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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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[. INTRODUCTION buildup of large polarization charges at the interfaces, pro-
duces new features in the addition spectra, nam@jya

Semiconductor quantum dof®D’s) are structures where strong increase in the absolute values of addition energies,
carrier confinement at the nanometer scale is achieved in afind (i) the possible occurrence of “reconstructions” of the
spatial directions; the energy spectrum is therefore discret&lectronic configurations as the dot is filled with electrons.
as in natural atoms, and the Coulomb interaction amongd he operation of single-electron devices in organic environ-
electrons is enhanced owing to the large spatial overlap ofents is therefore expected to involve phenomena that
their wave functions. In recent years, a large experimentanodify the relevant energy scale and charge distribution with
and theoretical effort has lead to the demonstration of QO¥éspect to conventional QD devices embedded in inorganic
devices where the strong Coulomb interaction is exploited té€miconductor matrices. These phenomena may be relevant
allow control of charge injection at the single-electronfor applications of SET's as sensors of dielectric properties
level~2 Single-electron transistofSET’s) are a fascinating at the nanoscale.
manifestation of many-body physics at work. A reason for
the importance of SET’s is in the extremely low power re- Il. THEORETICAL APPROACH

quired for their operatiorfof the order of nanowatts This - .
opens the way to their possible integration in bioenviron- The key quantities that are used to characterize these sys-

ments, which is generally incompatible with the large powertems experimentally are the addition enerditgq(N) (the

dissipation of current microelectronic transistéas least six vanat!o_n of the energy required to add an electron to a QD

orders of magnitude larger contalnmgN_e_Ie_ctro_ns, analogous to the dlfferences_ between
A specific characteristic of organic environments is theire!GCtron affinities in natural atomsThese are defined as

huge dielectric mismatch with typical inorganic- differences between the QD chemical potentialsas one

semiconductor QD structures. Quantum dots with a large giglectron is added to the ddE,gq(N) = u(N+1)—u(N). In

electric mismatch to the surrounding medium have been prd4: the chemical potential of the QD will electrons is
pared and studied by different techniques in recent yearé.‘(N):EO(N)_.EO(N_l)’ where Eq(N) are the ground-
They comprise QD’s embedded in glagsasd organic ma- state energies in the dot.

terials, including those fabricated by colloidal techniqués 1;9 calqulateonrEN) we neied to know the %ro?nltlj—state
or inserted in biological environmerisn most of these sys- configuration of the many-electron system. The full many-

tems, photons have been the primary probe for investigating®dy Hamiltonian is
or modifying the electronic properties of the dots. More re-

ly, it hown that spherical tals in low- [=S cal o 4o SIS
cently, it was shown that spherical nanocrystals in low A=>, EaCaUCanrg > Vabede 1EpyrEcorCo s
dielectric-constant matrices can be built into a single- ac abcdoa’
electron device, and that capacitance or tunneling (1)
spectroscopies can be used to obtain their additio@vhereé
spectr®81% The effects of the large dielectric mismatch
have been, however, overlooked in the interpretation o
single-electron charging phenomena in these dots.

In this article we present a theoretical calculation of thes
effects, based on the direct solution of the exact few-particl
Hamiltonian for the dots. For large electron numbers, where
the dimension of the Hilbert space becomes excidingly big, Vabcd=f f da(r) ey (r"V(r,r")e(r’) epg(r)dr dr’
we also make use of a Hubbard-like approximation to the )
full Hamiltonian!! We show that the enhancement of the
electron-electron Coulomb interaction, arising from thewhereg,(r) are the single-particle envelope functidiis.

;, (€4,) is the fermionic creatioridestruction op-
rator in the eigenstat@o) of the single-particle Hamil-
onian(a stands for the set of orbital quantum number$or

spin); e, are the single-particle energieé,, .4 are the inter-

iaction integrals
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The effect of spatial modulation of the dielectric constantwheren,,=(®|¢! &,,/®) is the occupation number of the
e enters in the determination of the Coulomb integrals. Thestate|ac). The solution is therefore much simpler than the
interactionV(r,r") between two charges, sitting at positions diagonalization of the exact Hamiltonian. The accuracy of
r and r’, is the solution of Poisson equation this approximation—which was shown to be excellent in the
V,-e(r)V,V(r,r')=—es(r—r"). When the dielectric con- ¢ase of conventional I1I-V dots—depends critically on the
stant is spatially "homogeneous, i.es(r)=eo, then  ratio petween the Coulomb and kinetic terms in the Hamil-
v(r.r')y=e /[4,7780|r_r'|]- The space dependence«(r)  tonjan, which is strongly modified by dielectric confinement.
modifiesV(r,r’), hence modifying the Coulomb matrix ele- 5 yajidity for the ground state of the QD’s studied here is

l . . . .
ments(2).™ Note that the renormalization of the interaction o nfirmed a posteriori by comparison with the exact results
gives also rise to a self-energy term. This term is known tg

) ; . available for smallN.
be small(see Ref. 1Band is therefore neglected in this pa-
per. For low-symmetry structures, the Poisson equation must
be solved numerically® while for spherical QD’s an analytic Ill. RESULTS

expression of the potential can be obtaifigd: _ _ _ _
In the following we will consider prototype spherical

e 1 CdSe and InAs QD’s similar to those investigated in Refs. 7,
V(riry)= e r—ri| 8, and 10, withe;>¢,. The embedding medium is assumed
: to be homogeneous, with varying valuesegf the dielectric
e? & (k+1)(e—1) rir; K constant inside the CdSe dotds=10, and inside the InAs
+ e1R, =y (ke +k+1) (R_§> Py(cos®;), QD ise;=10.9. Given the large band offséthe embedding
medium is insulating for simplicity the confining potential
(3 can be assumed to be an infinite well of radRis. As the
wheree =¢,/e,, ande4(e,) is the dielectric constant of the
inner (outen material.R, is the radius of the sphere of di- 1.5 —————
electric mismatch, which can be larger than the radius of () electrons i
confinemenRy, as, e.g., in core-shell QDisee inset of Fig. '
3). Note that the same effective potential enters the determi-
nation of the optical spectra of QD’s, producing a strong Lo

increase in the exciton binding energfés> Once theV .4 2
are obtained from Eq$2) and (3), we calculateH [Eq. (1)] =
and diagonalize it in the space generated by the set of Slater ;% 05

determinant§SD's) [®)=c; , ¢l . ---cl , [0).1*

Because of the spherical symmettycommutes with to-

tal orbital and spin angular momenita$S (in our model we
neglect spin-orbit coupling and with their projections 0.0

L,,S,. This can be exploited to putl in block-diagonal
form, thus reducing the dimension of the matrices to be
diagonalized? This reduction, however, cannot compensate 0.8
for the exponential growth of the dimensionality of the space (b) heavy holes
generated by the set of SD’s, when we increlker the
number of single-particle shells. Hence for lardethe ma- 0.6 1 =10 i
trices to be diagonalized become too big and it is necessary | - e=3.0 ;
to adopt some kind of approximation in the computation of = . !
correlated states. 204 |
With this purpose we introduce a Hubbard-like o
approximatiort! whereby only the “semidiagonal” ele-
ments of the Hamiltonian are retained, i.e., those containing 02
the Coulomb integrald), =V ppa (direct termg and J,p,
=V_pap (€Xchange terms For our single-site problem, the

0 2 4 6 8 10 12 14 16 18
Number of electrons in the dot

. . . . . . y . 0'0 n L L L n n L L n
Ia_tter Hamiltonian is diagonal in the basis of the SD’s with 0 2 4 6 8 10 12 14 16 18
eigenvalues Number of holes in the dot
Eo=(®[H|P) FIG. 1. Calculated addition energiés for electrons andb) for
1 heavy holes as a function of the numbérof particles in the dot
= E €N+ _2 UapNa— oNpo (addition spectrum Results are shown for a CdSe QBielectric
ao abo constant =10, Ry=R,=2 nm). Each curve corresponds to a dif-
1 ferent value ok =¢,/¢,. Full circles represent results obtained by
+= U.o—Jda)na e 4 diagonalizing the exact Hamiltonian, while lines connect results
2 a%r (Uap™Jap)Narfos @ obtained within the Hubbard approximation.
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(b) heavy holes /‘-\ FIG. 3. Dependence of the electron addition energy on the di-
03 ;A electric mismatchke =¢4 /¢, for a CdSe QD. Solid line: the dielec-

tric mismatch occurs at the QD interfaBe=Ry=2 nm(see inset
dashed line: the dielectric mismatch occurs at a remote interface
(core-shell QD R,=3 nm, Ry;=2 nm. The energies are referred to
E.q4(2) calculated fore=1. The linear dependence of the addition
energy is almost identical for all values Nf

tions entering the many-body ground state turn out to be
unchanged even with strong dielectric mismatch. We point
out that this feature can be assessed only through diagonal-
ization of the exact many-body Hamiltoniah.
It is worth stressing that the energy scale of addition en-
ergies of both electrons and holes is strongly affected Jjy
this is shown for electron and hole addition in Figs. 1 and 2.
Dielectric mismatch must be taken into account for any
constants; =10.9, Ry=R,=3.2 nm). Each curve corresponds to a {Eeank;ngful ;:_omp?rlsorr: \lNlth exgg_rtl_ments, i ;'S negcg:lec'_[ed,
different value ofe =¢4/¢,. Full circles represent results obtained € observation ot such large addttion en(_erg fong Lou
by diagonalizing the exact Hamiltonian, while lines connect resultéomb. interaction might bg |nc0rre7ctly attributed to an un-
obtained within the Hubbard approximation. physical (too strong confinement. Conve_rs_ely, thes_e re-
sults suggest that the dependence of addition energies on
QD shape is spherical, Coulomb integrals are caIcuIate&OUld,be ex.ploited to _discrir_ninate e_nvironments with differ-
from Eq. (3). ent d|electr|c.properyes. F'lgure 3 indeed shqw_s that such
dependence is practically linear and steep; this is true even
when the dielectric mismatch is spatially separated from the
confining interfacé? as, e.g., for core-shell dothecause of
Results for electron and heavy-hole addition spectra aréhe long-range field generated by polarization charges.
shown in Fig. 1, for a CdSe QD witR,=R3=2 nm and in Experimental data are so far available only for QD’s in a
Fig. 2 for an InAs QD, withR,=Ry=3.2nm. Solid lines are specific environment. Our results are in good agreement with
for a nanostructure with no dielectric mismatch, €¢5,). the electron addition energies measured as a function of the
The peaks aN=2, N=8, andN=18 correspond to the ad- dot size, particularly for InAs dofsvhose size and structure
dition of one electror{or hole to a QD with a closed, p (spherical shapeare best characterized. In Fig. 4 we com-
andd shell, respectively; the weaker peaksNat5 andN pare results of our computations fég44(1) (addition of the
=13 correspond to the addition of one electron to a QD withsecond electronwith experimental findings reported in Ref.
a half-filled outer shell where all spins are paralltcording 7, for different values of the radilRy=R, . The agreement
to Hund’s rule. When e,>¢, the spectra are shifted up- is good and the expected behaviorRJ)-like (dashed line in
ward, since a larger energy is needed to add new electrons figure) is reproduced. We have obtained the best accordance
the QD due to the enhanced Coulomb repulsion. Note that iwith experimental data witk=1.9, i.e.,e,=5.7. This is in
this system the shift is almost rigid, and no significantagreement with the value,=6, obtained in a similar way in
anomalies in the ordering of ground-state energies and sheRef. 18. Also the experimental finding that the values of
filling are observed. This is due to the linear dependence o&,44(N) corresponding to the addition pfelectrons are all
e of thek=0 term which is dominant in the power series in very similar is reproduced, even if in experimental data half-
Eq. (3), combined with the fact that the electron configura-shell peaks do not appear, may be due to lack of resolution.

0 2 4 6 8 10 12 14 16 18
Number of holes in the dot

FIG. 2. Calculated addition energié® for electrons andb) for
heavy holes as a function of the numbernof particles in the dot
(addition spectrum Results are shown for an InAs Q@ielectric

A. Ground state and addition energies
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FIG. 4. Comparison of theoreticeur resulty and experimental

(data from Ref. Y values ofE_44(1) (addition of the second elec-
tron), for an InAs QD with e=1.9, for different values oy

=R,.
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FIG. 5. Dependence dRy of the eigenenergies of the levéls
and(Il) with respect to the ground-state enefy, for N=4 heavy
holes in a CdSe QD, witlia) no dielectric mismatche=1; (b)
strong dielectric mismatche =5. In the inset it is reported the

50.0

40.0 ¢

300 |

200 |

10.0 ¢

0.0

40.0

300 |

200

10.0 ¢

0.0

FIG. 6. Dependence os of the eigenenergies of the levely
and (I), with respect to the ground-state enerfy, for N=4

e=1.0
A 1.2
\
\ 1.0
\ -
\ 2 08
N T 0.6
\\ 0.4
\\ 0259 30 40 50
\ Rd [nm]
\
2.0 3.0 4.0 5.0
R, [nm]
3.0
\ e=5.0
N 25
\-
N —
\ 3 20
\ ”
S 15
\\
\
"\ 1.0
o \ 20 30 40 5.0
e \ Rd [nm|
e
- (T) -
A-—-A (H)
LN
2.0 3.0 4.0 5.0
R, [nm]

dependence dEy on Ry .

heavy holes in a CdSe QD of radilg=3 nm. In the inset it is
reported the dependence [Bf on .

Full-shell peaks are overestimated in our computation with
respect to experimental findings, expecially for the lower
values ofRy. This can be attributed to our simplified single-
particle model yelding too great confinement enerdfés.

B. Excited states

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

(c)

S=1, L=1 $=0, L=2 S=2,L=0
O
47%
O u
CLTTTT 70% [ CLITTT 87%
(T4T4]
O

FIG. 7. Total charge density distribution in a vertical plane pass-
ing for the z axis, for N=4 heavy holes in a CdSe QIR(=Ry
=3 nm; £,=10; e£,=2). The three lowest eigenstates of the ex-
act Hamiltonian are shown{a) is one of the many-body states of
lowest energy, with total spin and angular moment&m 1, L
=1; (b) and (c) correspond to the excited states3=0, L=2)
and Il (S=2, L=0), respectively. Below the contour plots, the
dominant(SD) terms contributing to the many-body states are indi-
cated schematically with their weight. The sequence of the degen-
erate single-particle levels in each SD corresponds to the
1s, 1p, 1d, 2s states of the QD.
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tion of e andRy . Figure 5 shows that, for a fixed number of  No inversion in energy ordering involving the many-body
particles(CdSe QD withN=4 holes in this cageas the dot ground state is found for the dots examined here. However,
size is increased the second excited stéte decreases in our exact diagonalization calculations show that the energy
energy until it becomes lower than the fif$1.2° This “re-  differences between ground and excited many-body states
construction” may also occur in the absence of a strong misean be very small, particularly for larger daSig. 5 and
match, but its quantitative prediction for a given dot islarge N. Reconstructions involving the ground state, thus
strongly e-dependent, as is apparent by comparing Figs. £hanging completely the structure of the addition spectra,
and 6. To illustrate the nature of this effect, in Fig. 7 weare therefore possible and will depend on the detailed dot
show the total hole charge distribution associated with theggeometry.
many-body ground and excited states, as well as their main
Slater—detgrminant components. In terms pf single-partiple IV. CONCLUSION
configurations, it appears that with increasing Coulomb in-
teraction it becomes more favorable for one of the holes to In summary, we have shown that addition spectra are
leave the lowest single-particle sheti£1, |=0; see cap- strongly affected by the enhancement of the Coulomb inter-
tion of Fig. 7) in order to reduce the repulsion with the sec- action that arises when a quantum dot is embedded in a me-
ond hole in the same shell, thus being promoted to a highedium of lower dielectric constant: addition energies are in-
single-particle levelif=1, |=1). As a result, the symmetry creased, and also the nature and energy ordering of many-
and spatial extension of the total charge density distributiopody states may be modified with respect to the case of good
is strongly rearranged. dielectric matching. These phenomena must be taken into

This excited-level reconstruction emerges only when in-account for a correct quantitative interpretation of experi-
teraction energies are much stronger than single-particle ements and may be relevant for applications of single electron
ergies. We do not find any reconstruction for electrons intransistors as sensors of dielectric properties at the nanoscale.
CdSe QD’s and for electrons and holes in InAs QD’s, be-Good accordance has been found with recent experiments on
cause they have smaller effective masses and hence greateAs QD’s.
single-particle energies.

We point out that this type of effects depe_nds critically on ACKNOWLEDGMENTS
the structure of the many-body states and is not accurately
described by Hubbard-like approach&since excited states We are grateful to F. Rossi for many useful discussions.
of QD’s are now directly accessible experiment3ilyhis  This work was supported in part by MURSaly) through
must be kept in mind when comparing theory and experithe program “Physics of Nanostructures” and by INFM
ment. through PRA-2000 “SINPROT.”

IR. C. Ashoori, NaturéLondor) 379, 413(1996. 2We neglect band mixing and nonparabolicity, and we assume

2L. P. Kouwenhoven, C. M. Marcus, P. L. McEuen, S. Tarucha, R.  effective masses of 0.hi, and 1.0n, for electrons and heavy
M. Westervelt, and N. S. Wingreen, ikesoscopic Electron holes in CdSe, respectively, and 0.@%3and 0.4In, for elec-
Transport edited by L. Sohn, L. P. Kouwenhoven, and G. Shon trons and heavy holes in InAs. With these simplifying approxi-

(Kluwer, Dordrecht, 1997 mations we expect that only the lowest single-particle states will
3. Jacak, P. Hawrylak, and A. Vj& Quantum Dots(Springer, be reproduced accurate{iRef. 19. The physics of many-body
Berlin, 1998. interactions is however not expected to depend on these assump-
4U. Woggon,Optical Properties of Semiconductor Quantum Dots tions.
(Springer, Berlin, 1996 13G. Goldoni, F. Rossi, and E. Molinari, Phys. Rev. L&®, 4995
5C. B. Murray, D. J. Norris, and M. G. Bawendi, J. Am. Chem. (1998.
Soc.115 8706(1993. 14With Slater determinants it is straightforward to piitin block
5A. P. Alivisatos, Science71, 933 (1996; MRS Bull. 23, 18 diagonal form with respect to the operatrsandS,, but it is
(1998. complex and inconvenient to find the block diagonal form with
U. Banin, YunWei Cao, D. Katz, and O. Millo, Natuteondon respect to the whole set((|,|S],,,S,). In this work we limit
400, 542(1999. ourselves to the first few operators.
8B. Alperson, I. Rubinstein, G. Hodes, D. Porath, and O. Millo, 15L. E. Brus, J. Chem. Phy80, 4403(1994).
Appl. Phys. Lett.75, 1751(1999. 180ur results show that the occurrence of reconstructions can often
°See, e.g., M. Bruchez, Jr., M. Moronne, P. Gin, S. Weiss, and A. be assessed only on the basis of full many-body calculations. In
P. Alivisatos, Scienc81, 2013(1998; W. C. Chan and S. Nie, practice, we have found that single-Slater determinant calcula-
ibid. 281, 2016(1998. tions predict some ground-state reconstructions that are not re-
10D, L. Klein, R. Roth, A. K. Kim, A. P. Alivisatos, and P. produced by exact diagnoalization.
McEuen, NaturglLondon 389 6991 (1997. 17A preliminary discussion of this point is given by G. Goldoni, F.
M. Rontani, F. Rossi, F. Manghi, and E. Molinari, Appl. Phys. Rossi, A. Orlandi, M. Rontani, F. Manghi, and E. Molinari,
Lett. 72, 957 (1998; Phys. Rev. B59, 10 165(1999. Physica E6, 482 (2000.

045310-5



ORLANDI, RONTANI, GOLDONI, MANGHI, AND MOLINARI PHYSICAL REVIEW B 63 045310

18p.  Franceschetti, A. Williamson, and A. Zunger, dot size and occupation only for hole states due to the lower
cond-mat/9908417unpublished single-particle level spacing.

9A. 1. Ekimov, F. Hache, M. C. Schanne-Klein, D. Ricard, A. V. 21| P. Kouwenhoven, T. H. Oosterkamp, M. W. S. Danoesastro,
Rodina, I. A. Kurdryavtsev, T. V. Yazeva, A. V. Rodina, and A. M. Eto, D. G. Austing, T. Honda, and S. Tarucha, ScieA¢g,

L. Efros, J. Opt. Soc. Am. B0, 101(1993. 1788(1997; D. R. Stewart, D. Sprinzak, C. M. Marcus, C. |.
20This effect is the result of a delicate balance between single par- Duruz, and J. S. Harris, Jiihid. 278, 1784(1997.

ticle energies and Coulomb integrals: it occurs in this regime of

045310-6



