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A simple model of electron kinetics, previously used in molecular and protein electron dynamics, is applied
to transport and photoluminescence in wet and dry porous Si. Porous Si is modeled as a system of touching Si
nanocrystals that individually show strong three-dimensional confinement. In the presence of a polar liquid in
the pore structure, the electron-polar molecule dynamical coupling is an order of magnitude stronger than the
electron-Si acoustical-phonon coupling. Dry porous Si shows resonant tunneling kinetics, while wet porous Si
shows fast, activationless, highly exothermic transfer typically characteristic of protein systems. The calcula-
tions explain why photoluminescence is strong in dry porous Si, while conductivity and electroluminescence
are enhanced in wet porous Si. It is suggested that hot carrier relaxation rates in Si nanostructures would be
faster in a polar environment.

I. INTRODUCTION

Porous silicon~p-Si!, made by hydrogen fluoride electro-
chemical etching of crystalline wafer Si, typically is a rather
open, microns-thick thin film composed of touching Si par-
ticles, and/or randomly interconnected Si ‘‘wires’’ of vari-
able, undulating diameter.1 In samples of;80% porosity,
characteristic dimensions are 1–10 nm. In dryp-Si films,
visible red photoluminescence is observed with 1023–1025 s
lifetime, and typically a few percent quantum yield at room
temperature. The emission is generally attributed to nanoc-
rystals, and locally wider sections of the wires that can be
thought of as Si nanocrystals partially fused to their neigh-
bors. These Si nanocrystals have band gaps near 2.0 eV be-
cause of quantum confinement. Quite similar red lumines-
cence occurs in Si nanocrystals made by aerosol methods.2

The nanocrystal photoluminescence quantum yield greatly
increases over that of bulk crystalline Si because the nonra-
diative Auger and trapping processes that quench emission in
wafer Si are effectively decreased in nanocrystalline Si.3

p-Si electrical transport and luminescence properties are
very sensitive to the presence of a polar liquid, and even its
dilute vapor, inside the internal pores. Conductivity increases
by orders of magnitude,4 red photoluminescence is
quenched,5 and electroluminescence improves dramatically.6

These changes are reversible and must have some physical
rather than chemical origin. Methanol and water do not have
electron donor or acceptor energy levels inside Si crystallite
band gaps, and thus cannot directly exchange carriers with Si
nanostructures. In this paper, I develop a simple model, pre-
viously employed in protein and molecular electron transfer
dynamics, for the role of polar liquids in carrierdynamicsto
explain these observations. Polar liquids increase the rates of
nonresonant electron transfer processes through direct
‘‘electron-polar molecule’’ coupling.

Section II reviews Si nanocrystal energy levels as a func-
tion of size. Section III outlines the model, and Sec. IV ap-
plies it to several specific problems. Section V analyzes the

p-Si data, and discusses other possible implications of direct
carrier-polar molecule coupling in nanostructures.

II. ELECTROSTATICS

Electrostatic polarization is important in the energetics of
isolated nanocrystals andp-Si.7,8 The fact that the Coulomb
energy is screened in bulk semiconductors~eSi511! neces-
sarily implies that carriers in nanocrystals have size-
dependent dielectric polarization energies. The classical elec-
trostatic energyP(r ) of an electron at radiusr in a spherical
Si nanocrystal of diameterd, in silicon dioxide host as an
example, is shown in Fig. 1.P(r ) is

P~r !5
e2

d (
n

@~e21!~n11!/e~eSin1n11!#~2r /d!2n,

~1!

where e5eSi/eoxide. There is an image force pulling the
charge to the crystallite center, which is the point of greatest

FIG. 1. Equation~1! electrostatic potential energy for one excess
carrier in a Si nanocrystal in silicon dioxide. Zero energy is the
conduction-band edge~or valence-band edge! in bulk Si.
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dielectric stabilization, becauseeSi511 andeoxide53.75. The
center potential is shifted up from the bulk Si conduction-
band edge, by about 40 meV in 5-nm nanocrystals, as there
is less polarization energy stored in the SiO2 than would be
in bulk Si host.

The Si static dielectric constant decreases in nanocrystals
as quantum confinement changes the optical absorption
spectrum.9 The effective dielectric constant becomes a func-
tion of d. If this is taken into account, then Lannoo and
co-workers have shown that Eq.~1! accurately represents the
potential acting on an electron in a Si nanocrystal8~d! in
vacuum.eSi decreases from 11 in bulk Si to 6.5 ford52 nm.

The lowest eigenvalue ofP(r ) with the size-dependenteSi
in Schrödinger’s equation for the extra electron gives the size
dependence of the single nanocrystal electron affinity.7,8 The
electron affinity decreases as size decreases. It is important to
obtain the correct quantitative ratio between the kinetic and
potential energy terms. Simple parabolic band, effective-
mass models with kinetic energy}d22 significantly overes-
timate the kinetic energies in Si nanocrystals, as judged by
the predicted band-gap dependence upon size.10 For this cal-
culation, I adopt the Hill and Whalley10 kinetic energy
KE(d) in Fig. 2, which scales approximately asd21.4, and
which reproduces the experimental band gaps of Si nanoc-
rystals if the Coulomb interaction is additionally
included.10~d!,10~e! While the hole kinetic energy in Si is larger
than the electron energy, I use an average of the two to rep-
resent a generic ‘‘carrier’’ in the hopping calculations.~In Si
the actual electron wave function is valley-orbit degenerate,
and is strongly anisotropic if just one valley is involved. At
23 C the wave function should fluctuate among the degener-
ate valleys in one nanocrystal, and on average will have a
symmetric 1S-type charge distribution.!

In a nanocrystal with a 1S charge distribution, the elec-
tron affinity decreases by an amountDA from the 4.5-eV
value of bulk Si~i.e., the energy of the conduction-band edge
below the electron in vacuum reference!,7,8~d!

DA5KE~d!1^1SuP~r !u1S&, ~2!

where

^1SuP~r !u1S&.~e2/d!~1/eout21/eSi!1dS. ~3!

The first term above is then50 term in the average ofP(r )
over 1S. eout refers to the medium outside the nanocrystal.
d S contains then.0 terms and can be approximated as8~d!

d S5
0.94e2

eSid
S eout2eSi
eout1eSi

D . ~4!

In vacuum,d S is about 8% of then50 term, while in water
the two terms are of the same magnitude.

III. ELECTRON KINETICS

Consider an extra electron on a nanocrystal of diameterd1
hopping to a second, touching, and neutral nanocrystal with
diameterd2. The electron’s field exits the nanocrystal and
terminates at infinity. The transfer free-energy difference
DGt is

DGt5DA~d2!2DA~d1!. ~5!

Here, I neglect a small charge-induced dipole term caused by
the proximity of the two spheres, and a small acoustical pho-
non energy to be discussed in detail below. Ifd2.d1 , DG
,0; this exothermicity is;500 meV for transfer from a 2- to
a 4-nm nanocrystal in vacuum, for example. In red emitting
Si nanocrystals with band gaps near 2.0 eV, the electronic
levels are strongly quantized in three dimensions, and there-
fore discrete. To transfer into the ground 1S state of the
larger nanocrystal, the electron must dissipate the exother-
micity in coupled ‘‘vibrational’’ degrees of freedom.

In covalent Si, electrons are weakly coupled to acoustic
phonons by the deformation potential. In nanocrystals, and
more generally in localized semiconductor states of all types,
deformation coupling increases roughly asd23.11 This cou-
pling ldp(d) is the vertical Franck-Condon energy between
the phonon harmonic potential with the electron on the
nanocrystal, and the shifted potential for the neutral nano-
crystal. A somewhat similar deformation potential coupling,
increasing in smaller nanocrystals, exists when the nanocrys-
tal contains both an electron and a hole. This ‘‘band gap’’
deformation potential shift has been estimated by Lannoo
and co-workers12 for Si nanocrystals. As an approximation, I
takeldp(d) in Fig. 2 to be one-half the ‘‘band-gap’’ defor-
mation potential. For a 2-nm nanocrystal,ldp is only ;12
meV; this approximation is probably good to a factor of two.

The simple theory of electron transfer from a localized
state, arbitrarily strongly coupled to a vibrational mode, has
developed independently in the solid state and chemical dy-
namics communities. In both cases a diabatic two-state
model, linearly coupled to a heat bath, is invoked, and simi-
lar final equations are obtained. Holstein, Henry and Lang,
and Ridley originally developed the theory for deep traps and
small polarons in semiconductors.13 Delerue and Lannoo ex-
tended this theory to calculate trapping rates onto surface
states, in Si nanocrystals embedded in SiO2.

8~c!,14 In chemi-
cal dynamics, Marcus and others developed the theory for
electron transfer involving molecules and proteins, in liquids
and in biological membranes.15 In chemical dynamics mod-
els, a polar solvent is directly incorporated.

FIG. 2. Upper trace: Carrier kinetic energy~averaged between
hole and electron! adapted from Ref. 10~d!. Lower trace: size-
dependent deformation potential reorganization energy as described
in the text.
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In all these models the coupled vibrational degree of free-
dom creates a kinetic barrier. At low temperature electron
transfer may involve nuclear tunneling, but at high tempera-
ture the rate is controlled by thermal activation over a barrier
Gact. Figure 3 is a symmetric vibrational configuration coor-
dinate diagram for electron transfer whend15d2 . The ver-
tical energy 2ldp is the acoustical reorganization energy nec-
essary for the electron to transfer from 1 to 2. It is the sum of
the Franck-Condon shifts in both nanocrystals. The vibra-
tional activation energyGact is ldp/2 in this symmetric case
whereDG50.

In general, the high-temperature limit of the unimolecular
transfer rate has the form13~b!,15~e!

ket~s
21!5~4p2/h!H rp

2 ~4plkBT!21/2exp$2Gact/kBT%,
~6!

where

Gact5~l1DG!2/4l. ~7!

HereT is absolute temperature,l is the total reorganization
energy,kB is Boltzmann’s constant,h is Planck’s constant,
and H rp is the electronic coupling element between initial
and final diabatic states. WhenGact is large,ket decreases by
many orders of magnitude. For fast, activationless transfer,l
must equal2DG.

In such models, electronic energies, both fast and slow
dielectric polarization energies, and phonon Franck-Condon
energies, all contribute toDG. Only slow polarization ener-
gies and the phonon Franck-Condon energies contribute tol.
If the transfer were exactly resonant, and the electron not
coupled to phonons or a polar fluid, then the transfer time
would be on the order ofh/H rp .

IV. MODEL CALCULATIONS

A. Electron transport between nanocrystals

In Si, ldp is small. Figure 4 is a logarithmic plot of the
exponential activation factor inket, for 23-C electron transfer

between touching nanocrystals. The initially charged donor
size is 2 nm, andDGt is given by Eq.~5!. On resonance the
transfer is nearly activationless whend15d2 . However, off
resonanceket quickly decreases because of the small defor-
mation potential coupling. The width of the resonance is pro-
portional toldp.

In transfer to larger nanocrystals, direct hopping to the 1S
state is negligible because of largeDGt . However, nearly
resonant transfer to excited discrete acceptor states such as
2S and 3Swill occur.16 I assume that the 2S and 3S energies
scale as 3KE~d2! and 8KE~d2!, as occurs for simple quantum
confinement of an electron in a sphere. Figure 4 shows that
1S-2S transfer becomes resonant atd253.8 nm, and 1S-3S
at d256.0 nm.

If there is a polar fluid outside the nanocrystals, there will
be long-range electrostatic coupling to the liquid motions, as
well as short-range coupling to Si acoustical modes. Electro-
static reorganization energy in this geometry—two touching
spherical cavities in water—has been previously analyzed for
proteins and molecules in aqueous environments, in the limit
where the liquid is a polarizable continuum.15~a! The total
reorganization energy accompanying electron transfer for
touching nanocrystals becomeslt52ldp1lout where

lout5e2$1/d111/d221/d12!~1/eop21/es!, ~8!

andd125d11d2 . eop and es are the fluid optical and static
dielectric constants. For water,es580 andeop51.75. Physi-
cally, the water is initially polarized around the charged
nanocrystal. When the charge transfers, this orientation must
relax, and an equivalent orientation forms around the accep-
tor nanocrystal. The response time of the water is slow with
respect to electron motion, and thus a barrier is created in the
Franck-Condon sense. The electric field at the surface of a
singly charged, 3-nm nanocrystal is on the order of 53106

V/cm—a value not large enough to significantly saturate
es .

17

FIG. 3. Free-energy configuration coordinate diagram for elec-
tron transfer from a 2-nm nanocrystal to another 2-nm nanocrystal.
Upper trace: transfer in vacuum for electron coupled by deforma-
tion potential to Si acoustical modes. Lower trace: transfer in water
for electron coupled to both Si acoustical modes and water. Zero of
energy is the energy of an excess electron in a 2-nm nanocrystal in
vacuum.

FIG. 4. Logarithmic plot~base 10! of Eq. ~3! activation factor in
the transfer rate at 23 C, for transfer from a 2-nm donor nanocrystal
to acceptor nanocrystals of varying diameter. 1S-2S refers to the
donor state 1S and acceptor state 2S, etc. Zero on the vertical axis
corresponds to zero activation energyGact.
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This classical model of incorporating solvent polarization
through harmonic free-energy surfaces, proposed some 40
years ago, has recently been shown to be accurate in detailed
molecular dynamics simulations of specific electron transfer
reactions, such as the charge exchange reactions of aqueous
ferric ions, and the primary electron transfer process in pho-
tosynthetic reactions centers.18~a!–18~c! It has also been quan-
titatively tested in voltage-dependent studies of transfer from
metal electrodes to solvated molecular species.18~d!,18~e! The
harmonic approximation leads to a Gaussian transfer prob-
ability as a function of voltage, as experimentally observed.

If d1 andd2 are each 2 nm,lout5400 meV, about a factor
of 20 larger thanldp. Figure 3 shows the vibrational con-
figuration coordinate diagram for this case in water, as well
as in vacuum. The water curve is shifted downward by;780
meV due to static dielectric solvation of the charged nano-
crystal in water.19 The activation energyGact has increased to
about 100 meV. In the presence of water, the dependence of
the activation energy upon exothermicity is completely dif-
ferent than in vacuum. In the exactly symmetric case, the
water polarization acts to ‘‘self-trap’’ the electron on the do-
nor. The electron self-exchange rate is decreased by almost
102 by the water activation barrier.

In water the resonant nature of transfer to larger acceptors
is completely lost, because of the ability of water polariza-
tion to accept theDG exothermicity. For exothermic 2- to
3-nm transfer in water~Fig. 5!, Gact decreases and the trans-
fer rate increases, as compared to resonant transfer.

By contrast, the configuration coordinate curves in
vacuum for exothermic 2- to 3-nm transfer~Fig. 5! only
cross far to the left, off the range of the figure. This creates a
very highGact and very slow rate. This situation is termed
the ‘‘Marcus inverted region’’ in chemical electron transfer
dynamics.

In heterogeneousp-Si, the local dielectric constant affects
DG andl, and henceket. An 80% porous sample in vacuum
has a 1.64 average dielectric constant in effective medium
theory,20 close to the value in pure vacuum. Thus this simple
model, a pair of nanocrystals in either water or vacuum,
should apply to visibly emittingp-Si. Actually, the local
variation about the effective medium dielectric constant can
be large, on the order of 30% half width at half maximum.21

This introduces another type of disorder into the electronic
structure and kinetics, beyond nanocrystal size.

B. Electron-hole injection

In porous Si electroluminescent diodes, injected electrons
and holes drift towards each other, and radiatively recombine
in one nanocrystal. Consider two touching nanocrystals, one
containing a hole and the other an electron. Considerable
electrostatic free energy is released if one carrier injects into
the other nanocrystal, as two initially charged nanocrystals
convert into two neutral nanocrystals.

A related electrostatic problem is the nanocrystal donor
binding energyGB , defined as the polarization energy differ-
ence between an electron on an initially neutral nanocrystal,
and on a nanocrystal containing an ionized fixed donor at
r50. If the electron charge distribution is 1S on both nano-
crystals, then a fairly accurate analytical approximation is8~d!

GB522e2~1/eout11.44/eSi!/d. ~9!

This expression applies for a fixed positive charge atr50 in
the acceptor nanocrystal. Yet,GB is not very sensitive to the
donor position nearr50, and soGB ought to be a fair ap-
proximation for the energy released when the electron jumps
into a charged nanocrystal containing a 1S hole. For the case
of two touching nanocrystals,GB will be reduced by the
nearest-neighbor Coulomb attraction energy, approximately
Vc52e2/eoutd12. In the general case with different size
nanocrystals, the approximate free energy of electron-hole
injectionDGeh is

DGeh5DA~d1!2DA~d2!1GB~d2!2Vc~d12!. ~10!

The lt of Sec. IV A is valid here. Figure 6 shows the
calculated variation of the electron injection rate as a func-
tion of hole crystallite size, for a 2-nm nanocrystal donor. In
vacuum, resonant 1S-1S injection for d15d2 is suppressed
because of an enormousDGeh; for example,DGeh521.03
eV for 2-nm nanocrystals. 1S-2S injection is resonant for

FIG. 5. Similar plot to Fig. 3, in this case for transfer from a
2-nm nanocrystal to a 3-nm nanocrystal.

FIG. 6. Similar plot to Fig. 4, in this case for transfer of one
carrier in a 2-nm donor nanocrystal into an acceptor nanocrystal
already containing the opposite sign carrier.
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2.1-nm acceptors, and 1S-3S for 4.5-nm acceptors. The 1S-
2S near resonance ford1'd2 is accidental, and would not
occur for other donor sizes.

In water, the injection rate is very fast for all sizes; water
has a huge enabling effect in electron-hole injection in small,
just touching nanocrystals. This occurs for two reasons:
DGeh is smaller~20.32 eV vs21.03 eV for 2-nm size! and
lt is larger than in vacuum.

C. Carrier trapping on surface states

Electrochemical synthesis ofp-Si creates nearly complete
H atom termination on nanocrystal surfaces. Total H atom
termination should remove all surface states from within the
nanocrystal band gap,10~e! and such crystallites should lumi-
nescence strongly. A small electron spin resonance~ESR!
signal due to neutral dangling-bond surface states on Si at-
oms is present in freshly preparedp-Si.22 Heating ofp-Si to
several hundred °C causes hydrogen gas evolution, an in-
crease in the ESR signal, and a decrease in 23 C lumines-
cence quantum yield. I now model the effect of a polar sol-
vent on surface state trapping.

Consider one nanocrystal with an extra electron initially
in a 1S orbital, and with one surface state. An electronic
structure calculation by Hirao on Si29H36 nanocrystal shows
that a neutral isolated dangling bond appears energetically in
the middle of the nanocrystal band gap.10~e! Carrier trapping
on such a localized state should lead to an additional local
vibrational reorganization energylss;200 meV, independent
of size. The surface state trapping free energy in vacuum is

DGss5DA~d!2550 meV2lss. ~11!

550 meV is the electronic trap depth below the bulk band
edge. The total reorganization energy islss1ldp in vacuum.

In water estimation of the change inDGss is uncertain, as
a localized charge at the nanocrystal surface will have a field
strong enough to cause dielectric saturation in water. Using
an Eq.~1! type expression and size dependence, I estimate
thatDGss is increased by;150 meV at 2-nm size. The water
reorganization energy for a 1S electron coming from the
interior towards the nanocrystal surface can be estimated
from an expression of Kharkats, who considered reorganiza-
tion energy for charge motion inside one spherical cavity in a
polarizable fluid.15~f! If we consider transfer from the cavity
center along a radius to pointr50.4d, then

lK5~3.27e2/d!~1/eop21/es!. ~12!

The total reorganization energy islK1ldp1lss.
Figure 7 shows the relative surface state trapping rates in

vacuum, and in water. The rates in vacuum are quite slow
because the trap depths are large, approaching 1 eV. In water
the depths are even larger, but the rates increase by many
orders of magnitude because of the large water reorganiza-
tion energy. As in the electron hole injection case, the local
presence of water completely dominates the kinetics.

V. DISCUSSION OF POROUS SILICON

A. Photoluminescence quenching by polar fluids

Three different groups report that the strong red photolu-
minescence of dryp-Si is quenched by reintroducing the

p-Si film into aqueous electrolyte.5 This quenching is en-
tirely reversible: Liet al.cycled one sample out in and out of
electrolyte more than 100 times. Dubin, Ozanam, and Chaz-
alviel observed the same quenching, and additionally con-
cluded that the quenching fluid must wet the Si-H termi-
nated, internal pore surfaces.

Lauerhaaset al.23 showed that polar organic molecules
also reversibly quench the red luminescence, in both vapor
and fluid forms.22 The degree of quenching scales with the
molecular dipole moment. Ben-Chlorin, Kux, and
Schechter,4 and Lauerhaas and Sailor23 ~LH!, found metha-
nol, which strongly wets a Si-H surface, to be an especially
effective quencher in both the vapor and neat fluid forms. LH
showed the quenching isdynamic: the lifetime shortens in
the presence of methanol. This observation indicates that a
polar environment increases the rate of a nonradiative pro-
cess that competes with red photoluminescence.

The polar fluid quenching mechanism can be explained as
trapping on a preexisting midgap surface state, as modeled in
Sec. IV C. The ESR studies previously mentioned show that
such deep traps are present in low concentration. Optically
detected magnetic resonance experiments on the red emis-
sion show a signal due to dangling-bond resonances, indicat-
ing there is some kinetic communication between the red
emitting state and the dangling bonds. The probability of a
nanocrystal having one surface state might be expected to
scale withd2, and thus an increasingly polar environment
should preferentially quench the larger, redder emitting
nanocrystals. In some experiments, a weak greenish emission
remains in aqueous electrolyte after the red emission is
quenched. This may be photoluminescence of the smallest
;1-nm nanocrystals that happen to have no surface states.

B. Carrier transport in wet and dry porous Si

The Sec. IV A model calculations show that the nature of
p-Si transport changes from solid-state-like in vacuum, to
proteinlike in water. In vacuum,p-Si behaves like a resonant
tunneling device24 in which carriers are very weakly coupled
to the phonons. Resonant charge transfer occurs without ac-
tivation barriers. Because of the high porosity, electrostatic

FIG. 7. Similar plot to Fig. 4, in this case for trapping of a
carrier into a surface state, as a function of diameter.
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energies dominate crystallite energies. In water, the carriers
are strongly coupled to polar fluid motions, and extremely
exothermic processes occur rapidly without activation barri-
ers. This often happens in sequential transfer of electrons
among biological proteins, for example, in the photosyn-
thetic reaction center.18~d! Electrostatic energies are partially
screened. The Coulomb blockade transport characteristic of a
single quantum dot in vacuum24 is lost in water.

In order to discuss transport, consider a specific example:
an 80% porous sample in electrical contact with the under-
lying Si wafer. As proposed by Vial and co-workers,6~c! and
Lannoo and co-workers,8~d!,12 the film is charged by external
bias so that the larger nanocrystals have one extra electron
while the smaller ones remain neutral. All deep trap states
are filled. Charge is compensated by flow of electrolyte ions
~e.g., Na1! into the film. In effect the Fermi level sits in the
middle of the size disorder distribution. Consider also a film
composed of 3-nm average size particles, with a distribution
full width at half maximum~FWHM! 2–4 nm. If the touch-
ing particles form randomly connected paths, each nanocrys-
tal touches 2–3 other nanocrystals.

At the Fermi level, the mobility is proportional to the
hopping rate multiplied by the available density of states
within kT energy. Hopping can only occur to touching near-
est neighbors. This 2–4-nm size distribution has a free en-
ergy (DA) dispersion of 523 meV FWHM in vacuum, and
170 meV FWHM in water, as calculated from Eq.~1!. Be-
cause the distribution is narrower in water, the density of
states is about 33 higher.

If jumps occur to states withinkT525 meV at room tem-
perature, however, then only nearly resonant jumps occur.
This limits pathways if the donor has only 2–3 touching
potential acceptors. For a 3-nm donor, rates in vacuum will
be faster than in water for acceptors only in the narrow range
d252.9–3.2 nm. However, rates will be faster in water for
d2.3.2 nm andd2,2.9 nm. For touching nanocrystals with
FWHM 2–4 nm, it is likely that the fastest nearest-neighbor
transfer process occurs in water. In vacuum, carriers will
tend to be stationary on donors without suitable touching
acceptors.

High porosity and wide particle dispersions favor faster
transfer in water, while low porosity and narrower distribu-
tions favor faster transfer in vacuum. The microscopic path-
ways are different in water and in vacuum, for the same
nanocrystal assembly. Exactly resonant pathways are favored
in water, while alternating size pathways on the edge of the
available thermal energy distribution are favored in water.

Experimentally, dryp-Si is extremely insulating. It shows
an ac conductivity characteristic of activated hopping on a
fractal network, with a wide range of activation energies.25A
reversible conductivity increase of four orders of magnitude
occurs upon exposure to methanol vapor.4 There would ap-
pear to be at least two contributing mechanisms for this in-
crease. First, as previously recognized, the free carrier con-
centration should increase as the donor binding energy
decreases in polar solvent.8 In vacuum, the donor binding
energy is so high that very few free carriers exist. Second,
the effective mobility should increase in a polar environment
as discussed above.

C. Electroluminescence

The Sec. IV B calculation on electron injection into a
nanocrystal containing a hole shows that water enhances the
rate by orders of magnitude, and allows injection into nano-
crystals of all sizes. The rates of other processes that dissi-
pate energy, such as electron and hole injection into the po-
rous layer from contacts, will also be enhanced. As a result,
electroluminescent diode dynamics and efficiency should be
strongly enhanced in electrolyte compared with vacuum, as
experimentally observed. In the efficient liquid junction di-
odes, a carrier is injected from a solution redox molecule.6

This type of exothermic injection is enhanced in water, just
as injection from another nanocrystal.

The role of electrolyte permeation intop-Si is not simply
to make efficient electrical contact inside the pores: if the
liquid were poised at one electron chemical potential, then
the p-Si layer would short out. However, electrolyte can fa-
cilitate the charging of thep-Si layer with carriers from the
crystalline Si substrate, by compensating this charge with
nonredox ions~e.g., Na1! that flow into the wetp-Si from
the bulk electrolyte. Such ions do not electrically dope the
p-Si network. The ability of the wetp-Si to uniformly charge
as voltage is applied is important in the proposed mechanism
of voltage tunable color in electroluminescence.6~c!,6~d!

VI. CONCLUSION AND FINAL COMMENTS

This paper shows how the classical theory of polar sol-
vent involvement in electron transfer dynamics, developed
originally for molecules and proteins, explains many ob-
served differences between wet and dryp-Si at 23 C. This
simple model is essentially without adjustible parameters.
Two major aspects of the theory, the dielectric polarization
treatment of the nanocrystal electron affinity, and the har-
monic free-energy formula for the solvent coupling to the
electron, have been previously verified.11,18 The difference
between wet and dryp-Si electrostatic energy levels was
analyzed previously.7,8

In p-Si, electron-hole injection rates increase by orders of
magnitude in the presence of polar solvent. This should also
be true for net carrier mobilities, if the nanocrystal size dis-
tribution is wide and porosity is high. The quenching of red
photoluminescence in wetp-Si at 23 C is assigned to trap-
ping on midgap surface states. The rate of this process is
slowed by many orders of magnitude in dryp-Si. Also, the
presence of electrolyte in the pores facilitates the charging of
the Si network with carriers of one sign in liquid junction
electroluminescence.

Si nanostructures are remarkably sensitive to polar sol-
vent because the intrinsic deformation potential coupling in
covalent Si is so weak. As the electric field fringes out of the
nanocrystal and interacts with the environment, the nano-
crystal dynamics begin to behave like molecular dynamics. If
there is no fringing, then hot carrier relaxation is expected to
slow inside one quantum dot, when the energy differences
between discrete excited states becomes larger than phonon
energies.26 This may occur for buried dots in epitaxial solid
hosts, and for magnetically confined excitons in quantum
wells. In nanocrystals, however, a new channel for
‘‘electron-phonon’’ coupling opens up via the fringing fields.
Hot carrier relaxation for an electron or a hole in a Si nano-
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structure should be faster in polar liquids than in vacuum.
Even in a neutral exciton excited state, relaxation should
increase as the field fringes locally outside the
nanostructure.7 Molecules might be viewed as extreme ex-
amples of quantum dots. Molecular excited-state relaxation
rates are quite fast in almost all situations.

While Coulomb charging is incorporated, this model does
not include the Coulomb gap predicted by Efros and
Shklovskii for transport in disordered media.27 Their Cou-
lomb gap in the density of states results from electron-
electron correlation at the Fermi Surface. In wetp-Si,

screening will tend to decrease the importance of the Cou-
lomb gap.

Recently, the consequences of solvent dielectric relaxation
on p-Si carrier dynamics have also been qualitatively dis-
cussed from first principles by Chazalviel, Ozanam, and
Dubin,8~e! however, with rather different conclusions.
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