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Interfacial electron transfer is the most fundamental process driv-
ing all imaging technologies. The advent of ultrafast lasers has
led to the development of novel experimental techniques to probe
such dynamics. This article presents five time domain spec-
troscopies that allow direct measurement of different segments
of the electron trajectory across a heterogeneous interface.
Electro-optic sampling measures field-assisted transport of car-
riers to the surface. Time-resolved two-photon photoemission
enables measurement of electron relaxation at surfaces. Time-
correlated single-photon counting, transient grating, and tran-
sient absorption techniques are implemented to determine
electron transfer rates at interfaces. With these real-time ap-
proaches, the primary photophysical and photochemical processes
at semiconductor/liquid interfaces and dye-sensitized semicon-
ductors can be studied directly. The new information forthcom-
ing from such studies is that electron transfer processes can be
extremely fast at surfaces, in a range approaching adiabatic cou-
pling conditions between the delocalized bond states and discrete
molecular donor or acceptor states. This observation leads to a
new conceptual framework for understanding photoinduced in-
terfacial charge transfer processes.
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Introduction

Charge transfer and separation across an interface is the
fundamental process behind essentially all light-based
imaging technologies.' For example, the primary step be-
hind the photographic process involves electron transfer
from a dye into the conduction band of silver halides. The
subsequent electron trapping and formation of reduced sil-
ver grains ultimately leads to the photographic latent im-
age, however, the initial event triggering the process is
the interfacial electron transfer. The xerographic process
similarly involves a charging step. In this case, charge
transfer involves mass transfer as well (tribocharging).
Even electronic imaging, using CCDs for spatial resolu-
tion, involves interfacial charge transfer across a solid state
junction and charge storage. In addition to imaging tech-
nologies, interfacial charge transfer forms the basis for
the entire field of electrochemistry.>-*
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Given the technological and fundamental importance of
this reaction process, considerable effort, spanning sev-
eral decades, has been directed toward understanding this
process.*™ 1 Despite these efforts from various research
communities, a detailed understanding of heterogeneous
charge transfer between a conducting surface and a dis-
crete molecular state is incomplete.* Here we primarily
refer to solid/molecular (acceptor or donor) interfaces. For
all solid state junctions, the purely electronic nature of
interfacial charge transfer reduces the level of detail
needed to understand the problem. There are three fun-
damental issues that need to be understood or determined
in order to control heterogeneous electron transfer:

1. The relative energetics of the coupled state are not well

defined.

2. The degree of electronic coupling or wave function over-
lap between electronic levels and molecular state was
not known, even at a qualitative level, until just
recently.

3. The relaxation process in both the solid state and mo-
lecular half space of the interface, which localize the
charge, are only understood at a qualitative level and
are usually extrapolated from bulk studies.

In contrast to heterogeneous electron transfer, these
three primary processes (energetics, electronic coupling,
and relaxation or barrier crossing dynamics) are becom-
ing fairly well understood at a first principle level for
the analogous problem of electron transfer between mo-
lecular acceptors and donors in solution (homogeneous
electron transfer). The discrepancy in the level of under-
standing between heterogeneous and homogeneous elec-
tron transfer is simply due to the inherent greater
difficulties in studying interfaces relative to solutions. To
be specific, the most significant advances in understand-
ing intermolecular electron transfer have come from com-
bining dynamical measurements with different molecular
acceptor/donor probes of the electron transfer coordinate.
Studies along these lines most often exploit photoinduced
electron transfer and short laser pulses to resolve the dy-
namics fully. In this regard, the photoinduced electron
transfer process that serves as the basis of imaging tech-
nologies should be well suited to similar probes of hetero-
geneous electron transfer. However, in solution studies, it
is possible to arrange the experimental conditions to probe
10'¢ reactive states/cm? within a given volume element to
yield large changes in optical absorption due to either the
formation of reactants or the disappearance of products.
For weakly absorbing probe transitions, the concentration
can generally be increased to give adequate signal to noise.
For interfacial studies of charge transfer, the number of
reactive states probed must be of the order of 10'%/cm? or
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Figure 1. Photophysics at the semiconductor/electrolyte junc-
tion relevant to interfacial electron transfer, i.e., electron emis-
sion. Pathways for the competing dynamics of electron transport,
thermalization, transfer, and trapping are shown and defined in
the text. SR represents solvent reorganization, SS denotes sur-
face states, and the curve labeled A* is the molecular electron
acceptor distribution at the surface. The values CBM, VBM, and
E,represent the conduction band, valence band, and Fermi level,
respectively.

less to avoid Coulombic effects (space charge effects) from
complicating the kinetics. Even for complete monolayer
coverage and neglecting Coulombic considerations, the
maximum number of states that can be probed is on the
order of 10%/cm? (for molecules with unit oscillator
strength). Thus, spectroscopic approaches designed to
probe interfacial charge transfer at well-defined crystal
interfaces must be 10® to 10* more sensitive than conven-
tional approaches used for bulk studies. In addition, the
method must be surface selective; otherwise bulk signals
will dominate any photoinduced response.

This high degree of sensitivity and surface selectivity
has remained a great challenge for experimentalists. Only
in the past few years, with sufficient progress in spectro-
scopic methods and laser technology, has exploring this
domain been possible.'?13 This article reviews the recent
progress in this area with the objective of achieving a real-
time view of the photoinduced and photochemical processes
behind imaging.

Initial Boundary Conditions

One of the advantages of using optical time domain
methods to study interfacial charge transfer is that one
can optically prepare the system with two distinct £ = 0
boundary conditions. A short excitation pulse prepares a
nonequilibrium distribution of electrons at or near the sur-
face reaction plane. The wavelength of the excitation pulse
can be tuned to prepare the system in which the reactive,
nonequilibrium, electronic states are localized either in
the solid state or on the molecular half space of the inter-
face. In the case the reactive charge carrier is initially
localized in the solid state, the charge transfer process
will be referred to as the emission case, i.e., the charge
is leaving the solid state. For the opposite ¢ = 0 boundary
condition in which the reactive state is localized on the
molecular acceptor or donor at the interface, the charge
transfer process will be referred to as electron injection,
i.e., the charge is injected into the solid state. The latter ¢
= 0 boundary condition is only possible to achieve with
wide bandgap semiconductors and is exactly the photo-
graphic process of dye sensitization.
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The photophysics of electron transfer or electron emis-
sion at a semiconductor electrolyte junction are depicted
in Fig. 1. The initial step is the optical preparation of an
excited carrier distribution within the semiconductor. This
preparation is accomplished using strongly absorbed
above-bandgap light tuned to a high density of states di-
rect transition such that a large fraction of the
photocarriers are generated within the space-charge re-
gion. The case for a p-type junction is shown. The space-
charge field accelerates the minority carriers, in this case,
electrons, to the surface (Tygayns) While the holes are driven
into the bulk. The carriers thermalize via various scatter-
ing mechanisms (Try), and when a molecular acceptor with
favorable energetics is present at the surface, the elec-
trons undergo interfacial charge transfer (tgzp). In the ab-
sence of any relaxation process, the electron would simply
sample the distribution of molecular acceptors (denoted
by the Gaussian distribution of A* in Fig. 1) and only have
a brief residence time on any molecular acceptor. Nuclear
fluctuations (solvent/intramolecular) that stabilize the
charge on the molecular state drive the two coupled elec-
tronic states apart and localize the electron on the mo-
lecular acceptor. For a liquid interface, this nuclear
relaxation process is usually dominated by solvent mo-
tion and is depicted by Tgg. In competition with this direct
electron-transfer process is the trapping of electrons within
surface defects (1g5) that create localized states within the
bandgap. Electron transfer to molecular states can also
proceed through those surface state intermediates. As seen
from this figure, at least five photophysical processes oc-
cur that dynamically control the path for interfacial elec-
tron transfer. Conventional electrochemical approaches
give information on the energetics and quantum yields
but are incapable of extracting the information necessary
to understand the primary processes controlling the elec-
tron transfer. Various experimental methods have been
developed capable of directly monitoring the different
photophysical processes that when taken together give a
real-time view of the electron-transfer transition-state
region. For these studies GaAs (100) was selected as a
model system because it has well-characterized optical,
electronic, and electrochemical properties.!*

Figure 2 illustrates the complementary process of elec-
tron injection from a molecular system to a semiconduc-
tor at a dye-sensitized semiconductor surface. The initial
step is the photogeneration of the excited dye state to pre-
pare a molecular state near resonance with conduction
band states. A significant fraction of the excited electron
population is transferred or injected (1z;) into the semi-
conductor followed by carrier thermalization and subse-
quent trapping by defects (t15). Back electron transfer to
the parent cation is also shown as geminate recombina-
tion (1), however nongeminate recombination involving
electrons from other states can also occur. The overall
quantum yield for sensitization (or photoanodic current)
depends on the branching ratios between charge separa-
tion and these back transfer processes. As with the pho-
toemission case, a number of distinct photophysical
processes occur that control the electron transfer process.
Many of these processes occur on femtosecond time scales
and require ultrafast optical methods to study. Dye-sensi-
tized SnS, was chosen as an ideal surface to probe these
dynamics. SnS, is one of the few materials exhibiting high
quantum yields (> 80%) for electron collection effi-
ciency.'>'® The material is a chemically inert, layered, two-
dimensional semiconductor with optical properties
suitable to a variety of experimental techniques. Ideally,
one would like to study these dynamics at silver halide
surfaces but the very photochemistry responsible for the
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Figure 2. Photoinduced charge injection at a dye-sensitized semi-
conductor interface. Absorption of a photon prepares the system
in the first excited singlet state (S,) of the dye. The excited-state
electrons are then injected into the semiconductor (tg;). The en-
suing dynamics of thermalization (1), defect state trapping (1),
and back electron transfer or geminate recombination (14;) are
also shown. CBM, VBM, and D represent the conduction band
minimum, valence band maximum, and defect state level, respec-
tively. The case depicted here is the optimal one in which the
excited state lies above the conduction band. These energetics
represent the barrierless case for interfacial electron transfer.
In cases where the first excited state lies below the CBM, the
electron dynamics become dominated by the nuclear activation
barrier and one cannot extract information on the primary pro-
cesses and electronic factors. The case depicted gives the fastest
electron transfer dynamics for a given interface.

photographic process prevents repetitive sampling re-
quired by optical time-domain studies. The solution to
this problem is to conduct experiments at low tempera-
tures (< 120 K) to avoid photodecomposition.

Electron Emission

Field Transport: Electro-Optic Sampling of Surface
Fields. A semiconductor in contact with a redox solution
redistributes charge until the Fermi level of the semicon-
ductor is equal to the solution redox potential (or solution
Fermi level). This equilibration of the Fermi potential
across the interface leads to the formation of a junction
(liquid junction) in close analogy to a semiconductor/metal
Shottky junction.!” The space-charge region that develops
in the semiconductor regions (depicted by the curved bands
in Fig. 1) represents an enormous electric field (10 V/em
to 105 V/em depending on the doping level) that serves to
separate the photogenerated electron—hole pairs and
drives the minority carriers to the surface reaction plane.
For p-type materials, the electron is driven to the surface,
whereas for n-type it is the hole. During the transit time
across the space-charge region, the minority carrier is field
accelerated and gains momentum (as illustrated by the
straight line in relation to the curved band in Fig. 1). In
the absence of thermalization, the carriers pick up approxi-
mately 1 eV of excess energy and arrive at the surface
hot. The field acceleration determines the initial energet-
ics of the carrier distribution at the surface and can be
characterized by studies of carrier thermalization (below).
In addition to the above consideration, the transit time of
the carriers across the interface determines the upper limit
of the time resolution to the interfacial charge-transfer
dynamics. To completely resolve all the relevant dynam-
ics, the carrier arrival time into the surface reaction plane
should be shorter than the other dynamics of interest and
needs to be convolved with the other dynamical variables.

Ultrafast Studies of Imaging Processes

The problem is how to resolve the electron transport to
the surface. This process is expected to be extremely fast
and involves field-accelerated motion of only a few hun-
dred angstroms for typical space-charge widths.

A new technique was developed based on electro-optic
sampling. The basic idea behind this experiment is that
the carrier separation and field-assisted transport leads
to field amplitude changes in the space-charge region.!®2!
This point can be seen by considering Poisson’s equation
for the change in electric field, AE(x,?), i.e.,

0
AE(x,t) = Ego — (ﬁ)_{(’(p(x,t) - n(x,t))dx,

where Ey; is the built in space charge field, e is the funda-
mental unit of charge, € is the material dielectric constant,
€, is the permittivity of vacuum, n(x,t) is the electron car-
rier density, p(x,t) is the hole density, and x refers to the
direction along the surface normal with x = 0 defining the
surface position. At ¢ = 0, the electron and hole distribu-
tions overlap (n(x,t) = p(x,t)) and no change in the field
occurs. However, later the carrier distributions separate
and a change in field amplitude develops. These field
changes are directly related to the carrier transport and
can be followed through the electro-optic effect. To use the
electro-optic effect, the crystal must lack a center of sym-
metry and have some partial ionic character to the lattice
bonding. These properties make the crystal electro-optic
and are found in a rather large class of compounds includ-
ing the III-V and II-VI semiconductors. With these prop-
erties, the electric field changes couple to the lattice and
lead to the displacement of polar optical and acoustic lat-
tice modes that in turn lead to induced birefringence. In
essence, as the charge separates, a lattice distortion ac-
companies the change in charge distribution. By using
polarization-sensitive probes, the carrier transport to the
surface can be monitored directly.

The electro-optic method was developed for the analy-
sis of high-speed solid state devices where conventional
electronics do not have enough electrical bandwidth.!®
Typically, an electro-optic crystal is placed in the circuit
in a traveling wave configuration or an evanescent field
probe is used. In either case, the time resolution is lim-
ited by velocity mismatches between the propagation of
the electric field and the probe pulse. By optically inject-
ing charge in the space-charge region and monitoring the
field changes directly where they occur, it was possible
to avoid geometrical constraints on the time resolution.
Thus, the fundamental upper limit to the time resolution
for monitoring electric field transients was attained.* For
GaAs (100), this resolution limit is approximately 30 fs
(30 x 105 g) or 8-THz electrical bandwidth, which is de-
termined by the highest frequency optical phonon. This
time resolution is sufficient to follow ballistic electron
motion over 100-A-length scales, and applications in
studying ballistic electron devices may be possible in the
future. This general approach has also been used to study
the phonons?®* themselves and more recently to excite
surface phonons.??"

The general features of the experiment are shown sche-
matically in Fig. 3 in which the charge distributions are
correlated to the electro-optic-induced index of refraction
changes. The experimental setup is illustrated in Fig. 4.
Experimental details can be obtained elsewhere.?>? Rep-
resentative data are shown in Fig. 5 in which a n-GaAs
(100)/oxide junction was studied as a model system. The
rise time in the electric field, as monitored in reflection in
a pump—probe configuration, shows a 200-fs rise time for
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Figure 3. Schematic for electro-optic sampling. Figures 3 (a)
through 3(c) and Figs. 3(e) through 3(f) represent changes in the
sample at ¢t = 0 and 200 fs after optical excitation, respectively.
The space-charge region is designated by the dotted area at the
sample surface. (a) and (d) the distribution of electrons and holes,
(b) and (e) associated electric fields, and (c) and (f) electro-optic-
induced change in the index of refraction are illustrated. The
transport of minority carriers to the surface can be studied di-
rectly by using polarization-sensitive probes to monitor the
electro-optic-induced birefringence.

photocarrier injection conditions of 3 x 107 cm (or 3 X
102 photons/cm?). Because the charge displacement
changes the space-charge field, the carrier transport and
arrival statistics of the minority carriers at the surface
depend on the level of injection. This problem was ana-
lyzed in detail using an ensemble Monte Carlo approach
with a Poisson equation solver to simulate the field dy-
namics and calculate the corresponding carrier distribu-
tion.?8?5> These results are shown in Fig. 6. The
experimental results are in good agreement with the simu-
lation. Interestingly enough, only one fast dynamical com-
ponent was observed both experimentally and in the
simulations (at these excitation levels). The most simple
picture of the carrier transport would be field-accelerated
transport across the space-charge region followed by a
slower diffusive component for those carriers generated
spatially outside the field region. By analysis of the simu-
lation results, the separation of charge was found to cre-
ate a transient field that acts as a Coulombic barrier to
diffusion of the minority carriers from outside the space-
charge region toward the surface. At injection levels of
> 10'/cm?, this barrier is larger than kT and only one com-
ponent is observed. At lower injection one observes the
diffusive component, i.e., the transport to the surface is
actually slower (involves both field-assisted and diffusive
transport). At higher injection one observes only the field-
assisted transport component of the carriers initially gen-
erated within the space-charge region. This is an important
result as these conditions are the same as those used in
the electron-transfer studies (surface grating studies, de-
scribed below) and defines an operational time resolution
to the ensuing interfacial charge transfer of approximately
100 fs. This time resolution is fast enough to time resolve
all the relevant dynamics and for the first time enables

102 Journal of Imaging Science and Technology

PDA . DA

P2

72—t

D nry w
sample u M BC F1

B3

Mode Locked f e .
Cavity Dumsed Fitwer
Dye Laser Computer

Figure 4. Reflective electro-optic sampling experimental setup.
BS = beamsplitter, Scanner = PZT rapid scanner, A/2 = halfwave
plate, P1 and P2 = polarizers, BC = Babinet compensator, PDA
and PDB = photodiodes, D.A. = differential amplifier, and com-
puter = computer averaging system.
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Figure 5. Reflective electro-optic sampling data for n-GaAs (100)/
oxide interface (doping 7.8 x 10'7 cm=). The photocarrier injec-
tion level was 4 x 10" cm=. The electro-optic signal is shown in
addition to a 200-fs fit for the rise time.
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Figure 6. Monte Carlo simulation of optical excitation of GaAs:
excitation energy dependence. The potential versus time at vari-
ous excitation energies is shown. Note that the 590-nm injection
pulse simulation corresponds to the experimental conditions in
Fig. 5. Both the magnitude and dynamics are in relatively good
agreement with experiment.

dynamical measurements at surfaces for this problem,
which is free of transport limitations.

Charge Transfer. One of the most important funda-
mental issues related to interfacial charge transfer is the
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degree of electronic coupling between the extended (highly
delocalized) states of the solid state and the discrete elec-
tronic states of the molecular acceptor. The assumption
generally made is that the mixing between states is weak
and one can properly treat the problem using first-order
perturbation methods, such as are implicit in the use of
Marcus’, Gerischer’s, and other theoretical treatments.?6-3°
For conventional electrochemical studies, the observable
generally is treated as a steady-state current determined
by the rate-determining process of the entire electrochemi-
cal cell. In this case, the use of first-order perturbation
methods are justified. The spatial distribution of accep-
tors contributing to the current, electrode surface condi-
tions (contaminants), or energetics will invariably lead to
a rate-limiting step well approximated by weak electronic
interactions between the acceptors and the electrode sur-
face. However, these general trends do not mean that the
electronic coupling is fundamentally limited to weak cou-
pling conditions. It is clear from UHYV surface studies that
the electronic coupling between the surface and the mo-
lecular species can vary anywhere from chemisorption,
where the electronic mixing leads to bond formation, to
weakly physisorbed states.?'-3* Furthermore, Schmickler
has shown by using a quantum mechanical treatment
based on the Anderson-Newns model for adsorption and
typical electronic couplings found in self-exchange reac-
tions (homogeneous electron transfer) that electronic cou-
pling should be found more generally in the strong,
adiabatic coupling limit for heterogeneous electron trans-
fer.® If this is indeed the case, electron-transfer dynamics
could be extremely fast at surfaces rather than the slow
electron limit assumed by first-order treatments.

Determining which general limit best describes the de-
gree of electronic mixing at surfaces is extremely impor-
tant in fully optimizing interfacial charge transfer. For
example, if adiabatic coupling conditions can be designed
into interfacial systems, it should be possible to attain
66% solar-to-electrical conversion efficiencies in solar cell
designs.?® This theoretical upper limit is based on elec-
tron transfer occurring faster than carrier thermaliza-
tion such that energy is not lost to heat in the charge
transfer/separation. This issue has been a controversial
point and hinges on understanding a very fundamental
aspect of the surface-reaction coordinate: the degree of
wave-function overlap.

The most direct experimental probe of the relative de-
gree of electronic coupling is to study the interfacial charge-
transfer dynamics. The experimental challenge is to obtain
a probe of the fastest steps in the reaction coordinate and
not the rate-limiting process. To accomplish this goal, the
reaction has to be prepared at the adiabatic crossing point
so that nuclear-activation barriers do not dominate the
observed dynamics. Another way to understand this con-
ditional statement is that electronic coupling manifests
itself only at the adiabatic crossing point (and modifies
the nuclear-activation barrier under very strong coupling
conditions). The adiabatic crossing point is the transition
state region in the electron-transfer problem such that the
challenge is to access information on the barrier-crossing
dynamics in this region. However, this objective requires
less than 102 monolayer sensitivity for surface studies and
100-fs time resolution. It is this combination of high sen-
sitivity and time resolution that has prohibited signifi-
cant progress in the past.

Surface Grating Studies of Carrier Reaction Dy-
namics. The above electro-optic sampling studies illus-
trate that optically preparing a surface population of
reactive carriers within the prerequisite 100-fs time scale
is possible. In principle, one could monitor the disappear-
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Figure 7. Three-dimensional representation of the optical in-
tensity pattern produced at the sample surface by the interfer-
ence of two excitation pulses. Electron—hole pairs are generated
in this pattern leading to index of refraction changes and the
formation of a diffraction grating. The carrier dynamics are
monitored by diffracting a subbandgap probe off this grating.

ance of these reactive states or the appearance of prod-
ucts using pump/probe spectroscopies. However, the sen-
sitivity is not sufficient. A new method based on the
transient-grating approach was developed to get around
the sensitivity limitations of linear spectroscopies.?®3" This
method is an optical interferometric method. Two ul-
trashort, above-bandgap excitation pulses are made time
coincident and crossed at an angle to generate an inter-
ference pattern on the surface. This pattern becomes en-
coded on the surface in the form of electron—hole pairs
that modulate the index of refraction through free-carrier
intraband transitions. A 3-D representation of the grating
is shown in Fig. 7. The signal is derived from a third vari-
ably delayed probe beam diffracted off this grating image.
The probe wavelength is chosen to be well off the reso-
nance of the bandgap transition to selectively probe the
carrier population. The diffracted signal is spatially iso-
lated from all the other beams such that this experiment
is as close as one can get to zero background in an all-
optical experiment. This low background imparts the nec-
essary sensitivity to conduct surface studies
(signal-to-noise ratio is 1:1; 10* monolayer of reactive flux
is detectable).

The observable in the experiment is the diffracted probe
intensity n which is defined by

HO 1 1 @2
n=mg AN (z,t)dz[] ,
gon~, m*hE{ 5

where a is a constant that depends on the probe wave-
length and bandgap energy; AN(z,t) is the time-dependent
grating peak—null spatial variation in electron and hole
carrier number density parallel to the surface; z is the
distance along the surface normal; and m*, and m*, are
the effective electron and hole masses, respectively. This
equation is given to illustrate that the diffraction efficiency
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Figure 8. Experimental setup for surface-restricted transient
grating: D = variable optical delay, BS = 50/50 beamsplitter, C =
mechanical chopper, PD = photodiode, SCE = saturated calomel
reference electrode, and Pt = platinum counterelectrode.

n depends on the integrated (total) electron and hole car-
rier populations.

A key feature of the experiment is the explicit use of the
surface space-charge field to give a surface population or
surface grating component to the signal (as depicted in
Fig. 3 for the surface-population dynamics). By changing
the field polarity or type of doping and molecular acceptor,
selectively monitoring and assigning the carrier charge-
transfer dynamics to either electron or hole processes is
possible. The other feature of the experiment is that by con-
ducting a fringe-spacing dependence (by changing the angle
between the grating excitation/writing beams), it is pos-
sible to verify that the signal originates from mobile charge
carriers, i.e., carrier motion parallel to the surface contrib-
utes to the decay in the grating image. Large fringe spac-
ings typically are used to minimize this contribution to the
signal but it does serve as a useful diagnostic.

Surface-restricted grating spectroscopy was used to
study interfacial hole transfer at the n-GaAs (100)/Se %
aqueous liquid junction.® This system exhibits essentially
unit quantum yield for charge transfer and is one of the
few surfaces stabilized against oxidative photodegradation.
Most important, with minimal surface preparation, this
simple liquid contact exhibits ~15% solar energy conver-
sion efficiencies which for single junctions is comparable to
the best engineered solid state junctions. In addition, Se2
is a well-known hole acceptor. The energetics are nearly
isoenergetic with the valence band edge and Se? is strongly
physisorbed to the surface with close to monolayer cover-
age. These conditions are ideal for determining the de-
gree of electronic coupling achievable at semiconductor
surfaces, and this system serves as an important test case.

The general experimental set up is shown in Fig. 8 for a
three-beam configuration. Surface grating studies using
a more elaborate four-pulse sequence demonstrated that
interfacial hole transfer occurs with a 1/e time of 1 to 2 ps
(Fig. 9).3¢ This observation is the fastest resolved interfa-
cial charge transfer (emission case) measured to date. The
observed dynamics are faster than the diffusive
reorientational dynamics of the highly charged aqueous
double layer. Thus, the interfacial charge transfer is faster
than one of the main components in nuclear relaxation
along the reaction coordinate. In addition, the charge
motion across the interface occurs in competition with scat-
tering processes in the solid state that direct the electron
along nonreactive electronic surfaces (k£ and r space), i.e.,
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Figure 9. Grating studies of n-GaAs (100)/KOH aqueous liquid
junction. Pulse autocorrelation is shown at ¢ = 0. The solid de-
cay represents the case where Se?"! redox couple is present in
the solution. In comparison to the dashed decay representing
absence of the redox couple, a fast 1- to 2-ps decay component
exists that corresponds to hole transfer to the selenium acceptor.
In fact, in the absence of selenium, there is a slower rising com-
ponent attributed to the surface-state trapping of hole carriers.
The decay component is approximately 20%, which represents
the hole contribution to the signal.

various scattering mechanisms displace the carrier both
spatially and energetically away from the reaction saddle
point. The fact that the dynamics are very close to even
the fastest solvent relaxation modes illustrates that elec-
tronic coupling can occur in adiabatic regimes. This find-
ing constitutes a new conceptual basis for engineering
interfaces and is consistent with Schmickler’s analysis of
the interfacial electronic coupling. This finding also illus-
trates that conventional treatments of interfacial charge
transfer using the assumption of weak coupling are not
valid for photoinduced charge-transfer processes. Higher
order theories are clearly needed. The most important
single message from this work is that interfacial charge-
transfer processes can be extremely fast (picosecond to
femtosecond time scales) if the interface energetics are
fully optimized.

Time Correlated Single Photon Counting Studies
of Surface Quantum Wells. Time-correlated single-pho-
ton counting is a well-established technique to measure
fluorescence decays.®® It is one of the most sensitive pho-
ton detection techniques offering time resolution down to
10 ps. In addition, with proper use of a standard, the tech-
nique enables determination of absolute quantum yield
as well. Single-photon counting is based on the concept
that the probability distribution for emission of a single
photon after an excitation event yields the intensity ver-
sus time distribution of all photons emitted due to that
excitation. This probability distribution is obtained by
sampling a single-photon emission following a large num-
ber of excitations.

The experimental apparatus is shown in Fig. 10. Time
resolution is obtained by timing a fluorescence photon with
respect to the excitation pulse. A picosecond laser pulse
provides a trigger signal as well as optical excitation for
the sample. The trigger pulse is detected with a photo-
diode and directed to a time-to-amplitude converter (TAC)
as a “start” pulse to initiate charging of a capacitor. Mean-
while, the sample is excited and subsequently fluoresces.
This fluorescence is collected such that at most one pho-
ton is detected for each excitation event. Detection is usu-
ally performed with a microchannel-plate-photomultiplier
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Figure 10. Experimental setup for time-correlated single-pho-
ton counting. BS = beamsplitter, MCP-PMT = microchannel plate
photomultiplier tube, CFD = constant fraction discriminator, TAC
= time-to-amplitude converter, and MCPHA = multichannel pulse
height analyzer.

tube (MCP-PMT), and the signal is routed through vari-
ous electronics to the TAC as a “stop” pulse to halt the
charging ramp. The TAC then generates an electrical pulse
proportional to the charge of the capacitor and, hence, the
time difference between the start and stop pulses. Subse-
quently, a count is stored in the appropriate time channel
in a data file. This process is repeated to build up a histo-
gram of counts versus time. The instrument response is
deconvolved from the data by collecting a time profile of
the excitation pulse scattered off the sample. Ultimately,
the instrument response is limited by the electron transit
time spread between the photocathode and the MCP as
well as the electron pulse spread during the multiplica-
tion process.?® By using the PMT as a timing device, single-
photon counting eliminates many of the distortions
associated with photomultiplier detection and accompa-
nying electronics. In addition, amplitude jitter is inconse-
quential as long as the pulse shape remains constant.
These factors give single-photon counting the advantages
of digital signal processing. Further, as this technique re-
quires low emission intensity, it has become popular for
probing weakly emitting samples.

This method does not have the time-resolution capabili-
ties of the surface grating approach (~10 ps) but has com-
parable sensitivity. The main problem in radiative probes
is that radiative recombination is blocked by surface fields
such that surface dynamics are generally inaccessible. To
get around this problem, surface quantum wells were used
so as to ensure electron and hole wavefunctions overlap
and radiative recombination selectively occurs at the sur-
face. In this manner, the radiative lifetime of GaAs struc-
tures in contact with a molecular acceptor has been
studied.***! Electron transfer manifests itself by quench-
ing the photoexcited population and, hence, altering the
decay of the radiative recombination. The electron-trans-
fer cross section for electron transfer from the semicon-
ductor to a molecular acceptor can be obtained by observing
the change in the radiative lifetime as a function of the
acceptor concentration at the surface. The GaAs (100) sur-
face quantum well samples are shown schematically in
Fig. 11. Here confinement results from a heterojunction
with Al ,Ga, ;As (100) on one side and the sample surface
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Figure 11. Schematic of GaAs (100) surface quantum well struc-
tures. The individual layers and corresponding thickness are
shown on the left, while the associated energy is on the right.
The CBM (conduction band minimum), VBM (valence band maxi-
mum), and Ey,. (vacuum level) for GaAs are shown.

on the other side. This structure was specially engineered
to eliminate transport effects from the dynamics and was
fabricated by molecular beam epitaxy (MBE)*2 to provide
a high-quality surface important in minimizing surface
defects. The surface consisted of either 75-A or 200-A GaAs
(100) capped with a layer of amorphous As to prevent oxi-
dation of the GaAs surface quantum well. This As cap was
removed by heating the sample to 400°C for 15 min under
high vacuum (107 torr) in a stainless steel cell prior to
each experiment. This provided a clean surface with rela-
tively few surface states for the ensuing experiments.

The above surface grating studies illustrated that charge
transfer to strongly physisorbed acceptors is fast and es-
sentially adiabatic. In electrochemistry, weakly physisorbed
outer-sphere acceptors are usually employed for better mass
transport and higher currents. Since this class of acceptors
is weakly bound to the surface and potentially solvent sepa-
rated from the surface, the electronic coupling is expected
to be less than that for strongly physisorbed acceptors such
as Se 2. The aim of this study was to observe electron trans-
fer in situ from GaAs to weakly physisorbed acceptors
(outer-sphere acceptors) and thereby determine which re-
gime of electronic coupling comes into play for this impor-
tant class of acceptors. In these experiments, the GaAs
quantum well was kept in contact with a well-known outer-
sphere molecular acceptor: ferricenium tetrafluoroborate
(Fc*BF47) in acetonitrile. The GaAs (100) quantum well fluo-
rescence decay was monitored while the quantum well in-
terface was exposed to various concentrations of ferricenium
(Fig. 12). Relative to the controls, the photoluminescence
decay became about 30% faster in the presence of 102 M
Fc*,indicating that the electrons in the semiconductor were
being depleted quicker. Hence, more concentrated solution
increases the branching ratio of the electron transfer chan-
nel to the molecular acceptor. The coupling between the
extended band states and discrete molecular states must
be appreciable to affect the photoluminescence decay rate.
An estimate of the electron capture cross section is in the
range of 107 to 107'® cm=2, which indicates that photoin-
duced charge transfer can also approach adiabatic coupling
for even outer-sphere acceptors.

Carrier Thermalization. Photogenerated hot,
nonequilibrium carriers thermalize rapidly via various
mechanisms where impurities, defects, phonons, and
charge carriers themselves are scattering sources. These
dynamics are critical to interfacial charge transfer as they
offer a competing reaction pathway to charge transfer and
also serve to localize the charge in the solid state half space.
Further, thermalization represents hot-carrier energy loss.
Boudreaux, Williams, and Nozik proposed a hot electron-
transfer model for semiconductor/electrolyte junctions
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Figure 12. Single-photon counting studies of GaAs (100) 75
A/Fc*0 interface. Concentration dependence of the photolumi-
nescence decay is shown. The lifetime reduction at higher con-
centration (102 M, dotted line) is attributed to an increase in the
branching ratio of the electron transfer channel. On reinserting
the dilute solution (10 M, solid line), the decay returns close to
the original dashed-line decay showing that the ferricenium ac-
ceptors weakly physisorb to the surface owing to their outer
sphere nature.

where minimizing thermalization energy loss enhances the
maximum theoretical conversion efficiency to 66%, double
that of an all solid state junction.?®® This model has been
much debated because it requires electron transfer to oc-
cur faster or at least in competition with electron relax-
ation. Hence, measurement of the dynamics and energetics
of carrier relaxation are crucial to determining the feasi-
bility of this model.

Recent experiments have optically probed semiconduc-
tors to examine relaxation dynamics. Transient trans-
mission,**7 transient reflection,*® time-resolved
luminescence,*-%? and degenerate four-wave mixing?3-6°
spectroscopies have been applied to this problem and have
yielded valuable information. However, they cannot di-
rectly access hot-carrier dynamics relevant to surface pho-
tochemistry. In this respect, electrons with excess energies
of ~1 eV (comparable to field-accelerated electrons), within
the first 100 A need to be probed. The above techniques
measure changes in the optical properties of the sample
and relate these to electron dynamics that are not well
defined for high energies. The photoluminescence meth-
ods also lack the time resolution and/or sensitivity to ac-
cess these electrons. In addition, most of these techniques
are limited to probing bulk processes whereas at the sur-
face, the dynamics can be significantly altered due to bro-
ken symmetry (which affects the local density of states
and perturbs the phonon distribution) and the relatively
high defect density arising from surface states. Time-re-
solved electron photoemission overcomes these shortcom-
ings and is currently the technique of choice to time and
energy resolve electron dynamics at surfaces.

Time-resolved two-photon photoemission is basically a
pump—probe technique (Fig. 13). The first photon hv,
(pump) excites an electron from the valence band into the
conduction band creating a density of photoexcited elec-
trons. A variable time later, the second photon hv, (probe)
further excites these electrons above the vacuum level from
where the charge carriers are detected. By knowing the
photon energies and the electron affinity of the semicon-
ductor, the photoemitted electrons can be directly mapped
on to the excited electron distribution Hence, the popula-
tion of an intermediate state is monitored and by varying
the time between the pump and probe pulses, the lifetime
of that state can be extracted. Using femtosecond pump
and probe pulses provides femtosecond time resolution.
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Figure 13.Simplest representation of two-photon photoemission
spectroscopy. CBM, VBM, and Ey,. denote the conduction band
edge, valence band edge, and vacuum level, respectively, with
bandgap, Eg. The electron distribution that is excited above the
vacuum level is detected with an electron analyzer. This tech-
nique enables monitoring the population of a given energy level
in the conduction band.

Surface sensitivity is automatically achieved by detecting
photoemitted electrons; only the electrons within the es-
cape depth of the sample can be measured. This escape
depth is material dependent and is of the order of 100 A
for GaAs. Hence, time-resolved two-photon photoemission
allows simultaneous measurement of the dynamics and
energetics of electron relaxation with high surface sensi-
tivity. This has been applied to the measurement of elec-
tron relaxation at semiconductor as well as metal
surfaces.t% The obvious drawback of time-resolved pho-
toemission is the requirement of ultrahigh vacuum condi-
tions to detect electrons.

We have utilized time-resolved two-photon photoemis-
sion, with 10 to 15-fs time resolution and 0.1 to 0.2-eV
energy resolution, to study both bulk GaAs (100) and sur-
face quantum well systems (described earlier in this re-
port, Fig. 11). Decapping the quantum wells under
ultrahigh vacuum conditions provided a pristine surface
with minimal surface states. The experimental schemat-
ics of the setup are shown in Fig. 14. The setup consists
primarily of a femtosecond laser system and an ultrahigh
vacuum chamber equipped with a hemispherical energy
analyzer. Experimental details are provided elsewhere.%
At high excitation energies (2.0-eV case) the dynamics are
considerably fast, around 60 fs, and are well described by
a single exponential. However, as the energy decreases
the decay becomes more Gaussian indicating the presence
of an electron source term. This was the first direct obser-
vation of the cascading mechanism. This mechanism is
most prevalent at intermediate and low excess energies
whereby electrons relax from higher energy states to popu-
late the lower lying intermediate and low-energy states.
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Figure 15. Excited-state dynamics as a function of energy. The
device-grade bulk GaAs exhibits considerably fast relaxation even
at low-excitation energies (100 fs at 0.4eV) and is similar to that
of metals at high energies (20 fs at 2.0 eV). For the 200-A QW,
the lower defect density in the MBE-grown sample slows down
the dynamics at lower energies (450 fs at 0.3 eV) and with in-
creasing energy the electron lifetime decreases approaching that
of the bulk material.

These lifetimes are depicted as a function of energy of the
electron distribution in Fig. 15. These experiments were
also performed on melt-grown device-grade GaAs (100)
samples (Fig. 15). The dynamics were several times (ap-
proximately 5) faster than for the MBE-grown quantum
wells ranging from 100 to 10 fs.

The main result of these experiments was that electron
relaxation at GaAs (100) surfaces is a femtosecond pro-
cess that shows significant material-quality dependence.
With respect to the branching ratio or potential for using
hot electrons, this work has now fully characterized elec-
tron relaxation at surfaces. It is clear from considering
the interfacial dynamics discussed above that for low-de-
fect surfaces, the hot electron-transfer channel can become
competitive with electron relaxation—thereby enabling a
future generation of highly efficient solar cells harvesting
hot as well as thermalized electrons.

Electron Injection

The complementary process to electron emission is elec-
tron injection from a molecular species to a semiconduc-
tor. Dye sensitization has proven to be a molecular system
that is efficiently probed optically. In recent years, much
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Figure 16. Time-resolved fluorescence from oxazine obtained
with time-correlated single-photon counting. The slower decay
corresponds to the dye on an inert cellophane substrate while
the lower biexponential decay is from oxazine on SnS,. Integra-
tion yields a fluorescence quenching ratio of (9 £ 5) x 10*.

work has been done on electron injection at dye-sensitized
semiconductor surfaces using a variety of semiconduc-
tors.®-80 However, in most of these studies, electron injec-
tion rates ranging from 50 to 2000 ps have been measured.
These slow rates are probably a consequence of weak elec-
tronic coupling between the dye and the substrate due to
poor surface quality and high surface state density.

In this regard, SnS, has excellent surface properties.’!
SnS, is a flat, atomically smooth, layered semiconductor
with few surface states. By virtue of its 2-D nature, bonds
are terminated in each layer leading to a chemically inert
surface. The high surface quality enables strong electronic
coupling between the sensitizing agent and the semicon-
ductor, without the interference of surface-state processes
with direct electron injection. This is reflected in high
quantum yields, close to 80% for electron transfer and col-
lected current at SnS, surfaces.®! In addition, the large
2.2-eV indirect bandgap facilitates exclusive excitation of
the dye-sensitizing agent such that the molecular excited
state is isoenergetic with the electronic states of the con-
duction band.

Oxazine-1-sensitized SnS, was chosen as a model pho-
tosensitized system to probe electron injection. This dye
has negligible dimer formation even at fairly high concen-
trations which permits strong coupling at the interface
without complications arising from dimer formation.?? The
oxazine ground state is midgap in energy and its first sin-
glet state is approximately 0.35-eV above the conduction
band edge leading to barrierless electron injection. It is
desirable to measure both forward as well as backward
electron-transfer rates to fully understand the high quan-
tum yields at SnS, surfaces.

Fluorescence decays and quenching rate were measured
with the time-correlated single-photon counting method
described above.®® Oxazine fluorescence was monitored on
an inert reference substrate, cellophane tape, as well as on
SnS, (Fig. 16). The former yielded a single exponential de-
cay with a 2.6 £ 0.1 ns lifetime. The more complex decay
curve of oxazine on SnS, was fit to a biexponential decay
comprised of a fast instrument-limited 40-ps time constant
and a longer 900 + 100 ps decay. The longer decay exhib-
ited concentration dependence and virtually disappeared
at low coverage. This component was attributed to fluores-
cence from dye molecules that were weakly adsorbed or
weakly electronically coupled to the surface. The fast in-
strument-limited decay was ascribed to the signal from
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Figure 17. One-color pump-probe transient absorption experi-
ment in reflection: experimental layout. 2w = frequency doubling
crystal, BS1 and BS2 = beamsplitters, 70% transmissive, Galva
= galvanometer delay, PD = photodiode, and DA = differential
amplifier.

molecules strongly coupled to the surface indicating that
the electron injection rate is significantly faster than 40 ps.
This decay component was unresolved but an estimate of
the excited state lifetime was made by determining the fluo-
rescence quantum yield, using the radiative rate as an in-
ternal clock. Studies of the integrated fluorescence intensity
yielded a quenching factor of (9 £ 5) x 10%. Assuming elec-
tron injection was the only additional nonradiative chan-
nel, this value implied a time constant of 40 + 20 fs for
electron transfer from the excited singlet state of oxazine
into the conduction band of SnS,,.

To follow the carrier dynamics in real time and monitor
the ground state recovery of oxazine (back electron trans-
fer), a one-color pump—probe transient absorption measure-
ment in reflection was performed on oxazine-sensitized
SnS,.% The back electron transfer is essential to deter-
mining the overall photocurrent yield. The experimental
setup is shown in Fig. 17. The pump photon excites the
dye molecules to the first excited singlet state partially
photobleaching the absorption while the probe photons
sample the same absorption. The absorption reflects the
ground-state population of the sensitizing agent and,
hence, allows measurement of the ground-state recovery
when oxidized dye molecules and electrons from the semi-
conductor recombine. To directly monitor the transient ab-
sorption of a dye on a surface in this manner represents a
challenge to attain the requisite sensitivity. The key tech-
nological advance that enabled these measurements was
the use of a rapidly scanning galvanometer for high-speed
data acquisition. This approach eliminated the dominant
low-frequency laser noise from the experiment, and de-
tection limits of less than 2 x 107 changes in probe trans-
mission were possible.

Representative results are shown in Fig. 18. The signal
appeared only when SnS, was sensitized. Hence, the sig-
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Figure 18.Ground-state recovery of oxazine on SnS, probed with
one-color pump-probe transient absorption spectroscopy in re-
flection. The decay has a fast 10-ps component corresponding to
back electron transfer from the semiconductor to the dye. There
is also a longer position-sensitive component with time constant
of several hundred picoseconds and relatively small magnitude.
This is ascribed to the ground-state recovery of less strongly
coupled dye molecules. The changes in probe transmission are
on the order of 10-%. This small signal detection is made possible
with the galvanometer that permits the collection at repetition
rates between 1 to 100 Hz and eliminates the dominant low-fre-
quency laser noise below 1 to 10 Hz.

nal was assigned to the bleaching of the ground-state ab-
sorption of oxazine by the pump pulse while the decay cor-
responded to the ground-state recovery. The dominant
feature was a fast, approximately 10 ps, decay that ap-
peared to be the ground-state recovery time. As these dy-
namics were significantly slower than the fluorescence
quenching, the possibility of energy transfer to surface-
state traps was eliminated. This finding further supports
the assignment of the short (~40 fs) excited state lifetime
to electron transfer.

The most important feature of the above experiment is
that both the decay of the reactant state (via fluorescence
quenching) and the product state were observed. In the
latter case, the product is the parent cation that creates a
bleach in the ground-state absorption. If the short excited
state lifetime inferred from these studies was due to en-
ergy transfer rather than electron transfer, the ground-
state recovery would have been the same as the excited
state decay (i.e., < 100 fs). The fact that the ground-state
bleach is observed in the presence of a short-lived excited
state, with a high quantum yield for photoinjection,
strongly supports assigning the dynamics to interfacial
charge transfer. These studies were the first to attain di-
rect observation of submonolayer excited-state dynamics
at a single crystal surface and were only possible with the
advent of data acquisition methods to reduce the laser
noise contributions to the signal. Similarly, fast dynamics
have been observed for dyes on colloidal TiO, where the
excited-state and cation parent transient absorption spec-
trum have also been measured.* The TiO, system has the
advantage of a large surface area that reduces the sensi-
tivity requirement by several orders of magnitude. The
problem with this system is that it is not a single crystal
surface but highly amorphous. The surface is really not
defined and a wide range of dynamics have been reported.
Colloidal TiO,, however, harbors tremendous potential as
a new solar cell material and a great deal of work has
been devoted to understanding charge-transfer processes
at this surface.

Note that the electron-transfer dynamics as inferred
from the SnS,/oxazine model system are extremely fast
(~40 fs); faster than conventionally thought possible. Nor-
mally, electron transfer can not proceed faster than the
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Figure 19. Pump-probe scan of SnS, using time-resolved two-
photon photoemission at room temperature for orthogonal polar-
ization of the pump and probe beams. This scan represents the
electron population 2.7 eV above the valence band maximum.
The data were fit to yield a relaxation lifetime of 25 fs.

nuclear relaxation along the reaction coordinate, i.e., faster
than the nuclear motion needed to decouple the two elec-
tronic states undergoing electron exchange. This condi-
tion is only reached if and only if the electronic coupling is
such that the electronic coordinate equilibrates faster than
the nuclear motions (adiabatic limit). Dynamics in the
range of 40 fs are generally considered to be faster than
the key nuclear motions that dominate the reaction coor-
dinate. However, it was shown to 4th order that for a dye
in contact with a surface, the electronic continuum serves
the same role as the nuclear relaxation in localizing the
electron in the product channel (in this case, the conduc-
tion band).®° The electron-transfer process can be purely
electronic, and for dye molecules with excited state levels
above the CBM, the electron-transfer dynamics give a di-
rect probe of the electronic coupling. (For levels below the
conduction band, a nuclear-activation barrier exists such
that the dynamics become determined by the activation
process and not the electronic coupling.) Extremely fast
electron-transfer dynamics from other systems have been
observed that further support this concept.”

The above ultrafast dynamics also suggest extremely
fast electronic dephasing in the solid state occurs that is
faster than typical nuclear relaxation. For SnS,, this has
indeed been the case, electron dephasing at room tempera-
ture in semiconductors is usually determined by electron—
electron scattering and is usually less than 100 fs
(scattering time) for typical conditions. In the case of SnS,,
not only does fast electron dephasing occur but also ex-
tremely fast electron thermalization (inelastic scattering
process), fast enough to accommodate fast electron-trans-
fer dynamics as suggested above. Representative results
are shown in Fig. 19 for femtosecond photoemission stud-
ies of electron relaxation in this material. The electron
thermalization dynamics occur within 20 to 60 fs, which
is highly unusual. These relaxation dynamics are nearly
the same as metals and most likely reflect the 2-D nature
of the material (new channels occur through coupling to
2-D plasmons between layers.)??

This is an interesting set of observations which as in the
case of n-GaAs (100) has now given us a complete descrip-
tion of the operating dynamics at SnS, interfaces. Currently,
the exact energetics of the dye-excited state relative to the
CBM need to be determined since different dynamics are
reported for different dyes.”™8 This information will help
rationalize the differences. Regardless, the new concepts
involving a purely electronic coordinate and the associated
time scales for the operating dynamics at dye-sensitized
semiconductor surfaces give a new fundamental basis for
examining and optimizing imaging processes.

Ultrafast Studies of Imaging Processes

Summary and Future Outlook

Time-domain spectroscopies were utilized to probe sur-
face reaction dynamics and characterize interfacial elec-
tron transfer, the fundamental process triggering virtually
all light-driven imaging technologies. The study of the pri-
mary processes controlling the efficiency of interfacial
charge-transfer dynamics required ultrafast optical experi-
ments with high surface sensitivity. Two complementary
initial conditions for electron transfer at surfaces were ex-
perimentally investigated. The GaAs/electrolyte model sys-
tem was used to study electron emission (where the
electron is optically prepared in the solid state and trans-
ferred to molecular acceptors on the liquid half space of
the interface). On the other hand, dye-sensitized SnS, sur-
faces were studied to follow electron injection (where the
electron is initially localized on the molecular donor and
injected into the semiconductor). Essentially all the
photophysical processses controlling the electron-transfer
coordinate for these two model interfaces were character-
ized near or at the reaction saddle point. These dynamics
are summarized in Fig. 20.

As appreciated from Fig. 20, we now have a fairly com-
prehensive real-time view of interfacial electron transfer.
In this endeavor, several new spectroscopies were devel-
oped that have gained access to certain aspects of the elec-
tron transfer reaction coordinate inaccessible with
conventional methods. Now possible is the observation of
the fastest processes controlling efficiency and product dis-
tribution of interfacial electron transfer rather than just
the rate-limiting processes. In essence, the time-resolution
limits are now in the 10- to 100-fs range such that even the
transition-state processes of barrier crossing can be followed,
i.e., the fundamental upper limit to the electron-transfer
dynamics can be studied. In many cases, the observed dy-
namics are in a range where we need to recalibrate our
thinking about the operational time scales of the primary
processes controlling interfacial electron transfer. This com-
ment is made with respect to both nuclear and electronic
factors. In the case of nuclear factors, we now know that
the solvent coordinate contains nondiffusive components
in the 100-fs range that contribute substantially to nuclear
relaxation.*84% This motion is nearly an order of magni-
tude faster than expected based on continuum treatments
of dielectric relaxation to model the solvent motion along
the reaction coordinate. With respect to electronic factors,
the most important information gained from the studies of
the electron emission at GaAs (100)/electrolyte interfaces
is that the charge-transfer process can occur on time scales
consistent with adiabatic coupling conditions between the
band states and the discrete molecular acceptors at the in-
terface. This condition holds true for both strongly and
weakly physisorbed outer-sphere acceptors. These obser-
vations indicate that the electron probability distribution
of the solid state wave function penetrates sufficiently past
the first solvent layer to yield strong mixing conditions with
molecular acceptors (providing the energetics are optimal)
within the double layer. Consistent with this view, extremely
fast electron-injection dynamics were observed for weakly
physisorbed dyes at SnS, interfaces (oxazine reversibly
adsorbs to SnS, surfaces). The dynamics in this case were
in a range faster than the relevant nuclear relaxation pro-
cesses (i.e., adiabatic) and illustrated that the electron could
be transferred or localized in the solid state through purely
electronic processes.

The single most important finding from these collective
works is that interfacial electron-transfer processes can
occur in the picosecond to subpicosecond time domain in a
range consistent with adiabatic coupling conditions, which
is a major departure from conventional treatments of this
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Figure 20. A. Photophysical processes for electron emission (n-
GaAs (100)/Se?'aqueous liquid junction). Electron transport has
been characterized by electro-optic sampling indicating that car-
riers are accelerated from within the space-charge region to the
surface in 200 fs (Tgans) @and arrive hot at the surface. The ener-
getics and dynamics of electron relaxation has been determined
with femtosecond two-photon spectroscopy (Try). For electrons
with 1 eV of excess energy, the relaxation is exceedingly fast (<
100 fs). Surface-restricted transient grating spectroscopy probed
the subsequent interfacial charge transfer (t1y;) and measured
these dynamics to occur in 1 to 2 ps, approaching time scales
associated with adiabatic coupling (which defines the upper limit
to electron transfer dynamics for electron emission). In competi-
tion with this direct charge transfer step is that of surface-state
trapping (1) which is dynamically limited to time scales longer
than 1 ps by carrier cooling. The nuclear relaxation processes
(Tgr), mainly determined by the solvent coordinate, involve
nondiffusive motions (<100 fs) and diffusive reorientational wa-
ter motions (>3 ps, high ion concentration of double layer) plac-
ing the observed dynamics in the adiabatic limit. Similar electron
transfer cross-sections have been obtained for GaAs in contact
outersphere reagents, indicating that adiabatic conditions can
be reached for both weakly and strongly physisorbed acceptors.
B. Photophysics for electron injection (SnS,/oxazine). Single-pho-
ton counting and integrated fluorescence studies of oxazine-sen-
sitized SnS, have indicated extremely fast electron transfer times
(tgp) of 40 fs. Here the quasi continuum of the solid state serves
to localize the electron in the product channel. Two photon pho-
toemission studies on SnS, have shown extremely fast electronic
dephasing and relaxation (down to 20 fs). The short lifetime ob-
served for oxazine is consistent with this concept and provides a
direct measurement of the electronic coupling. This finding il-
lustrates that for even weakly physisorbed acceptors the elec-
tronic coupling can be in the adiabatic limit, consistent with
similar observations for electron emission. The subsequent back
electron transfer (14), resolved with surface-sensitive transient
absorption spectroscopy, had multicomponents from 10 to 100 ps.
This relatively slow back transfer partly explains the large quan-
tum yield for electron separation at this surface.
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process. Note, however, determining whether the degree
of electronic coupling is sufficient to modify the nuclear-
activation barrier is not possible. The above picture can
still be supported within a weakly adiabatic description
of the electron-transfer coordinate.*® Nevertheless, these
observations illustrate that photoinduced electron-trans-
fer processes are not determined by the same factors that
control electrochemical processes. The involvement of a
photon in the process promotes the system much farther
from equilibrium than thermal fluctuations near the Fermi
level of a metal electrode. In the photoinduced case, mol-
ecules in direct contact with the surface, and strongly
mixed with the band states, determine the electron-trans-
fer observables. One cannot simply apply the weak-cou-
pling assumption used in conventional treatments of
interfacial charge transfer in electrochemical processes to
the photoinduced electron-transfer processes involved in
imaging. More rigorous theoretical treatments of the in-
terfacial reaction coordinate are required to understand
these implications fully.

From a practical standpoint, this new insight into in-
terfacial charge transfer may lead to new approaches for
maximizing the charge-separation efficiency based on
semiconductor/molecular (donor/acceptor) architectures.
For example, the electron-emission dynamics taken to-
gether with the studies of carrier thermalization illustrate
that interfacial charge transfer can occur on time scales
competitive with carrier thermalization. This finding sup-
ports the general ideas behind the hot-carrier model for
solar cell designs that avoid heat loss in the overall con-
version efficiency.? With respect to electron injection, the
electron dynamics are fast enough to be promoted purely
by electronic factors where solid state scattering and ther-
malization assist the charge separation. Prior to the de-
velopment of femtosecond laser spectroscopies capable of
following these processes, solid state dynamics were al-
ways treated as being too fast and decoupled from the prob-
lem. With these latest advances, we now see that hybrid
semiconductor/molecular interfaces can be designed to
have properties and dynamics approaching all solid state
interfaces. New approaches to optimally engineering in-
terfaces to exploit and control the electronic and nuclear
factors controlling the overall efficiency are foreseeable.

A whole battery of new techniques have been developed
to address different aspects of the interfacial electron-
transfer reaction coordinate. These methods in conjuction
with other time-domain approaches should serve as use-
ful tools in fully understanding interfacial systems and
refining our control over their properties. As can be seen
from Fig. 20, virtually all the relevant dynamics and
photophysical processes controlling imaging process can
now be probed with 100-fs time resolution and high sensi-
tivity. In addition, femtosecond laser technology has ma-
tured to the point that reliable commercial systems are
now available such that the laser technology should no
longer represent an impediment to extending these stud-
ies to other systems. A clear future direction for this re-
search is to extend this work to obtain a real-time view of
the photophysical and photochemical processes involved
in the imaging process—a real-time view of the photo-
graphic process in silver halides. This is one of those “holy
grails” of science. With the large number of model dye sys-
tems and interfacial energetics available from photo-
graphic research, work in this area may ultimately lead
to a fully quantum description of interfacial electron trans-
fer at surfaces. In this regard, the technical motivation
for understanding the photographic process in detail may
lead to our most fundamental understanding of heteroge-
neous electron transfer, in general. A&
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