to the solution to es-
tablish the equilibrium condition. On the other hand, addition of a highly elec-
tronegative dopant to the semiconductor will withdraw electrons from the semi-
conductor valence band, shifting the Fermi level to an energetic position near
the valence band edge (see Fig. 28.2) and making holes the majority carrier.
In this case, the semiconductor is referred to as p-type, and establishing an
electron-transfer equilibrium typically involves moving charge from the electro-
lyte to the p-type semiconductor. In either case, an electric field, known as the
space charge or depletion region, is established at the semiconductor interface
due to a deficiency of majority carriers (Fig. 28.2). This layer typically pen-
etrates 100-10,000 A into the semiconductor.

At the n-type interface, the electric field generated causes photogenerated
conduction band electrons to move into the bulk of the semiconductor, to the
back metal contact, and into the external circuit. The valence band holes access
the semiconductor interface due to the influence of the interfacial electric field
(Fig. 28.2). Thus, redox species can be oxidized by the excited n-type semi-
conductor. These materials act as photoanodes. On the other hand, the electric
field in a p-type material is reversed in potential gradient; therefore, excited
electrons move to the semiconductor surface, while holes move through the semi-
conductor to the external circuit (Fig. 28.2). These materials are photocathodes.
The presence of an electric field at the semiconductor-electrolyte interface is
usually depicted by a bending of the band edges as shown in Figure 28.2. Elec-
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trons “roll” down the potential gradients indicated by the band bending, while
holes “float” up such gradients.

At first glance, band bending appears to suggest that the energetics of the
semiconductor surface are fixed while the bulk energetics are changing; the
opposite is true. Note that the distance of the band edges with respect to the
Fermi level, which is the thermodynamic reference point, is invariant in the bulk
of the semiconductor, but changes in the depletion region. Thus, the energet-
ics of the semiconductor are only perturbed in the near-surface region, as is
expected for an interfacial charge-transfer reaction involving a relatively insu-
lating material. In order to obtain efficient electron-hole separation, the photo-
excited charge carriers must reside in the space charge region. This can occur
via two processes: the excited carriers may be generated in the space charge
region if a photon is absorbed in this spatial area, or electron-~hole pairs may
be generated in the bulk of the semiconductor and diffuse into the space charge
region. The latter process is relatively inefficient due to the rapidity of excited-
state nonradiative decay. Since the photoelectrochemical cell is a front surface
device (i.e., the light-absorbing surface is coincident with the space charge
region), most of the excited carriers are generated in the region of high band
bending. However, as the optical energies employed are decreased to the mini-
mum energy needed to sustain the band-to-band transition, the absorptivity of
the semiconductor decreases and charge carriers can be formed in the semicon-
ductor bulk.

Photoexcitation of the semiconductor is expected to decrease the degree of
band bending, since promotion of electrons to the conduction band must raise
the free energy moving the Fermi level to more negative potentials on an elec-
trochemical scale. At sufficiently high light intensities, the bands will totally
flatten out. Under these conditions, the semiconductor cannot support a photo-
current, due to rapid electron~hole recombination; however, a photopotential
can still be measured. As shown in Figure 28.3a, in the case where a semicon-
ductor is immersed in an electrolyte having a well-established redox potential
(i.e., both components of the redox couple are present) and a second electrode
that is in thermodynamic equilibrium with the redox couple is employed, the
observed photovoltage is given by

Vpholo = EF - ERedox (28.2)

This value is maximized when Ey. reaches the flatband potential. Thus, a plot
of incident light intensity versus open-circuit electrode potential is expected to
Saturate at the flatband potential, thereby allowing identification of this poten-
tial. A typical experiment of this sort is shown in Figure 28.3b for an n-CdSe
electrode immersed in a ferri/ferrocyanide electrolyte.

For an ideal semiconductor-electrolyte interface, the energetics of the band
edges at the semiconductor-electrolyte interface are held constant by boundary
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Figure 28.3 The flatband potential of a semiconductor can be established by mea-
suring the photopotential of the semiconductor as a function of illumination intensity. In
the dark (left), the semiconductor Fermi level and the redox potential of the electrolyte
are equal, providing an equilibrium condition. However, illumination of the semiconduc-
tor (right) generates charge carriers that separate the Fermi level and the redox poten-
tial. The difference in these two parameters is the observed photovoltage as shown for
an n-CdS electrode immersed in a ferri/ferrocyanide electrolyte (bottom). The measured
photovoltage is observed to saturate at the flatband potential. In this case, a value of
-0.2 V vs. SCE is obtained. Note that the photovoltage response yields a linear func-
tionality at low light intensity with saturation behavior occurring as the flatband poten-
tial is approached.
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constraints. Additionally, the position of the band edges in the semiconductor
bulk is related to the Fermi level by Equation 28.3, and is only dependent on
the fractional dopant concentration of the semiconductor:

n
E. = Ep + kT ln(-—N—) (28.3)

c

where E, is the energy of the conduction band edge, n is the concentration of
donor states per cubic centimeter, and N, is the density of states in the semi
conductor (N, = 10%° cm?®). Thus, from the measured flatband potential and
knowledge of the semiconductor band-gap energy, the energetic position of thc
band edges at the semiconductor surface can be determined. The band-gap
energy can be obtained by photoaction spectroscopy. This technique involves
monitoring the photopotential or photocurrent of a photoelectrochemical cell us
a function of excitation wavelength. The onset of photocurrent (potential) is taken
as the band gap. Using the data provided in Figure 28.3 (Ep = -1.2 V vs. SCE)
and the observed band gap of 1.7 eV, it can be seen that for the n-CdSe/
[Fe(CN)¢]*"- cell the conduction band edge is at -1.3 V vs. SCE (based on Eq.
28.3, assuming n =~ 10'® cm?), and the valence band edge lies at +0.4 V vs.
SCE.

In addition to the use of open-circuit photopotentials, the variation in in
terfacial capacitance with electrode potential can be utilized to determine the
flatband potential as well as the semiconductor dopant concentration. A discus
sion of the capacitance-potential response of the semiconductor-electrolyte in
terface is beyond the scope of this text. The reader is referred to Reference 7
for a more complete discussion of this subject.

The position of a semiconductor’s Fermi level is sensitive not only to dopant
concentration and illumination intensity but also to application of an extern:l
potential, as is the case for a metal electrode. Note, however, that although
shifting the Fermi level varies the energy of the highest filled metal orbital, and
thus the energy at which electrons or holes react at the metal-electrolyte intcr
face, varying the potential of an ideal semiconductor only affects the energy of
the Fermi level, and through that the degree of band bending. The extent of band
bending determines the efficiency of photoinduced electron-hole separations, il
does not affect the energy of the band edges at the semiconductor surface. Undes
ideal conditions, electrons and holes only react at the energy of the band edgc,
since nonradiative transfer from an orbital high in the band to the band cdge
occurs on a rapid time scale. Thus, the oxidizing energetics of an ideal, illn
minated n-type semiconductor or the reducing potential of an ideal, illuminated
p-type semiconductor is totally determined by the fixed interfacial band edge
positions and independent of the electrode potential.
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From this discussion, it can be seen that while control over semiconduc-
tor potential does not provide control over the interfacial energetics, it does allow
one to control the efficiency with which electron-hole pairs aré allowed to re-
combine or alternatively undergo interfacial charge transfer. This process is
usually discussed in terms of a quantum yield for electron flow, @, as defined

mn

®. = - 28.4
¢~ | incident photons/s (28.4)

where i is the current (hence i/F = moles of electrons in the external circuit
per second). Unlike the normal definition of quantum yield, the present defini-
tion does not consider photons absorbed; rather, photons incident on the photo-
electrochemical cell are monitored. As such, cell reflectivity is viewed as an
inherent inefficiency. A given photoelectrochemical cell does not have a single
quantum yield that characterizes it. All cells will produce @, = 0 at the flatband
potential, with @, rising to a maximum as band bending increases. This effect
typically saturates ~ 300 mV past the flatband potential, at which point the cell
current is maximized. The exact potential of ®** depends on the detailed ki-
netics of interfacial charge transfer, in terms of both electron-hole dynamics
within the semiconductor and the classic electrochemical dynamics of hetero-
geneous charge transfer.
As illustrated in Figure 28.4 for an n-type semiconductor, the dynamics
of semiconductor heterogeneous charge-transfer processes are most easily as-
certained experimentally by observation of the dark and illuminated steady-state
current-potential response of the semiconductor. This voltammetric experiment
is typically carried out with a potential scan rate of ~10 mV/s generating con-
ditions similar to those found in a solid electrode polarography experiment. At
the flatband potential (Region 1D), electron-hole pairs cannot be separated and
thus no current flows independent of illumination. Moving the electrode potential
positive of this point (Region III) introduces band bending. In the dark, this
establishes a barrier to charge transfer. The electrode is blocking with respect
to anodic current. However, illumination of the electrode under these conditions
generates valence band holes that are accelerated through the semiconductor
interface by the space charge field. As the band bending is increased, the ob-
served anodic current increases, until additional band bending does not improve
charge separation efficiencies and current saturation is observed. If one returns
to the flatband potential and now scans the electrode potential in the negative
direction, into Region I, the bands are forced to invert, generating a majority
carrier accumulation layer in the space charge region. Under these conditions,
an excess of electrons exists in the interfacial region of an n-type semiconduc-
tor (an enrichment of holes would occur in a p-type material). Note that the
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Figure 28.4 The current-potential response of an n-type semiconductor can be di

vided into three regions. In region I, an accumulation layer exists which allows electrons
to be injected into the electrolyte. Thus, the electrode behaves like a dark cathode. In
region II, the flatband potential for the electrode is encountered and the electrode is
blocking with respect to interfacial charge transfer. In region III, a depletion layer ex

ists. In the dark, the electrode is blocking with respect to charge transfer; however, il

lumination of the electrode allows valence band holes to be injected into the electrolytc.
Thus, the electrode acts as a photoanode. The maximum open-circuit photopotential of
an electrode can be obtained from the current-potential curve by noting the potential
between photocurrent onset and the redox potential of the electrolyte. The short-circuit
photocurrent for the cell is given when the electrode potential is equal to the redox
potential of the electrolyte. The fill factor of the cell can be computed based on the
percentage of the box defined by the open-circuit photovoltage and the short-circuit
current filled by the actual current-voltage curve.

Fermi level under these conditions lies above the conduction band edge in the
accumulation region. The conduction band orbitals that fall below the Fermi level
are filled with electrons (in the dark). In addition, the direction of band bend-
ing causes these electrons to move toward the semiconductor-electrolyte inter-
face. If a reducible electroactive species is present in the electrolyte with a
potential positive of the highest filled conduction band orbital, a cathodic cur-
rent will flow. The mechanism of current flow is similar to that observed at a
metal electrode in that moving the Fermi level more negative causes highcr
energy orbitals to be populated. Thus, n-type semiconductors are not only photo-
anodes, but dark cathodes. Similar reasoning leads to the conclusion that p-typc
materials behave as photocathodes and dark anodes.
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The current-potential response of a p-type material, p-GaP, is shown in
Figure 28.5. A 1 M HCl electrolyte has been employed. This electrode acts as
an anode at sufficiently positive potentials in the dark (not shown). As expected,
the electrode is totally blocking in the dark, at negative potentials indicative of
the formation of a depletion layer. The flatband potential for this cell is mea-
sured to be about -0.2 V vs. SCE. Under illumination at potentials negative of
this potential, photoexcited conduction band electrons migrate to the electrode
surface leading to an observed photocathodic current, associated with the reduc-
tion of protons to H,. The thermodynamic redox potential for this process is -
0.24 V vs. SCE, and thus a thermodynamic underpotential of 40 mV is obtained.
In this case, most of the light energy is consumed in overcoming the activation
energy for reduction of protons to hydrogen at the GaP interface. Photogenerated
valence band holes move into the electrode bulk and through the external cir-
cuit. Increasing the band bending to ~300 mV (Er = -0.1 V vs. SCE) maxi-
mizes the charge separation capability of the electrode leading to saturation of
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Figure 28.5 Current-potential curves for p-GaP under low- to moderate-intensity
illumination; a 1 M NaCl (pH = 1) electrolyte is employed. Illumination is from a
200-W high-pressure mercury lamp filtered with neutral density filter. Intensity is relative
to the full lamp output. The Hy/H* redox potential is 0.3 V vs. SCE in this cell. Thus,
this cell yields approximately 400 mV of open-circuit photovoltage. Note that increased
illumination increases both the saturation photocurrent and the onset potential. Although
the photocurrent is increased at higher light intensities, a calculation of the quantum yield
for electron flow indicates that this parameter decreases with increased light intensity.
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the photocurrent. Figure 28.5 also demonstrates the effect of light intensity on
a potentiostatted photoelectrochemical cell. Under these conditions the semi-
conductor Fermi level is totally controlled by the potentiostat and is unaffected
by the illumination level. The photocurrent is observed to scale with the light
intensity. The effect is nonlinear, indicating that &, decreases with increasing
light intensity. This may be due to enhanced charge recombination as the ef-
fective “concentration” of photoinduced carriers increases, or due to the onset
of limitations associated with heterogeneous charge transfer as the carrier con-
centration is increased.

The photocurrent onset potential is often taken as the flatband potential,
since the measurement of the flatband potential is typically only good to +100
mV and the onset of photocurrent is often observed with less than 100 mV of
band bending. This practice is dangerous, however, since the onset potential is
actually the potential at which the dark cathodic current and the photoanodic
current are equal. Even though in the case of the p-GaP illustration, the obser-
vation of an anodic current and a photocathodic current are separated by sev-
eral hundred millivolts, in many systems these two currents overlap. In those
cases, the relationship between the flatband potential and the onset potential
becomes unclear.

In addition to the quantum yield for charge transfer, several other param-
eters are useful in evaluating a semiconductor’s current-potential response. These
parameters allow one to quantify the output characteristics of a photo-
electrochemical cell as well as the kinetically limiting factors associated with the
semiconductor-electrolyte interface. The fill factor is a measure of the
“squareness” of the current-potential profile and is indicative of the heteroge-
neous charge-transfer kinetics. In order to define this term, the thermodynami-
cally important positions of the current-potential response must be identified.
When the semiconductor Fermi level is equal to the electrolyte redox potential
of the electrolyte (and thus the Fermi level of a reversible counterelectrode),
no bias voltage is present and a short-circuit condition exists. The cell’s open-
circuit voltage (i.e., the point at which only a photopotential exists, and no
current flows) is obtained as the difference between the short-circuit potential
and the photocurrent onset potential. An idealized current-voltage response, de-
void of all charge-transfer kinetics, can then be defined as having a photocur-
rent that jumps from zero to its maximum value instantaneously at the open-
circuit potential. A rectangle of fixed area is defined running from the onset
potential to the short-circuit potential (see Fig. 28.5). This rectangle represents
the active potential region of a photoelectrochemical cell. For a p-type semi-
conductor at potentials negative of this region, the electrode acts as a dark
cathode and thus photoconversion does not occur. Even under optimized con-
ditions, real electrodes do not yield this type of behavior, since the kinetics of
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charge separation, recombination, and transport influence the current-voltage
response. As a result, a trivially small degree of band bending does not lead to
maximum charge separation. Instead, the efficiency with which carriers undergo
interfacial charge transfer is observed to increase as the band bending increases.
The fill factor is the fraction of the ideal rectangle that actually lies under the
current-voltage curve. As such, it represents the impact of carrier kinetics on
the thermodynamic response of a photoelectrochemical cell. Improved carrier
kinetics lead to an increase in the slope of the current-voltage curve, and an
increase in the portion of the thermodynamically defined rectangle that is filled.
In addition to yielding information about semiconductor charge-transfer
dynamics, the fill factor parameterizes the efficiency with which the photo-
electrochemical cell can be expected to convert optical energy to electricity. The
practical value of a photoelectrochemical cell is usually evaluated by its maxi-
mum conversion efficiency. The energy conversion efficiency is defined as

_ (e]ectrical power output] _ ixVy (28.5)

optical power input optical watts incident

where V, is the bias voltage (= [E,, - E.J; E, = electrode potential; E;, = short-
circuit potential) and i is the current measured at V,,. As the electrode potential
is varied from the open-circuit voltage to the short-circuit voltage, V,, decreases
while i increases, and thus a plot of 1 versus potential goes through a maxi-
mum. The maximum power point is found near the knee of the current-voltage
curve,

C. Real (Nonideal) Semiconductor-Electrolyte Interfaces

Photodecomposition Processes

Although several single-crystal, wide-band gap semiconductors provide electro-
chemical and optical responses close to those expected from the ideal semi-
conductor-electrolyte model, most semiconducting electrodes do not behave in
this manner. The principal and by far overriding deviation from the behavior
described in the previous section is photodecomposition of the electrode. This
occurs when the semiconductor thermodynamics are such that thermal or photo-
generated valence band holes are sufficiently oxidizing to oxidize the semicon-
ductor lattice [8,9]. In this case, kinetics routinely favor semiconductor oxida-
tion over the oxidation of dissolved redox species. For example, irradiation of
n-CdX (X = S, Se, or Te) in an aqueous electrolyte gives rise exclusively to
semiconductor decomposition products as indicated by

hv
CdX H—ZB Cd%;;]) + X0, + X0y~ (28.6)
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Likewise, irradiation of an n-Si electrode in an aqueous electrolyte efficiently
forms an insulating SiO, interface [3]. Reductive decomposition of semiconduc-
tors is rarely observed, although it has been claimed that certain p-type III-V
semiconductors in the phosphide family decompose to form PH,.
Several successful schemes have been developed to overcome semiconduc-
tor photodecomposition. The initial successful approach to this problem was
based on the addition of a redox-active species to the electrolyte that could
compete with autooxidation of the semiconductor. Thus, addition of ~1 M
sulfide to an aqueous electrolyte was found to totally suppress the photodecom-
position of n-CdS-based cells [11-13]. In this case, oxidation of the sulfide to
a polysulfide (Sn?") is observed. The polysulfide can be reversibly reduced at
the dark counterelectrode, giving rise to a cell that undergoes no net chemical
change, but is capable of converting optical energy to chemical energy. Simi-
larly, addition of Se?- to n-CdSe-based cells and Te?- to n-CdTe-based cells
provides for the stable generation of photocurrent. In these systems a kinetic
advantage is achieved by using a reagent which both undergoes a two-electron
oxidation and chemically interacts with the electrode interface. The latter con-
clusion was demonstrated by the observation that the surfaces of n-CdSe photo-
anodes that were utilized in a §2- containing electrolyte were converted to
CdS,Se,_, [14,15]. It has also been found that chalconide-based electrolytes (i.e.,
Group 16 anions) are effective at stabilizing certain III-V semiconductor inter-
faces [16]. In several instances, apparent outer sphere charge-transfer reagents
have also been observed to yield some degree of stability to semiconductor
interfaces. Most notable is the observation that ferrocyanide stabilizes certain
semiconducting interfaces. Although this was initially though to be due to the
successful competition of outer sphere kinetics with semiconductor autooxidation,
Bocarsly has demonstrated that Cyanometalates react with the Cd?* ions gener-
ated by the decomposing semiconductor to form an ultrathin (<1 pm) interfa-
cial layer of [CdFe(CN)¢J* [17]. Stabilization is obtained via a redox reaction
between photogenerated holes in the semiconductor and the interfacial cyano-
metalate layer.

A second approach to semiconductor stabilization is the utilization of an
electrolyte in which semiconductor photodecomposition products cannot form.
Thus, in the case of n-Si, Lewis has noted that employment of a rigorously
anhydrous nonaqueous electrolyte eliminates the possibility of interfacial oxide
formation [18]. However, the fact that subnanomolar concentrations of water
are sufficient to generate surface oxides makes the application quite difficult.
Semiconductors that undergo decomposition to metal ions can likewise be sta-
bilized by using a low-dielectric-constant nonligating electrolyte. Both organic
liquids and solid-state ion conductors have been employed for this purpose.
Unfortunately, such electrolytes are at best high resistance, and thus observable
photocurrents are minimal. However, a hybrid approach in which a nonaqueous
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electrolyte (which may contain water) is coupled with a fast outer sphere redox
reagent has proved successful in some cases. For example, Wrighton demon-
strated that a methanol/TBAP electrolyte containing ferrocene provided n-Si
electrodes with a good degree of stability, while allowing for the production of
a sizable photocurrent [19].

A more molecular approach to the photocorrosion problem has been to
modify the electrode surface chemically with a stabilizing species. The controlled
growth of layers of M,[CdFe(CN),] (M = alkali cation) on n-CdX electrodes
is an example of this approach. The concept was first introduced by Wrighton,
who demonstrated that n-Si electrodes could be stabilized by the covalent attach-
ment of a silylferrocene layer to the electrode surface. This was accomplished
by the reaction of a hydrolytically unstable silane such as trichlorosilylferrocene
with a single crystal silicon surface, etched to produce a surface containing
hydroxyl functionalities. Under these conditions, two types of reactions occurred
to tether the reagent to the electrode and to generate a multilayered (polymeric)
interfacial structure, illustrated by the following:

SiCL,R SiCL,R SiCL,R

ChSiR +OH OH OH—> O 0] 0] + HCl
B I . l ] ! (28.7)

|
2CL3SiR + H,0 —> R,Si—O—Sli/RT‘l' + 2HC (28.8)
0

Electrode stabilization is produced by two effects associated with interfacial
siloxane formation: The hydrophobic siloxane polymer provides a physical
barrier limiting solvation of the electrode decomposition products, and the poly-
mer generates a high effective concentration of the redox moiety (R) at the
electrode interface, enhancing the overall interfacial charge-transfer rate. Key
to this approach is the presence of a stable surface oxide, since dissolution of
this oxide would lead to undercutting of the siloxane interface, physically sepa-
rating the semiconductor from the protective polymer. Thus, although this ap-
proach has been demonstrated to be of utility for the stabilization of Si, Ge, and
GaAs electrodes, there is still a small amount of semiconductor decomposition.
As indicated earlier for CdX semiconductors in a ferrocyanide electrolyte, one
approach to this problem is to utilize one or more of the electrode decomposi-
tion products to build the protective overlayer. Using this strategy, transient de-
composition processes simply lead to the growth of the protective interface. As
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in the case of siloxane-derivatized interfaces, a high concentration of a redox-
active species must be present in the interfacial structure to establish a kinetic
competition between reversible oxidation of the interfacial material and
autooxidation of the semiconductor. In the CdX/Mx[CdFe(CM)G] systems, the
ferrocyanide unit present at ~6 M serves this purpose [20,21].

One of the key advantages of surface modification, independent of the
synthetic approach, is that the stabilized electrode can be operated with a vari-
ety of electrolyte solvents and redox couples. For example, the insolubility of
ferrocene in water precludes using this reagent to stabilize n-Si in an aqueous
electrolyte; however, silylferrocene-derivatized n-Si photoanodes are relatively
stable in aqueous electrolytes [22]. In addition to placing stabilizing species on
the electrode surface, this same approach can be employed to attach electro-
catalysts to the semiconducting electrode. For example, Wrighton’s group has
placed polymer-bound alkylviologen species on p-Si surfaces [23]. This cationic
surface structure could be impregnated with [PtCI¢)* via an ion-exchange re-
action. Once in place, the platinum complex was electroreduced to platinum
metal. Upon illumination of the p-Si interface, photogenerated electrons reduced
the surface-confined viologen centers. These electrons were then “passed” on
to the platinum particles catalyzing the reduction of water to H,.

Surface and Sub-Band-Gap States

In addition to photodecomposition processes, real electrode behavior is often
affected by the fact that there is a variety of localized energy states present on
the semiconductor surface. If these states are energetically disposed to commu-
nicate with the semiconductor bulk (i.e., their energy is such that charge-transfer
overlap with a band can occur), then interfacial charge transfer may proceed
through one or more of these states. Orbitals that are spatially localized at the
electrode surface (i.e., the molecular orbitals associated with a surface species)
are known as surface states. In addition to arising from pure lattice species,
surface states may be generated by the chemical reactions occurring between
the semiconductor surface and the local environment. For example, clean sur-
faces of silicon have intrinsic surface states due to the fact that the Si atoms on
the semiconductor surface are not four-coordinate, as expected for an sp-hy-
bridized Si. Thus, surface silicon atoms have nonbonded valence electrons. In
addition to the intrinsic surface states, Si readily reacts with oxygen to gener-
ate an interfacial layer of SiO,. This material often contains molecular orbitals
of appropriate energy to interact with the Sj bands.

The existence of surface states in general can lead to a variety of non-
idealities in the output parameters associated with semiconductor-electrolyte
Jjunctions. Figure 28.6 provides the current-potential response for a photo-
electrochemical cell containing a cadmium ferrocyanide-modified n-CdS elec-
trode in an aqueous ferri/ferrocyanide electrolyte. Although open-circuit and
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Figure 28.6 The current-potential response of an n-CdS/ferri/ferrocyanide cell under
chopped irradiation in (488 nm, 40 mW/cm?). The ferri/ferrocyanide redox potential is
marked in the diagram. Note that even when a dark cathodic current is present (solid
line), a photocurrent is observed (spikes).

capacitance measurements indicate that the flatband potential is approximately
-1.2 V vs. SCE, the dark current scan clearly shows a cathodic current at
potentials significantly positive of this potential [20]. Thus, the n-CdS electrode
is able to carry out a dark reduction at potentials where the space charge region
is still in depletion (i.e., no accumulation layer exists). This can be accounted
for by assuming a set of electrochemically active surface states exists at poten-
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tials just positive of (below) the conduction band edge. Such states could shuttle
charge from the conduction band to the interface even though a depletion-type
band bending exists. Note that the net effect of this situation is that under illu-
mination, the onset potential (the point where cathodic and anodic currents are
equal) is nowhere near the flatband potential, and thus the current-potential
response cannot be used to estimate the flatband potential.

Since charge carriers can reside in surface states for prolonged time peri-
ods, such states often act as electron-hole recombination sites leading to in-
creased cell inefficiency. This is often manifest as a poor fill factor or a low
quantum yield for electron flow. In addition to mediating band-to-interface
charge-transfer processes, if an extremely high density of surface states is
present, they can in theory dominate the observed electrochemistry via a Fermi
level pinning mechanism. This scenario involves the establishment of an equi-
librium between the bulk lattice Fermi level and a Fermi level that represents
the average energy of the surface state distribution. The existence of a surface
state Fermi level implies a sufficient density of surface states to make a statis-
tical model of these states reasonable. If this criterion is met, then the semicon-
ductor will maintain an internal degree of band bending at the bulk-surface state
interface which is independent of the electrolyte employed. A second equilib-
rium will be established between the surface state population and the electro-
chemically active solution states. This interaction will appear more or less
metallic in nature if a sufficiently broad distribution of surface states is present.
The net effect of this interaction will be a photopotential that is invariant with
the redox potential of the electrolyte. In terms of a current-potential response,
this will give rise to a photocurrent onset that is offset from the redox potential
by a fixed amount (the difference between the bulk Fermi level and the surface
state Fermi level). Thus, as the nature of the electroactive species is varied, the
current-potential response varies. The possibility that this might occur was first
discussed by Wrighton and Bard [24]. It has been pointed out that other pro-
cesses can give rise to identical current-potential properties; thus, whether or
not Fermi level pinning is prevalent remains a controversial issue.

Majority Carrier Processes

Phenomenologically similar behavior can be obtained if the redox potential is
sufficiently close to the conduction (or valence) band edge to allow for major-
ity carriers to cross the band bending barrier either via a tunneling mechanism
or by direct scaling of the barrier. Lewis was the first to demonstrate that the
photovoltage of Si photoelectrodes is limited by the kinetics of photogenerated
interfacial charge transfer, coupled with the flow of carriers over the semi-
conductor-electrolyte barrier [18]. This was only observed when the electro-
lyte couple employed was of an appropriate energy to provide good charge-
transfer overlap between the redox species and the semiconductor band states.
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Another mechanism by which charge carriers can overcome the interfacial
barrier established by the charge-transfer equilibrium involves the photochemical
population of conduction band states that lie above the top of the barrier. Con-
ventional wisdom holds that once populated, rapid nonradiative transfer from
such states should lead to the almost immediate transfer of excited electrons to
states near the conduction band edge. Thus, thermally hot electrons should not
exist for a sufficient period of time to allow for interfacial charge transfer. Nozik
has proposed, however, that under conditions where the excited electrons are
generated near the semiconductor surface, interfacial charge transfer may com-
pete with nonradiative deactivation, allowing hot electrons to move across the
semiconductor-electrolyte interface {25]. Recently, Koval has provided experi-
mental evidence showing the production of hot electrons at an illuminated InP
interface [26]. The production of hot electrons suggests that reducing potentials
well beyond those predicted based on band edge positions can be accessed at
the semiconductor interface.

A combination of majority and minority carrier processes has been observed
to produce quantum yields in excess of one at both n- and p-type interfaces. In
all cases where this has been noted, the redox species employed have been
capable of multiple-electron processes. This type of behavior is often seen for
the oxidation of carboxylic acids at n-type semiconductors (a two-electron pro-
cess). It has also been noted for hydrazine oxidation (a four-electron process)
and the reduction of hydrogen peroxide.

This phenomenon is known as current doubling, although it is not limited
to two-electron processes [7]. Using an n-type system as an example, the mini-
mum requirement for current doubling is the generation of a reactive interme-
diate upon reaction with a valence band hole that can be further oxidized by
injection of an electron into the conduction band. For the oxidation of cyanide,
the initially generated cyanogen free radical (CN- + hole — CN?) generates a
second redox potential (CN®/CNO") that lies well above the n-CdS conduction
band edge [113]. Thus, once formed, the cyanogen radical can transfer an elec-
tron to an empty conduction band orbital. Hence two charge carriers, a hole in
the valence band and an electron in the conduction band, are produced upon ab-
sorption of a single photon. Injection of an electron into the conduction band
competes with oxidation of CN° by a second photogenerated hole. This latter
process has a limiting quantum yield of one, since the two-electron oxidation
via holes (alone) requires two photons to be absorbed. As a result of these
competitive charge-transfer pathways, increased illumination intensity (which
produces a higher concentration of interfacial holes) gives rise to a decrease in
the observed quantum yield.

D. Polycrystalline Semiconductors

Although most solid-state junctions depend on single-crystal materials to avoid
massive electron-hole recombination, photoelectrodes having reasonable effi-
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ciency have been produced using less ordered materials. This possibility is duc
in part to the fact that the photoelectrode is a front junction device. Also im-
portant is the role of the electrolyte in avoiding recombination processes. Once
the redox-active species has been oxidized (or reduced), it is not subject to
further chemistry at the semiconductor interface. As a result, while one observes
a lowered quantum yield using electrodes composed of polycrystalline materi-
als, the value is not so low as to be unattractive.

The use of polycrystalline materials is not limited to macroscopic electrodes.
Suspended semiconductor particles can also be employed to carry out photo-
electrochemical processes [27,28]. In this situation, each semiconducting par-
ticle acts like a miniature set of electrodes. If an n-type material is employed,
oxidation takes place at illuminated portions of the particle, with reduction
occurring in dark regions. As in the case of actual electrodes, kinetic over-
potential can dramatically limit charge-transfer processes. Several authors have
demonstrated that interfacial charge transfer can be enhanced by placing small
islands of electrocatalysts on the particle surface [29-34]. Metal islands (typi-
cally Pt) have been utilized both as electron and hole catalysts, while metal
oxides such as RuO, have proven to be a good oxidation catalyst. One outcome
from powder photoelectrochemistry that is not observed in classical photo-
electrochemical cells, due to the spatial separation of anode and cathode, is the
relative ease with which a material that has been oxidized on an illuminated
portion of the particle can be reduced at a dark portion. In cases where fast
chemical reactions follow the initial charge-transfer process, this can lead to new
product species. To date, this reactivity has been exploited to carry out a vari-
ety of sophisticated organic transformations [35].

In addition to providing new synthetic tools, it has been suggested that
semiconducting powders may be of use in the natural decontamination of pol-
luted waters. Solar irradiation of natural water supplies that have been treated
with semiconducting powders could be used to oxidatively degrade pollutants.
For example, the oxidation of cyanide to isocyanate, which decomposes into
nitrogen and carbon dioxide, has been demonstrated. The oxidation of halides
to atomic halogen and the oxidation of hydroxide to OH? has also been observed.
These species can be employed as biocides to provide potable water.

E. Dye-Sensitized Semiconducting Electrodes

One solution to the problem of semiconductor photodecomposition is to modify
the spectral response of a stable wide-band-gap semiconductor so that solar
energy can be efficiently utilized. This can be accomplished by adding to the
electrolyte a dye that has absorption features that overlap the solar spectrum.
The short excited-state lifetimes of molecular systems limit the distance an
excited state can be expected to diffuse prior to nonradiative deactivation. Thus,
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unless a photon is absorbed when the dye molecule is near the semiconductor
surface, or perhaps adsorbed on the semiconductor, productive charge transfer
cannot be expected. As a result, a low concentration of dye must be employed
to insure that the bulk of the absorption does not occur in regions of the elec-
trochemical cell that are far from the electrode.

F. Electrolytic Behavior of Adsorbed, Excited Photoreceptors

If a semiconductor electrode such as an n-ZnO crystal is illuminated in the
presence of a small amount of dye (e-g., 5 x 10~ M rhodamine B), one can
observe an enhanced photocurrent in the anodic region. If illumination is car-
ried out by a tunable, monochromatic source, it is possible to obtain a photo-
current spectrum like that shown in Figure 28.7. In a typical experiment, after
removing dissolved O, by nitrogen purging, one sets the potential of the semij-
conductor at a value in the region of limiting photocurrent (ca. +0.5 V vs. SCE)
in the absence of dye. This current is simply due to the photoevolution of OXy-
gen as described in Section II.B. If a sensitizing molecule is added to the cell,
there is an additional photocurrent whenever illumination occurs at a wavelength
absorbed by the sensitizer. In the long-wavelength region, the background pho-
tocurrent is often quite small; hence the photocurrent spectrum is essentially
identical to the absorption spectrum of the sensitizer.

10°6
— .7 |
NE 10
2
€
£ 108
]
|
109
without dye
300 400 500 600
A {nm]

Figure 28.7 Sensitized and unsensitized photocurrent spectrum at a ZnO electrode
(doped with Cu). Electrolyte: 1 M KCl, pH 2; dye: 104 M rhodamine B. [From Ref.
49, reprinted with permission. ]
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This phenomenon arises from charge-transfer reactions between the semi-
conductor and excited dye molecules adsorbed on its surface. If the semicon-
ductor band gap is large compared to the dye’s excitation energy, electron trans-
fer between the dye and the electrode may involve the highest normally filled
level or the excited level of the dye, but usually not both. One of the dye lev-
els will not be electroactive because it will match some energy in the electrode’s
band-gap region.

For our specific case, rhodamine B on n-ZnO at +0.5 V vs. SCE, there
is no dye electroactivity without illumination, yet an anodic current oxidizes the
dye when the light shines. The absence of the dark reaction implies that the
highest occupied orbital of the dye is at an energy in the band gap or the va-
lence band. The photocurrent then arises because the absorption raises a dye
electron to an excited level that overlaps the conduction band. Thus the net effect
is injection of electrons into the conduction band. Hole neutralization cannot
explain the observations, because light of smaller energy than the band gap
energy will create the effect. Moreover, hole neutralization is fully accounted
for by the saturation level of O, generation, suggesting the energetic scheme
shown in Figure 28.8.

It is interesting to compare this behavior with that expected at a metal elec-
trode. If the Fermi level lies above the highest normally filled dye level, but
below the lowest excited level, no dark redox process will occur. If the dye is

E. \

AE=225eV C) o4
\-—-_.—_Ec

gl T

DYE

p - GaP n-Zn0

Figure 28.8 Comparison between GaP and ZnO surfaces. [From Ref. 48, reprinted
with permission.]
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then excited, oxidation can occur by removal of an electron from the excited
level; but simultaneously, electron transfer from the filled metal levels will
reduce the vacancy in the highest normally filled level. The net result is quench-
ing of the excited state by the electrode, but no external current is measured.
These consequences follow from the absence of a band gap in the metal.

It has been found that the photosensitized electrochemical process is also

rent. Typically this is due to quenching of the dye-excited state.

Photosensitized electrochemical reactions using ZnQ single crystals with
other dyes and solutes have been studied extensively by Gerischer and Tributsch
[36,37], Hauffe and co-workers [38], and other groups [39-41]. Photosensiti-
zation effects with n-CdS [42,43] and n-TiO, [44] are reported to be similar to
those with n-ZnO. This type of work has been extended to include covalently
bound sensitizers on n-8n0, and n-TiO, [45-47].

For p-type semiconductors, such as GaAs, GaP, and Cu,0, sensitized
photoelectrochemical behavior is complementary to that seen with n-type ma-
terial. Electrons are transferred from the valence band to the dye; hence holes
are injected into the electrode, and a cathodic current flows. Arguments like
those just presented lead to a picture like that presented in Figure 28.8. Results
are displayed in Figure 28.9 for p-GaP with NN "-diethylpseudocyanine as sen-
sitizer. In this system, O, acts as a supersensitizer. Major studies of p-type
electrodes have been carried out by Memming and Gerischer and their co-
workers [42,48,49].

Quantum yields for dye-sensitized electrodes are typically quite low, if
calculated based on number of photons incident on the electrode surface, which

sensitization will not produce a practically useful photoelectrochemical cell.
However, Gritzel has recently announced that TiO,-based cells utilizing a dye
that is a multimetal analog of [Ru(CN)2(2,2’-bipyridine)zl (several ruthenjum
centers are bridged together via bridging cyanide ligands) yield solar conver-
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Figure 28.9 Spectral dependence of the photocurrents at a p-type GaP electrode with
sensitization by N, N'-diethylpseudoisocyanine. [Cathodic photocurrent, electrolyte: 1 M
KCl + N,N'-diethylpseudoisocyanine chloride (1 mL of 102 M ethanol to 10 mL of
water).] 1, N, flushing; 2, O, flushing; 3, addition of piperidine (10-2 M); 4, trace of
the background photocurrent at p-type GaP without dye. [From Ref. 42.]

sion efficiencies on the order of 10%. This level of efficiency is comparable to
that obtained from direct semiconductor-electrolyte devices. This impressive
efficiency is apparently obtained by utilizing an ultrahigh surface area form of
TiO,. The large surface area allows for the chemisorption of a large quantity
of dye. In addition, the roughness of the electrode surface enhances absorption
over reflection processes.

Arden and Fromherz [51-53] have reported elegant work involving mono-
layers of surfactants transferred to electrodes by the Langmuir-Blodgett method.
Some results are shown in Figure 28.10. Two separate cationic dyes, thiacyanine
(A) and oxacyanine (D), were synthesized with C,q alkyl chains, so that they
would form oriented monolayers on water-air interfaces. By standard techniques,
these were transferred alternatively or in sequence to n-In,O, electrodes, as
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Figure 28.10 Photocurrent per incident photon for various monolayer assemblies
on In,0,. Configuration 0 is for a bilayer of surfactant molecules without dye deposited
on the electrode (represented as the lower shaded area). Configuration I involves the
donor dye in the outer layer and configuration II features the acceptor dye in the inner
layer. In each of these cases, the remaining layer is made up of a surfactant without dye.
Configuration III has both dyes together in the arrangement shown. The electrolyte was

5 mM borate buffer of pH 10 with 0.5 M allylthiourea as supersensitizer. [From Ref,
53]

shown at the top of Figure 28.10. The particular orientations shown allow the
polar head groups of A and D to interact, respectively, with the polar oxide
surface and the aqueous solution, while hydrophobic paraffinic segments inter-
act with each other in the interior of the bilayer. Much optical evidence can be
cited for the existence and stability of this type of ordered arrangement [54].
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detailed pictures of interfacial charge-transfer dynamics.

may react with it irreversibly. For example,

Bocarsly et al.

The results in Figure 28.10 show that chromophore A sensitizes photocur-
rent (curve II), whereas chromophore D has little effect by itself (curve I). The
apparent reason for the difference is the remoteness of chromophore A. In the
tandem arrangement (III), however, one finds that light absorbed by D (at
wavelengths below 380 nm) gives rise to a significant photocurrent. Arden and
Fromherz interpret these results to imply that energy absorbed by D is trans-
ferred (by the Forster process) to A, which then undergoes charge transfer with
the electrode. Without the A underlayer, D cannot sensitize photocurrent; with-
out the D overlayer, A cannot produce significant effects below 380 nm. Lu-
minescence from the D layer can also be observed, and by exploiting it, together
with the electrochemical data, Fromherz and Arden have produced some very

PHOTOEMISSION FROM METAL ELECTRODES

Cathodic currents are stimulated by the illumination of metal electrodes [55-59].
These currents are often strongly enhanced by the presence in solution of known
electron scavengers such as N,O and H;O*. Research carried out by Barker [59-
61], Pleskov [62-64], Delahay [65], and their co-workers indicates rather
strongly that the impinging photons eject electrons from the electrode surface.
They appear to travel some distance (~50 A) before becoming solvated
[55,59,62,65]. If a scavenger is present, the solvated (usually aquated) electrons

e, + NJO+ H* - OH* + N,

(28.9

The photoelectrons are then lost permanently from the electrode, and in this case
the cathodic current is actually enhanced further by faradaic conversion of OH®
to OH- [55,59,60]. Without the scavenger, the photocurrent is small, because
the photoelectrons return to the electrode, and the net charge transfer is almost
ZEero,
Naturally, one must supply a minimum energy to remove an electron from
the electrode; thus there is a red-limit wavelength above which photoejection
is very improbable [33,34,55]. Since the Fermi level depends on electrode
potential, this limit shifts to shorter wavelengths as the potential becomes more
positive. Thus there is a threshold potential for photoemission and the emission

becomes more probable at more negative potentials [59,62].

monitoring circuitry synchronized to the light chopper was used for measure-

Various experimental approaches have been developed for studies of these
phenomena [55,59-61,63,65]. Early techniques advanced by Barker’s group
featured irradiation of a dropping mercury electrod (DMA) by chopped light
from low-, medium-, and high-pressure mercury lamps [59]. Pulse polarographic
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