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Introduction

Sps-hybridized semiconductors (including InP, GaAs,
CdSe, and Si) are remarkable from the perspective of
physical chemistry. A single electron created by HOMO—
LUMO promotion moves rapidly in response to an applied
electric field, because there is little lattice distortion (i.e.,
small Franck—Condon factors) accompanying its creation.
According to Marcus—Hush electron transfer theory,
electron motion is resonant in the limit of vanishing
reorganization energy. Franck—Condon factors are also
small around an electron—hole pair, which is an elec-
tronically excited state. As a consequence, radiationless
internal conversion (unimolecular decay converting elec-
tronic energy into heat) is extremely slow. Excited states
decay radiatively in a defect-free, direct gap semiconduc-
tor such as CdSe. These simple spectroscopic facts have
important practical consequences. Semiconductor light-
emitting diodes have narrow emission bands and can
show near 30% efficiency in converting electrical power
into light. Semiconductor lasers and diodes also show
excellent long-term stability against photochemical and
current-induced degradation, when compared with many
organic materials. All these properties reflect the strong
chemical bonding, and the extremely delocalized nature
of the electronic wave functions.

Semiconductor nanocrystals lie between the traditional
regimes of chemistry and solid-state physics. Nanocrystal
research was initially motivated by an effort to understand
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the evolution of bulk structural and electronic properties
from the molecular scale.2 Presently, technological inter-
est in nanocrystals stems from the prospect of creating
novel materials with distinct physical properties. Nano-
crystals act like molecules as they interact with light via
their electronic transition dipoles. Yet, their delocalized
solid-state parentage causes them to display unusual
photophysics relative to molecules. In many molecules
vibronic interaction in the excited state is strong as the
wave function is localized on just one or a few bonds. The
molecular excited state has a different structure which
promotes fast nonradiative deactivation into the ground
state. Emission quantum yields can be low, and often
sensitive to quenching by the local environment. The
situation is different in nanocrystals. In a 23 A diameter
nanocrystal, for example, the wave function is delocalized
over ~100 unit cells with little probability density at the
surface. This suggests that, in the absence of defects,
internal or surface, a nanocrystal should exhibit near unity
fluorescence quantum yield, and partial protection from
quenching. The emission spectrum should be sharp as
the Franck—Condon factors are small. At room temper-
ature nanocrystals can be better photoemitters than bulk
semiconductors because in nanocrystals the electron and
hole remain superimposed due to quantum confinement.
Nanocrystals have the potential to serve as ideal chro-
mophores if their surface chemistry can be understood
and controlled. In this Account we describe nanocrystal
photophysics and make comparisons between inorganic
solid-state materials and organic dye molecules.

Intrinsic CdSe Quantum Mechanics

The single electron molecular orbitals (MOs) in CdSe (Eq
~ 1.7 eV) nanocrystals are formed from the HOMO and
LUMO within each unit cell. Specifically, in CdSe the
conduction, or lowest unoccupied, band is composed of
Cd 5s orbitals. The valence, or highest occupied, band
formed from Se 4p orbitals is more complex due to the
3-fold spatial degeneracy. While in organic molecules spin
and orbital angular momentum are normally both good
quantum numbers, in CdSe only J = L + S is a good
quantum number due to strong spin—orbit coupling. The
Se p HOMO yields j = 3/2, 1/2 components. Furthermore,
in the wurtzite structure the crystal field splits the j = 3/2
component into A(j = £3/2) and B(j = £1/2) bands.

Quantum confinement occurs when the nanocrystal
radius a becomes comparable to the bulk exciton Bohr
radius (~56 A for CdSe). The simplest model for the
electronic structure of CdSe nanocrystals is the particle
in a sphere model in which the carriers are confined by a
potential that becomes infinite at the interface. The
nanocrystal has discrete instead of continuous MOs.
Quantized values of electron wavelength translate into
quantized energy levels with the energy of the first excited
state of the electron or hole shifted by

E,, = h’/8m_.a’
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from its energy in the bulk material. The energy shifts,
and therefore the nanocrystal band gap increases with
decreasing size as 1/a2. This strong size dependence is a
practical advantage in use of nanocrystal luminescence.
For example, CdSe nanocrystals of different sizes emit
from 4500 to 6500 A, across most of the visible spectrum.?

The synthesis of CdSe nanocrystals has improved
considerably over the past decade. The current high-
temperature organometallic synthesis* yields highly mono-
disperse (0 < 5%), crystalline nanocrystals with radii
tunable between 10 and 50 A having surfaces passivated
with trioctylphosphine oxide (TOPO) and trioctylphos-
phine selenide (TOPSe) groups. These quantum dots
exhibit “band edge”, high quantum vyield (¢; ~ 10% at
room temperature) emission. Luminescence from these
high-quality samples reveals properties at variance with
the simple particle in a sphere model. For example,
transition dipole calculations based on particle in a sphere
wave functions predicted nanosecond lifetimes, while
microsecond lifetimes are observed.>¢ The band gap
emission shows a short Franck—Condon progression in
the LO vibration (the out of phase vibration of Cd and Se
atoms) that is stronger than expected.®

To explain these results, an essentially qualitative
surface model was first proposed.>¢ In this model,
absorption of a photon results in the generation of an
internal electron—hole pair. This is followed by fast
localization of one of the carriers into a shallow surface
trap. Hole localization was proposed to account for the
reversal in luminescence polarization within ~100 ps.> The
diminished overlap between the electron and hole due
to localization would account for the long luminescence
lifetime. Furthermore, the resulting electrical polarization
within the nanocrystal would explain the coupling to the
LO phonons.®

This model has not stood the test of time. The
luminescence Stokes shift is insensitive to surface passi-
vation.” Furthermore, this picture cannot explain the
strong magnetic field dependence of luminescence life-
times.8 We understand now that these unexpected prop-
erties are quantitatively explained by electronic fine
structure®®10 jgnored in the simple model which, for
example, does not include electron—hole exchange. Ne-
glecting exchange would be a fatal mistake in any small
molecule theory; yet it is not unreasonable in a first
nanocrystal model. Exchange splitting, for example,
between excited singlets and triplets in organic molecules
is on the order of 1 eV. However, in bulk semiconductors
it is on the order of 10~ eV due to the extreme wave
function delocalization. The electron—hole exchange
Hamiltonian in CdSe is

|:|e><ch = _(2/3)6exch(a03)6(re - rh)(a'j)

where &(J) is the electron (hole) spin 1/2 (3/2) matrix, ao
is the lattice constant, and e is the exchange strength
constant. Since the exchange term is determined by the
probability of finding the electron and hole at the same
point, it will increase relative to the bulk (as the inverse
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FIGURE 1. lllustration of the influence of the asymmetry and
exchange perturbations on the 8-fold degenerate 1S.1S3, electron—
hole pair state. Eqiec and Enole refer to the energies of the electron
and the hole. The exchange term mixes the electron and hole angular
momenta, yielding five states labeled by the exciton total angular
momentum (J,, + m,). Ee is the total exciton energy.

volume) due to confinement of the electron and hole wave
functions. The exchange interaction evolves toward the
molecular regime.

The influence of the exchange term and nanocrystal
asymmetry on the band edge electronic fine structure is
indicated in Figure 1. For hypothetical spherical nano-
crystals with the zinc blende lattice structure, the band
edge state, 1S.1S3,,, with both the electron and hole in 1S
totally symmetric particle in a sphere type states, is 8-fold
degenerate taking into account the electron spin and hole
spatial degeneracy. In wurtzite nanocrystals* the crystal
field along with any asymmetry in the overall shape of
the nanocrystal splits the 1S3/, hole state into j = +3/2,
+1/2 states. The 6-J exchange term mixes the electron
and hole angular momenta, yielding five excitonic states
labeled by the exciton total angular momentum projection
F. Both the lowest 2 and O states are optically passive
within the electric dipole approximation. For band edge
excitation the lowest optically active +1' state is predomi-
nantly populated. This is followed by radiationless relax-
ation to the £2 dark excitonic state. Emission from this
weakly emitting state accounts for the long microsecond
luminescence lifetime. A small Stokes shift of the band
edge excited luminescence is caused by the size depend-
ent exchange splitting between the 42 and +1" states.®
The magnetic field dependence of the luminescence
lifetimes and LO phonon couplings (Figure 2) are also
explained by this model.8 The microsecond decay seen
at zero field decreases with increasing magnetic field. Also
shown is the field dependence of the vibronic spectra. In
isolation the £2 state would have an infinite lifetime since
the photon cannot carry an angular momentum of 2
within the electric dipole approximation. However the
+2 state can recombine via an LO phonon-assisted
momentum-conserving transition. Consequently at zero
field, the zero phonon line is strongly suppressed while
higher LO phonon replicas are enhanced. With increasing
magnetic field the zero phonon line intensity increases
dramatically. With increasing field the +2 state gains
oscillator strength from higher lying optically active states.
This explains the decrease in luminescence lifetime with
increasing field. Also since the +2 state gains optically
active character, this diminishes the need for LO phonon-
assisted recombination which explains the increase in zero
phonon line emission with field. The apparent coupling
to LO phonons, determined from the vibronic spectrum,
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FIGURE 2. Magnetic field dependence of (a) emission decays
recorded at the peak of the luminescence (2.436 eV) with a pump
energy of 2.736 eV and (b) fluorescence line-narrowed spectra
excited at the band edge (2.467 eV) for 12 A radius nanocrystals
and normalized to their one LO phonon line. A small fraction of the
excitation laser is included to mark the pump position. Experiments
were carried out in the Faraday geometry with the field H parallel
to Kk, the light wave vector.

is a consequence of the fact that at low temperatures,
where repopulation of the +1- state is negligible, LO
phonons must participate in momentum-conserving tran-
sitions for emission. In reality however coupling to LO
phonons is weak as evidenced by the long microsecond
luminescence lifetime.

While the exchange interaction in CdSe nanocrystals
is enhanced by up to 2 orders of magnitude, relative to
the bulk, exchange splittings remain small compared to
KT at room temperature. “Dark” excitonic effects are thus
not observed at room temperature. In organic molecules,
however, where singlet—triplet splittings could be on the
order of ~1 eV, intersystem crossing into the triplet state
can strongly influence luminescence count rates even at
room temperature.

Surface Passivation and Shell Nanocrystals

While the “band edge” emission is intrinsic in origin, the
surface still provides sites for nonradiative recombination.
As synthesized, the TOPO/TOPSe passivated nanocrystals
exhibit room-temperature quantum yields between 5 and
10%. Substitution of the TOPO/TOPSe surface capping
groups results in variations in the luminescence yield and
a suppression/increase in the “deep trap” emission.”
However, the energetics of the band edge emission appear
unaltered, demonstrating the intrinsic origin of this
component. To increase the quantum yield requires the
elimination of midgap surface states with appropriate
surface passivation.

Even as early as 1982 it was observed that adsorption
of Zn ions onto CdS particles increased luminescence
quantum yields, and this effect was understood in terms

of a higher band gap material (ZnS) passivating a lower
band gap material (CdS).*? Modern high-temperature
organometallic synthesis can grow a near epitaxial mono-
layer of ZnS on CdSe nanocrystals.312 These shell nano-
crystals exhibit quantum yields of up to 50% at room
temperature, a clear improvement over the organically
terminated nanocrystals discussed above. However, the
12% difference in bond lengths between CdSe and ZnS
results in significant lattice mismatch and increasing strain
with ZnS thickness. Recently CdS-overcoated CdSe nano-
crystals have also been synthesized.13 CdS appears to be
an ideal shell material for CdSe. The lattice mismatch of
3.9% permits epitaxial growth of the CdS shell. An added
advantage results from differences in confinement of the
electron and hole in this system. Unlike ZnS-overcoated
particles, while the hole is confined to within the CdSe
core, the electron is delocalized over the entire nano-
crystal. This permits electrical access to the nanocrystal
which is critical in devices such as photovoltaic cells
requiring electron conduction. Encapsulated nanocrystals
also exhibit improved photostability. Single nanocrystal
luminescence measurements (following section) indicate
that the “best” nanocrystals emit >108 photons before
permanently photobleaching. This represents a signifi-
cant advantage over organic chromophores.

Single Nanocrystal Luminescence

The strong size dependence of nanocrystal optical proper-
ties, while an asset in their practical use,* represents a
problem in scientific experiments. Even the best samples
have distributions of size, shape, and surface chemistry,
and thus have varying optical properties. ldeally the true
single nanocrystal properties can be obtained by hole
burning and size selective luminescence experiments.1>
Yet, despite a decade of such work, recent single nano-
crystal luminescence studies have revealed new processes
in nanocrystals, such as spectral diffusion and the random
intermittency of the fluorescence.'617 Low-temperature
single nanocrystal measurements are discussed in this
issue by Empedocles and Bawendi.

Figure 3a is a fluorescence image of single CdSe
nanocrystals embedded in a thin polymer film. The
streaks in the image arise due to the discrete turning on/
off of single nanocrystal emission while acquiring this
raster scanned image. This is illustrated in a fluorescence
intensity versus time trace of a single CdSe nanocrystal
(Figure 3b). Remarkably the luminescence turns on/off
(“blinks”) on a several second time scale. In previous
ensemble experiments blinking was missed, as it averages
to zero when many nanocrystals are observed simulta-
neously. Fluorescence intensity versus time traces taken
at low and at high intensity (Figure 4a) show that the “on”
period duration scales inversely with excitation intensity,
while the “off” period appears to be intensity independent.
This result suggests that the nonemissive state is created
via the nanocrystal excited state. The bright state is
however recreated by a spontaneous thermal process from
the nonemissive state. The fluorescence time trace of a
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FIGURE 3. (a) Image of a random field of single 21 A radius CdSe
nanocrystals with ~4 monolayers of ZnS on the surface, acquired
by raster scanning the sample across a diffraction-limited laser spot
(A = 532 nm, fwhm ~ 0.38 um) and collecting the red-shifted
fluorescence onto an avalanche photodiode in an epi-illumination
confocal geometry. (b) Fluorescence intensity versus time trace of
asingle 21 A radius CdSe nanocrystal with a 40 ms sampling interval
and an excitation intensity of ~0.52 kW/cm?,

Counts

TOPO/TOPSe organically capped nanocrystal is compared
in Figure 4b with that of a ZnS-overcoated one having
seven monolayers of ZnS on the surface. Both the average
on and off times increase dramatically in the ZnS-
overcoated nanocrystal. To confirm this trend, we mea-
sured average on/off times as a function of ZnS shell
thickness from “bare” nanocrystals to those with 0.25, 2,
and 7 monolayers of ZnS on the surface. Both the average
on and off times increase with increasing ZnS shell
thickness.

One mechanism consistent with the on/off behavior
involves Auger nonradiative photoionization.6:18.19 At our
excitation intensities (~0.5 kW/cm?2) we typically excite
each nanocrystal every 10~° s, and the nanocrystals decay
in about 10~8 s. Only very rarely can two electron—hole
pairs be simultaneously excited. However, if there are two
pairs, then photoionization should be fast. In such
nanocrystals the ca. 2 eV energy released from the
annihilation of one electron—hole pair may be transferred
to the remaining carriers, one of which can then be ejected
into the matrix. If the resulting ionized nanocrystal is
subsequently photoexcited, then Auger nonradiative de-
cay, a purely electronic process unrelated to Franck—
Condon factors, creates a very low emission quantum
yield.?® In this Auger process, the photogenerated elec-
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FIGURE 4. (a) Comparison of fluorescence intensity versus time
traces at ~0.52 kW/cm? and at ~1.32 kW/cm? with a sampling
interval of 10 ms. (b) Fluorescence intensity versus time traces of a
“bare”, TOPO/TOPSe-passivated nanocrystal compared with that of
a ZnS-overcoated one with a shell thickness of ~7 monolayers at
the same excitation intensity (/ ~ 0.70 kW/cm?) and a sampling
interval of 20 ms.
tron—hole pair recombines by transferring its energy to
the strongly coupled, resident third carrier; this is why an
ionized nanocrystal is nonemissive. Eventually the nano-
crystal is neutralized via a second photoionization event
or the return of the ejected carrier. Neutralization restores
the emission. Since the on time is determined by the ease
of ionization across the interface, and the off period by
the time it takes for the ejected carrier to tunnel back
through the same interface, ZnS-overcoated nanocrystals
exhibit longer on/off times as expected from this model.
This simple proposal must be tested by further experi-
ment. Nevertheless, single nanocrystal measurements
have revealed new aspects of the photophysics obscured
in previous ensemble measurements. Although photo-
ionization is rare (probability/excitation ~10-9), it has a
significant effect on luminescence count rates and quan-
tum yields due to the unusually long (z, ~ 0.5s) neutral-
ization times during which an Auger nonradiative recom-
bination mechanism dominates. Ensemble measurements
alone would have led us to attribute the increase in
quantum yield in ZnS-overcoated particles to a decrease
in some fast unimolecular nonradiative processes on the
same 10~8 s time scale as the luminescence.

Silicon Nanocrystals

With features in Si computer chips approaching 10 nm,
there is a pressing need to understand the electronic and
transport properties of indirect gap silicon nanocrystals.
How does the indirect nature of the band gap in bulk
silicon develop with size? The band gap optical transition
is dipole forbidden in the infinite crystal, where transla-
tional symmetry is exact. In nanocrystals, however, theory
indicates the transition will be weakly dipole allowed.?°

Unlike bulk Si, Si nanocrystals photoluminesce with
high quantum yield. This first became apparent in porous
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FIGURE 5. (A) Spectrally corrected luminescence spectra (350 nm
excitation) in organic glass (20 K). Traces: 1, initial colloid; 2,
supernatant; 3, redissolved agglomerate. (B) Corresponding HPLC
size distributions. The spike at 6.7 min is the column large size
exclusion limit and does not indicate a specific size. The logarithmic
size caibration is approximate. Trace numbers as in (A). Adapted
from ref 24.
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Si (por-Si) thin films, made by electrochemical etching of
Si wafers in HF solution.?! This complex material is
composed of partially fused crystalline nanocrystals and
nanowires; it can be as much as 80% porous. Rigorous
EXAFS measurements on H-passivated pores reveal a
mean silicon coordination number of <3, indicating that
a significant fraction of the atoms are on the surface,
bonded to hydrogen.??

Isolated silicon nanocrystals with about a 1 nm thick
SiO, surface passivating layer can be synthesized by a
high-temperature aerosol reaction.?®> These Si nanocrys-
tals and por-Si show very similar broad Gaussian lumi-
nescence spectra between 550 and 900 nm, and similar
long lifetimes.?12425 Both H-terminated and oxide-
terminated por-Si display the same emission spectra as
the oxide-terminated nanocrystals. Thus, the chemical
nature of the passivation does not directly influence
luminescence. The nanocrystal synthesis yields a fairly
wide distribution of particle diameters. A narrowing of
the distribution can be achieved by size exclusion chro-
matography or by size selective precipitation, in which
the addition of a nonsolvent selectively precipitates the
largest particles within the distribution (Figure 5).2425

The oxide shell can be the ideal passivation for silicon
nanocrystals, driving all midgap surface states far out of
the band gap. The importance of the surface in non-
radiative processes is evidenced by the fact that the
quantum yield of the as-synthesized nanocrystals can be
significantly improved by refluxing them in acidic H,O,.
This procedure presumably oxidizes any residual surface
silicon dangling bonds at the Si/SiO, interface. These
ideas and methods are borrowed from the passivation of
Si/SiO, interfaces in microelectronic devices.

Si nanocrystals can be optically characterized as dilute
colloids in ethylene glycol. The smallest, 1—2 nm diam-
eter Si nanocrystals luminesce at ~2.0 eV, which repre-
sents a blue shift of ~0.9 eV relative to the bulk band gap

of 1.1 eV. UV excitation spectra, measurement of emission
lifetime, direct measurement of absolute quantum yield,
and size-selective luminescence at low temperature all
indicate that Si nanocrystals remain indirect gap, with
10-5-10-3 s radiative lifetimes, down to the smallest sizes
observed. Acidic H,0, “activated” nanocrystals exhibit a
room-temperature quantum yield of ~5%, which increases
to ~50% below 50 K. The relative contributions of the
radiative (y,) and nonradiative (y,,) rates to the measured
lifetimes can be determined by determining the absolute
quantum yield as a function of temperature. Below 50 K
the quantum vyield stays constant, while the lifetime
continues to increase. This suggests that at sufficiently
low temperatures y, > y, and the 50% quantum yield
reflects two populations of particles: 50% of the particles
luminesce with a quantum yield of 1 while the other half
are nonfluorescent due to the presence of a catastrophic
defect.

The strong similarities between silicon nanocrystals and
por-Si lead to some general comparisons between radia-
tive and nonradiative processes in low-dimensional silicon
versus the bulk. This analysis points again to the critical
importance of slow internal conversion in bulk semicon-
ductors. At liquid helium temperatures an excitonic
electron—hole (e—h) pair is bound because the dissocia-
tion energy (14.7 meV)?2¢ is larger than kT. Such a bound
exciton has dimensions (~3 nm) similar to those of a
silicon nanocrystal.?2” Both systems (bulk trapped exciton
and passivated nanocrystal) lack translational symmetry,
but experimentally remain indirect gap. Both experimen-
tally have a luminescence quantum vyield of essentially 1
in the absence of defects. Internal conversion across the
band gap is extremely slow, even on the 103 s time scale.

At room temperature, however, the bulk and nanoscale
photophysics are quite different. When kT is greater than
the exciton binding energy in the bulk, the e—h pairs
dissociate, and the individual carriers travel macroscopic
distances. Carriers can interact and recombine non-
radiatively via a three-body, purely electronic Auger
process: (e + h) + (e orh) — (e or h) + 1.1eV. Thisis
the same process previously suggested as the reason
ionized CdSe nanocrystals are nonluminescent. Due to
the relatively high mobilities and long lifetimes of carriers
in high-quality crystalline Si, Auger processes dominate
even at moderate intensities. A second nonradiative
process involves deactivation at defects and traps: even
at densities as low as 10**/cm3, traps can dominate the
bulk photophysics for long lifetimes.

In passivated and isolated nanocrystals, however, both
processes are diminished at room temperature.?> Even
at moderate excitation intensities it is unlikely to create
two excitations within a nanocrystal since the optical
absorption cross section roughly scales as the particle
volume. Furthermore, since the mobility of photogener-
ated carriers is limited by the nanocrystal dimensions,
defects in one nanocrystal cannot influence radiative
processes in others. This leads to the conclusion that the
quantum yield in Si nanocrystals and por-Si is high due
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to a reduction of trapping and Auger processes. In any
electronic material with low mobility, geminate carrier
recombination is enhanced.

Electron Transport in Nanocrystal Materials

The small lattice distortion occurring around carriers
creates the high mobility that enables semiconductor
devices to operate at high frequency. A remarkable further
consequence is the fact that electron transport in materials
incorporating touching nanocrystals is sensitive to envi-
ronmental control.

The optical and electrical properties of 80% porous Si
films, epitaxially etched on Si wafers, can be studied in
either “wet” or “dry” form. The pores can be evacuated
in a vacuum, or filled with liquid in essentially an
electrochemical liquid junction configuration. It was
discovered quite early in the exploration of por-Si proper-
ties that both optical and electrical properties were very
sensitive to minute amounts of polar materials into the
pore structure.?>2930 For example, dry porous silicon
emits strongly as we have described, but introduction of
just a monolayer of methanol on the pore surfaces leads
to dynamic quenching. This effect is reversible if the
methanol is pumped away. In electrical properties, the
introduction of methanol can reversibly raise the con-
ductivity by orders of magnitude.

To a physical chemist, these effects are reminiscent of
kinetic solvation effects in the Marcus—Hush model for
electron transfer in proteins and organic molecules.3!
Consider the model problem of electron transfer between
two touching Si nanocrystals.32 The transfer free energy
is approximated by the difference in nanocrystal electron
affinities. Bulk Si has a near 4 eV electron affinity; this is
the position of the conduction band edge with respect to
an electron at rest in a vacuum. In a Si nanocrystal the
electron affinity is smaller due to two effects: size
quantization as discussed before and the loss of dielectric
solvation energy. The difference in nanocrystal electron
affinity can be large; for example, the free energy exo-
thermicity for transfer from a 2 nm to a 4 nm nanocrystal
is about 0.5 eV in a vacuum.

The inner reorganization energy for transfer between
Si nanocrystals is very small, on the order of 1072 eV. This
is simply a restatement of the fact that there is little lattice
distortion around a free electron. This electron’s electric
field exits the nanocrystal and interacts with the local
environment; this is the source of the outer reorganization
energy in Marcus—Hush theory. If the pores are evacu-
ated, then the total reorganization energy is small. For
the 2 nm to 4 nm transfer case, the rate will lie in the
Marcus inverted region and be very slow, unless there is
an accidental electronic degeneracy between the donor
energy and an excited level in the acceptor. However, if
the outer reorganization energy is large because of polar
molecules in the pores, then exothermic electron transfer
can occur rapidly (Figure 6). In porous Si, internally
adsorbed polar molecules facilitate electron transfer among
nanocrystals of differing size; they serve to enable hopping
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Adapted from ref 32.
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FIGURE 7. Schematic representation of physical size regimes for
spectroscopic and excited-state photophysical nanocrystal proper-
ties, adapted from ref 25.

electron mobility under an applied field. Also in photo-
luminescence, polar molecules serve to enable the trap-
ping of carriers on midgap surface electronic states. This
trapping competes with photoluminescence.

Final Comments

Many groups have contributed to the partial understand-
ing of nanocrystal internal quantum mechanics which has
been achieved over the past 15 years. An outline of
various physical size regimes is shown in Figure 7.25 We
have seen in both Si and CdSe that the luminescence
quantum yield is high if the surface chemistry can be
controlled on an otherwise defect free nanocrystal. In-
trinsic radiationless decay across the band gap is slow.
Yet in both systems the surface chemistry and trapping
dynamics, while understood in outline form, are not yet
sufficiently controlled to make these nanocrystals into
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ideal chromophores. Even passivated nanocrystals do
have surfaces, and perhaps any nanostructured material
with surfaces will never be as stable as a bulk inorganic
semiconductor under prolonged current flow or optical
irradiation. Yet note that the SiO,/Si planar interface, so
important in computer technology, has been nearly
perfected by a combination of hydrogen and oxygen
reactive chemistry. This result encourages further re-
search to achieve better, perhaps “ideal” chromophores.

Note Added in Proof. High quantum yield Si nanocrystal
luminescence has recently been proposed as the source
of extended red emission in the interstellar medium.33.34
Also, surface-functionalized CdSe nanocrystals have been
used as luminescent probes in biological imaging. In some
cases they are more stable against photobleaching than
functionalized organic dyes.3536
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