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ABSTRACT

The energy levels of CdSe quantum dots are studied by scanning tunneling spectroscopy. By varying the tip—dot distance, we switch from
“shell-filling” spectroscopy (where electrons accumulate in the dot and experience mutual repulsion) to “shell-tunneling” spectroscopy (where
electrons tunnel, one at a time, through the dot). Shell-tunneling spectroscopy provides the single-particle energy levels of the CdSe quantum
dot. The results of both types of tunneling spectroscopy are compared with pseudopotential many-body calculations.

1. Introduction. Insulating nanocrystals with diameters in
the 1-10 nm range might play an important role in future
optical and electrical devices. Consequently, significant
research is directed toward better control of the size, shape,



Electron—electron Coulomb interactions in the quantum
dot may have a profound effect on the tunneling spectra.
Resonant tunneling spectra depend sensitively on whether a
carrier tunnels through an otherwise empty dot where
interelectronic interactions are absent or whether carriers are
accumulated inside the dot where interelectronic interactions
occur, resulting in additional peaks. These limiting scenarios
are decided by the dynamics of electron tunneling in to and
out of the quantum ddt+*> Consider, for instance, resonant
tip-to-dot-to-substrate tunneling occurring at positive bias (
> 0). At the first resonance the probability to find one
electron in the LUMO of the quantum dot is

in which Ty stands for the rate at which an electron with
given spin tunnels from the tip into the empty s orbital, and
2" for the rate of tunneling from the occupied s orbital
into the substrate electrode.

In the “ shell-tunneling casel™ < I’ therefore,P(st)
= 0, and a single electron tunnels through the nanodevice
at the time. Tunneling leads to polarization of the dot by a
single electron (i.e., dielectric solvatiéfyhich depends on
the dielectric discontinuityi, — €.t between the dot and its
environment), but Coulomb interactions between two (or
more) additional electrons do not occur (see Figure 1a). This
still holds when the electrochemical potential of the tip
electrode is increased further, such that tunneling from the
tip to the second level (a p-type level) also occurs. In this
type of shell-tunneling spectroscopy, the peaks in the
conductance spectrum correspond to the single-particle
energy levels, with their attendant degeneracies (two for s,
six for p).

In the “ shell-filling” casel'y > T therefore,P(s!) =
1, and the s orbital will be occupied with a single electron
at the first resonance. Whem? is further increased, a
second resonance will occur, corresponding to the filling of
the s orbital with a second electron (see Figure 1b). The
energy difference between the first and second resonance
corresponds to the electrorlectron Coulomb energy in the
s orbital. The third resonance corresponds to the occupation
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dots using a Monte Carlo algorithm. We used as input a
, scheme for the single-particle orbitals predicted from pseudo-
) potential theory? this means in order of increasing energy:

relative current increase o

i Fa ‘ cend the first orbital is s-type, the second orbital is p-type, the
0.01 0.1 TR 100 third orbital is d-type, the fourth orbital is s-type (denoted
ISIrs as $), and the fifth orbital is f-type. We assume a substrate/

Figure 3. (a) Spectrum (at 4.2 K) of a 4.3 nm CdSe guantum dot dot/t_|p d.ouble-parner tunnel junction with o_ne-_dlmensmnal
in the positive bias range obtained with a smaller-tiot distance  Parriers; the width of the detsubstrate barrier is constant,

than in Figure 2: set point 6& 10 the width of the tip-dot barrier can be varied. This mimics
the experimental conditions. For a given value of the
electrochemical potential of the tip (source) electrode with
respect to the energy level system we monitor the state
transitions in the quantum dot and the current using a
stochastic sequence ofi@sonant electron tunneling steps
via the electron energy levels of the dot. By repeating this
procedure for a wide range of tip electrochemical potentials,
the |-V relationship is simulated for a given structure of
the junction. (Injection of holes in the valence levels is not
possible here due to the large HOMQUMO gap of the
CdSe quantum dot, and the asymmetric distribution of the
bias over both tunneling barriers.) Comparison of the
simulated and experimental spectra enables us to assign the
peaks in the experimental spectra unambiguously. We found
that the spectrum of Figure 3 is acquired under conditions
where tunneling into the dot is as fast as tunneling out of
used to acquire the shell-tunneling spectrum in Figure 2. This the dot?? thus reflectingpartial shell-filling. Table 1 shows
means that the tip has been brought closer to the dot andithe assignment of the peaks in terms of specific transitions
that the ratio of the rates of tunneling into vs out of the dot between two states of the quantum dot. The transitions
is considerably increased. Under these conditions we first change the occupation of the electron levels; the valence hole
find three closely spaced peakigcreasingn intensity. There  |evels remain fully occupied. The third column gives the
is also some additional structure (i.e., small satellites) close theoretical chemical potential for the transitions. In Table 2,
to peaks 5 and 6. The occurrence of closely spaced peaksve present the charging energies, i.e., the differences between
indicates the breakdown of the spin and orbital degeneracythe chemical potentials of Table 1. The pseudopotential
due to electrorrelectron Coulomb interactions in the CdSe values for the model CdSe quantum @aire given in the
guantum dot. In other words, more than one electron is third column. The experimental separations between the
present in the dot at a given time. This is validated by the peaks, averaged over four CdSe quantum dots {4®4
results acquired at even smaller-tigot distances (larger set-  nm) [and corrected foWip—ao/V = 0.847 are given in the
point currents) showing a large number of closely spaced fourth column.
peaks. We infer that the results presented in Figure 3 reflect |t follows from Table 2 that the energy difference between
(partial) shell-filling. peak 2 and peak 1 is equal to the Coulomb energy between
3. Interpretation of “Shell-Filling” Spectra (Figure 3). the two electrons in the s-orbitd)s. The calculation® give
We simulated thel( V) tunneling spectra of CdSe quantum Js-s = 280, 180, and 80 meV fot.: = 2, 4, and 20,






from the partial shell-filling spectra (see foregoing section)
are also given.

The experimental separations follow the trend predicted
by pseudopotential theory. For instaneg,— ¢, is larger
thane, — €, in agreement with the prediction. Quantitatively,
the experimental separations between the second and first,
and between the third and second, are significantly smaller
than the pseudopotential values gy — es and eq — «p,
respectively, while the experimental separations between the
fourth and third, and fifth and fourth peak, are in good
agreement with the predicted valuesof— ¢4, ande; — es.
Possible reasons for the discrepancies between theory and
experiment find their origin in a number of experimental
uncertainties. The first uncertainty is related to the size
distribution of the CdSe nanocrystals (4.3 n10%) leading
to + 20% uncertainties in the energy-differences between



(20) Pseudopotential calculationdNe considered theoretically a faceted
and surface-passivated nearly spherical CdSe quantum dot with a
diameter of 4.7 nm. This model quantum dot comes closest to those
investigated experimentally. The single-particle electron and hole
levels are first calculated using a plane-wave-basis with a nonlocal
pseudopotential, as described in refs 5, 6, and 16. In the second step,
the pseudopotential wave functions are used to compute the screened
(ein = 6.8) interelectronic CoulompJ) and exchangekK) integrals,
as well as the polarization energi&y,(as a function of the dielectric
constant of the immediate environment around the dgf, as
described in ref 16. Pseudopotential calculations show that the
polarization and Coulomb interaction energies for a given quantum
dot depend strongly ooyt

(21) Bakkers, E. P. A. M.; Vanmaekelbergh, Bhys. Re. B: Condens.
Matter Mater. Phys200Q 62, R7743-R7746.

(22) Estimation of the tunneling rates and the structure of the tip/dot/
substrate double-barrier tunnel junctioh follows from our 0.60alnction



