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Single-electron charging in quantum dots with large dielectric mismatch
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Semiconductor quantum dots characterized by a strong dielectric mismatch with their environment are
studied theoretically through direct diagonalization of the many-body Hamiltonian. The enhancement of the
electron-electron Coulomb interaction, arising from polarization effects, is found to induce a strong increase in
addition energies with increasing dielectric mismatch. For large dielectric mismatch, the excited many-body
states can undergo reconstructions as the dot is filled with carriers even in the absence of external magnetic
fields.
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I. INTRODUCTION

Semiconductor quantum dots~QD’s! are structures where
carrier confinement at the nanometer scale is achieved i
spatial directions; the energy spectrum is therefore discr
as in natural atoms, and the Coulomb interaction am
electrons is enhanced owing to the large spatial overlap
their wave functions. In recent years, a large experime
and theoretical effort has lead to the demonstration of
devices where the strong Coulomb interaction is exploited
allow control of charge injection at the single-electr
level:1–3 Single-electron transistors~SET’s! are a fascinating
manifestation of many-body physics at work. A reason
the importance of SET’s is in the extremely low power r
quired for their operation~of the order of nanowatts!. This
opens the way to their possible integration in bioenviro
ments, which is generally incompatible with the large pow
dissipation of current microelectronic transistors~at least six
orders of magnitude larger!.

A specific characteristic of organic environments is th
huge dielectric mismatch with typical inorganic
semiconductor QD structures. Quantum dots with a large
electric mismatch to the surrounding medium have been
pared and studied by different techniques in recent ye
They comprise QD’s embedded in glasses4 and organic ma-
terials, including those fabricated by colloidal techniques5–8

or inserted in biological environments.9 In most of these sys
tems, photons have been the primary probe for investiga
or modifying the electronic properties of the dots. More
cently, it was shown that spherical nanocrystals in lo
dielectric-constant matrices can be built into a sing
electron device, and that capacitance or tunnel
spectroscopies can be used to obtain their addi
spectra.6–8,10 The effects of the large dielectric mismatc
have been, however, overlooked in the interpretation
single-electron charging phenomena in these dots.

In this article we present a theoretical calculation of the
effects, based on the direct solution of the exact few-part
Hamiltonian for the dots. For large electron numbers, wh
the dimension of the Hilbert space becomes excidingly b
we also make use of a Hubbard-like approximation to
full Hamiltonian.11 We show that the enhancement of t
electron-electron Coulomb interaction, arising from t
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buildup of large polarization charges at the interfaces, p
duces new features in the addition spectra, namely:~i! a
strong increase in the absolute values of addition energ
and ~ii ! the possible occurrence of ‘‘reconstructions’’ of th
electronic configurations as the dot is filled with electron
The operation of single-electron devices in organic envir
ments is therefore expected to involve phenomena
modify the relevant energy scale and charge distribution w
respect to conventional QD devices embedded in inorga
semiconductor matrices. These phenomena may be rele
for applications of SET’s as sensors of dielectric propert
at the nanoscale.

II. THEORETICAL APPROACH

The key quantities that are used to characterize these
tems experimentally are the addition energiesEadd(N) ~the
variation of the energy required to add an electron to a
containingN electrons, analogous to the differences betwe
electron affinities in natural atoms!. These are defined a
differences between the QD chemical potentials,m, as one
electron is added to the dot:Eadd(N)5m(N11)2m(N). In
turn, the chemical potential of the QD withN electrons is
m(N)5E0(N)2E0(N21), where E0(N) are the ground-
state energies in the dot.

To calculateE0(N) we need to know the ground-sta
configuration of the many-electron system. The full man
body Hamiltonian is

Ĥ5(
as

eaĉas
† ĉas1

1

2 (
abcdss8

Vabcdĉas
† ,ĉbs8

† ĉcs8ĉds ,

~1!

whereĉas
† ( ĉas) is the fermionic creation~destruction! op-

erator in the eigenstateuas& of the single-particle Hamil-
tonian~a stands for the set of orbital quantum numbers,s for
spin!; ea are the single-particle energies;Vabcd are the inter-
action integrals

Vabcd5E E fa* ~r !fb* ~r 8!V~r ,r 8!fc~r 8!fd~r !dr dr 8

~2!

wherefa(r ) are the single-particle envelope functions.12
©2001 The American Physical Society10-1
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The effect of spatial modulation of the dielectric consta
« enters in the determination of the Coulomb integrals. T
interactionV(r ,r 8) between two charges, sitting at positio
r and r 8, is the solution of Poisson equatio
“ r•«(r )“ rV(r ,r 8)52e2d(r2r 8). When the dielectric con-
stant is spatially homogeneous, i.e.,«(r )5«0 , then
V(r ,r 8)5e2/@4p«0ur2r 8u#. The space dependence of«(r )
modifiesV(r ,r 8), hence modifying the Coulomb matrix ele
ments~2!.13 Note that the renormalization of the interactio
gives also rise to a self-energy term. This term is known
be small~see Ref. 13! and is therefore neglected in this p
per. For low-symmetry structures, the Poisson equation m
be solved numerically,13 while for spherical QD’s an analytic
expression of the potential can be obtained:15

V~r i ,r j !5
e2

«1

1

ur i2r j u

1
e2

«1R«
(
k50

`
~k11!~«21!

~k«1k11! S r i r j

R«
2 D k

Pk~cosQ i j !,

~3!

where«5«1 /«2 , and«1(«2) is the dielectric constant of th
inner ~outer! material.R« is the radius of the sphere of d
electric mismatch, which can be larger than the radius
confinementRd , as, e.g., in core-shell QD’s~see inset of Fig.
3!. Note that the same effective potential enters the dete
nation of the optical spectra of QD’s, producing a stro
increase in the exciton binding energies.13,15 Once theVabcd

are obtained from Eqs.~2! and~3!, we calculateĤ @Eq. ~1!#
and diagonalize it in the space generated by the set of S
determinants~SD’s! uF&5ca1s1

† ca2s2

†
¯caNsN

† u0&.11

Because of the spherical symmetryĤ commutes with to-
tal orbital and spin angular momentaL̂ ,Ŝ ~in our model we
neglect spin-orbit coupling! and with their projections
L̂z ,Ŝz . This can be exploited to putĤ in block-diagonal
form, thus reducing the dimension of the matrices to
diagonalized.14 This reduction, however, cannot compens
for the exponential growth of the dimensionality of the spa
generated by the set of SD’s, when we increaseN or the
number of single-particle shells. Hence for largerN the ma-
trices to be diagonalized become too big and it is neces
to adopt some kind of approximation in the computation
correlated states.

With this purpose we introduce a Hubbard-lik
approximation,11 whereby only the ‘‘semidiagonal’’ ele
ments of the Hamiltonian are retained, i.e., those contain
the Coulomb integralsUab5Vabba ~direct terms! and Jab
5Vabab ~exchange terms!. For our single-site problem, th
latter Hamiltonian is diagonal in the basis of the SD’s w
eigenvalues

EF5^FuĤuF&

5(
as

«anas1
1

2 (
abs

Uabna2snbs

1
1

2 (
abs

~Uab2Jab!nasnbs , ~4!
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wherenas5^Fuĉas
† ĉasuF& is the occupation number of th

stateuas&. The solution is therefore much simpler than t
diagonalization of the exact Hamiltonian. The accuracy
this approximation—which was shown to be excellent in t
case of conventional III-V dots11—depends critically on the
ratio between the Coulomb and kinetic terms in the Ham
tonian, which is strongly modified by dielectric confineme
Its validity for the ground state of the QD’s studied here
confirmed a posteriori by comparison with the exact resu
available for smallN.

III. RESULTS

In the following we will consider prototype spherica
CdSe and InAs QD’s similar to those investigated in Refs
8, and 10, with«1.«2 . The embedding medium is assume
to be homogeneous, with varying values of«2 ; the dielectric
constant inside the CdSe dot is«1510, and inside the InAs
QD is «1510.9. Given the large band offsets~the embedding
medium is insulating!, for simplicity the confining potential
can be assumed to be an infinite well of radiusRd . As the

FIG. 1. Calculated addition energies~a! for electrons and~b! for
heavy holes as a function of the numberN of particles in the dot
~addition spectrum!. Results are shown for a CdSe QD~dielectric
constant«1510, Rd5R«52 nm). Each curve corresponds to a d
ferent value of«5«1 /«2 . Full circles represent results obtained b
diagonalizing the exact Hamiltonian, while lines connect resu
obtained within the Hubbard approximation.
0-2
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QD shape is spherical, Coulomb integrals are calcula
from Eq. ~3!.

A. Ground state and addition energies

Results for electron and heavy-hole addition spectra
shown in Fig. 1, for a CdSe QD withR«5Rd52 nm and in
Fig. 2 for an InAs QD, withR«5Rd53.2 nm. Solid lines are
for a nanostructure with no dielectric mismatch («15«2).
The peaks atN52, N58, andN518 correspond to the ad
dition of one electron~or hole! to a QD with a closeds, p,
and d shell, respectively; the weaker peaks atN55 andN
513 correspond to the addition of one electron to a QD w
a half-filled outer shell where all spins are parallel~according
to Hund’s rule!. When «1.«2 the spectra are shifted up
ward, since a larger energy is needed to add new electron
the QD due to the enhanced Coulomb repulsion. Note tha
this system the shift is almost rigid, and no significa
anomalies in the ordering of ground-state energies and s
filling are observed. This is due to the linear dependence
« of the k50 term which is dominant in the power series
Eq. ~3!, combined with the fact that the electron configur

FIG. 2. Calculated addition energies~a! for electrons and~b! for
heavy holes as a function of the numberN of particles in the dot
~addition spectrum!. Results are shown for an InAs QD~dielectric
constant«1510.9, Rd5R«53.2 nm). Each curve corresponds to
different value of«5«1 /«2 . Full circles represent results obtaine
by diagonalizing the exact Hamiltonian, while lines connect res
obtained within the Hubbard approximation.
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tions entering the many-body ground state turn out to
unchanged even with strong dielectric mismatch. We po
out that this feature can be assessed only through diago
ization of the exact many-body Hamiltonian.16

It is worth stressing that the energy scale of addition
ergies of both electrons and holes is strongly affected by«2 ;
this is shown for electron and hole addition in Figs. 1 and
Dielectric mismatch must be taken into account for a
meaningful comparison with experiments; if it is neglecte
the observation of such large addition energies~strong Cou-
lomb interaction! might be incorrectly attributed to an un
physical ~too strong! confinement.17 Conversely, these re
sults suggest that the dependence of addition energies o«2
could be exploited to discriminate environments with diffe
ent dielectric properties. Figure 3 indeed shows that s
dependence is practically linear and steep; this is true e
when the dielectric mismatch is spatially separated from
confining interface,13 as, e.g., for core-shell dots,6 because of
the long-range field generated by polarization charges.

Experimental data are so far available only for QD’s in
specific environment. Our results are in good agreement w
the electron addition energies measured as a function of
dot size, particularly for InAs dots7 whose size and structur
~spherical shape! are best characterized. In Fig. 4 we com
pare results of our computations forEadd(1) ~addition of the
second electron! with experimental findings reported in Re
7, for different values of the radiusRd5R« . The agreement
is good and the expected behavior (1/Rd)-like ~dashed line in
figure! is reproduced. We have obtained the best accorda
with experimental data with«.1.9, i.e.,«2.5.7. This is in
agreement with the value«2.6, obtained in a similar way in
Ref. 18. Also the experimental finding that the values
Eadd(N) corresponding to the addition ofp electrons are all
very similar is reproduced, even if in experimental data ha
shell peaks do not appear, may be due to lack of resolut

s

FIG. 3. Dependence of the electron addition energy on the
electric mismatch«5«1 /«2 for a CdSe QD. Solid line: the dielec
tric mismatch occurs at the QD interfaceR«5Rd52 nm ~see inset!;
dashed line: the dielectric mismatch occurs at a remote inter
~core-shell QD! R«53 nm, Rd52 nm. The energies are referred
Eadd(2) calculated for«51. The linear dependence of the additio
energy is almost identical for all values ofN.
0-3
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FIG. 5. Dependence onRd of the eigenenergies of the levels~I!
and~II ! with respect to the ground-state energyE0 , for N54 heavy
holes in a CdSe QD, with~a! no dielectric mismatch:«51; ~b!
strong dielectric mismatch:«55. In the inset it is reported the
dependence ofE0 on Rd .

FIG. 4. Comparison of theoretical~our results! and experimental
~data from Ref. 7! values ofEadd(1) ~addition of the second elec
tron!, for an InAs QD with «51.9, for different values ofRd

5R« .
04531
Full-shell peaks are overestimated in our computation w
respect to experimental findings, expecially for the low
values ofRd . This can be attributed to our simplified single
particle model yelding too great confinement energies.18,19

B. Excited states

The interplay between the single-particle energies and
interaction terms determines the overall structure of the
ergy spectrum of the QD. By means of exact diagonali
tions we have studied the first lower excited levels as a fu

FIG. 6. Dependence on« of the eigenenergies of the levels~I!
and ~II !, with respect to the ground-state energyE0 , for N54
heavy holes in a CdSe QD of radiusRd53 nm. In the inset it is
reported the dependence ofE0 on «.

FIG. 7. Total charge density distribution in a vertical plane pa
ing for the z axis, for N54 heavy holes in a CdSe QD (R«5Rd

53 nm; «1510; «252). The three lowest eigenstates of the e
act Hamiltonian are shown:~a! is one of the many-body states o
lowest energy, with total spin and angular momentumS51, L
51; ~b! and ~c! correspond to the excited states I (S50, L52)
and II (S52, L50), respectively. Below the contour plots, th
dominant~SD! terms contributing to the many-body states are in
cated schematically with their weight. The sequence of the deg
erate single-particle levels in each SD corresponds to
1s, 1p, 1d, 2s states of the QD.
0-4
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tion of « andRd . Figure 5 shows that, for a fixed number
particles~CdSe QD withN54 holes in this case!, as the dot
size is increased the second excited state~II ! decreases in
energy until it becomes lower than the first~I!.20 This ‘‘re-
construction’’ may also occur in the absence of a strong m
match, but its quantitative prediction for a given dot
strongly «-dependent, as is apparent by comparing Figs
and 6. To illustrate the nature of this effect, in Fig. 7 w
show the total hole charge distribution associated with
many-body ground and excited states, as well as their m
Slater-determinant components. In terms of single-part
configurations, it appears that with increasing Coulomb
teraction it becomes more favorable for one of the holes
leave the lowest single-particle shell (n51, l 50; see cap-
tion of Fig. 7! in order to reduce the repulsion with the se
ond hole in the same shell, thus being promoted to a hig
single-particle level (n51, l 51). As a result, the symmetr
and spatial extension of the total charge density distribu
is strongly rearranged.

This excited-level reconstruction emerges only when
teraction energies are much stronger than single-particle
ergies. We do not find any reconstruction for electrons
CdSe QD’s and for electrons and holes in InAs QD’s, b
cause they have smaller effective masses and hence gr
single-particle energies.

We point out that this type of effects depends critically
the structure of the many-body states and is not accura
described by Hubbard-like approaches;16 since excited state
of QD’s are now directly accessible experimentally21 this
must be kept in mind when comparing theory and exp
ment.
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No inversion in energy ordering involving the many-bod
ground state is found for the dots examined here. Howe
our exact diagonalization calculations show that the ene
differences between ground and excited many-body st
can be very small, particularly for larger dots~Fig. 5! and
large N. Reconstructions involving the ground state, th
changing completely the structure of the addition spec
are therefore possible and will depend on the detailed
geometry.

IV. CONCLUSION

In summary, we have shown that addition spectra
strongly affected by the enhancement of the Coulomb in
action that arises when a quantum dot is embedded in a
dium of lower dielectric constant: addition energies are
creased, and also the nature and energy ordering of m
body states may be modified with respect to the case of g
dielectric matching. These phenomena must be taken
account for a correct quantitative interpretation of expe
ments and may be relevant for applications of single elect
transistors as sensors of dielectric properties at the nanos
Good accordance has been found with recent experiment
InAs QD’s.
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