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Photoconductivity in CdSe quantum dot solids
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We report measurements of photoconductivity and electric field induced photoluminescence quenching in
three-dimensional close-packed solids of colloidal CdSe quantum dots. Our measurements suggest that pho-
toexcited, quantum confined excitons are ionized by the applied electric field with a rate that depends on both
the size and surface passivation of the quantum dots. Separation of electron-hole pairs confined to the core of
the quantum dot requires significantly more energy than separation of carriers trapped at the surface and occurs
through tunneling processes. We present a simple resonant tunneling model for the initial charge separation
step that qualitatively reproduces both the size and surface dependence of the photoconductivity as a function
of applied field. We show that the charge generation efficiency increases with increasing temperature as
nonradiative and radiative recombination pathways increasingly compete with charge separation.
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I. INTRODUCTION

Two- and three-dimensional arrays of quantum d
~QD’s! are of interest both as model ‘‘artificial solids’’ with
potentially tunable optical and electronic properties1 and as
materials for possible applications in memory2 and
computation.3–5 Colloidal nanocrystals are promisin
‘‘building blocks’’ for fabricating such materials as thes
‘‘artificial atoms’’ exhibit size dependent, atomic-like energ
states6,7 and self-assemble into both glassy and crystall
close-packed solids.8–10 In principle, interparticle couplings
in QD arrays could be engineered by modifying the size a
chemistry of the QDs as well as the length and electro
structure of the surface ligands. Promising results have
ready been achieved with metal colloidal nanocrystals11,12

including demonstration of a reversible metal-Mott insula
transition as a monolayer of Ag nanocrystals was co
pressed on a Langmuir trough.13

Semiconductor quantum dot arrays, in contrast to th
metallic counterparts, offer the possibility of investigatin
transport in an artificial solid in the limits of strong quantu
confinement and weak dielectric screening. While early w
has shown that quantum-mechanical coupling between a
cent semiconductor QDs is weak and excitations are larg
confined to individual QDs,14,15 long-range Coulomb inter
actions between charge carriers are expected to play a
nificant role in the transport properties.16 Semiconductor
QDs also have potential uses in a variety of optoelectro
devices including light emitting diodes,17–19 photo-
detectors,20,21 and photovoltaic cells.22,23 Since the emission
and absorption characteristics of a semiconductor QD
pend on its size, the emission color and spectral respons
these devices are tunable. A basic understanding of
charges are captured by and escape from a charge ne
QD, as well as the process of charge separation of a ph
generated excitation created within a QD, is essential for
rational design of these optoelectronic devices.

Photoconductivity is a valuable tool to probe charge se
ration, charge trapping, and carrier recombination mec
nisms in materials. In this paper, we present steady s
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photoconductivity and fluorescence quenching meas
ments on close-packed glassy solids of colloidal CdSe Q
In Sec. III, the dependence of the photoconductivity on te
perature, applied electric field, excitation energy, intens
QD radius interparticle separation, and surface passivatio
briefly presented. In Secs. IV A–IV E, we discuss these
sults in detail and show that photoconductivity in QD soli
is consistent with electric field ionization of photoexcite
quantum confined electron-hole pairs. Similar to photoc
ductivity in many other molecular-like systems, the char
generation efficiency depends on the rate of charge sep
tion relative to the rate of geminate recombination of t
photoexcited electron-hole pair. In Sec. IV F, a simple re
nant tunneling model is presented to describe the probab
of electron-hole pair separation as a function of applied e
tric field. We show that the energy required for charge se
ration in QD solids is much greater thankT at room tempera-
ture. Thus although most of the experiments described in
paper are performed at 10 K, the results are applicable
room temperature operation of the photovoltaic devices
light emitting diodes currently under study.

II. EXPERIMENTAL DETAILS

A. Sample preparation

The preparation and structural characterization of gla
films of colloidal CdSe QDs have been described in previo
publications.8,15 However, because the method of samp
preparation is critical for obtaining conducting solids a
consistent surface passivation, we briefly reiterate our m
ods:

Following the method of Murray and co-workers,24,25

CdSe QDs are prepared by the pyrolysis of organometa
precursors in a hot coordinating solvent of trioctylphosph
~TOP! and trioctylphosphine oxide~TOPO!. The TOPO/TOP
surface ligands moderate the growth rate of the QDs, e
tronically passivate the surface of the QD, and sterically s
bilize the QDs in solution, preventing irreversible aggreg
tion. The QDs are isolated from their growth solution a
size selected by repeated~33! precipitation fromn-butanol
2669 ©2000 The American Physical Society
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2670 PRB 62C. A. LEATHERDALE et al.
dispersion using methanol as the nonsolvent. This proc
further narrows the size distribution and ensures the rem
of excess TOP/TOPO, not bound to the QDs surfaces,
can phase separate and crystallize in the solid. The resu
powder is dried under vacuum and redispersed in a suit
solvent mixture~see below! for drop casting. Tributylphos-
phine ~TBP!/tributylphosphine oxide~TBPO!, pyridine, and
octanethiol capped QDs are prepared by repeated dispe
and flocculation of the QDs from a neat solution of the n
capping group, followed by washing to remove the exc
cap once the exchange is complete. Overcoating of b
CdSe QDs with ZnS or CdS is performed using previou
described methods.26,27

Close-packed solids are drop cast from solution on
lithographically patterned sapphire or silicon substrates~de-
scribed below!. In order to minimize the exposure of th
sample to air, all electrical contacts are madeprior to film
deposition. For this report, a 9:1 hexane/octane solutio
used for casting glassy films of TOPO/TOP, TBPO/TBP, a
octanethiol capped dots. Pyridine capped dots are depo
from a 9:1 methanol and pyridine mixture on Si/SiO2 sub-
strates that are boiled in ultrapure water and then dried
175 °C to make the oxide surface more hydrophilic.28 Scan-
ning electron microscopy reveals that cracks form in the
solid if it is not allowed to dry sufficiently before exposure
vacuum. In films deposited and allowed to dry in inert atm
sphere overnight before testing, the degree of crackin
reduced but the qualitative electrical behavior and photoc
ductive gain is the same as that measured for films te
immediately after deposition. All samples exhibit band ed
photoluminescence~typically 10% quantum yield in the
growth solution at room temperature! and minimal deep trap
photoluminescence~PL!. QD radii and inter-particle spacin
are quoted from published small angle x-ray scattering
transmission electron microscopy measurements.8,24 QD ra-
dii in all cases include the surface layer.

Polished sapphire optical flats or degenerately do
silicon substrates with either a 600 nm or 350 nm th
mally grown gate oxide, are used as substrates for ph
conductivity measurements. Gold bar electrodes (2003800
30.1mm3) with separations varying from 1 to 20mm are
patterned on the substrates using standard photolithogra
techniques. Following the patterning process, the substr
are cleaned by O2 plasma ash to reduce organic surface c
tamination before deposition of the QD solid.

B. Photoconductivity measurements

All measurements are performed under vacuum in a c
finger cryostat. Typically, dc photoconductivity of the Q
solid is recorded while varying the applied field in steps
104 V/cm with a 10 to 30 sec delay after each step to all
the current to settle. A Keithley 6517 electrometer is used
apply a bias voltage and measure current. The excita
source for the photoconductivity experiments is an argon
laser with typical excitation intensity of;2.5 mW/cm2.
For measurement of the spectral dependence of the photo
rent, a SPEX Fluorolog-2 spectrofluorimeter with a 450
Hg-Xe arc lamp in combination with a 0.22 m double mon
chromator is used as the excitation source~intensity;1
mW/cm2). The energy dependence of the lamp intensity
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accounted for by measuring the emission from a refere
cell containing a concentrated dye solution~Rhodamine 610
or 640!. The spectral response is further corrected by exc
tion correction factors created for each of the dyes to acco
for the ;10% error resulting from the difference in optic
path from the positions of the reference dye cell and
sample.

Multiple electrode separations are tested~from 1 to 20
mm!; the results depend only on the applied field for samp
of different electrode separation, thus eliminating the co
tacts as a significant source of the circuit resistance. Sev
experiments are performed to compare theI -V curve when
both the active sample area and gold electrodes are illu
nated to theI -V curve when only the active sample area
illuminated. Since there are no qualitative differences in
I -V characteristics that might indicate photoinjection fro
the electrodes, for all subsequent experiments the entire e
trode pattern is illuminated. Intensity dependent measu
ments are acquired in nonsequential order using a neu
density wheel to modify the laser intensity.

C. Optical measurements

To develop a complete picture of the charge genera
process, the photoconductivity results are correlated wit
variety of optical measurements. To measure the tempera
dependence of the PL quantum yield~QY!, linear absorption
and PL spectra for the films are measured using a 300
Hg-Xe lamp, SPEX 0.33 m monochromator, and an opti
multi-channel analyzer. The PL is excited as before with
low intensity laser beam or with a Hg-Xe lamp plus mon
chromator combination. Quenching of the fluorescence in
electric field is measured using a far field epifluoresce
microscope described elsewhere.29 The fluorescence imag
of the electrodes and sample is projected on to the entra
slits of the monochromator, which are then narrowed so t
only the emission from the center region between the e
trodes is collected. A mode locked Nd:YAG/dye laser sy
tem and a time correlated single photon counting appar
with ;150 ps time resolution is used for PL lifetime me
surements.

III. RESULTS

Figure 1 shows the photocurrent spectral response f
representative series of QD sizes. For each sample, the s
tral response is scaled to match the lowest energy featur
the linear absorption spectrum. The well resolved, discr
electronic transitions in the absorption spectra demonst
the monodispersity of the QD samples.30 The shape of the
photocurrent spectral response follows the linear absorp
spectrum, independent of applied field and temperatureT
,150 K). No photocurrent is observed for excitation belo
the band edge suggesting that optical excitation of char
directly out of sub-bandgap trap states makes a neglig
contribution to the photocurrent. The spectral response of
QD solid is clear evidence that free carriers originate fro
quantum confined electron-hole pairs created within in
vidual QDs.31,32

While there is close correspondence between the abs
tion spectrum and the photocurrent spectral response nea
band edge, the spectral response slowly deviates from
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absorption spectrum as the excitation energy is increa
above the band edge. A similar trend has been previo
observed in photoluminescence excitation studies on di
ensembles of CdSe QDs and is consistent with an increa
the nonradiative recombination rate of the exciton at hig
energy excitation. Since excitation with energies well abo
the band edge does not enhance the charge generation
ciency~number of charges/absorbed photon!, charge separa
tion must be a slower process than intraband relaxation to
lowest excited state. This result is not surprising given
fast intra-band relaxation times~,300 fs! reported for col-
loidal semiconductor QDs.33

Figure 2 shows that the photocurrent varies linearly w
excitation intensity. Linear dependence is observed over
orders of magnitude in intensity, independent of electro

FIG. 1. Spectral dependence of photocurrent at 10 K. The s
bols indicate the photocurrent at a fixed applied electric field
2.53105 V/cm, normalized for excitation intensity. The solid line
the corresponding linear absorption spectrum for each sample.
photocurrent spectral response is scaled to match the first ab
tion feature. The QDs in each sample have the following ra
A—17.5 Å, B—20.6 Å, C—25 Å, andD—30 Å.

FIG. 2. Intensity dependence of the photocurrent at 10 K fo
21 Å radius QD solid. Symbols are the photocurrent at an app
field of ~d! 250 kV/cm,~,! 200 kV/cm,~j! 150 kV/cm,~L! 100
kV/cm, and~m! 50 kV/cm.
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spacing, temperature, applied electric field and excitat
energy.31 The photoconductive gain, even at high fields,
only on the order of 1024 charges/photon. The dark curre
is approximately two orders of magnitude smaller than
photocurrent and lies below the noise level for the measu
ment apparatus~,0.1 pA!. High sensitivity, dark current
measurements will be discussed in a forthcom
publication.34 In this paper, the total currentI is equal to the
photocurrentI pc.

The absolute magnitude of the photocurrent decrea
with increasing temperature@Fig. 3~a!#. However, the shape
of the I -V characteristic is nearly independent of tempe
ture. Figure 3~b! shows the sameI -V curves as in Fig. 3~a!,
each multiplied by a scaling factor so that they collapse on
a single universal curve,f(F) whereF is the applied field.
Remarkably, there is virtually no change in the shape of
I -V characteristics from 10 to 300 K. Figure 3~b! is one of
the best examples of a universalI -V curve that we have
observed. For other samples, the shape of theI -V character-
istic is weakly temperature dependent and the curvature
the I -V characteristic decreases slightly with increasing te
perature@Fig. 3~c!#. No systematic trends with QD size o
surface ligands have been identified that affect whether
shape of theI -V characteristic is temperature dependent.

Figure 4 compares the temperature dependent scaling
tor, 1/S(T) @used to scale theI -V curves as in Fig. 3~b!#,
QY~T!, and exciton lifetimet~T! relative to their values at 10
K. The exciton lifetime,t51/(kr1knr) where,kr and knr
are the radiative and nonradiative relaxation rates, is m
sured for a close-packed film of the same size QDs as u
for the photocurrent measurements. Both QY~T! andt~T! fall
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FIG. 3. ~a! Temperature dependence of the photocurrent for a
Å TBPO/TBP capped QD solid.I -V curves are shown for 10, 25
50, 75, 100, 150, 200, 250, and 293 K.~b! The I -V curves from~a!
are each multiplied by a scale factor,S(T), to show that they col-
lapse onto a single universal curve,f(F). ~c! The I -V curves for a
18.5 Å TOPO/TOP capped QD solid at 10, 50, 75, 100, 125,
300 K @note this is a different sample than the data in~a! and~b!#.
Each curve has been multiplied by a scale factor to give the bes
to a single universal curve.
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2672 PRB 62C. A. LEATHERDALE et al.
sharply with increasing temperature, consistent with an
crease in the nonradiative rate.

The shape of theI -V characteristic depends on QD siz
Figure 5 showsI -V curves for a series of QD sizes an
constant interparticle spacing~TOPO/TOP ligands!. As the
QD radius decreases, the curvature of theI -V curve in-
creases slightly. In order to account for small variations
optical density and excitation intensity and to better exam
changes in the shape of theI -V characteristics, eachI -V
curve is scaled by a constant factor so that the high fi
photocurrent is the same for all. Within the signal to noi
the photocurrent rises smoothly with increasing applied e
tric field, without any inflection points that could indicate th
onset of saturation or a clear onset of the photocurrent.
systematic trend in the photoconductive gain as a functio
QD size is observed.

FIG. 4. Temperature dependence of the scale factor@1/S(T)#
~,! from the data in Fig. 3~a! compared to the temperature depe
dence of the PL lifetime~d! and the PL QY~j!, relative to their
values at 10 K. Lifetime and QY data is for a 18.2 Å TOPO/TO
capped QD solid.

FIG. 5. Current versus applied electric field for QDs with r
dii~R! as follows:~d! 25 Å, ~,! 20.6 Å,~j! 19 Å, and~L! 17.5 Å.
Samples are TOPO/TOP capped QDs with edge to edge spa
(d);11 Å. Measurements at 10 K. See text for description of
normalization.
-

n
e

ld
,
c-

o
of

The I -V characteristics depend more strongly on interp
ticle spacing than surface ligand functionality. Figure
showsI -V curves where the size of the QD is kept consta
and the surface ligand is systematically varied. Exchang
the TOPO linkage~also 8 carbon chains! ~l! to an oc-
tanethiol linkage~s! does not affect theI -V characteristics
significantly. Changing to an aromatic while keeping t
inter-particle spacing constant@pyridine ~j! vs TBPO~n!#
also does not affect theI -V characteristics significantly. It is
clear that QDs passivated with shorter ligands~pyridine and
TBPO/TBP! have larger photoconductance at low fields th
QDs passivated with longer chain ligands~TOPO and oc-
tanethiol!. The results for overcoated QD solids also sho
the effect of increasing edge-to-edge separation of the C
cores. Overcoated samples consist of a CdSe core, wi
shell of a second, larger band gap semiconductor. Tab
shows that core-shell QDs have higher PL QY than b
QDs, but the overcoated QD solids are less photoconduc

Figure 7 shows the results of simultaneous measurem
of the band edge PL QY and the magnitude of the pho
current as a function of applied electric field for a solid
24 Å radius, TOPO/TOP passivated QDs. The decreas
the magnitude of the integrated PL intensity,@F(0)
2F(F)#/F(0), with applied field ~inset of Fig. 7! has a
characteristic ‘‘W’’ shape reaching a maximum of 6% in a
applied field of 150 kV/cm. In some samples, the dip o
served near650 kV/cm is so large that the PL QY ma
become slightly larger than the zero field PL QY before
decreases again. In other words, the field appears to enh
the PL at low fields but quenches it at high fields. No ele
troluminescence in the dark has been observed for either
of sample. The PL of single QDs, well dispersed on a qua
substrate so that there can be no charge transport, is red
by less than 0.1% for applied fields of up to 105 V/cm. The
band edge PL shows no Stark shift or broadening that m
accompany changes in the radiative rate. Therefore, the
quenching observed with the QD solid must be due to se
ration of excitons and not due to changes in the radiative

ing
e

FIG. 6. Effect of the surface ligand onI -V curve shape at 10 K
for 2061 Å QDs with ~l! TOPO/TOP,~n! TBPO/TBP,~s! oc-
tanethiol, and~j! pyridine ligands. Error bars indicate the approx
mate variance in the relative positions of each curve based on
tiple I -V sweeps and multiple samples. Note data is normalized
one at 400 kV/cm.
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TABLE I. Effect of surface passivation on the charge generation efficiency of 20 Å QD solids at 10

Surface passivation
CdSe edge
spacing~Å! PL QY ~%!

Charges per photon
@ 250 kV/cm

TOPO/TOP 1161 2 8E-5
Octanethiol 962 0.85 5.9E-5
TBPO/TBP 761 1 1.4E-5

Pyridine 761 ;0.01 8.3E-6
3 monolayers CdS

1TOPO/TOP
;31 24 ,5E-6

3 monolayers ZnS
1pyridine

;26 7 ,5E-8
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nonradiative rates of recombination. In samples with p
surface passivation, ‘‘deep trap’’ PL is observed far to t
red of the band edge~Fig. 8!. At 10 K, quenching of the deep
trap PL is observed before quenching of the band edge e
sion is detectable~inset of Fig. 8!.

The trends described in this section are reproducible
have been repeated several times with different sample
ries. The absolute magnitude of the photocurrent, howe
may vary by as much as a factor of two for the same nom
sample preparation. Variations in sample thickness, de
of excess cap, as well as the macroscopic defect densi
the films may contribute to this variability.

IV. DISCUSSION

A. Theoretical overview

The increase in conductivity~Ds! of a material under
steady state illumination is generally given by

Ds5e~Dnmn1Dpmp!, ~1!

FIG. 7. Fluorescence quenching at 10 K for a well-passiva
24 Å TOPO/TOP capped QD solid. Spectra are taken in step
2.53104 V/cm starting at 0 V/cm. In the inset, the fractional chan
in integrated PL intensity2uDFu/F~0! ~d! and measured photocur
rent ~.! in units of absolute charges per absorbed photon~the ex-
ternal efficiency! are plotted on the same scale. The thin line
1023 indicates the maximum fluorescence quenching of a sin
isolated QD in a similar electric field.
r
e
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whereDn andDp are the densities of photogenerated ele
trons and holes respectively andmn andmp are the respective
mobilities. Both the density of free carriers and the mobil
may depend on the applied electric field. In insulators, c
ducting polymers,35 molecular solids36 and other low mobil-
ity materials, the density of free carriers is often strong
field dependent and limited by the rate of geminate reco
bination of the photoexcited electron-hole pairs. In syste
where the rate of intra-band relaxation is much faster th
the rate of charge separation, the charge generation
ciency~number of free carriers/absorbed photon! depends on
the branching ratio between the rate of geminate recomb
tion and the rate of charge separation as37

h~F,T!5
kF~F,T!

kF~F,T!1kr~T!1knr~T!
. ~2!

In Eq. ~2!, geminate recombination is expressed as the s
of kr andknr ~assumed to be weakly field dependent!, kF is
the rate of charge separation under the applied electric fi
andT is the sample temperature. The field dependence ih
originates from the rate of charge separation.

In Secs. IV B through IV E we show that for QD solid
the strong field dependence of the photocurrent, the corr
tion between the temperature dependence of the photocu

d
of

t
le

FIG. 8. Fluorescence quenching at 10 K for a poorly passiva
19 Å TOPO/TOP capped QD solid. The inset shows a blowup
the band edge PL. Quenching of the deep trap luminescenc
observed before any quenching of the band edge PL is detecta
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and the exciton lifetime, and the correlation between the
quenching and the photocurrent amplitude are all consis
with the model described by Eq.~2!. Throughout the discus
sion we assume that each QD is never more than sin
charged because of the large Coulomb charging ene
~measured to be at least;150 meV for 4–5 nm diamete
CdSe QDs above a conducting substrate!.38 Since the charg-
ing energy is much larger than the available thermal ene
at room temperature, each QD will never be more than sin
charged until the entire QD array has been filled.

B. Temperature dependence

When limited by geminate recombination, the yield
carriers is strongly affected by the exciton lifetime. If the ra
of geminate recombination is much greater than the rate
charge separation, Eq.~2! can be factored so thath(F,T)
5t(T)kF(F) where t(T) is the exciton lifetime (1/t5kr
1knr). The I -V characteristics in Fig. 3~a! are well de-
scribed by the product of a field dependent functionf(F) that
gives the shape of theI -V characteristic@Fig. 3~b!# and a
temperature dependent function,S(T) that controls the am-
plitude of theI -V curve. Figure 4 shows that 1/S(T) is simi-
lar in shape to botht~T! and the PL QY~T! in the absence o
an applied field. Similar QY~T! behavior has been observe
in a number of TOPO/TOP capped samples making us c
fident that the similarity between 1/S(T) and the QY~T! is
not merely fortunate coincidence. Botht and the QY de-
crease with increasing temperature consistent with an
crease in the nonradiative recombination rate within the p
ent QD.39

If we tentatively assign 1/S(T) to the exciton lifetime then
the shape of theI -V characteristic must be related to the fie
dependent charge separation rate. In Fig. 3~b! f(F) is nearly
temperature independent suggesting that charge separ
proceeds via tunneling. A tunneling mechanism is consis
with the large barriers that confine the electron and hole
the QD. In optical absorption measurements, only a small
shift ~;2 nm! of the QD linear absorption spectrum is o
served from dilute solution to close-packed films.14 A large
red shift would be expected if the electron or hole wavefu
tions had significant leakage through the potential barr
The binding energy of the quantum-confined exciton~;200
meV for a 20 Å QD! is also much greater than the availab
thermal energy at room temperature. Thus, one would
expect thermally assisted ionization of excitons to contrib
significantly to the photocurrent.

A large number of samples showI -V characteristics tha
are well described byf(F)t(T) and are consistent with tun
neling between QDs. In a few cases however, the shap
the I -V characteristic is weakly temperature dependent
the photocurrent at low applied fields increases slightly w
increasing temperature@see Fig. 3~c!#. If kF is comparable to
the exciton recombination rate (kr1knr) then it is not pos-
sible to factor the expression forh, and a weakly temperatur
dependentI -V characteristic might be observed. Howev
the carrier yield should also be substantially increased c
pared to that for samples like the one in Figs. 3~a! and 3~b!,
leading to larger photocurrents. This is not observed. Si
larly, if the mobility of free carriers was thermally activate
increased photocurrent would be expected. No correla
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between the magnitude of the photocurrent and the temp
ture dependent behavior has been found for differ
samples, ruling out both these possibilities.

Weak temperature dependence without an increase
charge generation efficiency could be explained by ther
population of various QD surface defect states. In Cd
QDs, the deep trap PL~believed to be surface related! has
been observed to increase between 10 and;80 K before
rapidly decreasing again.40 We show evidence in Sec. IV C
that charge separation of surface trapped carriers occu
lower energy than separation of carriers confined to the c
of the QD. Thermal population of surface defect states m
increase the number of charges that escape from the QD
this low energy pathway. At the same time, defect states m
also act as centers for nonradiative exciton recombinat
Thus, the net yield of carriers may not be increased e
though charge separation may be possible at lower app
fields.

C. Fluorescence quenching

Charge separation decreases the PL QY of charge ne
QDs by providing an additional nonradiative pathway f
destruction of the excitons. A classic test for geminate
combination limited photoconductivity is that the char
separation efficiency derived from the magnitude of fluor
cence quenching and the number of charges per abso
photon collected at the electrodes are proportional. In
solids ~Fig. 7!, we show that the photoconductive gain a
the quenching of the band edge PL both change by appr
mately 2 orders of magnitude over the experimental rang
applied fields. They are also both strongly field-depend
and have nearly the same shape at high fields, consistent
a geminate recombination limited system.

In many systems, the decrease in PL QY can be used
direct, quantitative probe of the internal charge separa
efficiency, independent of mobility and carrier lifetim
effects.37 This is not the case if the presence of free carri
introduces new nonradiative pathways for exciton annih
tion. Efficient Auger-like nonradiative recombination whe
the exciton energy is transferred to a third carrier is believ
to make charged QDs essentially ‘‘dark’’ in emission com
pared to neutral QDs.41,42 In this model, the PL efficiency of
the QD solid should be inversely proportional to the dens
of charge carriers in the QD solids since each exciton i
ization event creates two charged QDs. Auger recombina
may also be more efficient in QDs where the charge occu
a delocalized QD core electronic state rather than a local
trap state. The total PL quenching may thus depend on
rate of charge separation, the charge density within the
solid, and the fraction of charged QDs where the charge
delocalized over the QD core.

Without an independent measure of the carrier dens
we cannot directly extract the charge separation rate from
fluorescence quenching data. However, we can still m
some qualitative observations about the charge separa
process. In order to observe significant PL quench
~.1%!, either the rate of charge separation is comparabl
the radiative and nonradiative recombination rates or ther
a non-negligible, field dependent density of charged QDs
the sample. The first scenario can be ruled out from the sm
charge generation efficiency as discussed in the previous
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tion on temperature dependence. Thus, we are left with
conclusion that while charge separation is a relatively s
process, there must be a significant charge density within
sample that quenches the PL. The characteristic ‘‘W’’ shape
of the PL quenching data suggests that the charge dens
initially decreased by the applied field and then increa
again as the field is increased further. More experiments
required to understand this unusual behavior.

The band edge PL in CdSe QDs was recently assigne
recombination of electrons and holes in spherically symm
ric QD core electronic states.43 Work by Lifshitz et al. sug-
gests that low energy broad ‘‘deep trap’’ PL originates fro
the recombination of shallow trapped electrons and d
trapped holes.40 In Fig. 8 quenching of the deep trap PL
observed at lower fields than quenching of the band edge
This suggests that it is harder to separate excitons confine
the core of the QD than electron-hole pairs where one
both carriers are separately trapped at the surface of the
ent QD. The wave function overlap is greater for electro
hole pairs delocalized in the core of the QD than for carri
localized in surface trap states. Consequently, the energ
quired to overcome the Coulomb attraction should be gre
for the electron-hole pairs strictly confined to the core. T
is discussed further in section F and in the calculations
Appendix A.

D. Intensity dependence

The intensity dependence of the photocurrent provides
formation about both the photocarrier generation mechan
and the recombination mechanisms for free carriers. Figu
shows that the photocurrent in the QD solid varies linea
with intensity consistent with a single photon mechanism
electron-hole pair generation and dissociation. Linear int
sity further implies that either there is no recombination
the bulk of the sample, or that recombination is first ord
with respect to the concentration of free majority carrie
~quasi-monomolecular recombination!.

We eliminate the first possibility by considering the d
pendence of the absolute photocurrent on electrode spa
for fixed electric field and photon flux. If there is no carri
recombination in the bulk of the sample and the carrier m
bility remains the same, then the total number of charge
riers between the electrodes should increase with increa
electrode spacing. Within our sample-to-sample reprod
ibility, we observe no dependence of the magnitude of
photocurrent on electrode spacing, for gaps between 1
20 mm, suggesting the photocurrent is not transit time li
ited.

In a trap-free insulator where the number of therma
generated carriers is much less than the number of phot
nerated carriers, a square root dependence on intensi
expected from bimolecular recombination of the photogen
ated electrons and holes.44 First-order recombination kinetic
can predominate if there are many more recombination c
ters than there arefree majority carriers.44 Optical studies
have suggested that there are deep hole traps and sh
electron traps at the surface of colloidal QDs.40 The deep
hole traps could both limit hole mobility and act as reco
bination centers when filled. Shallow electron traps co
limit the free electron concentration such that monomole
lar recombination kinetics could predominate. While t
e
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properties of the QD solid are qualitatively consistent w
this model, further measurements of the photoresponse
as a function of excitation intensity and temperature are
quired to confirm the presence and chemical nature of tr
in the QD solid.

E. Field dependence

In this section we argue that the primary action of t
electric field is to overcome the Coulomb attraction of t
initial electron-hole pair and not to significantly lower th
confinement barrier. The maximum potential dropped acr
two adjacent QDs in any of the experiments is only;0.25
eV—much less the potential that must confine the elect
and to the QD. Instead the electric field brings an unoccup
state into resonance with the QD containing the exciton
that one of the charges can escape. Figure 5 shows tha
curvature of theI -V characteristic increases with decreasi
QD radius, consistent with an increase in the energy requ
to overcome the binding energy of the photogenera
electron-hole pair.

The dependence of the photocurrent on surface pass
tion and interparticle spacing~shown in Fig. 6 and Table I!
suggest that these parameters affect the rate of charge
ration. For example, the probability to tunnel through alka
ligands is proportional toe2ad wherea;1 Å21.11 Thus if
the density of states remains the same on changing the
face ligand from TOPO to TBPO, one would expect appro
mately a 423 increase in tunneling probability~dTBPO
;7 Å,dTOPO;11 Å!. In Fig. 6, we observe an approx
mately 103 increase in tunneling probability at low fields. A
distribution of tunneling distances would make the tunnel
probability less sensitive to the average interparticle spac
than expected from the simple theory.

The carrier generation efficiencies with core-shell Q
are also in qualitative agreement carriers tunneling out of
QDs. For QDs overcoated with 3 monolayers of ZnS~;3.1
Å per monolayer, conduction band offset;0.9 eV! and then
capped with pyridine ligands (d;7 Å), we observe that the
charge generation efficiency is at least 10003 smaller than
for bare TOPO capped QDs. For CdS overcoated Q
where the CdS conduction band is nearly matched to
CdSe conduction band~offset;0.2 eV!, we observe that the
charge generation efficiency is only 163 smaller than for
bare TOPO capped QDs. The observations for the core-s
QDs are consistent with findings in polymer QD compos
LED’s where improved efficiencies were observed with C
overcoated QDs~Ref. 45! in comparison to ZnS overcoate
particles.46

F. Tunneling model for charge generation

Geminate recombination systems have customarily b
treated using the formalism developed by Onsager47 and ex-
tended by a number of others.37,48,49 In the simple Onsage
model, the probability of geminate recombination depen
on the Coulomb energy of the initially thermalized electro
hole pair compared to the strength of the applied elec
field. While this qualitative picture is applicable to QD so
ids, none of these Onsager-type models account for c
where the Coulomb energy of the initial ion pair is mu
greater than the available thermal energy. At 10 K, the bi
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2676 PRB 62C. A. LEATHERDALE et al.
ing energy of the confined exciton is much greater thankT;
therefore within the Onsager model, the probability of cha
escape is negligible except at extremely high fields.
model the field response of the photocurrent, we develo
simple two-site resonant tunneling model to account for
essential physics in the initial separation of the exciton. T
calculations that follow provide intuition on how the sha
of the I -V response should vary with changes in the exp
mental parameters.

Figure 9 summarizes the tunneling model in a simple c
toon. A quantum-confined exciton is created with generat
rateG by absorption of a photon with energy greater than
band gap. This exciton rapidly relaxes to the lowest exci
state of the QD where it can undergo radiative recombi
tion, non-radiative recombination or ionization to create t
adjacent, charged QDs. The probability that one charge
cape depends on the height~f! and width of the tunnel bar
rier ~d! as well as the energy offset~g! between the initial
and final state. Increasingknr or kr decreases the probabilit
that one of the carriers escapes the parent QD. A two-
nearest neighbor tunneling model is sufficient to describe
essential physics because the intersite spacing is almo
orders of magnitude larger than in molecular systems. A
result, the probability for a charge to tunnel or hop more th
one site away from its initial site in a single step is neg
gible.

We consider two possible mechanisms for a charge es
ing from the QD ~Fig. 10!. In the first case that shall b
referred to as ‘‘core-to-core,’’ both the electron and hole
in spherically symmetric, ‘‘particle-in-a-sphere’’ states. O
charge tunnels directly into another spherically symme
state in the adjacent QD. In the second case referred t
‘‘trap-to-trap,’’ both charges are in trap states at the surf
of the particle. One charge then tunnels into a trap state a
surface of the adjacent QD. In both cases, the energy cos
charge separation arises from the energy required to o
come the Coulomb interaction of the photoexcited electr

FIG. 9. Cartoon of the energy cost required to separate the
tial electron-hole pair.g is the energy cost, ‘‘d’’ is the distance
between adjacent QDs, andf is the potential barrier which confine
the electron or hole to the QD.f is related to the energy differenc
between the lowest conduction~valence! band state for the electro
~hole! and the LUMO~HOMO! for the organic capping layer. Se
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hole pair and the interaction of each charge with its resp
tive image charges.

The details of how the net energy cost is calculated
given in Appendix A. Figure 11~a! shows the net energy cos
as a function of QD size and interparticle spacing for co
to-core and trap-to-trap tunneling. Consistent with the dat
Figs. 7 and 8, the energy cost to ionize the exciton decre
with increasing QD size and decreasing inter-particle sp
ing. The model predicts that tunneling from traps is a mu
lower energy process than tunneling directly from core el
tronic states and that the size dependence is relatively w
Figure 11~b! shows the potential energy as a function
applied field in terms of the number of sites away from t
parent QD. Once sufficient field is applied that one cha
can move one site away from the parent QD, the probab
to move further away is much greater than the probability
move back and carriers are swept by the electric fi
through the solid.

To fit the experimentalI -V curves and extract an exper
mental value forg, we model the transition rate~k! between

i-

FIG. 10. Cartoon of the possible mechanisms for charge se
ration in QD solids. In case 1, charges tunnel directly betwe
delocalized states. In case 2, the electron and hole are trappe
separate surface sites and one charge tunnels to the surface
adjacent QD. Combinations of these mechanisms are also pos
as indicated by the center arrows.

FIG. 11. ~a! Calculated energy cost to separate electron-h
pairs confined to the core~circles! and trapped on the surface~tri-
angles! as a function of QD radius. Closed symbols are for 11
spacings and open circles are for 7 Å spacing.~b! Calculated po-
tential energy, relative to the energy of the bound exciton, a
function of the number of sites between the electron and hole
QD solid with 11 Å interparticle spacing and 20 Å QDS. Symbo
are for applied site to site energies of 0 meV~d!, 50 meV~,!, 150
meV ~L!, and 250~j! meV.
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state 1 and 2 using a golden rule approximation. Appendi
gives the details of the calculations used to develop
model. The three fitting parameters are the energy differe
between the initial and final states~g!, the tunnel barrier
e
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height ~f! and a phenomenological parameter ‘‘a’’ that
describes the amount of tailing of the density of states i
the energy gap. The final result used to fit the data is
following:
I ~n!5

expX 24&\2d

3m~en2g! F S mf

\2 D 3/2

2S m~f1g2en!

\2 D 3/2GC
11expS 2
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where n is the site-to-sitepotential. Figure 12 shows th
calculatedI -v curves based on this tunneling model for tw
different inter-particle separations. The data is scaled on
the site-to-site potential by dividing the applied voltage
the approximate number of QDs between the electrodes.
assumes that the potential is dropped uniformly across
sample. The width of the tunnel barrier is fixed at the m
sured edge-to-edge spacing between the QDs. The valueg
is allowed to vary but the ratio of the energy cost for t
TOPO vs TBPO~1.14 to 1! is fixed at the approximate rati
calculated from Eqs.~A2a! and ~A2b! in Appendix A. A
single tailing parameter ‘‘a’’ and barrier height~0.84 eV! are
chosen to best fit all the data. The barrier height is chose
give the same change in transmission probability as a fu
tion of alkane chain length as has been reported for d
conductivity measurements on close-packed g
nanoparticles.11 For the scaled data the goodness of fit
sensitive to ‘‘a’’ and g but is relatively insensitive to the
value off.

The model qualitatively reproduces the field depende
of the photocurrent. For the best fit, the values ofg are in-
termediate between the trap-to-trap and the core-to-core
its ~;150 meV!. The intermediate value forg may suggest
that both pathways are active in the QD solids. The sli

FIG. 12. Comparison between the data~symbols! and the tun-
neling model~lines! at 10 K. Data is for 20 Å QDs with~L! TOPO
~d;11 Å,g50.170! and ~.! TBPO ~d;7 Å,g50.150! surface
ligands. In the model,f is fixed at 0.84 eV, and ‘‘a’’ is fixed at
0.060.
to
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e
-
f

to
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sample-to-sample variation observed might be due to va
tions in the degree of surface passivation or oxidation t
may shift the balance between core-to-core and trap-to-
tunneling. Quantitatively there are some problems with
model. For example, the escape rate (kF) predicted from the
fit parameters is much too large: If the attempt frequency
a charge to escape from the QD is approximately prop
tional to the orbital frequency (;1013Hz), and the average
transmission probability for a 0.84 eV barrier is;1024, then
for TOPO capped particles, this yields a value forkF of
109 s21. Using Eq. ~2! this implies efficiencies of nearly
100% ~given 25 ns lifetime at 10 K!. This value is too high
compared to what is observed in Fig. 7~,6%!. Better agree-
ment with the observed photoconductive gain is found if
height of the tunnel barrier is increased. However, then
absolute value of the photocurrent is predicted to be m
more sensitive to the inter-particle spacing~d! than is ob-
served. Part of the difficulty may arise since the WKB mod
assumes a continuum of states above the barrier that is i
propriate for a molecular tunnel barrier. To compensate
the low density of states for the molecular tunnel barrier,
apparent barrier height may need to be smaller. Alter
tively, the difficulty in producing a unique fit may arise from
the complementary nature of the ‘‘a’’ and f parameters. A
large tunnel barrier height can be somewhat compensate
by increasing the ‘‘a’’ parameter to increase the density o
available states at low energy.

Without an independent measure of either the density
states or the energy levels in the organic molecules w
respect to the ‘‘conduction band’’ and ‘‘valence band’’ edg
of the QD, more quantitative analysis is not possible. T
primary utility of the model is to provide intuition on how
the shape of theI -V curve should vary with changes in ex
perimental parameters. For example, decreasing interpar
spacing or increasing the QD size gives rise toI -V curves
that are more linear and more photoconductive at low fie
~see Figs. 5 and 6!. Reducing the number of intermedia
trap states, for example by overcoating the QDs, should p
mote core-to-core tunneling, a pathway leading to hig
nonlinear I -V curves and low photoconductivity except
high applied electric fields. Consistent with the model, Ta
I shows that very little photoconductivity is observed wi
the overcoated QDs compared to the nonovercoated sam
The model also predicts that ligands that act as shallow tr
for one carrier and not the other promote initial charge se
ration of the exciton leading to higher efficiency and weak



e

an
o
d-
D
P
n
ci

t
he
e
r
th

ll
o
nd
e

it
p
h
t
o

o
om
ac
e
-
il

s-
x
ti
as
ti
de
ui
lin
Q
re
s
fo
ab
th
th
n
r
n
o

rr
ef

or
ms
d
ies
for
s-

o-
o.

be

c-
e
e of
en-

a

of

as-
rgy

of

ent

or
the

d-
er-
uch
at is

2678 PRB 62C. A. LEATHERDALE et al.
field dependence. Recent intraband relaxation measurem
suggest pyridine acts as a good hole acceptor50,51 and would
therefore promote the separation of electron-hole pairs
enhance the charge separation efficiency. Table I also sh
that pyridine capped QDs exhibit low PL efficiency but mo
erate photoconductivity compared to TOPO capped Q
While pyridine may promote charge separation, the low
QY of pyridine capped QDs suggests that that this liga
also increases nonradiative recombination, thereby redu
the net carrier yield.

G. Final comments

Semiconductor QD solids present a unique opportunity
study the dynamics of charge separation in systems w
the initial separation of the electron-hole pair can be w
controlled. The calculations in Sec. IV F show the impo
tance of the relative dielectric constant of the QD versus
surrounding matrix for nanometer scale systems as we
the importance of interface states. The large dielectric c
trast of the semiconductor core versus the organic liga
leads to a large polarization energy that increases the en
cost to separate the photoexcited electron-hole pair.

Despite the success of the simple model presented
qualitatively describing the charge separation process,
clear that many theoretical challenges remain to develo
complete description. In particular it is not clear where t
applied potential is dropped, i.e., across the QD or across
organic. The calculations of the Coulomb interaction
charges on adjacent QDs are nontrivial and may need t
addressed using numerical methods. Finally, a more c
plete description of the potential energy near the interf
and the relative positions of the HOMO and LUMO for th
organic moleculesbound to the surface of the QD are re
quired for quantitative evaluation of the tunneling probab
ity.

V. CONCLUSIONS

Photoconductivity in QD solids is the result of field a
sisted ionization of a photoexcited exciton in its lowest e
cited state. Charge separation competes with rapid radia
and non-radiative recombination which both act to decre
the internal charge generation efficiency. Charge separa
proceeds primarily via a tunneling process and the field
pendence of the photocurrent depends on the energy req
to separate the electron-hole pair. A resonant tunne
model for charge separation qualitatively reproduces the
size and surface passivation dependence of the photocur
Regardless of whether charges escape from trap state
from QD core electronic states, the energy required
charge separation is considerably larger than the avail
thermal energy, even at room temperature. It is clear
carrier access to the surface of the QD can improve
charge separation efficiency provided the surface does
also present sites for non-radiative recombination. The p
cise mechanism underlying the fluorescence quenching is
understood at this time. It may be related to the density
charges~both free and trapped! in the QD solid. The inten-
sity dependence of the photocurrent indicates there is ca
recombination in the sample that reduces the external
ciency.
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APPENDIX A

Generally, the energy cost for charge separation can
written as the difference betweenE2 andE1

E15Ec1Ep1Ese1Esh , ~A1a!

E25ECoul1Ese8 1Esh8 , ~A1b!

whereEc is the direct Coulomb interaction between the ele
tron and hole,Ep is the polarization energy arising from th
interaction between the each carrier and the image charg
the other carrier, and the electron and hole self-charging
ergies areEse andEsh , respectively.E1 is commonly known
as the exciton binding energy. InE2 , the Coulomb interac-
tion between charges in adjacent QDs (ECoul) is approxi-
mated by the interaction energy of two point charges in
medium of average dielectric constant («ave;3«0).52 We ne-
glect the interaction of each carrier with the image charge
the other carrier when the charges are in adjacent QDs.

For the case of core-to-core tunneling, each charge is
sumed to be in a spherically symmetric state and the ene
cost (g5E22E1) can be derived using the results
Brus53,54 and Babic:55

E15
21.79q2

4p«0«QDR
1

q2

4p«0
S 1

«QD
2

1

«ave
D12

q2

2«QDR
Ss ,

~A2a!

E252
2q2

4p«0«ave~2R1d!
12

q2

2«QDR
Ss , ~A2b!

where

Ss52p2(
l 50

`
~ l 11!~«QD2«ave!

„«ave1 l ~«ave1«QD!…
E

0

1S sin~px!

px D 2

x2l 12dx.

In Eqs. ~A2a! and ~A2b!, «QD is the bulk, high frequency
dielectric constant for CdSe (6.2«0) ~Ref. 56! and R is the
radius of the QD. It is assumed that the quantum confinem
energy is the same in bothE1 andE2 ~valid within the strong
confinement regime! as well as the self-charging energies f
electron and hole. The latter approximation means that
self-charging energies will cancel in the expression forg.
The expression forE2 is approximate and should be consi
ered an upper bound only. A correct calculation of the int
action energy of two delocalized charge distributions at s
short range requires a quantum mechanical calculation th
beyond the scope of this work.
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For the case of trap-to-trap tunneling, the situation
somewhat simpler since the electron and hole can be tre
as localized point charges. If trapped charges are localize
unpassivated Cd or Se atoms on opposite sides of the
the energy for charge separation is given using the resul
Shim et al.:57

E15
2q2

8p«0«QDr

1(
l 50

`
q2

2p«0«QD

~«21!~2l 12!r 4l 12

@~«11!~2l 11!11#R4l 13 ,

~A3a!

E252(
l 50

`
q2~«21!~ l 11!

8p«0«QD~« l 1 l 11!R S r

RD 2l

2
q2

4p«0«ave~2R1d!
, ~A3b!

where is«5«QD/«ave andr is the radius of the semiconduc
tor core including the surface, minus the ionic radius of
Se22 ion ~1.98 Å!.58 E1 is the sum of the Coulomb interac
tion for two charges on opposite side of the QD plus
polarization energy for these two localized charges.E2 is the
self-charging energy for a singly charged dielectric sph
with a point charge near the surface54 plus the Coulomb in-
teraction with the point charge on the other sphere.g in this
case is a lower bound on the energy required for cha
separation. If the static dielectric constants for the semic
ductor and organic components are used~probably more ap-
propriate for tunneling from localized states!, the energy cost
will be increased.

APPENDIX B

Using the golden rule approximation, the transition ra
~k! between two states can be written as the following:

k}E
2`

`

T~E!g1~E!g2~E!@F1~E!2F2~E!#dE, ~B1!

whereT(E) is the transition probability through the barrie
g(E) is the density of states, andF(E) is the Fermi distri-
bution function in state 1 or 2, respectively. Since all t
s
ed
on
D,
of

e

e

e

e
n-

e

experiments are at low temperature and low excitation int
sity, Eq. ~B1! can be approximated by assuming that on
state 1 is initially occupied and there is no thermal popu
tion of higher excited states. For simplicity, the back tran
tion rate is assumed to be zero. The energy in the initial s
is held fixed at zero for all applied biases and only the ene
of the final states is allowed to vary. Equation~B1! then
simplifies to

k~n!}T~0,V!g2~2g1eV!, ~B2!

wheree is the elementary charge,g is the energy in the fina
state at zero applied bias, and ‘‘n’’ the potential difference
between the centers of adjacent QDs~the site to site poten-
tial!. For plane waves incident on a barrier of width (d), the
transmission probability is given by the following~WKB
approximation!:

uT~E!u2'expF22E
0

dA2m

\2 „f~x!2E…dxG . ~B3!

We assume a square tunnel barrier of heightf0 . Applying a
linear potential, the tunneling barrier is given by

f~x!5f02
eV

d
x. ~B4!

For high, narrow barriers, the transmission probability var
approximately linearly with applied voltage. For tunnelin
through organic ligands, we use ‘‘m’’ equal to the rest mass
of the electron. The existence of a finite size distribution
the sample transforms the discrete density of states in
individual QDs into an effective continuum in the QD soli
We assume a continuum density of states of the form

g2~E!5
1

11expS 2E1g

a D . ~B5!

The parameter ‘‘a’’ controls the amount of ‘‘tailing’’ into the
energy gap. Physically a large value for ‘‘a’’ means that
there is a high density of trap states or a broad distribution
QD sizes and interparticle spacings in the sample. This fu
tional form for the density of states is only valid for applie
fields less thang; in the real system the density of stat
should continue to increase with increasing energy.
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