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Interpretation and theory of tunneling experiments on single nanostructures
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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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[. INTRODUCTION states. For example, we have recelftighown that, in the
tunneling experiments of U. Banit al® on InAs nanocrys-
Recently remarkable experiments have been performed ti@ls, peaks related to the injection of electron and holes are
measure the curremtthrough single-quantum systems, suchpresent in the same parts of the spectra. In that case the
as molecule’s® or semiconductor quantum dots'®In these  assignment of the peaks becomes more intricate.
experiments, the molecules or the quantum dots are con- Therefore, the aim of this paper is to investigate in detail
nected to metallic electrodes under biMsusing scanning difficulties common to the interpretation of the electrical
tunneling microscopy(STM) tips!~*°'% nanometer-size Measurements on single molecules or semiconductor quan-
electrode¥! or break junction§~® Measurements show that tum dots weakly coupled to metallic electrodes. Using an
the nanostructures do not behave like simple Ohmic resistoi@xtension of the theory of Averiet al!’ for single charge
but display features arising from the quantum states of th&unneling, we identify the main features bfV) or di/dV
system and from Coulombic effects, because a single exce§grves and we show how to connect them to quantities given
charge on a molecule or a quantum dot dramatically influby theoretical calculations. We provide simple rules that help
ences its properties. Peaks in the conductati¢eV charac-  to interpret the experiments. We analyze important quanti-
teristics are attributed to resonant tunneling through the moti€s, such as the charging energy and the gap. We discuss the
lecular states or, in quantum dots, through the discrete leveMalidity and the limitations of the capacitance model to de-
induced by the confinement. In this perspective, quantungcribe the system as a double barrier junction. We establish
dots behave as artificial atoms whose properties can be tunéde conditions for the injection of both electrons and holes
by varying their size. into a nanostructure, and we discuss its effects on the spec-
Electrical studies give access to the intrinsic properties ofroscopy. Finally we illustrate the discussion with the results
nanostructures, provided that the coupling to the electrodes Bf ~self-consistent tight-binding calculations on InAs
weak. Thus one goal in the interpretation of tunneling experinanocrystal¥’ that we compare with the experiments of Ba-
ments is to extract physically relevant quantities from thenin et al’
position of the peaks. For example, in the case of quantum
dots, the scaling laws predicted for the variation with size of 1. GENERAL PROPERTIES OF THE 1(V) CURVES
their band-gap and charging energies must be tested with
accuracy. The possibility to deduce directly the energy gap of
a nanostructure from the measurement of the current gap in We consider a system that can be described by a double
the I (V) curve and, more generally, the possibility to com- barrier tunnel junction, as shown in Fig. 1. It consists of a
pare directly the experimental data with the results of theosemiconductor quantum dot or a molecule coupled to two
retical calculationge.g., single-particle spectra, quasiparticle metallic electrodes E1 and E2 by tunnel junctidisandJ2.
spectra, etg.is highly desirable. However the ability to ex- The electrodes E1 and E2 are characterized by their Fermi
tract this fundamental information froh§V) or d1/dV char- energies.g%zsf—ev and s?zsf. Electrons can tunnel
acteristics is not straightforward. The presence of peaks ithroughJ1 andJ2 with respective rateE* andI'? which, in
the dl/dV curves is due to the interplay between a discreteprinciple, depend on the energy of the tunneling electron.
energy spectrum and charging effects. Another difficulty inDue to its quantum size, the nanostructure is characterized
the interpretation comes from the fact that electrical meaby discrete energy levels. We assdfinat these levels are
surements not only probe transitions between differentveakly coupled to the states in the electrodes so that, in this
charge states of nanostructures, but also involve exciterbgime, the chargg of the nanostructure is well defined. At

A. Description of the system
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FIG. 1. Typical double barrier tunnel junctiota) It consists of V (V)

two metallic electrodes E1 and E&.g., a substrate and the tip of a

scanning tunneling microscopweakly coupled to a nanostructure  FIG. 2. Comparison between calculaigseélf-consistentand ex-

by two tunnel junctiong1 andJ2 with capacitance€, andC, and perimental(Refs. 10,11 I (V) curves for a 4.8-nm-diameter InAs
tunneling rated"* andT'2. (b) The metallic electrodes E1 and E2 nanocrystal. The self-consistent calculation was performed for the
are characterized by their Fermi energiep=c;—eV and &? geometry shown in the inset and discussed in Sec. IV D.

=g;. The nanostructure is characterized by discrete energy levels. .
small molecules or small semiconductor nanocrystals; and

. L . (iv) even if the coupling is weak, the total energy of the
a given q,_the na_nostru_cture can b_e in different eIeCtron'cnanostructure strongly depends on the presence of the elec-
configurations(of index i) characterized by a total energy yqqes due to electrostatic interactions. Therefore, simplifica-
Ei(q,V) (for simplicity, the chargeq is defined in atomic  ons are usually necessary to allow a correct interpretation
units throughout the paper of the experiments. One goal of this paper is to discuss these
approximations and their limitations.

B. Transition levels -
) C. A specific example: InAs nanocrystals on a gold substrate
The main features of thé(V) curve of such a system

have already been discussed by several autfidf€® The We will illustrate the general discussion of this paper with
current| is the resultant of several tunneling processes. Fof SPEcific example corresponding to the experimental results
example, an electron can tunnel from the electrode E1 to th8f Banin and coworkerS;™ who reported tunneling spec-
nanostructure, which goes from a configuration of energy’0SCOPy experiments on InAs nanocrystals. The spherical

E/(q,V) to a configuration of energf;(q—1V). At T  InAs nanocrystals were prepared with colloidal technigties
.0 K. this process is possible only if ! and linked to a gold substra&te(electrode ELwith hexane

dithiol molecules. Thd (V) curves were acquired on single
8f1>8ij(q|q—1,V)=E,~(q— 1V)—E(q,V), (1)  InAs nanocrystals with a Pt-Ir STM tifelectrode Epat T

=4.2 K. Atypicall (V) curve is shown in Fig. 2 for an InAs
where we have defined transition levels with energynanocrystal with diameted=4.8 nm° The correspond-
Sij(Q|q—1,V)- The position of the transition levels with re- ing conductance curve is plotted in Fig. 3. The two curves
spect to the Fermi levels; ands? determines which tunnel- are typical of resonant tunneling processes through the dis-
ing processes are possible at a given bBiasTherefore, at  crete levels of the nanocrystal.
T—0 K, thel (V) curve looks like a staircase, and e/ dV We have shown recently that a complete interpretation of
curve consits of a series of peaks. TIi®) curve exhibits a these experiments is possible using a calculation of the tun-
step each time a new channel is open for conduction througReling current on the basis of self-consistent tight-binding
the system, i.e., when a Fermi level crosses a transition levelfamework:® The electronic structure is obtained in tight
The amp"tude of the Step not on|y depends on the tunne"n@inding with a Hamiltonian inClUding the electrostatic pOten-
ratesI'! and I'2, but also on the probabilities to find the tial, which is solution of the Poisson equation applied to a

nanostructure in the respective configuratidrié(a calcula- ~ realistic geometry of the system. In this approximation, the
tion of these probabilities will be described in Sec. 1Y/ B Screened electron-electron interactions are included at the

Thus thel (V) curve has a direct interpretation in terms of Hartree level. The total energies are calculated, and the tran-

the transition levels that, in principle, can be obtained theoSition levels are obtained according to Et). Details on the
retically by calculating the total energi&s(q,V). However, ~9geometry of the system and on the method are given in Ref.
in practice, this procedure is either complex or most of thel6, and additional information is given in Appendixes A and
time impossible for the following reasons B.
(i) The transition levels depend on the bids (ii) the

number of charge states and electronic configurations to be
considered may be importartiii ) the accurate calculation of To simplify the interpretation of the electrical measure-
the total energies usirgp initio methods is only possible for ments on single nanostructures, a common approximation is

D. Evolution of the transition levels with the biasV
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4 FIG. 4. Distribution of the values of; calculated for 50 levels

both in the conduction and in valence bands of an InAs nanocrystal
(R=3.2 nm). The vertical line is the average value.

field is strongly screened in the semiconductor and the volt-
age drop between the two metallic electrodes mainly takes

U,noptimized | | i _ >en e allic e
nopumized G iocriid place in the regions with a low dielectric constant. Therefore,

| xl‘ X, | considering that the potential does not vary too much in the

L L L L L L L nanocrystal and that all the states are delocalized, the glope
2 -5 -1 05 0 05 1 15 2 cannot depend too much on the electronic configuration. The
V (V) same effect occurs in molecular systems when the electronic

. . . _States under consideration are all delocalized along the
FIG. 3. Comparison between calculated and experimental differ- olecule?® 25 The m-coniugated oliqomers. an important
ential conductance curves for a 4.8-nm-diameter InAs nanocrystaﬂ1 ’ ” Jug 9 ’ P

The optimized parameters for the capacitive model &fe class of organic materials investigated for molecular elec-
=140 meV andy=0.9. tronics, usually belong to this categdfyHowever, in the
general case, where the molecular states are localized in dif-

to assume that the transition energies have a linear depefgrent parts of the molecules, the valuespofay be largely

dence on the applied voltage dispersed? This effect may be used to build original mo-
lecular devices, such as molecular diodes, analogs of semi-
gij(alg—1V)=¢;(qlqg—1)— neV (2)  conductorp-n junctiong’ or of resonant tunneling diodes.
with 0= »=1. This is justified because the response of many E. Addition and excitation spectra

systems to applied electric fields is linear. In the case of InAs
nanocrystals, the self-consistent tight-binding calculations In the following, we assume a constant slope 0. There
show that the linearity is verified within a few percents be-are two situations where the interpretation|¢¥) spectra
tween —3 V and +3 V, in spite of the intense electric can be further simplified® We describe them on a specific
fields between the STM tip and the gold electrode. In the
case of organic molecules, the linearity is also a good ap-
proximation within a broad range of voltages, as shown, for
example, using self-consistent tight-binding calculations or
using ab initio calculations in the local-density approxima-
tion (LDA).2324
In the general case, the slopehas a different value for

each levelg;;(q/g—1). However, in the case of nanocrys-
tals, we have found that the dispersion of the values is gen-

z axis (nm)

erally small, as shown in Fig. 4 where we plgtcalculated -10 =5 0 5 10
for 50 levels both in the conduction and in valence bands of X axis (nm)

an InAs nanocrystal. In that case, a constant valug ébr N ' |
all the transition levels is a good approximation. To explain 0 0.2 0.4 0.6 0.8 1

this result, we have plotted in Fig. 5 the corresponding elec- V (V)

trostatic potential in the system for=1 V. Because the

InAs nanocrystal has a higher dielectric constant than the FIG. 5. Electrostatic potential inside an empty 4.8-nm-diameter
surrounding mediunimolecular layers, vacuuinthe electric  InAs nanocrystal at biagy=1 V.
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example where, at positive bias, the electrons flow from thavith U=e?/(C;+C,), 3=U/2, and »=C,/(C;+C,).
electrode E2 to the electrode E1 through the nanostructur&rom this, it is clear that the linear variation of the transition
WhenT?>T!, the nanostructure remains close to the equidevels with respect t& and toq is justified only in the case
librium with the electrode E2. If the applied voltage in- of metallic nanostructures where capacitances can be de-
creases, new channels open for the tunneling thral@h fined. In spite of this restriction, the capacitive model is often
However, as the evacuation of the electrons thrallgis not  extended to the case of semiconductor quantum ‘ddts?°

fast enough, the nanostructure remains charged with the

maximum number of electrons, on average. Thus, the most 2. Semiconductor quantum dots

visible steps in the (V) curve correspond to the opening of A common approximatiol**2is to write the total en-

spectroscopy). The experiments of Baniet al® are inter-  \ith respect to the neutral state as

preted in this limit. In the opposite situation, whdré<TI'?,

the evacuation of the electrons is so fast that the nanocrystal o h 1,

cannot be charged by more than one electron, on average. EANHL{PH =2 nief—2 pie| +nevar ;UgT, (4)
Then, the most visible steps correspond to the transition lev- ' '

els associated to the excited configurations of one electron iwhere ¢ and sih are the electron and hole energy levels
the nanostructure (excitation steps, or shell-tunneling corresponding to the single-particle spectrum calculated in
spectroscop¥). We will show examples of (V) curves in  the neutral states! is often defined as the highest occupied

such situations in Sec. IV C. “molecular” orbital (HOMO), andz¢ as the lowest unoccu-
pied molecular orbitalLUMO). n; and p; are electron and
F. Coulomb charging hole occupation numbers, respectivehy=>,n;, p=2,;p;,

) » andq=p—n. By analogy with the metallic systems, the ex-
Here, we discuss the dependence of the transition levelsression ofU andS remains the same in terms of the ca-
with respect to the charge state of the nanostructure. pacitancesof course, they have not the same value as in the
Most of the methodgHartree, Hartree-Fock, LDAused  metallic casg In this single-particle picture, the tunneling of
to calculate the electronic structure of quantum systems iR, alectron between the electrodes and the energy sl

different charge states lead to the resolution of a set Ofiatarmined by the position of the Fermi levels with respect
single-particle equations that must be solved selfy, ihe transition level

consistently, the levels being filled by electrons according to
the Pauli principle. A single-pgrticle spectrum is obtaingd for e2(qlg—1V)=E(ni=1{p)—E(ni=04{p;}), (5
each charge statg The evolution of this spectrum wittp is

a consequence of electronic relaxation effects when charges =g~ peV—qU+3, (6)

are added to the system. In principle, the single-particle spec-

trum has no direct physical interpretation but, nevertheless, here remains equal t&J/2 in this approximation. In the

is often at the heart of the interpretation of the experimentasame way, the tunneling of holes is defined by the transition
spectr*15 |n that cases, the following approximations levels

are made(i) At a givenq, the transition levels;;(q|/q—1) h

are supposed to be directly related to the single-particle lev- ei(a+1[q,V)=E(pi=0{n})—E(pi=1{n}) (7

els; and(ii) the addition of one electron to the system simply h

shifts the whole spectrum by a quantltiythat describes the =g —neV-qU-X ()
electronic repulsion in the system. In this approximation, the » e h
single-particle spectrum in the neutral charge state and the 'he transition levelg(0]—1V) ande;(+1|0V) corre-
value ofU are sufficient to define the whole set of transition SPONd to the injection of an electron and a hole in the LUMO
levels.U is usually considered as a parameter. In the follow-2nd the HOMO, respectively. At zero bias, they are simply
ing, we discuss the validity of these approximations by com3iven by
paring the situations of metallic islands and semiconductor

enl_1)—.©
quantum dots. e1(0]-1)=ef+%, 9

h _.h

1. Metallic islands e1(+1{0)=e1—3. (10
Single charge tunneling in metallic islands has been ex- Their difference defines the quasiparticle gagf of the

tensively described in the litteratut®° If the island is not quantum dot

too small, quantum confinement effects can be neglected and

the transport is dominated by Coulomb blockade effects. The EgP=s- 1423, (11)

electrostatic energy of a chargeon the island is equal to

q%/2(C,+C,) in terms of the junction capacitanc€s and

C,. Then the transition levels are simply given by

which differs from the single-particle gd$:8= e$—¢&" by the
quantity 2., equal toU in the capacitive model. In the case
of the experiments of Baniet al® on InAs nanocrystals, we
have shown that this simple energetic model works well to
e(glg—1V)=—qU+3—neV (3 describe quantitatively the observed spectra, the single-
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FIG. 6. Top: shift of the lowest conduction level due to the U (eV)
injection of one electrony) or two electrons ¥ + U). Bottom: the
situation for holes is symmetric. FIG. 7. Distribution of the values of the energid§®, U, and
] ) o o ) Uﬁh for 50 electron states and 50 hole states of an InAs nanocrystal
particle levels being calculated in tight binditppendix A (R=3.2 nm), in presence of metallic electrodes, with the geometry
and the capacitances being adjusted on the experimentsdefined in the inset of Fig. 2. The vertical line is the average value.
We analyze here the main reasons of this success by discuss-
ing first the case of isolated nanocrystals, and secondly thedditional upward shifty(R) (Fig. 6) corresponding to the
general case of a quantum dot embedded in a complex enviverage Coulomb interaction between two electrons in the
ronment. dielectric sphereU (R) not only includes the direct screened
interaction, but also the interaction of one electron with the
3. Isolated nanocrystals polarization charges induced by the second electron. With

Recent papers have shown that the quasiparticle spectrumeﬁsilme approximations as fa(R), U(R) is given well
of isolated molecules and small semiconductor nanocrystal@ '

(<16 atom$ can be accurately predicted usial initio GW 1 079 2
calculationd" which goes beyond standard electronic struc- U(R)z(_+ - )__ (14)
ture calculations by including dynamical correlations be- €ut  €in ) R

tween electrond? Recently, we have used an extension of L . . .
the GW formalism in tight binding to calculate the quasipar- The S|t'uat|on for holeg 1S symme.tr(6|g.' 6).' The highest
ticle gap of spherical silicon nanocrystals passivated by hyguasmartlcle levels are given bﬁ shifted similarly to lower
drogen atoms? The situation that emerges from this work is energy.
summarized in Fig. 6. The lowest transition leyet quasi-

particle level for the injection of an electron in the quantum

dot is shifted to higher energy with respectspby a quan- The expressions af (R) and U(R) have been obtained
tity 3 (R) that depends on the radifsof the nanocrystal. A using a distribution of the electrons or the holes in the sphere
good approximatiotf of 3(R) is given by the electrostatic diven by an effective-mass wave function of the form
self-energy of an electron in a dielectric sphere of radtus Sin(#1/R)/r, which is only a good approximation for the
and of dielectric constart;, embedded in a material of di- HOMO and LUMO® For the injection of carriers to the

4. General situation

electric constant,,, (=1 in that casg other states, the different forms of the wave functions must
be considered, leading to different valueslbfin addition,

1/ 1 1)e? the medium surrounding the quantum dot is not homoge-
XR)’“’E(%‘%) EJ”SE(R)’ 12 neous in the general case. Thus, the charging engdafy2

in Eq. (4) must be replaced bgsee Appendix B
where, wheng;,> €., 62(R) is given by

1 1
eZ o —2 ninjUieje'l'—Z plpJUIh]h—z n,p]Uﬁh (15)
€in~ €out 2 2
53 (R)~0.47— | E L L

inR (13)

€inT €out) . . . .
In order to estimate the dispersion in energy which comes
These expressions represent the interaction energy of tHeom this effect, we have calculated the valuesgf, Uﬂh
electron with its own polarization charges at the surface oand Uﬁh for 50 electron states and 50 hole states of an InAs
the dielectric sphere. Note that, depends ok due to con-  nanocrystal in the presence of metallic electrodes. We see in
finement effect$?~3® The calculated value of;, for InAs  Fig. 7 that the dispersion df is actually small. The main
nanocrystals is given in Appendix &&W calculation$® jus-  reason is that the dominant contributionUois the interac-
tify the simple electrostatic description of the charging of ation between one carrier and the polarization charges induced
semiconductor quantum dot, as obtained in a more intuitivdy the other one, which does not depend too much on the
manner’* The injection of a second electron leads to andetails of the wave function. This is due to the fact that the
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FIG. 8. Comparison between the calculatédht-binding and FIG. 9. Comparison betweeh andU/2 calculated as a function

experimental(STM Ref. 9 charging energie®) versus the band- of €,y in an InAs nanocrystalR=3.2 nm). The vertical dashed

gap energyEg for the geometry shown in the inset of Fig. 2. The line corresponds t@,,;= €;,= 13.6.

dielectric constant of the hexane dithiol layer is eithgk=2.6 or

ep7="7.5. Straight lineU(R) given by Eq.(14) with €,,=6. injected carriers are trapped on localized states, for example
on surface defects where the charging energy can be consid-

screening in the quantum dot is more efficient than in thefrably different. .

surrounding medium(on averagg This conclusion is in Whene;,—, one easily checks that(R) = 2% (R) cor-
agreement with the experiments of Baeinal,® which show respoqdmg to the case of a metallic |slangl. Figure 9 shows
that the charging energy is approximately the same for théhat this relation remains a good approximation whgn
injection of an electron in @ or in ap state, or for the > €out DeCaUSE, once again, the dominant contributiod in
injection of a hole in the HOMO. The experimental values ofand U comes from the interaction with the polarization
U are plotted in Fig. 8 with respect to the radi®  charges at the surface. In consequence, whgn €, the
Interestingly?®=*°these values are well fitted Hy(R) [Eq.  capacitive model can be applied to semlcondug:tor nanocrys-
(14)] with €,,,=6 considered as an adjustable parameter. [alS with a good degree of accuracy. The capacitaGgeznd
may be surprising that it is possible to replace a comple)2 can be adjusted in order to fullfill the relatiord
medium made of vacuum, metallic electrodes and molecular€”/(C1+C2), 2~U/2, andn~C,/(C,+C,), with U de-
layers around the nanocrystal by a homogeneous dielectrfined as an average value. The conditigpe> €,y is easily

medium. We believe that this agreement simply reflects théealized experimentally, as the nanocrystal or the quantum
1/R dependence of the charging energy. dot is usually embedded in a material with a larger bandgap.

A numerical approach is usualy required to calculate the The conclusions of this section remain almost valid when

charging energy in a general situation. However, the expreghe single-particle levels are calculated in LDA. However, a
sion of U(R) given in Eq.(14), established for an isolated '9id shift must be applied to the conduction states with re-
nanocrystal, provides upper and lower bounds for the chargiPect to the valence states to compensate the underestimation
ing energy of a spherical dot surrounded by a complex diof the bulk semiconductor band gap in LDA. In the case of
electric medium. Because this medium cannot screen thgl nanocrystals, this somehow empirical procedure is justi-

. H 3
electric fields more than a metal or less than vacuum, we cafied by GW calculations’ . . _ _ .
take the limitsey,— 1 andeyy— , In all the examples considered in the previous discussion

where confinement effects are large, single-particle approxi-
mations are justified, at least as a first step. However, in
0.79, €? some cases, it may be necessary to consider exchange and
R’ (16) correlation effects. For example, the experiments of Tarucha
et al**on large GaAs quantum disks show that the charg-
ing energy is not a constant, depending, in particular, on the
The same argument can be applied to the self-enBrgy spin. Correlation effects between carriers injected into a

These relations are useful to check the coherence of the ifuantum dot are usually treated using configuration interac-
terpretation of experimental data in terms of charging effectstion method®383%or in LDA.4344

The recent STM experiments on InARef. 9 and CdSe

(Ref. 12 nanocrystals give charging energies that verify Eq. IIl. INTERPRETATION OF THE CURRENT GAP

(16). In contrast, recent experimetitson single-electron

transistors based on CdSe nanocrystals give a charging en- The current gap\V is the most striking feature of &rfV)

ergy of 14-2 meV for a nanocrystal diameter of 5.5 nm, curve. Itis defined bAV=V*—-V~, whereV* andV~ are
which is three times smaller than the lower bound of Eg.the onsets of the current at positive and negative bias, respec-
(16). One possible explanation of this discrepancy is that theively. It can be related to the quasiparticle gagf’ of the

0.79¢?

€in

<U<(1+

€in
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1

— (i) Electrons tunnel on one side of the current gap, and
o Elgggons holes tunnel on the other side: Th&V is proportional to
the quasiparticle gafg” of the nanostructure.

1 1

= ZEPif p==
eAV=_ E{Pif =3, (193
AV= ! EIP if <1 19b
eAV=1— Bt n=3. (199

This regime is mainly obtained in asymmetrical systems
. . , where most of the applied voltage drops either across the
0 0.2 0.4 0.6 0.8 1 junctionJ1 (»~0) orJ2 (»~1). Moreover, the Fermi en-

n ergy e; should be close to the midgap.
14 i i , , (ii) Electrons tunnel on both sides of the current gap:
® i L
1.2 : eAV=E®m i _ enl—1)—
i : | eAV= a5 (e3(0[ = 1) —zy), (20
1p===f= (i == ="~
a : i whereeAV can be much lower than the quasiparticle gap.
= ! ! This regime is likely to occur in symmetrical systems (
z 06l i i ] ~1/2) or when the Fermi energy; is close to the electron
@ i i levels of the nanostructure; ande¢ can be calculated from
04} s, ! the onsets/" andV~,
e
02} i T & o =V
HH |z QP 2% EB 7=—V AV, (213
! . . |
% 0.2 0.4 0.6 0.8 1 e;—e3(0|—1)=eV 'V /AV. (21b
e, /EP .
f'g (iii) Holes tunnel on both sides of the current gap:
FIG. 10. (a) The onset&/* andV~ of the current at positive and 1
negative bias as a function of for fixed &(=0.75g" (eh-3 is eAV=— 1—_(8'1‘(+1|0)—sf). (22
taken as the zero energy, therefosg+3X=Eg"). “Electrons” 7(1=mn)

(“Holes™ ) mean that electrongholeg first tunnel into the nano-
structure.(b) The current gap\V as a function ofe; for fixed #
=0.8. “QP"means thalV~EJP, “EE" (“HH" ) means that elec-
trons (holes tunnel on both sides of the current gap.

As in the former case, it is likely to occur in symmetrical
systems or becauss is close to the hole levels of the nano-
structure. Againy ande; can be calculated from the onsets

V*andVv-,
nanostructure in certain conditions, which we discuss now. 7=V*'/IAV, (233
We assume that the nanostructure is empty at zero bias,
which means that the Fermi level is betweens7(0| —1) gr—el(+1]/0)=—eV 'V /AV. (23b)

and s'f(+1|0). At positive bias, according to Eqél) and

(2), electrons can tunnel from the electrode E2 into the nano- In the tunneling spectroscopy experiments based on a
structure whereV>(£5(0|—1)—e¢)/7, and holes from the STM as in Ref. 9, E1 is a metallic substrate and E2 is the tip.
electrode E1 Whe.@\/>_(82(+ 1|0)—&¢)/(1— 7). There- 7 may easily be increased by retracting the tip from the

fore, the electrons first tunnel into the nanostructure if ~ hanocrystal. In most caseg>1/2 is achieved because the
radius of curvature of the tip is much lower than that of the

h . substrate. Casdé) and (iii) are usually distinguished from
er>7e1(+1]0)+(1-7)e3(0[-1). 17 case(i) either because the current gap is much lower than the
expected quasiparticle gap or because there are striking sym-
Similarly, at negative bias, the holes first tunnel into themetries in thel (V) staircase between positive and negative
nanostructure if bias. Also note that in casg) AV must decrease when re-
tracting the tip(assumingn=1/2). Case(ii) can be experi-
mentally distinguished from cagii) as follows. If electrons
tunnel on both sides of the characteristiog=|V~|/AV
should increase when retracting the tipnd thusV*/AV
The evolution of the current gapV is shown in Fig. 10, decreases On the contrary, if holes tunnel on both sides,
as a function ofy for fixed e, or as a function ok for  then »=V*/AV should increase when retracting the tip
fixed 7. Three cases can be distinguished. (IV7]/AV decreases”

er<7e5(0]—1)+(1—7)&f(+1]0). (18)
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() (b) only if e|V| is smaller tharE?, the single-particle gafbut
\ $ t | - eV, may be much larger thaﬁg).
[, e e | AT
------ f # B. Theory of single charge tunneling including electron-hole
[} transport
+U

The interpretation of tunneling spectroscopy experiments
usually relies on the so-called orthodox theory of single
charge tunneling®*In this section, we extend the theory of
Averin et all” to include the transport of both electrons and
holes. We assume that the relaxation rates in the system are
| fast enough with respect to the tunneling rates so that elec-

trons and holes remain in equilibrium in their respective en-

FIG. 11. Tunneling of both electrons and holes at large positiveergy levels subsetésf} and {&!'}. The recombination be-
biaseV> Eg. (a) An electron tunnels from the electrode E2 into the tween electrons and holes will be introduced later in the
nanostructure previously charged with—1 electrons. The whole master equations. Therefore, the single-particle distribution

level structure is thus shifted to higher ener@y. A first hole can  fynction gé(n) for n electrons in the nanostructuréis
now tunnel from the electrode E1 into the nanostructure charged !

with ny electrons.

g?(n)=Zg1(n){nj}n%i:1 ex;{ —,8; njsje), (28)

IV. COMBINED ELECTRON-HOLE TRANSPORT

Just aboveV* or below V~, usually only one type of where

carriers can tunnel into the nanostructure. However, when
increasing furtherlV|, a new regime appears where both Z(n)= 2, exp( —,82 njsje), (29
electrons and holes tunnel, complicating the interpretation of {Njin !
the I (V) curve. We discuss here these situations. where {n;}, stands for any configuration with occupied
energy Ievel&}9 andB=1/KT. A similar expression holds for
A. Conditions for tunneling of both electrons and holes the single-particle distribution functiogh(p) for p holes in
We define byV, (V) the onset of this regime at posi- the system. The total' rate@‘“f(n,p) for the tunneling of
tive (negativé bias. We focus on the casg>1/2 and electrons through 'Fhe junctiorvdnto (+) or out of (—)_ the
system charged with electrons ang holes can be writtel
7el(+1]0)+(1- n)ef(0]-1)<s as
<9e$(0]—1)+(1- n)el(+1]0), 24 « « a
7O DA me(H10),@H e p)= 3 Ter(akala-1V) e L-gi )],

where the current gap is proportional to the quasiparticle (309
gap. Other cases are straightforward generalizations of this

one. At positive bias just abowe", electrons tunnel from the

electrode E2 into the nanostructure. The transition levels are  @®*(n,p)=>, T'[1—f(ef(q+1|q,V)—e{)]g8(n),
shifted to higher energy each time an electron is added to the ' (30b)
system[Fig. 11(a)]. For a sufficient numben, of electrons,
the highest hole level crosseg and the injection of holes wheref is the Fermi-Dirac distribution function. The total

from the electrode E1 becomes possikfég. 11(b)]. Thus, rateSw';“(n,p) for the tunneling of holes can be written in
two conditions must be verified,; the same way. The probability, , to find n electrons angb
holes is the solution of master equations
st=ep (q+1]q,V), (25
—on,p=R(N+1p+1)o —R(n,p)o
S%Sgg(q-l—llq,V). (26) dt o ne ( p ) n+1lp+1 ( p) n,p

+ws(n=1p)op_ 1+t (N+1p)o
Subtracting these two equations, one finds that the tunnel- + P)on-1p ( P)ons1p

ing of holes in the system charged witly electrons is pos- +o'l(n,p- Vonp1t o"(n,p+ Lonpr1
sible only if
—[S(n,p)+w®(n,p)+ o' (n,p)+ o (np)]
ev=er (q+1|q,V)—el(q+1[q,V)~s; —e1=Eg

g- XOnps (32)
27
where
A similar relation can be derived at negative bias. There- . ol -
fore, tunneling of either electrons or holes alone is ensured i (n,p)=wi(n,p)+wii(n,p)), (323
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o (n,p)=w"(n,p)+w¥(n,p). (32D o —

R(n,p) is the recombination rate from the charge statgj o -
to the charge staten(-1,p—1). In the case of a radiative 20f
recombination, we can writR(n,p)=np/7, wherer is the
radiative lifetime. The currertthrough the structure is given o
by S

I=18+10=15+15, (33 — I
where “- 1‘1‘

1
I§=<—1>”en2p [0$(n,p)— 0 (n,p)]onp, (343 0 05 1 1s
V()
1= —(—1)%>. [wﬁ“(n,p)—wﬁ“(n,p)]anyp, FIG. 12. Typicall(V) curve in the cas&?>T!. The electron
n,p

and hole currents$ and I through the junctionJ1 are shown
(34b together with the total curremt The values oh,.x, Pmax. and the
where| and1" are the electron and hole currents throughOnsets for the tunneling of both electrons and hdfgsandV, are
the junctionsJa, respectively. The stationary solution of |nd_|cat¢id.U=0.1 ev, ”i0'775'81_2:0 eV, e1+3=1 eV,
Egs. (31) must be obtained under the constraliy ,o,,, ~ Oe~ on=33 MeV, ande;=0.5 ev.
=1.
the injection of both electrons and holes at positive and nega-
tive bias correspond toyg=3 and py=3, respectively. As
. . . . long as|V|<| V4|, only addition steps are visible. In particu-
In this section, we illustrate the effects of the tunneling Oflar, ann-fold degenerate level gives rise tosuccessive ad-
?ot? Ie;\jlegtrons a”td hplels, on ? |S|mple moIdeI.?We dcops'd‘%ﬁition steps. As soon 8>V, holes tunnel into the nano-
wolold degenerale single-particle energy levegsand ei  strycture and the current increases rapidly with the number
with a uniform distribution. We calb, and &, the splittings  of available hole channels,. A few hole excitation steps
between successive levels. We assume constant tunnelipgay pe present between two successive addition steyesis
1 2 H .. . e . .
ratesI"> andI'", a constant charging energy; »>1/2 and  actually visible between two successive addition steps in Fig.
ey lying in the range of Eq(24) such that electrons first 12) However, addition steps usually remain the main fea-
tunnel whenV>0 and holes first tunnel whewW<0. We  tyres of thel (V) staircase, since the addition of one electron

calculate the current in two limiting cases that do not depenghto the system usually comes with the opening of new hole
on the recombination ret® 1/7, namely,I'>>T*, andI'"  channelgactually four in Fig. 12

>T2,

C. Calculation of the I (V) curve in two limiting cases

2.I%<1!
1.I°>1!?

hi h . | fibri . The system remains close to the equilibrium with the
In this case, the system remains close to equilibrium withyoco4e E1. At positive bias, the nanostructure is filled

the electrode E2. AT—0 K and at positive bias, the nano- through J1 with the maximum possible number of holes
structure is filled throughl2 with the maximum possible D Thus. we have
max:* 1

number of electrong,, . (addition spectrum, see Sec. IJ,E
(35) |=15+13=(Ne+ Padel %, (37)

Tnp™ o9 =5

np-— n,nmaxép,()'

Electrons slowly tunnel out of the nanostructure throughwhere n is the number of available electron channels.
J1 with a tunneling rate,,,0"*. When possible, holes also Again, similar equations can be written at negative bias. A
tunnel into the nanostructure through with a tunneling typical (V) curve is shown in Fig. 13. At positive bias, as
raten,I'%, wheren, is the number of available hole channels 10ng asV<1.33 V, only electrons tunnel into the nanostruc-
(ny, is the number of hole transition levels abowB. These ~ ture throughl2, but leave it througll before another elec-
holes either rapidly tunnel out of the system throuighor tron is injected(excitation spectrum The spacing between

recombine with one electron. In summary, at positive bias SUCCeSSive steps in th¢V) staircase is thus directly propor-
tionnal to the splitting between electron levels. Although tun-

| = |‘i+|'11:(nmax+ nyel?. (36) neling of both electrons and holes is likely to occur as soon
asV>V,,=0.9 V (ny=1), there is no hole injection until
Similar equations can be written at negative bias, the/>1.33 V. Indeed, the probability;  to find the electron
nanostructure being filled through2 with the maximum needed for the tunneling of holes\@t=0.9 V is vanishing,
possible number of holgs,, ... A typical I(V) curve in the because there is no charging of the system by the electrons.
casel'>>T! is shown in Fig. 12. The onse¥4,, andV,, for ~ Holes sequentially fill the highest hole levels wheh

165334-9



Y. M. NIQUET, C. DELERUE, G. ALLAN, AND M. LANNOO PHYSICAL REVIEW B65 165334

80 ; ' ; ; ] method gives reasonable results, one cannot realize whether
o the fittedU and » are consistent with the geometry of the
oor . problem.
L (i) We calculate the potential inside the nanocrystal with
Opf a finite differences method, starting from a realistic geometry

(inset of Fig. 2. The nanocrystal is linked to the gold sub-
strate by a 5-A-thick hexane dithi¢DT) layer and is sur-
PN ] rounded by a 5-A-thick layer of molecular ligan@gelectric
constant, = 2.6). Another 5-A-thick layer of molecular ma-
_20./ ] terial is assumed adsorbed on the DT layer around the nano-
crystal. The radius of curvature of the STM tip is
=2.5 nm and the tip-nanocrystal distancalis5 A. Con-
cerning the DT layer, a dielectric constamng;=2.6 has been
V(V) reported in the litteratur&. For reasons discussed below, we
have considered eitheiy1=2.6 orept=7.5 in the calcula-
and hole currentts andlgthrough junctionJ2 are shown together tions. We make a full self-consistent calculatiorof the

with the total current. The value ofp,.., is indicated. Same pa- single-particle states, the electrostatic potential, and the

rameters as in Fig. 12, except=0.3 eV. charging energietsee Appendix B As shown in Fig. 8, the
charging energyJ calculated with this geometry is in good

agreement with the experiments over the wh@e-8)—nm

T

20F

-1 -0.5 0 0.5 1 1.5 2

FIG. 13. Typicall (V) curve for the cas&'>T"2. The electron

>1.33 V. Addition steps are then visible, even if they maygange
be hardly separable from the closely spaced excitation steps.” >~ . .

We myust I?mte that both additior): a%d excitation spectrpa W't.h the method(i) we get»~0.9 in most nanocrystals,.
may be seen on the sarh@/) curve whenever electrons or meaning tha_t mo_st of the voltage_drop_s accross th_e tp-
holes tunnel on both sides of the current gap in a highwf’mocrystal junction J2). Such a highy s, however, IS
assymetric structurel(!>TI"? or I'>>T?). In that case, an difficult to obtain with a standard geometiwith compa-
addition spectrum will be seen on one side of the current gaf)able tip-nanocrystal distance and DT thicknjeaad with

o - . =2.6. In Ref. 16 we assumed that the nanocrystal was
I n on the other side. °0T \
and an excitation spectrum will be seen on the other side slightly flattened on the substrate side. Another way to

achieve highy with a spherical nanocrystal is to decrease the
D. Experimental evidence of electron-hole transport thickness of the DT layer or to increase its dielectric constant
In this section, we discuss the interpretation of the tunnelup to 7.5. Indeed, the DT molecules may have been partly
ing spectroscopy experiments of Banétal®*' on InAs  pushed out or there may be metallic contamination in the DT
nanocrystals. We consider, in particular, th¢V)/dV curve  layer. All calculations presented here have been performed
of Fig. 3. The tip was retracted from the nanocrystal so thawith a DT layer with a dielectric constaripr=7.5. The
n is close to 1. At positive bias, Banet al. assigned the first electrostatic potentiaVy(r) inside a neutral InAs nanocrys-
group of two peaks to the tunneling of electrons filling thetal atV=1 V is shown in Fig. 5.
lowest, twofold degenerateSL level with s-like symmetry, For a 4.8-nm-diameter InAs nanocrystal, we géLS,)
and the next group of four peaks to the tunneling of electrons=1.018 eV, &(1P.)=1.368 eV¥® ¢(1,)=-0.158 eV,
filling the next, sixfold degeneratePL level with p-like  ande(24)=—0.186 eV. The Fermi energy;=0.445 eV
symmetry. At negative bias, they assigned the first group ois obtained from the experimental position of the current
four peaks and next group of three peaks to the tunneling ofap® Since an accurate calculation of the tunneling r&tes
holes filling the highest fourfold degeneratg &nd 2, hole is not possible, we take them as adjustable parameters. A
levels. This interpretation of the current gap and low-lyingdetailed analysis of the relative height of the first st&ps
peaks is supported by the strong assymetry of (M curve  around the current gap suggests tha&2I"%. Thus we take
(Fig. 2 and by the fact tha\V decreases when retracting I'>’=2I''=6x10° s ! for the electrons and?=2I''1=4
the tip, which is a necessary condition for the quasiparticlex 10® s~ for the holes. It is important to note that the po-
gap to be measured i>1/2 (see Sec. ). However, we sition of the calculated conductance peaks does not depend
have showtf that the tunneling of both electrons and holeson the tunneling rateB“. Finally, we seR(n,p)=np/ 7 and
at large voltages must be taken into account for a complete=1 ns, which is characteristic of direct-gap semiconduc-
understanding of the tunneling spectrum. Here we give somgrs.
further details and results. The self-consistent(V) curve calculated for a 4.8-nm-
The single-particle energy levels® and & of InAs  diameter InAs nanocrystal is shown in Fig. 2. The'dV
nanocrystals are calculated with an orthogosaf tight-  curves, calculated with method$ and(ii) are shown in Fig.
binding model described in Appendix A. We calculate the3. Thel (V) anddl/dV curves were broadened with a Gauss-
[ (V) curves with two different methods. ian of width 0=25 meV. The agreement with experiments
(i) We use the capacitive model of Bd) with the energy is good, with practically a one to one correspondence be-
levels calculated in tight binding for the isolated InAs nano-tween calculated and experimental peaks. Such a good agree-
crystal and considet), » as parameter$ Although this ment was also previously obtained for a 6.4-nm-diameter
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—l 1.5

0.8

0.6

z axis (nm)

0.4

Electron density (arb. units)

0 05 1 15 2
V(V)

FIG. 15.1(V) curve obtained with the self-consistent calculation
showing the relative importance of the electron and hole curténts
and!! through the junctiord1.

They are due to the tunneling of electrons onto tiRg evel
in the charge states=0 andn=1. The next group of four
peaks is mainly attributed to the tunneling of electrons filling
the 1P, level and to the tunneling of holes. The tunneling of
holes is evidenced in Fig. 15 where we pl§tand 1! . The
hole currentl'21 through junctionJ2 is negligible—mainly
electrons tunnel through junctiql? at positive bias. As dis-
cussed in Sec. IV C, addition peaks remain the main features
of thel (V) curve, and tunneling of holes mainly manifests as
an increase in the current and as a broadening of the peaks
2 -1 0 1 2 due to the high density of hole states. The calculation over-
X axis (nm) estimates the amplitude of the current at large positive bias
(Fig. 2). Better agreement could be obtained in this range by
FIG. 14. Self-consister(®) electron andb) hole charge densi- dividing I'* by 4 for the holes. This may arise because the
ties in a 4.8-nm-diameter nanocrystal charged with3 electrons  hole states become strongly localized near the STM tip at
and p=1 holes at bias voltag¥’=1.5 V. White dots are In/As large positive biagFig. 14).
atoms, black dots are H atoms. The onset for electron tunneling at negative bia¥/js
i o =—1.21 V (pg=4) in the capacitive model an¥.,=
InAs nano_c_rystal in Ref. 16. The optimized parameters for_q 19 v (Po=4) in the self-consistent calculation. Due to
the capacitive model ar&/ =140 meV and7=0.9 (C1  the sensitivity of the hole states to the electric fields, the
=1.03 aF andC,=0.11 aF). We geU~140 meV andy  jnerpretation of the (V) curve in terms of the electronic
~0.82 using non-self-consistent electron and hole charggcture of the isolated nanocrystal is quite hazardous at
dens_ltles cal_culated in the |sola_1ted nanocrystal. The se”ﬁegative bias. Nevertheless, the first three peaks can be as-
consistency increases the effectiyebecause the electrons gjgned to the tunneling of holes filling the highest hole level
and the holes localize in the tip-induced electric field, as; ' (although this level is split into two twofold degenerate
shown in Fig. 14. With increasiny, the electrons Iocal_lze levels by the electric field The fourth peak involves the
near the gold substrate and the holes near the STM tip. Thgnneling of holes and the tunneling of electrons onto the
holes are more sensitive to the electric field because theyg electron level. Finally, the increase of the current below
have a higher effective mass than the electrons. V=-1.5 V is mainly related to the tunneling of electrons
We now discuss thé(V) anddl/dV curves in detail. At ¢ the P, electron level. This disagrees with the interpre-
positive bias, the electrons first tunnel |nto+the nanocrystalaiion of Ref. 9 in terms of single hole transitions and makes
The tunneling of holes only occurs wh¥f-Ve,. We obtain  gjfficult an experimental determination of the splittings be-
Vi,=157 V (ng=4) in the capacitive model an®/_, tween the hole staté€.
=1.43 V (ny=3) in the self-consistent calculation, the dif-
ference being partly due to the sensitivity of the hole states to V. CONCLUSION
the tip-induced electric field. We confirm that the first group ’
of two conductance peaks is assigned to the filling of i8¢ 1 We have extended the theory of single charge tunneling in
level® There are also two excitation peaks andX, in Fig.  a nanostructure including both single electron and hole
3 that are hardly visible on the experimentdl/dV curve. charging effects. We have discussed the interpretation of tun-

z axis (nm)
Hole density (arb. units)
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TABLE 1. Second nearest neighbgNN) tight binding (TB) TABLE Il. Comparison between experimentd@ef. 53 (Exp)
parameters for InAs and first NN TB parameters for pseudo-and tight bindingTB) bulk band-gap energy, conduction ba@B)
hydrogen atoms. The notation is that of Slater and Ko&ef. 51 effective masses and valence baiuB) Luttinger parameters for
(a=As, c=1In), In-H and As-H parameters being given in terms of InAs. my is the free electron mass.
two-center integrals. Neighbors positions are given in unita/df

(a=6.053 A). A is the spin-orbit coupling. The numerical values Exp TB
are in eV. .
Direct band-gap energy
Second NN TB parameters for InAs Egu 0.418 0.406 eV

” - ; CB effective mass

<{(000) 6.61690 Epp(OOO) 0.93191 m* 0.023m, 0.023n,
EZ{000) —4.03536 Egp(OOO) 3.17776 VB Luttinger parameters
A? 0.38100 A® 0.27000 " 19.70 19.50
Ezz(lll) —1.51260 . s 8.40 8.42
ESx(111) 1.46298 Eqy(111) 0.99029 s 9.28 9.20
E(111) 0.24632 E,(111) 1.27524
E2(220) —0.02037
E&(220) —0.28406 ES(022) 0.01623 in Ref. 16 is in good agreement with tunneling spectroscopy
EZx(220) —0.03888 Exx(022) —0.13087 data. The splittings between th&land 1P, electron levels
E%,(220) —0.08055 E§,(022) —0.17846 and between the,1and 2, hole levels have also been dis-
E<y(220) —0.04965 cussed in Ref. 16. The confinement energy of the 1S,,
E<(220) 0.22357 E<(022) —0.05660 and 1P, levels are fitted over th€2—8)—nm range with the
EC(220) 0.36088 EC,(022) —0.45711 following expression?
EC,(220) 0.14806 EC,(022) 0.02651

15t NN TB parameters for In-H and As-H K

\E/H 0.3028880 v 450000 " dradth’ A

sso 9 spo .

d is the diameter of the nanocrystal in nanometers. The top
neling experiments, and we have shown how to connect thef the bulk InAs valence band is taken as the zero energy.
features in the current-voltage curves to quantities given byrhe parametrek, a, andb are given in Table Ill.
theoretical calculations. Using a self-consistent tight-binding The macroscopic dielectric constant of the nanocrystal
approach, we have revisited the interpretation of recent tung; (d)= ef;(d)+Ae:ﬂ“ includes an electronic contribution
neling spectroscopy experiments on InAs nanocrystals¢* (d) and a ionic correction €/°" that we assume to be size
showing that tunneling of both electrons and holes projngependent. The electronic contribution is calculated for
foundly affects the current-voltage curve. Our work showSsma|| nanocrystals in tight binding as in Ref. 34 and is ex-

that a quantitative simulation of transport properties in NanOtrapolated to large diametedswith a Penn modei* Thus we
structures is nowadays possible starting from electronigptain

structure calculations.

2
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APPENDIX A:  TIGHT-BINDING CALCULATIONS

ON InAs NANOCRYSTALS TABLE Ill. Fits to the energy of the 1, 1S, and 1P, levels

nanocrystals are calculated with anl orthogolep? tight- InAs nanocrystal in nanometers. The top of the bulk InAs valence
binding model including up to second nearest-neighbor inter?and is taken as the zero energy.

actions. The tight-binding parameteiBable |) are fitted to

the bulk InAs band structure calculated in LDA corrected for K(evnm?) a (nm) b(nn™)

the band-gap problem, and to the experimental effectivg (1, 7.966 5.189 0.066
masse¥ (Table Il). Spin-orbit coupling is included. The sur- £(1S,) 92.800 22649 20.508
face dangling bonds are saturated with pseudohydrogen af(1p ) 158.622 21.676 37.244

oms. The calculated band gE@ of InAs nanocrystals given
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U2 andU!I"/2 should be replaced by the self-energids
andEih. However, the calculation is not possible in the cy-

In this appendix, we detail the self-consistent calculatiofindrical symmetry. Therefore, we simply remove frdof®
of the 1(V) curves. The electrostatic potential inside theand U" the self-interaction term included in the Hartree
nanocrystal is calculated with a standard finite differenceenergy. For that purpose, we define approximate self-
method. A cylindrical symmetry is assumed. The total energynergiesS.* (a=e,h),

of the nanocrystal is written as

E({ni},{pi},w:Z ni(ef— n?e\/)—Ei pi(el—nleV)

+U(n,p), (B1)

where, fora=e,h,
7= (U IVo(N) W) Vyer (B2)

We and¥!" are the wave functions of energy ande!' and

eZ

()P
8in|r_r’|

ax=ui- [ [ 1l
(BS)

This procedure slightly underestimates the self-energy in
spherical nanocrystals embedded in a homogenous medium
with dielectric constant,<gj, -

V(1) is the electrostatic potential in the neutral nanocrystal 1he ground-state energy is self-consistently computed for

at V=V,..>® The charging energy(n,p) is calculated in
the Hartree approximation,

1 1
Unp)=5 > UL+ > Uih-> U, (B3)
2 !Sn 2 !Sp !Sn
j=n i=p j=p
where, fora=e,h andB=¢,h,
u;;léf [W(r)|2VE(r)dr. (B4)

Vf(F) is the electrostatic potential created by the cylindri-
cally averaged densiti/\lff3|2(F) at zero bias. In principle,

a set of charge staten,(p) and several bias voltag®s. The
self-interaction correctiofiEq. (B5)] is madea posteriori
The self-consistent wave functiods® and¥!" are developed

in the subspace spanned by the lowdgthole states anblg
electron states of the isolated nanocrysthll, €240 and
Ng=120). The self-consistency is rapidly achieved with the
“optimal damping algorithm” mixing scheme® The ground-
state energy is interpolated in the whole rangevofiith a
third order polynomial. The energies of the excited configu-
rations are approximated by the single-particle spectrum of
the corresponding ground state. The calculation ofl(h8
curve is performed &I=0 K so that the nanocrystal is in its
ground state before each tunneling process.
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