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Microgravity enables us to venture into the
regime of unprecedented long time evolution
of the BEC up to 1 s (Fig. 4, B and D) with our
setup. Our measurements reveal the above-
mentioned suppression of the expansion in the
x direction. Although our theory (black solid
curves) predicts a linear growth, we observe a
saturation. In addition, the observed widths in
the z direction are larger than expected.

The origin of both deviations can be traced
back to the fact that, during the expansion phase,
the atoms are in the ' = 2, my = 2 hyperfine
state. Because of the long expansion times, these
deviations represent a sensitive probe of tiny mag-
netic field gradients and curvatures. By includ-
ing magnetic field curvatures on the order of a
few microtesla per square millimeter in our sim-
ulation (black dotted curves), we are able to pro-
vide a qualitative explanation of the observed half
widths. A coherent transfer of the BEC into the
magnetically insensitive hyperfine state F* = 2,
mp = 0 would avoid the influence of parasitic
effects, and the implementation of this transfer is
currently under way.

We anticipate a multitude of new research
directions for ultracold, dilute quantum gases
in free fall. A spin-off from our experiment is
the possibility of preparing an extremely dilute
wave packet at the lowest energy scales. This
limit is difficult to reach in standard BEC ex-

periments but is relevant for the observation of
quantum reflection (25) or Anderson localiza-
tion (26, 27). Future atom interferometers in
space will probe the boundary between GR
and QM.
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Hot-Electron Transfer from
Semiconductor Nanocrystals

William A. Tisdale,* Kenrick ]J. Williams,?>* Brooke A. Timp,? David ]. Norris,*t

Eray S. Aydil,*1 X.-Y. Zhu®3*t

In typical semiconductor solar cells, photons with energies above the semiconductor

bandgap generate hot charge carriers that quickly cool before all of their energy can be
captured, a process that limits device efficiency. Although fabricating the semiconductor in a
nanocrystalline morphology can slow this cooling, the transfer of hot carriers to electron and
hole acceptors has not yet been thoroughly demonstrated. We used time-resolved optical
second harmonic generation to observe hot-electron transfer from colloidal lead selenide
(PbSe) nanocrystals to a titanium dioxide (TiO,) electron acceptor. With appropriate chemical
treatment of the nanocrystal surface, this transfer occurred much faster than expected. Moreover,
the electric field resulting from sub—50-femtosecond charge separation across the PbSe-TiO,
interface excited coherent vibrations of the TiO, surface atoms, whose motions could be

followed in real time.

standard silicon solar cell in use today is

limited to ~31%, in part by the loss of any
photon energy that exceeds the semiconductor
bandgap (/). Absorption of high-energy photons
creates hot electrons and holes that cool quickly
(within ~1 ps) to the band edges by sequential
emission of phonons. There the carriers remain
for hundreds of picoseconds or longer before
slower processes such as radiative or nonradia-
tive recombination occur. The goal of standard

The maximum theoretical efficiency of a
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solar cells is to extract these band-edge electrons
and holes to produce electrical current. However,
because of the initial cooling process, a substan-
tial amount of solar energy has already been
irreversibly lost. If instead, all of the energy of the
hot carriers could be captured, solar-to-electric
power conversion efficiencies could be increased,
theoretically to as high as 66% (2). We can en-
vision the realization of such a hot carrier solar
cell in a semiconductor device where scattering
among photoexcited electrons and reabsorp-

tion of additional photons in the conduction
band is faster than hot-electron cooling, result-
ing in a quasi-equilibrium characterized by an
electron temperature much higher than the lat-
tice temperature. This is coupled with equally
fast hot-electron transfer to an electron conductor
in a narrow energy window (to minimize addi-
tional energy loss in the latter). The same argu-
ment applies to the holes.

A potential route to the above hot carrier
solar cell is to use semiconductor nanocrystals,
or quantum dots (3). In these materials, the
quasi-continuous conduction and valence en-
ergy bands of the bulk semiconductor become
discretized owing to confinement of the charge
carriers. Consequently, the energy spacing be-
tween the electronic levels can be much larger
than the highest phonon frequency of the lattice,
creating a “phonon bottleneck” in which hot-
carrier relaxation is only possible via slower
multiphonon emission (4). For example, hot-
electron lifetimes as long as ~1 ns have been
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observed in quantum dots grown by molecular
beam epitaxy (5). Even in colloidal quantum
dots, which are coated with surfactant molecules
that provide additional high-frequency vibrations
for carrier relaxation, long lifetimes have been
demonstrated through careful design of core-
shell structures and control of interfaces (6).
Such slowing of electron relaxation in core-shell
quantum dots has recently been shown to allow
the tunneling of hot electrons through the shells
to surface trap states (7). Because of their ability
to slow electronic relaxation, quantum dots can
in principle enable extraction of hot carriers (to
electron or hole conductors) before they cool to
the band edges, leading to more efficient solar
cells (8). However, hot-carrier transfer from nano-
crystals to an electron or hole conductor has not
yet been observed. Here, we show that electron
transfer from the higher excited states of a col-
loidal semiconductor nanocrystal (PbSe) to a
common electron acceptor (TiO,) is indeed pos-
sible and, with appropriate chemical treatment
of the nanocrystal surface, occurs on an ultrafast
time scale (<50 fs).

Although heterogeneous electron transfer from
molecular chromophores to metal-oxide semi-
conductors has been probed with femtosecond
time-resolved absorption (9), extending this ap-
proach to quantum dots has proved challenging.
Differentiating between transient spectroscopic
signatures of the photoexcited quantum dot, the
reduced TiO, substrate, and the trap states is
difficult (10). Further, to generate adequate sig-
nal, porous samples with large surface area but
poorly defined interfaces are used. Consequently,
reported time scales have spanned from pico-
seconds to microseconds (/0-13).

Optical second harmonic generation (SHG)
(14) is a much better technique for studying
quantum-dot—to—semiconductor electron transfer
because it offers femtosecond time resolution with
sufficient sensitivity for well-defined crystalline
interfaces. In a centrosymmetric semiconductor
such as rutile TiO,, the second harmonic response
originates only from the first few atomic layers
near the surface (/5). Thus, SHG should be ex-
tremely sensitive to changes in the local elec-
tronic environment resulting from interfacial
electron transfer. Indeed, SHG has been used to
probe ultrafast electron transfer at liquid-liquid
interfaces (/6). We show here that it can also
be applied to semiconductor interfaces.

For fast electron transfer to occur, the nano-
crystals should exhibit strong electronic cou-
pling to the substrate. We chose colloidal PbSe
quantum dots, as they are easy to prepare (/7)
and are better suited for electron transfer than
other possible materials. In particular, PbSe has
an extremely large exciton Bohr radius (46 nm)
such that charge carriers in sub—10-nm diameter
PbSe quantum dots are subject to strong quantum
confinement effects (/8), and their electronic
wave functions will extend spatially well beyond
the nanocrystal surface. This delocalization
facilitates electron transfer if the nanocrystals

are close to an electron accepting substrate. We
chose rutile TiO, for this role because it not only
is technologically relevant and available as a
single crystal but also has a very large density of
accepting states. Further, the (110) surface of
rutile TiO, is one of the most studied metal oxide
interfaces, and the surface nonlinear susceptibil-
ity tensor and the origins of the second harmonic
response are known (15).

Each sample consisted of one or two mono-
layers of PbSe nanocrystals deposited on atom-
ically flat single-crystalline (110) TiO, (Fig. 1, A
and B). The films were chemically treated with
either hydrazine or 1,2-ethanedithiol (EDT) (/9)
to respectively remove or substitute for the oleic
acid present on the nanocrystal surface. Both
treatments enhance electronic coupling to the
TiO, substrate and within the film (17, 20-22),
but the bare surfaces produced by hydrazine
result in stronger coupling (fig. S3). However,
hydrazine can also leave many dangling bonds
at the nanocrystal surface that can presumably
act as scattering sites and accelerate electronic
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cooling within the quantum dot. In contrast,
thiols such as EDT passivate the nanocrystal sur-
face and slow hot-electron relaxation in colloidal
nanocrystals (6).

We tested PbSe nanocrystals ranging in diam-
eter from 3.3 to 6.7 nm. As with all strongly
confined semiconductor nanocrystals, the energy
of excited electron states in PbSe quantum dots
increases with decreasing particle size. Thus, we
first used ultraviolet photoelectron spectroscopy, in
conjunction with optical absorption, to determine
the energy of the lowest excited electronic state in
our nanocrystals (19). We found that, regardless of
particle size or chemical treatment, this state was
always below the TiO, conduction band minimum
(Fig. 1C). As a result, electron transfer from PbSe
to TiO, should only be possible from hot electronic
states of the quantum dot (/2).

To study this electron transfer, we used 50-fs
pulses of 810-nm (1.53-eV) light both to photo-
excite (pump) the nanocrystals and detect (probe)
the second harmonic response (/9). The intensity
of reflected second harmonic light at 405 nm (/>

m EDT
== HYD
—
|
=
=2
.24
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274
TiOy 34nm 6.7nm
A 4 VB PbSe PbSe

Fig. 1. (A) Atomic force micrograph showing the morphology of a ~1.5-monolayer film of 6.7-nm
oleic acid—capped PbSe nanocrystals supported on atomically flat TiO,. (B) Line height profile
corresponding to the dashed blue line in (A). The height of a monolayer (~11 nm) is the diameter
of a nanocrystal (~7 nm) plus the thickness of the passivating organic layer (~2 nm) both above
and below. (C) Alignment of highest occupied and lowest unoccupied quantum dot energy levels
relative to the TiO, conduction band edge after chemical treatment of the nanocrystal surface.
Alignment is determined by ultraviolet photoelectron and near-infrared absorption spectroscopies
and indicates that electron transfer from the lowest excited state of the quantum dot is not en-
ergetically possible. The vertical arrow depicts symmetric photoexcitation of the PbSe quantum dots
with 810-nm light. Numerical values are available in table S1. VB, valence band; CB, conduction
band; EDT, 1,2-ethanedithiol; HYD, hydrazine. (D) Illustration of the crystal orientation and optical
polarization used for SHG in reflection from the rutile (110) surface. (E) Schematic representation
of the interfacial electric field generated by separation of electrons and holes across the PbSe-TiO,
interface. Red indicates positive charge density; blue, negative charge density.
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Fig. 2. (A) Time-resolved second harmonic response of the TiO, surface coated with 1.5 monolayers of
hydrazine-treated 3.3-nm PbSe nanocrystals. The large rise in SHG intensity is indicative of efficient
electron transfer from PbSe to TiO,. (B) Illustration of the competing pathways of interfacial electron
transfer and intra—quantum-dot relaxation. At higher temperatures, hot-electron relaxation (y,) becomes
competitive with interfacial electron transfer (kg). (C) Temperature-dependent decay of the pump-
induced SHG signal enhancement; the absolute intensity has been normalized for pump-induced change
to better illustrate the temperature-dependent recovery rate. (Inset) Cartoon showing ballistic electron
injection (straight arrow) followed by phonon scattering and polaronic transport back to the interface
(wavy lines) and then transfer back to the nanocrystal (curved arrow). (D) Correlation of SHG signal
recovery rate (red circles) with the temperature-dependent polaron mobility perpendicular to the ¢
axis in TiO, measured previously (29) assuming a temperature-independent polaron effective mass
(black line).
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Fig. 3. Dependence of the time-resolved second harmonic response on nanocrystal size after treatment
with (A) hydrazine (HYD) or (B) 1,2-ethanedithiol (EDT). The EDT-treated nanocrystals display efficient

hot-electron transfer for all sizes studied, whereas substantial hot-electron transfer is only observed for
smaller nanocrystals treated with hydrazine.
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was recorded as a function of time delay between
the pump and probe pulses. The polarization (p or
s) of the fundamental was controlled and that of
the second harmonic independently detected to
isolate specific components of the nonlinear
susceptibility tensor (Fig. 1D).

If electron transfer occurs, the separation
of electrons and holes across the PbSe-TiO,
interface generates an electric field, £°P, ori-
ented in the surface normal direction (Fig. 1E).
SHG is highly sensitive to such slowly varying
(relative to the optical frequency) electric fields
because they can perturb the symmetry of the
medium (23). This electric-field—induced second
harmonic (EFISH) response has been used to
study metal-electrolyte interfaces (24) and buried
interfaces in field-effect transistors (25). When
an interface already exhibits a large SHG sig-
nal, 7*°, even without an induced interfacial
field [e.g., rutile (110) under the p-in/p-out con-
figuration in Fig. 1D], the change in the SHG
intensity, A7>®, due to electron transfer is pro-
portional to E*% as

AIZm _ 120) _ Igoo ~ n(lm)ZEsep (1)
where 7% is the intensity of the probe beam at
the fundamental frequency ®, and m contains the
dependence on the dielectric function through
linear and nonlinear Fresnel factors as well as
the wavelength-, polarization angle—, and crys-
tallographic orientation—dependent nonlinear
susceptibility [see supporting online material
(SOM) text 2] (26). If the charge-separated
PbSe-TiO, interface is treated as a parallel-
plate capacitor, then E°? and the corresponding
EFISH signal scale approximately linearly with
the amount of separated charge. Consequently,
electron transfer dynamics may be extracted di-
rectly from the time-resolved change in SHG
intensity following photoexcitation of the PbSe
film.

However, the analysis is complicated by the
contribution to the SHG response from the
quantum dots themselves. In particular, we expect
photoexcitation of the quantum dots to lead to a
decrease in SHG intensity, as is observed in
molecular chromophores (/6) and semiconductor
nanowires (27). Indeed, we measure a drop in
SHG intensity upon photoexcitation of our PbSe
films supported on amorphous silica glass (at all
quantum dot sizes, treatments, and temperatures).
Because glass has a bandgap too wide to accept
electron transfer from our quantum dots, we at-
tribute this reduced intensity to their intrinsic
SHG response (figs. S7 to S9).

In contrast to this drop, we observe a sub-
stantial rise in SHG intensity after photoexcita-
tion of the quantum dots on TiO, at 80 K (Fig.
2A). This response is consistent with efficient
hot-electron transfer from PbSe to TiO, for sev-
eral reasons. First, the SHG signal rises on a time
scale shorter than that of the laser pulse (50 f5).
Such an ultrafast response would be expected for
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the strong-coupling limit of electron transfer.
Also, because the electronic relaxation time be-
tween the first two excited states in similar-sized
PbSe quantum dots has been measured as 540 fs
at 300 K (28), electron transfer must be appre-
ciably faster than this to outpace the cooling pro-
cess. Second, the magnitude of the ultrafast SHG
response decreases with increasing temperature
(Fig. 2A). As the PbSe quantum dots are warmed
to 300 K, the time constant for electron transfer
should be largely unaffected in the strong-coupling
limit. However, the electronic relaxation rate is
known to increase exponentially (28). Thus, at
higher temperatures, cooling of hot electrons can
compete with hot-electron transfer (Fig. 2B).
Because cooled electrons cannot transfer to TiO,
in our samples, accelerated cooling leads to a de-
crease in SHG signal. As a negative control, we
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Fig. 4. Excitation of a coherent surface phonon by
ultrafast electron transfer. (A) Time-resolved re-
sponse at 12 K of the TiO, surface coated with 1.5
monolayers of EDT-treated 6.7-nm PbSe nano-
crystals probed with either p- (solid) or s- (dotted)
polarized light. (B) Fourier power spectrum of the
oscillatory part of the SHG response curves shown in
(A). With p-polarized light, a vibrational mode at
97 + 5 cm™ " attributed to a rutile (110) surface-specific
coherent transverse optical phonon is observed. (C)
Coherent vibration of the Ti-O zigzag bonds running
along the [001] direction of the rutile (110) surface
excited by ultrafast switching-on of the interfacial
electric field resulting from sub—50 fs electron
transfer.

observe no electron transfer when we decrease
the pump photon energy to below the threshold
necessary to reach the conduction band minimum
of TiO, (fig. S10).

An analysis of the temperature-dependent
decay of the pump-induced SHG signal on the
picosecond time scale (Fig. 2C) is consistent with
the temperature dependence of electron mobility
in TiO,. If an electron transfers from PbSe to a
resonant energy level within the TiO, conduc-
tion band, this electron would have consider-
able kinetic energy. It would move ballistically
into TiO,, where electron-phonon scattering
would bring it to the bottom of the conduction
band, forming a polaron (29, 30). The electric
field would eventually return the electron back
to the TiO, surface for recombination with the
positively charged nanocrystal and quenching
of the EFISH signal (Fig. 2C, inset). An alter-
native interpretation is that the injected electron
diffuses deep into bulk TiO, and is thus screened,
resulting in the decay in SHG signal. In this sce-
nario, recombination occurs on a much longer
time scale (between consecutive probe pulses).
We favor the former interpretation because com-
putational study on the single-crystal TiO,(110)
surface showed an order-of-magnitude faster
time scale (~100 fs) for electron diffusion into
the bulk TiO,, whereas back electron transfer
from the near-surface region of TiO, to electron
acceptors on the surface occurs on picosecond
time scales, in agreement with the SHG decay
time observed here (30). Regardless of which
mechanism is operative, the rate of decay of the
interfacial electric field would be proportional
to the mobility of the polaron (see SOM text
4). Previous optical measurements determined
this mobility in single-crystalline rutile TiO, as a
function of temperature (29). The strong cor-
relation between the decay rate of pump-induced
SHG signal enhancement and the temperature-
dependent polaron mobility (Fig. 2D) supports
the conclusion that we are observing hot-electron
transfer to delocalized TiO, conduction band
states.

Further evidence is provided by the influence
of nanocrystal size on the SHG response at 80 K.
The pump-induced SHG response has two
opposite contributions: the positive response
from electron transfer to TiO, and the negative
contribution from photoexcited nanocrystals. In
hydrazine-treated samples (Fig. 3A), only smaller
PbSe nanocrystals (3.3 nm) exhibit a signal char-
acteristic of efficient electron transfer. The larger
quantum dots (6.1 and 6.7 nm) exhibit a sharp
drop in the SHG signal at zero pump-probe delay,
indicative of a dominant contribution from photo-
excited nanocrystals (figs. S8 and S9). The elec-
tronic state energies in the nanocrystals are size
dependent, and these observations are related to
which excited states are resonant with the TiO,
conduction band. In larger nanocrystals, this res-
onance occurs for highly excited electronic states
(above 1P,) where ultrafast relaxation makes hot-
electron transfer less competitive. In smaller nano-

crystals, the resonance occurs for the second
excited state (1P,), and its relatively long lifetime
makes hot-electron transfer to TiO, more effi-
cient. Further, if the overall hot-electron relaxa-
tion rate could be slowed, electron transfer
should compete effectively in all nanocrystal
sizes. Indeed, for EDT-treated quantum dots, in
which the overall electron relaxation is expected
to be slower owing to effective surface passiva-
tion, we always observe the dominance of the
positive SHG response from hot-electron trans-
fer (Fig. 3B). The fluctuations in the magnitude
of the pump-induced SHG signal intensity
shown in Fig. 3 are representative of sample-
to-sample variability in our data. We observe that
these magnitude fluctuations arise primarily
from batch-to-batch variations in the nanocrys-
tals themselves and are presumably related to the
structure and overall quality of the nanocrystal
surface, which should play an important role in
interfacial electron transfer.

One additional feature in our SHG data is
the presence of large oscillations in the time-
dependent response. For example, Fig. 2A shows
a size-independent frequency of ~70 cm ' (2.1
THz or 8.7 meV). These oscillations have larger
amplitude and slower dephasing at 80 K than at
300 K and are observed with both s- and p-
polarized light. Though they are not present before
removal of oleic acid from the nanocrystal surface,
observation of these oscillations does not require
interfacial electron transfer because they occur
in hydrazine- and EDT-treated PbSe films sup-
ported on SiO, (figs. S8 and S9). On the basis of
the frequency, its invariance with quantum dot
size, and the independence of substrate material,
yet sensitivity to surface chemical treatment, we
attribute these oscillations to a coherent surface
optical phonon mode in electronically coupled
two-dimensional PbSe quantum dot assemblies.
Close inspection of the EDT data (Fig. 3B) re-
veals frequency beating in the oscillations, which
becomes more apparent at lower temperatures
(Fig. 4A). A frequency-domain analysis of the
p-polarized SHG waveform in Fig. 4A reveals
three dominant Fourier components (Fig. 4B): the
previously identified PbSe surface optical mode
at ~70 cm ' (2.1 THz), the bulk PbSe longitu-
dinal optical (LO) phonon at 133 + 5 cm ' (4.0
THz) (31), and a mode at 97 + 5 cm ™' (2.9 THz)
that dominates the p-polarized SHG signal but is
much weaker for s-polarized probe light. The
frequency of this last component is close to a pre-
dicted transverse optical phonon mode (104 cm™ ")
of the rutile (110) surface of TiO,, which involves
the motion of Ti and O atoms in and out of the
surface plane (32). Under the p-in/p-out con-
figuration with our crystal orientation (Fig. 1D),
the SHG response of the (110) surface origi-
nates from anharmonic polarizability of the Ti-O
zigzag bonds running along the [001] direction
(Fig. 4C) (15). As these bonds stretch and com-
press in phase, we observe a time-dependent
modulation of the SHG intensity resulting from
accompanying fluctuations of the bond hyper-
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polarizability. By symmetry, this modulation
should arise if the driving electromagnetic wave
contains an electric-field component along the
Ti-O bond. Consequently, it is only observed with
a p-polarized probe beam. For the s-polarized
case, the SHG response arises mainly from the
PbSe quantum dots, and the coherent phonon
mode at 70 cm ' dominates.

We take the coherent surface phonon attri-
buted to TiO, as further evidence for hot-electron
transfer. Such vibrations can be excited when
electric fields near the surface are activated by
optical pulses shorter than the vibrational period
(33). Electron transfer across the PbSe-TiO, in-
terface within the 50-fs width of the excitation
pulse establishes an interfacial electric field faster
than the characteristic response time of the sur-
face atoms. These atoms subsequently find them-
selves in a vibrationally excited state of the new
electric-field-induced minimum energy surface
configuration. Time-domain fitting of an appro-
priate model function to the data in Fig. 4A (see
fig. S11) reveals that the initial phase of this
vibration is a cosine, consistent with a displacive
excitation mechanism (see SOM text 3). The
phase coherence of these collective motions is
then lost over time because of elastic and inelastic
scattering with bulk phonons.

These results indicate that hot-electron trans-
fer from semiconductor nanocrystals to a tech-
nologically relevant electron acceptor is possible.
This effect is expected to be of general rele-
vance to other semiconductor nanocrystals and
electron and hole conductors, provided the hot
electrons and holes possess sufficiently long life-

times and the interfaces are properly controlled
to enable ultrafast charge transfer. Moreover, if
hot-electron (hole) transfer can be controlled to
occur in very narrow energy windows to also
minimize loss in the electron (hole) conductor,
the highly efficient hot-carrier solar cell may be
realized.
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Crossover from Single-Step Tunneling
to Multistep Hopping for Molecular
Triplet Energy Transfer

Josh Vura-Weis,* Sameh H. Abdelwahed,? Ruchi Shukla,? Rajendra Rathore,?*

Mark A. Ratner,'* Michael R. Wasielewski®*

Triplet energy transfer (TT), a key process in molecular and organic electronics, generally occurs by
either strongly distance-dependent single-step tunneling or weakly distance-dependent multistep
hopping. We have synthesized a series of n-stacked molecules consisting of a benzophenone donor,
one to three fluorene bridges, and a naphthalene acceptor, and studied the rate of TT from
benzophenone to naphthalene across the fluorene bridge using femtosecond transient absorption
spectroscopy. We show that the dominant TT mechanism switches from tunneling to wire-like
hopping between bridge lengths 1 and 2. The crossover observed for TT can be determined by

direct observation of the bridge-occupied state.

he rapid and efficient transport of ener-
Tgy and charge over tens to hundreds of

nanometers in molecules underlies the
performance of devices such as organic photo-
voltaics, thin-film transistors, and light-emitting
diodes. Charge and energy transport is also cru-
cial to many biological processes, such as long-

www.sciencemag.org SCIENCE VOL 328

distance electron transfer in proteins (/) and
the quenching of triplets in the bacterial photo-
synthetic reaction center by energy transfer cas-
cades. (2) The study of charge transfer (CT)
and triplet energy transfer (TT) in donor-bridge-
acceptor (D-B-A) systems has demonstrated two
general transport mechanisms—strongly distance-

dependent single-step tunneling and weakly
distance-dependent multistep hopping, which is
also known as wire-like transport (3). Optimiz-
ing TT efficiency is particularly important for
improving organic and polymer light-emitting
diode (OLED/PLED) performance, because
injection of charge into the active layer of these
devices generally leads to a 3:1 ratio of triplet to
singlet excitons through spin statistics (4, 5),
although the singlet exciton population may
be higher in m-conjugated polymers (6). TT in
PLEDs occurs both within and between chains
(7), so that transport through noncovalent mt-
stacked molecules is important.

A major goal is to design molecules that
exhibit multistep hopping in which charge or
energy moves from a donor to the bridge and
then later to the acceptor. Several CT studies
have shown a crossover from tunneling to
hopping as the bridge length increased, which
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