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Interpretation and theory of tunneling experiments on single nanostructures
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Laboratoire Matériaux et Microélectronique de Provence, ISEM, Place Georges Pompidou, 83000 Toulon, France

~Received 22 October 2001; published 12 April 2002!

We discuss the interpretation of tunneling experiments on single molecules or semiconductor quantum dots
weakly coupled to metallic electrodes. We identify the main features in the current-voltage curves and in the
conductance using an extension of the theory of single charge tunneling. We analyze important quantities, such
as the charging energy and the quasiparticle gap, providing simple rules to interpret the experiments. We
discuss the limitations of the capacitance model to describe the system. We show that at a bias larger than the
band-gap energy of the nanostructure the tunneling of both electrons and holes must be taken into account. We
use self-consistent tight-binding calculations to illustrate these points and provide a comparison with recent
experimental results on InAs nanocrystals.
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I. INTRODUCTION

Recently remarkable experiments have been performe
measure the currentI through single-quantum systems, su
as molecules1–8 or semiconductor quantum dots.9–15 In these
experiments, the molecules or the quantum dots are c
nected to metallic electrodes under biasV using scanning
tunneling microscopy~STM! tips,1–4,9–13 nanometer-size
electrodes5,14 or break junctions.6–8 Measurements show tha
the nanostructures do not behave like simple Ohmic resis
but display features arising from the quantum states of
system and from Coulombic effects, because a single ex
charge on a molecule or a quantum dot dramatically in
ences its properties. Peaks in the conductancedI/dV charac-
teristics are attributed to resonant tunneling through the
lecular states or, in quantum dots, through the discrete le
induced by the confinement. In this perspective, quan
dots behave as artificial atoms whose properties can be t
by varying their size.

Electrical studies give access to the intrinsic properties
nanostructures, provided that the coupling to the electrode
weak. Thus one goal in the interpretation of tunneling exp
ments is to extract physically relevant quantities from
position of the peaks. For example, in the case of quan
dots, the scaling laws predicted for the variation with size
their band-gap and charging energies must be tested
accuracy. The possibility to deduce directly the energy ga
a nanostructure from the measurement of the current ga
the I (V) curve and, more generally, the possibility to com
pare directly the experimental data with the results of th
retical calculations~e.g., single-particle spectra, quasipartic
spectra, etc.! is highly desirable. However the ability to ex
tract this fundamental information fromI (V) or dI/dV char-
acteristics is not straightforward. The presence of peak
the dI/dV curves is due to the interplay between a discr
energy spectrum and charging effects. Another difficulty
the interpretation comes from the fact that electrical m
surements not only probe transitions between differ
charge states of nanostructures, but also involve exc
0163-1829/2002/65~16!/165334~14!/$20.00 65 1653
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states. For example, we have recently16 shown that, in the
tunneling experiments of U. Baninet al.9 on InAs nanocrys-
tals, peaks related to the injection of electron and holes
present in the same parts of the spectra. In that case
assignment of the peaks becomes more intricate.

Therefore, the aim of this paper is to investigate in de
difficulties common to the interpretation of the electric
measurements on single molecules or semiconductor q
tum dots weakly coupled to metallic electrodes. Using
extension of the theory of Averinet al.17 for single charge
tunneling, we identify the main features ofI (V) or dI/dV
curves and we show how to connect them to quantities gi
by theoretical calculations. We provide simple rules that h
to interpret the experiments. We analyze important qua
ties, such as the charging energy and the gap. We discus
validity and the limitations of the capacitance model to d
scribe the system as a double barrier junction. We estab
the conditions for the injection of both electrons and ho
into a nanostructure, and we discuss its effects on the s
troscopy. Finally we illustrate the discussion with the resu
of self-consistent tight-binding calculations on InA
nanocrystals16 that we compare with the experiments of B
nin et al.9

II. GENERAL PROPERTIES OF THE I „V… CURVES

A. Description of the system

We consider a system that can be described by a do
barrier tunnel junction, as shown in Fig. 1. It consists o
semiconductor quantum dot or a molecule coupled to t
metallic electrodes E1 and E2 by tunnel junctionsJ1 andJ2.
The electrodes E1 and E2 are characterized by their Fe
energies « f

15« f2eV and « f
25« f . Electrons can tunne

throughJ1 andJ2 with respective ratesG1 andG2 which, in
principle, depend on the energy of the tunneling electr
Due to its quantum size, the nanostructure is character
by discrete energy levels. We assume18 that these levels are
weakly coupled to the states in the electrodes so that, in
regime, the chargeq of the nanostructure is well defined. A
©2002 The American Physical Society34-1
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a given q, the nanostructure can be in different electron
configurations~of index i ) characterized by a total energ
Ei(q,V) ~for simplicity, the chargeq is defined in atomic
units throughout the paper!.

B. Transition levels

The main features of theI (V) curve of such a system
have already been discussed by several authors.17,19,20 The
currentI is the resultant of several tunneling processes.
example, an electron can tunnel from the electrode E1 to
nanostructure, which goes from a configuration of ene
Ei(q,V) to a configuration of energyEj (q21,V). At T
→0 K, this process is possible only if

« f
1.« i j ~quq21,V!5Ej~q21,V!2Ei~q,V!, ~1!

where we have defined transition levels with ener
« i j (quq21,V). The position of the transition levels with re
spect to the Fermi levels« f

1 and« f
2 determines which tunnel

ing processes are possible at a given biasV. Therefore, at
T→0 K, theI (V) curve looks like a staircase, and thedI/dV
curve consits of a series of peaks. TheI (V) curve exhibits a
step each time a new channel is open for conduction thro
the system, i.e., when a Fermi level crosses a transition le
The amplitude of the step not only depends on the tunne
ratesG1 and G2, but also on the probabilities to find th
nanostructure in the respective configurations17,19 ~a calcula-
tion of these probabilities will be described in Sec. IV B!.
Thus theI (V) curve has a direct interpretation in terms
the transition levels that, in principle, can be obtained th
retically by calculating the total energiesEi(q,V). However,
in practice, this procedure is either complex or most of
time impossible for the following reasons

~i! The transition levels depend on the biasV; ~ii ! the
number of charge states and electronic configurations to
considered may be important;~iii ! the accurate calculation o
the total energies usingab initio methods is only possible fo

FIG. 1. Typical double barrier tunnel junction.~a! It consists of
two metallic electrodes E1 and E2~e.g., a substrate and the tip of
scanning tunneling microscope! weakly coupled to a nanostructur
by two tunnel junctionsJ1 andJ2 with capacitancesC1 andC2 and
tunneling ratesG1 and G2. ~b! The metallic electrodes E1 and E
are characterized by their Fermi energies« f

15« f2eV and « f
2

5« f . The nanostructure is characterized by discrete energy le
16533
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small molecules or small semiconductor nanocrystals;
~iv! even if the coupling is weak, the total energy of th
nanostructure strongly depends on the presence of the
trodes due to electrostatic interactions. Therefore, simplifi
tions are usually necessary to allow a correct interpreta
of the experiments. One goal of this paper is to discuss th
approximations and their limitations.

C. A specific example: InAs nanocrystals on a gold substrate

We will illustrate the general discussion of this paper w
a specific example corresponding to the experimental res
of Banin and coworkers,9–11 who reported tunneling spec
troscopy experiments on InAs nanocrystals. The spher
InAs nanocrystals were prepared with colloidal technique21

and linked to a gold substrate22 ~electrode E1! with hexane
dithiol molecules. TheI (V) curves were acquired on singl
InAs nanocrystals with a Pt-Ir STM tip~electrode E2! at T
54.2 K. A typical I (V) curve is shown in Fig. 2 for an InAs
nanocrystal with diameterd54.8 nm.10,11 The correspond-
ing conductance curve is plotted in Fig. 3. The two curv
are typical of resonant tunneling processes through the
crete levels of the nanocrystal.

We have shown recently that a complete interpretation
these experiments is possible using a calculation of the
neling current on the basis of self-consistent tight-bind
framework.16 The electronic structure is obtained in tig
binding with a Hamiltonian including the electrostatic pote
tial, which is solution of the Poisson equation applied to
realistic geometry of the system. In this approximation,
screened electron-electron interactions are included at
Hartree level. The total energies are calculated, and the t
sition levels are obtained according to Eq.~1!. Details on the
geometry of the system and on the method are given in R
16, and additional information is given in Appendixes A a
B.

D. Evolution of the transition levels with the biasV

To simplify the interpretation of the electrical measur
ments on single nanostructures, a common approximatio

ls.

FIG. 2. Comparison between calculated~self-consistent! and ex-
perimental~Refs. 10,11! I (V) curves for a 4.8-nm-diameter InA
nanocrystal. The self-consistent calculation was performed for
geometry shown in the inset and discussed in Sec. IV D.
4-2
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to assume that the transition energies have a linear de
dence on the applied voltageV,

« i j ~quq21,V!5« i j ~quq21!2heV ~2!

with 0<h<1. This is justified because the response of ma
systems to applied electric fields is linear. In the case of In
nanocrystals, the self-consistent tight-binding calculatio
show that the linearity is verified within a few percents b
tween 23 V and 13 V, in spite of the intense electri
fields between the STM tip and the gold electrode. In
case of organic molecules, the linearity is also a good
proximation within a broad range of voltages, as shown,
example, using self-consistent tight-binding calculations
using ab initio calculations in the local-density approxim
tion ~LDA !.23,24

In the general case, the slopeh has a different value for
each level« i j (quq21). However, in the case of nanocry
tals, we have found that the dispersion of the values is g
erally small, as shown in Fig. 4 where we ploth calculated
for 50 levels both in the conduction and in valence bands
an InAs nanocrystal. In that case, a constant value ofh for
all the transition levels is a good approximation. To expla
this result, we have plotted in Fig. 5 the corresponding e
trostatic potential in the system forV51 V. Because the
InAs nanocrystal has a higher dielectric constant than
surrounding medium~molecular layers, vacuum!, the electric

FIG. 3. Comparison between calculated and experimental di
ential conductance curves for a 4.8-nm-diameter InAs nanocry
The optimized parameters for the capacitive model areU
5140 meV andh50.9.
16533
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field is strongly screened in the semiconductor and the v
age drop between the two metallic electrodes mainly ta
place in the regions with a low dielectric constant. Therefo
considering that the potential does not vary too much in
nanocrystal and that all the states are delocalized, the sloh
cannot depend too much on the electronic configuration.
same effect occurs in molecular systems when the electr
states under consideration are all delocalized along
molecule.23–25 The p-conjugated oligomers, an importan
class of organic materials investigated for molecular el
tronics, usually belong to this category.26 However, in the
general case, where the molecular states are localized in
ferent parts of the molecules, the values ofh may be largely
dispersed.24 This effect may be used to build original mo
lecular devices, such as molecular diodes, analogs of s
conductorp-n junctions27 or of resonant tunneling diodes.

E. Addition and excitation spectra

In the following, we assume a constant slopeh.0. There
are two situations where the interpretation ofI (V) spectra
can be further simplified.28 We describe them on a specifi

r-
al.

FIG. 4. Distribution of the values ofh calculated for 50 levels
both in the conduction and in valence bands of an InAs nanocry
(R53.2 nm). The vertical line is the average value.

FIG. 5. Electrostatic potential inside an empty 4.8-nm-diame
InAs nanocrystal at biasV51 V.
4-3
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example where, at positive bias, the electrons flow from
electrode E2 to the electrode E1 through the nanostruct
When G2@G1, the nanostructure remains close to the eq
librium with the electrode E2. If the applied voltage in
creases, new channels open for the tunneling throughJ2.
However, as the evacuation of the electrons throughJ1 is not
fast enough, the nanostructure remains charged with
maximum number of electrons, on average. Thus, the m
visible steps in theI (V) curve correspond to the opening
new charge states~addition steps, also called shell-fillin
spectroscopy28!. The experiments of Baninet al.9 are inter-
preted in this limit. In the opposite situation, whereG2!G1,
the evacuation of the electrons is so fast that the nanocry
cannot be charged by more than one electron, on aver
Then, the most visible steps correspond to the transition
els associated to the excited configurations of one electro
the nanostructure~excitation steps, or shell-tunnelin
spectroscopy28!. We will show examples ofI (V) curves in
such situations in Sec. IV C.

F. Coulomb charging

Here, we discuss the dependence of the transition le
with respect to the charge state of the nanostructure.

Most of the methods~Hartree, Hartree-Fock, LDA! used
to calculate the electronic structure of quantum system
different charge states lead to the resolution of a set
single-particle equations that must be solved s
consistently, the levels being filled by electrons according
the Pauli principle. A single-particle spectrum is obtained
each charge stateq. The evolution of this spectrum withq is
a consequence of electronic relaxation effects when cha
are added to the system. In principle, the single-particle sp
trum has no direct physical interpretation but, nevertheles
is often at the heart of the interpretation of the experimen
spectra.9–13,15. In that cases, the following approximation
are made.~i! At a givenq, the transition levels« i j (quq21)
are supposed to be directly related to the single-particle
els; and~ii ! the addition of one electron to the system simp
shifts the whole spectrum by a quantityU that describes the
electronic repulsion in the system. In this approximation,
single-particle spectrum in the neutral charge state and
value ofU are sufficient to define the whole set of transiti
levels.U is usually considered as a parameter. In the follo
ing, we discuss the validity of these approximations by co
paring the situations of metallic islands and semiconduc
quantum dots.

1. Metallic islands

Single charge tunneling in metallic islands has been
tensively described in the litterature.29,30 If the island is not
too small, quantum confinement effects can be neglected
the transport is dominated by Coulomb blockade effects.
electrostatic energy of a chargeq on the island is equal to
q2/2(C11C2) in terms of the junction capacitancesC1 and
C2. Then the transition levels are simply given by

«~quq21,V!52qU1S2heV ~3!
16533
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with U5e2/(C11C2), S5U/2, and h5C1 /(C11C2).
From this, it is clear that the linear variation of the transiti
levels with respect toV and toq is justified only in the case
of metallic nanostructures where capacitances can be
fined. In spite of this restriction, the capacitive model is oft
extended to the case of semiconductor quantum dots.17,19,20

2. Semiconductor quantum dots

A common approximation17,19,20 is to write the total en-
ergy of a quantum dot charged withn electrons andp holes
with respect to the neutral state as

E~$ni%,$pi%!5(
i

ni« i
e2(

i
pi« i

h1heVq1
1

2
Uq2, ~4!

where « i
e and « i

h are the electron and hole energy leve
corresponding to the single-particle spectrum calculated
the neutral state.«1

h is often defined as the highest occupi
‘‘molecular’’ orbital ~HOMO!, and«1

e as the lowest unoccu
pied molecular orbital~LUMO!. ni and pi are electron and
hole occupation numbers, respectively;n5( ini , p5( i pi ,
andq5p2n. By analogy with the metallic systems, the e
pression ofU and S remains the same in terms of the c
pacitances~of course, they have not the same value as in
metallic case!. In this single-particle picture, the tunneling o
an electron between the electrodes and the energy level« i

e is
determined by the position of the Fermi levels with resp
to the transition level,

« i
e~quq21,V!5E~ni51,$pj%!2E~ni50,$pj%!, ~5!

5« i
e2heV2qU1S, ~6!

whereS remains equal toU/2 in this approximation. In the
same way, the tunneling of holes is defined by the transit
levels

« i
h~q11uq,V!5E~pi50,$nj%!2E~pi51,$nj%! ~7!

5« i
h2heV2qU2S ~8!

The transition levels«1
e(0u21,V) and«1

h(11u0,V) corre-
spond to the injection of an electron and a hole in the LUM
and the HOMO, respectively. At zero bias, they are sim
given by

«1
e~0u21!5«1

e1S, ~9!

«1
h~11u0!5«1

h2S. ~10!

Their difference defines the quasiparticle gapEg
qp of the

quantum dot

Eg
qp5«1

e2«1
h12S, ~11!

which differs from the single-particle gapEg
05«1

e2«1
h by the

quantity 2S, equal toU in the capacitive model. In the cas
of the experiments of Baninet al.9 on InAs nanocrystals, we
have shown that this simple energetic model works well
describe quantitatively the observed spectra, the sin
4-4



ts
cu
t
n

tru
ta

c
e
o
r-
hy
is

m

s
-

f t
o

f a
tiv
an

the
d
he
ith

ere
m
e

ust

ge-

es

As
e in

ced
the
he

he

stal
try

lue.

INTERPRETATION AND THEORY OF TUNNELING . . . PHYSICAL REVIEW B65 165334
particle levels being calculated in tight binding~Appendix A!
and the capacitances being adjusted on the experimen16

We analyze here the main reasons of this success by dis
ing first the case of isolated nanocrystals, and secondly
general case of a quantum dot embedded in a complex e
ronment.

3. Isolated nanocrystals

Recent papers have shown that the quasiparticle spec
of isolated molecules and small semiconductor nanocrys
(,16 atoms! can be accurately predicted usingab initio GW
calculations31 which goes beyond standard electronic stru
ture calculations by including dynamical correlations b
tween electrons.32 Recently, we have used an extension
the GW formalism in tight binding to calculate the quasipa
ticle gap of spherical silicon nanocrystals passivated by
drogen atoms.33 The situation that emerges from this work
summarized in Fig. 6. The lowest transition level~or quasi-
particle level! for the injection of an electron in the quantu
dot is shifted to higher energy with respect to«1

e by a quan-
tity S(R) that depends on the radiusR of the nanocrystal. A
good approximation34 of S(R) is given by the electrostatic
self-energy of an electron in a dielectric sphere of radiuR
and of dielectric constante in embedded in a material of di
electric constanteout ~51 in that case!,

S~R!'
1

2 S 1

eout
2

1

e in
D e2

R
1dS~R!, ~12!

where, whene in@eout , dS(R) is given by

dS~R!'0.47
e2

e inR S e in2eout

e in1eout
D . ~13!

These expressions represent the interaction energy o
electron with its own polarization charges at the surface
the dielectric sphere. Note thate in depends onR due to con-
finement effects.34–36 The calculated value ofe in for InAs
nanocrystals is given in Appendix A.GW calculations33 jus-
tify the simple electrostatic description of the charging o
semiconductor quantum dot, as obtained in a more intui
manner.37,34 The injection of a second electron leads to

FIG. 6. Top: shift of the lowest conduction level due to t
injection of one electron (S) or two electrons (S1U). Bottom: the
situation for holes is symmetric.
16533
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additional upward shiftU(R) ~Fig. 6! corresponding to the
average Coulomb interaction between two electrons in
dielectric sphere.U(R) not only includes the direct screene
interaction, but also the interaction of one electron with t
polarization charges induced by the second electron. W
the same approximations as forS(R), U(R) is given well
by37,34

U~R!5S 1

eout
1

0.79

e in
D e2

R
. ~14!

The situation for holes is symmetric~Fig. 6!. The highest
quasiparticle levels are given by«1

h shifted similarly to lower
energy.

4. General situation

The expressions ofS(R) and U(R) have been obtained
using a distribution of the electrons or the holes in the sph
given by an effective-mass wave function of the for
sin(pr/R)/r, which is only a good approximation for th
HOMO and LUMO.33 For the injection of carriers to the
other states, the different forms of the wave functions m
be considered, leading to different values ofU. In addition,
the medium surrounding the quantum dot is not homo
neous in the general case. Thus, the charging energyUq2/2
in Eq. ~4! must be replaced by~see Appendix B!

1

2 (
i , j

ninjUi j
ee1

1

2 (
i j

pipjUi j
hh2(

i j
nipjUi j

eh . ~15!

In order to estimate the dispersion in energy which com
from this effect, we have calculated the values ofUi j

ee, Ui j
hh

andUi j
eh for 50 electron states and 50 hole states of an In

nanocrystal in the presence of metallic electrodes. We se
Fig. 7 that the dispersion ofU is actually small. The main
reason is that the dominant contribution toU is the interac-
tion between one carrier and the polarization charges indu
by the other one, which does not depend too much on
details of the wave function. This is due to the fact that t

FIG. 7. Distribution of the values of the energiesUi j
ee, Ui j

hh , and
Ui j

eh for 50 electron states and 50 hole states of an InAs nanocry
(R53.2 nm), in presence of metallic electrodes, with the geome
defined in the inset of Fig. 2. The vertical line is the average va
4-5
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screening in the quantum dot is more efficient than in
surrounding medium~on average!. This conclusion is in
agreement with the experiments of Baninet al.,9 which show
that the charging energy is approximately the same for
injection of an electron in as or in a p state, or for the
injection of a hole in the HOMO. The experimental values
U are plotted in Fig. 8 with respect to the radiusR.
Interestingly,38–40 these values are well fitted byU(R) @Eq.
~14!# with eout56 considered as an adjustable paramete
may be surprising that it is possible to replace a comp
medium made of vacuum, metallic electrodes and molec
layers around the nanocrystal by a homogeneous diele
medium. We believe that this agreement simply reflects
1/R dependence of the charging energy.

A numerical approach is usualy required to calculate
charging energy in a general situation. However, the exp
sion of U(R) given in Eq.~14!, established for an isolate
nanocrystal, provides upper and lower bounds for the ch
ing energy of a spherical dot surrounded by a complex
electric medium. Because this medium cannot screen
electric fields more than a metal or less than vacuum, we
take the limitseout→1 andeout→`,

0.79

e in

e2

R
,U,S 11

0.79

e in
D e2

R
. ~16!

The same argument can be applied to the self-energyS.
These relations are useful to check the coherence of the
terpretation of experimental data in terms of charging effe
The recent STM experiments on InAs~Ref. 9! and CdSe
~Ref. 12! nanocrystals give charging energies that verify E
~16!. In contrast, recent experiments14 on single-electron
transistors based on CdSe nanocrystals give a charging
ergy of 1462 meV for a nanocrystal diameter of 5.5 nm
which is three times smaller than the lower bound of E
~16!. One possible explanation of this discrepancy is that

FIG. 8. Comparison between the calculated~tight-binding! and
experimental~STM Ref. 9! charging energiesU versus the band-
gap energyEg

0 for the geometry shown in the inset of Fig. 2. Th
dielectric constant of the hexane dithiol layer is either«DT52.6 or
«DT57.5. Straight line:U(R) given by Eq.~14! with eout56.
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injected carriers are trapped on localized states, for exam
on surface defects where the charging energy can be con
erably different.

Whene in→`, one easily checks thatU(R)52S(R) cor-
responding to the case of a metallic island. Figure 9 sho
that this relation remains a good approximation whene in
@eout because, once again, the dominant contribution inS
and U comes from the interaction with the polarizatio
charges at the surface. In consequence, whene in@eout , the
capacitive model can be applied to semiconductor nanoc
tals with a good degree of accuracy. The capacitancesC1 and
C2 can be adjusted in order to fullfill the relationsU
'e2/(C11C2), S'U/2, andh'C1 /(C11C2), with U de-
fined as an average value. The conditione in@eout is easily
realized experimentally, as the nanocrystal or the quan
dot is usually embedded in a material with a larger bandg

The conclusions of this section remain almost valid wh
the single-particle levels are calculated in LDA. However
rigid shift must be applied to the conduction states with
spect to the valence states to compensate the underestim
of the bulk semiconductor band gap in LDA. In the case
Si nanocrystals, this somehow empirical procedure is ju
fied by GW calculations.33

In all the examples considered in the previous discuss
where confinement effects are large, single-particle appr
mations are justified, at least as a first step. However
some cases, it may be necessary to consider exchange
correlation effects. For example, the experiments of Taru
et al.41,15 on large GaAs quantum disks show that the cha
ing energy is not a constant, depending, in particular, on
spin. Correlation effects between carriers injected into
quantum dot are usually treated using configuration inter
tion methods42,38,39or in LDA.43,44

III. INTERPRETATION OF THE CURRENT GAP

The current gapDV is the most striking feature of anI (V)
curve. It is defined byDV5V12V2, whereV1 andV2 are
the onsets of the current at positive and negative bias, res
tively. It can be related to the quasiparticle gapEg

qp of the

FIG. 9. Comparison betweenS andU/2 calculated as a function
of eout in an InAs nanocrystal (R53.2 nm). The vertical dashed
line corresponds toeout5e in513.6.
4-6
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nanostructure in certain conditions, which we discuss no
We assume that the nanostructure is empty at zero b

which means that the Fermi level« f is between«1
e(0u21)

and «1
h(11u0). At positive bias, according to Eqs.~1! and

~2!, electrons can tunnel from the electrode E2 into the na
structure wheneV.(«1

e(0u21)2« f)/h, and holes from the
electrode E1 wheneV.2(«1

h(11u0)2« f)/(12h). There-
fore, the electrons first tunnel into the nanostructure if

« f.h«1
h~11u0!1~12h!«1

e~0u21!. ~17!

Similarly, at negative bias, the holes first tunnel into t
nanostructure if

« f,h«1
e~0u21!1~12h!«1

h~11u0!. ~18!

The evolution of the current gapDV is shown in Fig. 10,
as a function ofh for fixed « f , or as a function of« f for
fixed h. Three cases can be distinguished.

FIG. 10. ~a! The onsetsV1 andV2 of the current at positive and
negative bias as a function ofh for fixed « f50.75Eg

qp («1
h2S is

taken as the zero energy, therefore«1
e1S5Eg

qp). ‘‘Electrons’’
~‘‘Holes’’ ! mean that electrons~holes! first tunnel into the nano-
structure.~b! The current gapDV as a function of« f for fixed h
50.8 . ‘‘QP’’ means thatDV;Eg

qp , ‘‘ EE’’ ~‘‘HH’’ ! means that elec-
trons ~holes! tunnel on both sides of the current gap.
16533
.
s,

o-

~i! Electrons tunnel on one side of the current gap, a
holes tunnel on the other side: ThenDV is proportional to
the quasiparticle gapEg

qp of the nanostructure.

eDV5
1

h
Eg

qp if h>
1

2
, ~19a!

eDV5
1

12h
Eg

qp if h<
1

2
. ~19b!

This regime is mainly obtained in asymmetrical syste
where most of the applied voltage drops either across
junction J1 (h;0) or J2 (h;1). Moreover, the Fermi en
ergy « f should be close to the midgap.

~ii ! Electrons tunnel on both sides of the current gap:

eDV5
1

h~12h!
~«1

e~0u21!2« f !, ~20!

whereeDV can be much lower than the quasiparticle ga
This regime is likely to occur in symmetrical systems (h
;1/2) or when the Fermi energy« f is close to the electron
levels of the nanostructure.h and« f can be calculated from
the onsetsV1 andV2,

h52V2/DV, ~21a!

« f2«1
e~0u21!5eV1V2/DV. ~21b!

~iii ! Holes tunnel on both sides of the current gap:

eDV52
1

h~12h!
~«1

h~11u0!2« f !. ~22!

As in the former case, it is likely to occur in symmetric
systems or because« f is close to the hole levels of the nano
structure. Again,h and« f can be calculated from the onse
V1 andV2,

h5V1/DV, ~23a!

« f2«1
h~11u0!52eV1V2/DV. ~23b!

In the tunneling spectroscopy experiments based o
STM as in Ref. 9, E1 is a metallic substrate and E2 is the
h may easily be increased by retracting the tip from t
nanocrystal. In most cases,h.1/2 is achieved because th
radius of curvature of the tip is much lower than that of t
substrate. Cases~ii ! and ~iii ! are usually distinguished from
case~i! either because the current gap is much lower than
expected quasiparticle gap or because there are striking s
metries in theI (V) staircase between positive and negat
bias. Also note that in case~i! DV must decrease when re
tracting the tip~assumingh>1/2). Case~ii ! can be experi-
mentally distinguished from case~iii ! as follows. If electrons
tunnel on both sides of the characteristics,h5uV2u/DV
should increase when retracting the tip~and thusV1/DV
decreases!. On the contrary, if holes tunnel on both side
then h5V1/DV should increase when retracting the t
(uV2u/DV decreases!.45
4-7
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IV. COMBINED ELECTRON-HOLE TRANSPORT

Just aboveV1 or below V2, usually only one type of
carriers can tunnel into the nanostructure. However, w
increasing furtheruVu, a new regime appears where bo
electrons and holes tunnel, complicating the interpretation
the I (V) curve. We discuss here these situations.

A. Conditions for tunneling of both electrons and holes

We define byVeh
1 (Veh

2 ) the onset of this regime at pos
tive ~negative! bias. We focus on the caseh.1/2 and

h«1
h~11u0!1~12h!«1

e~0u21!,« f

,h«1
e~0u21!1~12h!«1

h~11u0!, ~24!

where the current gap is proportional to the quasipart
gap. Other cases are straightforward generalizations of
one. At positive bias just aboveV1, electrons tunnel from the
electrode E2 into the nanostructure. The transition levels
shifted to higher energy each time an electron is added to
system@Fig. 11~a!#. For a sufficient numbern0 of electrons,
the highest hole level crosses« f

1 and the injection of holes
from the electrode E1 becomes possible@Fig. 11~b!#. Thus,
two conditions must be verified;

« f
2>«n0

e ~q11uq,V!, ~25!

« f
1<«1

h~q11uq,V!. ~26!

Subtracting these two equations, one finds that the tun
ing of holes in the system charged withn0 electrons is pos-
sible only if

eV>«n0

e ~q11uq,V!2«1
h~q11uq,V!'«n0

e 2«1
h>Eg

0 .

~27!

A similar relation can be derived at negative bias. The
fore, tunneling of either electrons or holes alone is ensu

FIG. 11. Tunneling of both electrons and holes at large posi
biaseV.Eg

0 . ~a! An electron tunnels from the electrode E2 into t
nanostructure previously charged withn021 electrons. The whole
level structure is thus shifted to higher energy.~b! A first hole can
now tunnel from the electrode E1 into the nanostructure char
with n0 electrons.
16533
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only if euVu is smaller thanEg
0 , the single-particle gap~but

eVeh
1 may be much larger thanEg

0).

B. Theory of single charge tunneling including electron-hole
transport

The interpretation of tunneling spectroscopy experime
usually relies on the so-called orthodox theory of sing
charge tunneling.29,30 In this section, we extend the theory o
Averin et al.17 to include the transport of both electrons a
holes. We assume that the relaxation rates in the system
fast enough with respect to the tunneling rates so that e
trons and holes remain in equilibrium in their respective e
ergy levels subsets$« i

e% and $« i
h%. The recombination be-

tween electrons and holes will be introduced later in
master equations. Therefore, the single-particle distribu
function gi

e(n) for n electrons in the nanostructure is17

gi
e~n!5Ze

21~n! (
$nj %n /ni51

expS 2b(
j

nj« j
eD , ~28!

where

Ze~n!5 (
$nj %n

expS 2b(
j

nj« j
eD , ~29!

where $nj%n stands for any configuration withn occupied
energy levels« j

e andb51/kT. A similar expression holds for
the single-particle distribution functiongi

h(p) for p holes in
the system. The total ratesv6

ea(n,p) for the tunneling of
electrons through the junction Ja into (1) or out of (2) the
system charged withn electrons andp holes can be written17

as

v1
ea~n,p!5(

i
Ga f ~« i

e~quq21,V!2« f
a!@12gi

e~n!#,

~30a!

v2
ea~n,p!5(

i
Ga@12 f ~« i

e~q11uq,V!2« f
a!#gi

e~n!,

~30b!

where f is the Fermi-Dirac distribution function. The tota
ratesv6

ha(n,p) for the tunneling of holes can be written i
the same way. The probabilitysn,p to find n electrons andp
holes is the solution of master equations

d

dt
sn,p5R~n11,p11!sn11,p112R~n,p!sn,p

1v1
e ~n21,p!sn21,p1v2

e ~n11,p!sn11,p

1v1
h ~n,p21!sn,p211v2

h ~n,p11!sn,p11

2@v1
e ~n,p!1v2

e ~n,p!1v1
h ~n,p!1v2

h ~n,p!#

3sn,p , ~31!

where

v6
e ~n,p!5v6

e1~n,p!1v6
e2~n,p!, ~32a!

e

d

4-8
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v6
h ~n,p!5v6

h1~n,p!1v6
h2~n,p!. ~32b!

R(n,p) is the recombination rate from the charge state (n,p)
to the charge state (n21,p21). In the case of a radiative
recombination, we can writeR(n,p)5np/t, wheret is the
radiative lifetime. The currentI through the structure is give
by

I 5I 1
e1I 1

h5I 2
e1I 2

h , ~33!

where

I a
e5~21!ae(

n,p
@v1

ea~n,p!2v2
ea~n,p!#sn,p , ~34a!

I a
h52~21!ae(

n,p
@v1

ha~n,p!2v2
ha~n,p!#sn,p ,

~34b!

where I a
e and I a

h are the electron and hole currents throu
the junctionsJa, respectively. The stationary solution o
Eqs. ~31! must be obtained under the constraint(n,psn,p
51.

C. Calculation of the I „V… curve in two limiting cases

In this section, we illustrate the effects of the tunneling
both electrons and holes on a simple model. We cons
twofold degenerate single-particle energy levels« i

e and « i
h

with a uniform distribution. We callde anddh the splittings
between successive levels. We assume constant tunn
ratesG1 andG2, a constant charging energyU, h.1/2 and
« f lying in the range of Eq.~24! such that electrons firs
tunnel whenV.0 and holes first tunnel whenV,0. We
calculate the current in two limiting cases that do not dep
on the recombination rate46 1/t, namely, G2@G1, and G1

@G2.

1. G2šG1

In this case, the system remains close to equilibrium w
the electrode E2. AtT→0 K and at positive bias, the nano
structure is filled throughJ2 with the maximum possible
number of electronsnmax ~addition spectrum, see Sec. II E!,

sn,p;sn,p
eq 5dn,nmax

dp,0 . ~35!

Electrons slowly tunnel out of the nanostructure throu
J1 with a tunneling ratenmaxG

1. When possible, holes als
tunnel into the nanostructure throughJ1 with a tunneling
ratenhG1, wherenh is the number of available hole channe
(nh is the number of hole transition levels above« f

1). These
holes either rapidly tunnel out of the system throughJ2 or
recombine with one electron. In summary, at positive bia

I 5I 1
e1I 1

h5~nmax1nh!eG1. ~36!

Similar equations can be written at negative bias,
nanostructure being filled throughJ2 with the maximum
possible number of holespmax. A typical I (V) curve in the
caseG2@G1 is shown in Fig. 12. The onsetsVeh

1 andVeh
2 for
16533
f
er

ing

d

h

h

e

the injection of both electrons and holes at positive and ne
tive bias correspond ton053 and p053, respectively. As
long asuVu,uVeh

1 u, only addition steps are visible. In particu
lar, ann-fold degenerate level gives rise ton successive ad-
dition steps. As soon asV.Veh

1 , holes tunnel into the nano
structure and the current increases rapidly with the num
of available hole channelsnh . A few hole excitation steps
may be present between two successive addition steps~one is
actually visible between two successive addition steps in F
12!. However, addition steps usually remain the main fe
tures of theI (V) staircase, since the addition of one electr
into the system usually comes with the opening of new h
channels~actually four in Fig. 12!.

2. G2™G1

The system remains close to the equilibrium with t
electrode E1. At positive bias, the nanostructure is fil
through J1 with the maximum possible number of ho
pmax. Thus, we have

I 5I 2
e1I 2

h5~ne1pmax!eG2, ~37!

where ne is the number of available electron channe
Again, similar equations can be written at negative bias
typical I (V) curve is shown in Fig. 13. At positive bias, a
long asV,1.33 V, only electrons tunnel into the nanostru
ture throughJ2, but leave it throughJ1 before another elec
tron is injected~excitation spectrum!. The spacing between
successive steps in theI (V) staircase is thus directly propor
tionnal to the splitting between electron levels. Although tu
neling of both electrons and holes is likely to occur as so
as V.Veh

1 50.9 V (n051), there is no hole injection unti
V.1.33 V. Indeed, the probabilitys1,0 to find the electron
needed for the tunneling of holes atV50.9 V is vanishing,
because there is no charging of the system by the electr
Holes sequentially fill the highest hole levels whenV

FIG. 12. TypicalI (V) curve in the caseG2@G1. The electron
and hole currentsI 1

e and I 1
h through the junctionJ1 are shown

together with the total currentI. The values ofnmax, pmax, and the
onsets for the tunneling of both electrons and holesVeh

1 andVeh
2 are

indicated.U50.1 eV, h50.775, «1
h2S50 eV, «1

e1S51 eV,
de5dh533 meV, and« f50.5 eV.
4-9
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.1.33 V. Addition steps are then visible, even if they m
be hardly separable from the closely spaced excitation st

We must note that both addition and excitation spec
may be seen on the sameI (V) curve whenever electrons o
holes tunnel on both sides of the current gap in a hig
assymetric structure (G1@G2 or G2@G1). In that case, an
addition spectrum will be seen on one side of the current
and an excitation spectrum will be seen on the other sid

D. Experimental evidence of electron-hole transport

In this section, we discuss the interpretation of the tunn
ing spectroscopy experiments of Baninet al.9–11 on InAs
nanocrystals. We consider, in particular, thedI(V)/dV curve
of Fig. 3. The tip was retracted from the nanocrystal so t
h is close to 1. At positive bias, Baninet al.assigned the firs
group of two peaks to the tunneling of electrons filling t
lowest, twofold degenerate 1Se level with s-like symmetry,
and the next group of four peaks to the tunneling of electr
filling the next, sixfold degenerate 1Pe level with p-like
symmetry. At negative bias, they assigned the first group
four peaks and next group of three peaks to the tunnelin
holes filling the highest fourfold degenerate 1H and 2H hole
levels. This interpretation of the current gap and low-lyi
peaks is supported by the strong assymetry of theI (V) curve
~Fig. 2! and by the fact thatDV decreases when retractin
the tip, which is a necessary condition for the quasipart
gap to be measured ifh.1/2 ~see Sec. III!. However, we
have shown16 that the tunneling of both electrons and hol
at large voltages must be taken into account for a comp
understanding of the tunneling spectrum. Here we give so
further details and results.

The single-particle energy levels« i
e and « i

h of InAs
nanocrystals are calculated with an orthogonalsp3 tight-
binding model described in Appendix A. We calculate t
I (V) curves with two different methods.

~i! We use the capacitive model of Eq.~4! with the energy
levels calculated in tight binding for the isolated InAs nan
crystal and considerU, h as parameters.16 Although this

FIG. 13. TypicalI (V) curve for the caseG1@G2. The electron
and hole currentsI 2

e andI 2
h through junctionJ2 are shown togethe

with the total currentI. The value ofpmax is indicated. Same pa
rameters as in Fig. 12, except« f50.3 eV.
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method gives reasonable results, one cannot realize whe
the fittedU and h are consistent with the geometry of th
problem.

~ii ! We calculate the potential inside the nanocrystal w
a finite differences method, starting from a realistic geome
~inset of Fig. 2!. The nanocrystal is linked to the gold sub
strate by a 5-Å-thick hexane dithiol~DT! layer and is sur-
rounded by a 5-Å-thick layer of molecular ligands~dielectric
constant« r52.6). Another 5-Å-thick layer of molecular ma
terial is assumed adsorbed on the DT layer around the n
crystal. The radius of curvature of the STM tip isr
52.5 nm and the tip-nanocrystal distance isd55 Å. Con-
cerning the DT layer, a dielectric constant«DT52.6 has been
reported in the litterature.47 For reasons discussed below, w
have considered either«DT52.6 or«DT57.5 in the calcula-
tions. We make a full self-consistent calculation16 of the
single-particle states, the electrostatic potential, and
charging energies~see Appendix B!. As shown in Fig. 8, the
charging energyU calculated with this geometry is in goo
agreement with the experiments over the whole~2—8!–nm
range.

With the method~i! we geth;0.9 in most nanocrystals
meaning that most of the voltage drops accross the
nanocrystal junction (J2). Such a highh is, however, is
difficult to obtain with a standard geometry~with compa-
rable tip-nanocrystal distance and DT thickness! and with
«DT52.6. In Ref. 16 we assumed that the nanocrystal w
slightly flattened on the substrate side. Another way
achieve highh with a spherical nanocrystal is to decrease
thickness of the DT layer or to increase its dielectric const
up to 7.5. Indeed, the DT molecules may have been pa
pushed out or there may be metallic contamination in the
layer. All calculations presented here have been perform
with a DT layer with a dielectric constant«DT57.5. The
electrostatic potentialV0(rW) inside a neutral InAs nanocrys
tal at V51 V is shown in Fig. 5.

For a 4.8-nm-diameter InAs nanocrystal, we get«(1Se)
51.018 eV, «(1Pe)51.368 eV,48 «(1H)520.158 eV,
and «(2H)520.186 eV. The Fermi energy« f50.445 eV
is obtained from the experimental position of the curre
gap.49 Since an accurate calculation of the tunneling ratesGa

is not possible, we take them as adjustable parameter
detailed analysis of the relative height of the first step50

around the current gap suggests thatG2.2G1. Thus we take
G252G1563108 s21 for the electrons andG252G154
3108 s21 for the holes. It is important to note that the p
sition of the calculated conductance peaks does not dep
on the tunneling ratesGa. Finally, we setR(n,p)5np/t and
t51 ns, which is characteristic of direct-gap semicondu
tors.

The self-consistentI (V) curve calculated for a 4.8-nm
diameter InAs nanocrystal is shown in Fig. 2. ThedI/dV
curves, calculated with methods~i! and~ii ! are shown in Fig.
3. TheI (V) anddI/dV curves were broadened with a Gaus
ian of width s525 meV. The agreement with experimen
is good, with practically a one to one correspondence
tween calculated and experimental peaks. Such a good ag
ment was also previously obtained for a 6.4-nm-diame
4-10
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InAs nanocrystal in Ref. 16. The optimized parameters
the capacitive model areU5140 meV andh50.9 (C1
51.03 aF andC250.11 aF). We getU;140 meV andh
;0.82 using non-self-consistent electron and hole cha
densities calculated in the isolated nanocrystal. The s
consistency increases the effectiveh because the electron
and the holes localize in the tip-induced electric field,
shown in Fig. 14. With increasingV, the electrons localize
near the gold substrate and the holes near the STM tip.
holes are more sensitive to the electric field because
have a higher effective mass than the electrons.

We now discuss theI (V) anddI/dV curves in detail. At
positive bias, the electrons first tunnel into the nanocrys
The tunneling of holes only occurs whenV.Veh

1 . We obtain
Veh

1 51.57 V (n054) in the capacitive model andVeh
1

51.43 V (n053) in the self-consistent calculation, the di
ference being partly due to the sensitivity of the hole state
the tip-induced electric field. We confirm that the first gro
of two conductance peaks is assigned to the filling of the 1Se
level.9 There are also two excitation peaksX1 andX2 in Fig.
3 that are hardly visible on the experimentaldI/dV curve.

FIG. 14. Self-consistent~a! electron and~b! hole charge densi-
ties in a 4.8-nm-diameter nanocrystal charged withn53 electrons
and p51 holes at bias voltageV51.5 V. White dots are In/As
atoms, black dots are H atoms.
16533
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They are due to the tunneling of electrons onto the 1Pe level
in the charge statesn50 andn51. The next group of four
peaks is mainly attributed to the tunneling of electrons filli
the 1Pe level and to the tunneling of holes. The tunneling
holes is evidenced in Fig. 15 where we plotI 1

e and I 1
h . The

hole currentI 2
h through junctionJ2 is negligible—mainly

electrons tunnel through junctionJ2 at positive bias. As dis-
cussed in Sec. IV C, addition peaks remain the main featu
of the I (V) curve, and tunneling of holes mainly manifests
an increase in the current and as a broadening of the p
due to the high density of hole states. The calculation ov
estimates the amplitude of the current at large positive b
~Fig. 2!. Better agreement could be obtained in this range
dividing G1 by 4 for the holes. This may arise because t
hole states become strongly localized near the STM tip
large positive bias~Fig. 14!.

The onset for electron tunneling at negative bias isVeh
2

521.21 V (p054) in the capacitive model andVeh
2 5

21.19 V (p054) in the self-consistent calculation. Due
the sensitivity of the hole states to the electric fields,
interpretation of theI (V) curve in terms of the electronic
structure of the isolated nanocrystal is quite hazardous
negative bias. Nevertheless, the first three peaks can be
signed to the tunneling of holes filling the highest hole lev
1H ~although this level is split into two twofold degenera
levels by the electric field!. The fourth peak involves the
tunneling of holes and the tunneling of electrons onto
1Se electron level. Finally, the increase of the current bel
V521.5 V is mainly related to the tunneling of electron
onto the 1Pe electron level. This disagrees with the interpr
tation of Ref. 9 in terms of single hole transitions and mak
difficult an experimental determination of the splittings b
tween the hole states.16

V. CONCLUSION

We have extended the theory of single charge tunnelin
a nanostructure including both single electron and h
charging effects. We have discussed the interpretation of

FIG. 15. I (V) curve obtained with the self-consistent calculati
showing the relative importance of the electron and hole currentI 1

e

and I 1
h through the junctionJ1.
4-11
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neling experiments, and we have shown how to connect
features in the current-voltage curves to quantities given
theoretical calculations. Using a self-consistent tight-bind
approach, we have revisited the interpretation of recent
neling spectroscopy experiments on InAs nanocryst
showing that tunneling of both electrons and holes p
foundly affects the current-voltage curve. Our work sho
that a quantitative simulation of transport properties in na
structures is nowadays possible starting from electro
structure calculations.
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et Microélectronique de Provence is UMR 6137 of CNR
We thank O. Millo for fruitful discussions.

APPENDIX A: TIGHT-BINDING CALCULATIONS
ON InAs NANOCRYSTALS

The single-particle energy levels« i
e and « i

h of InAs
nanocrystals are calculated with an orthogonalsp3 tight-
binding model including up to second nearest-neighbor in
actions. The tight-binding parameters~Table I! are fitted to
the bulk InAs band structure calculated in LDA corrected
the band-gap problem, and to the experimental effec
masses52 ~Table II!. Spin-orbit coupling is included. The su
face dangling bonds are saturated with pseudohydrogen
oms. The calculated band gapEg

0 of InAs nanocrystals given

TABLE I. Second nearest neighbor~NN! tight binding ~TB!
parameters for InAs and first NN TB parameters for pseu
hydrogen atoms. The notation is that of Slater and Koster~Ref. 51!
(a5As, c5In), In-H and As-H parameters being given in terms
two-center integrals. Neighbors positions are given in units ofa/4
(a56.053 Å). D is the spin-orbit coupling. The numerical value
are in eV.

Second NN TB parameters for InAs

Ess
a (000) 26.61690 Epp

a (000) 0.93191
Ess

c (000) 24.03536 Epp
c (000) 3.17776

Da 0.38100 Dc 0.27000
Ess(111) 21.51260
Esx

ac(111) 1.46298 Esx
ca(111) 0.99029

Exx(111) 0.24632 Exy(111) 1.27524
Ess

a (220) 20.02037
Esx

a (220) 20.28406 Esx
a (022) 0.01623

Exx
a (220) 20.03888 Exx

a (022) 20.13087
Exy

a (220) 20.08055 Exy
a (022) 20.17846

Ess
c (220) 20.04965

Esx
c (220) 0.22357 Esx

c (022) 20.05660
Exx

c (220) 0.36088 Exx
c (022) 20.45711

Exy
c (220) 0.14806 Exy

c (022) 0.02651

1st NN TB parameters for In-H and As-H
EH 0.00000
Vsss 23.50000 Vsps 4.50000
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in Ref. 16 is in good agreement with tunneling spectrosco
data. The splittings between the 1Se and 1Pe electron levels
and between the 1H and 2H hole levels have also been dis
cussed in Ref. 16. The confinement energy of the 1H , 1Se ,
and 1Pe levels are fitted over the~2—8!–nm range with the
following expression:52

«5
K

d21ad1b
. ~A1!

d is the diameter of the nanocrystal in nanometers. The
of the bulk InAs valence band is taken as the zero ene
The parametresK, a, andb are given in Table III.

The macroscopic dielectric constant of the nanocrys
e in(d)5e in

` (d)1De in
ion includes an electronic contributio

e in
` (d) and a ionic correctionDe in

ion that we assume to be siz
independent. The electronic contribution is calculated
small nanocrystals in tight binding as in Ref. 34 and is e
trapolated to large diametersd with a Penn model.54 Thus we
obtain

e in
` ~d!511~ebulk

` 21!S Eg
bulk1D

Eg
0~d!1D

D 2

, ~A2!

where ebulk
` 511.08, Eg

bulk50.406 eV, andD55.644 eV.
We set De in

ion54.07 to get the correct bulk dielectri
constant53 e in

bulk515.15.

-
TABLE II. Comparison between experimental~Ref. 53! ~Exp!

and tight binding~TB! bulk band-gap energy, conduction band~CB!
effective masses and valence band~VB! Luttinger parameters for
InAs. m0 is the free electron mass.

Exp TB

Direct band-gap energy
Eg

bulk 0.418 0.406 eV
CB effective mass

m* 0.023m0 0.023m0

VB Luttinger parameters
g1 19.70 19.50
g2 8.40 8.42
g3 9.28 9.20

TABLE III. Fits to the energy of the 1H , 1Se , and 1Pe levels
using the expressiona5K/(d21ad1b). d is the diameter of the
InAs nanocrystal in nanometers. The top of the bulk InAs valen
band is taken as the zero energy.

K(eV nm22) a ~nm! b(nm2)

«(1H) 7.966 5.189 0.066
«(1Se) 92.800 22.649 20.508
«(1Pe) 158.622 21.676 37.244
4-12
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APPENDIX B: SELF-CONSISTENT CALCULATION
OF THE I „V… CURVES

In this appendix, we detail the self-consistent calculat
of the I (V) curves. The electrostatic potential inside t
nanocrystal is calculated with a standard finite differen
method. A cylindrical symmetry is assumed. The total ene
of the nanocrystal is written as

E~$ni%,$pi%,V!5(
i

ni~« i
e2h i

eeV!2(
i

pi~« i
h2h i

heV!

1U~n,p!, ~B1!

where, fora5e,h,

h i
a5^C i

auV0~rW !uC i
a&/Vre f . ~B2!

C i
e andC i

h are the wave functions of energy« i
e and« i

h and

V0(rW) is the electrostatic potential in the neutral nanocrys
at V5Vre f .55 The charging energyU(n,p) is calculated in
the Hartree approximation,

U~n,p!5
1

2 (
i<n
j <n

Ui j
ee1

1

2 (
i<p
j <p

Ui j
hh2(

i<n
j <p

Ui j
eh , ~B3!

where, fora5e,h andb5e,h,

Ui j
ab5E uC i

a~rW !u2Vj
b~rW !d3rW. ~B4!

Vj
b(rW) is the electrostatic potential created by the cylind

cally averaged densityuC j
bu2(rW) at zero bias. In principle,
R
c

n,

.

an

er

r,

, M

.
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Uii
ee/2 andUii

hh/2 should be replaced by the self-energiesS i
e

andS i
h . However, the calculation is not possible in the c

lindrical symmetry. Therefore, we simply remove fromUii
ee

and Uii
hh the self-interaction term included in the Hartre

energy. For that purpose, we define approximate se
energiesS i

a (a5e,h),

2S i
a5Uii

a2E E uC i
a~rW !u2

e2

« inurW2rW8u
uC i

a~rW8!u2d3rWd3rW8.

~B5!

This procedure slightly underestimates the self-energy
spherical nanocrystals embedded in a homogenous med
with dielectric constant«out,« in .

The ground-state energy is self-consistently computed
a set of charge states (n,p) and several bias voltagesVi . The
self-interaction correction@Eq. ~B5!# is madea posteriori.
The self-consistent wave functionsC i

e andC i
h are developed

in the subspace spanned by the lowestNH hole states andNE
electron states of the isolated nanocrystal (NH5240 and
NE5120). The self-consistency is rapidly achieved with th
‘‘optimal damping algorithm’’ mixing scheme.56 The ground-
state energy is interpolated in the whole range ofV with a
third order polynomial. The energies of the excited config
rations are approximated by the single-particle spectrum
the corresponding ground state. The calculation of theI (V)
curve is performed atT50 K so that the nanocrystal is in its
ground state before each tunneling process.
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