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Semiconductor quantum dots, due to their small size, mark the
transition between molecular and solid-state regimes, and are
often described as ‘artificial atoms’ (refs 1-3). This analogy
originates from the early work on quantum confinement effects
in semiconductor nanocrystals, where the electronic wavefunc-
tions are predicted* to exhibit atomic-like symmetries, for exam-
ple ‘s and ‘p. Spectroscopic studies of quantum dots have
demonstrated discrete energy level structures and narrow transi-
tion linewidths>~’, but the symmetry of the discrete states could be
inferred only indirectly. Here we use cryogenic scanning tunnel-
ling spectroscopy to identify directly atomic-like electronic states
with s and p character in a series of indium arsenide nanocrystals.
These states are manifest in tunnelling current—voltage measure-
ments as two- and six-fold single-electron-charging multiplets
respectively, and they follow an atom-like Aufbau principle of
sequential energy level occupation'.

InAs nanocrystals for this study were prepared using a solution-
phase pyrolytic reaction of organometallic precursors. These nano-
crystals are nearly spherical in shape, with size controlled between
10 and 40 A in radius'. The nanocrystal surface is passivated by
organic ligands which also provide chemical accessibility for quan-
tum dot (QD) manipulation: for example, to prepare “nanocrystal
molecules”'®", nanocrystal-based light-emitting diodes, and to
fabricate single-electron tunnelling devices". For the tunnelling
spectroscopy studies we link the nanocrystals to a gold film via
hexane dithiol molecules'.

Figure la (left inset) shows a scanning tunnelling microscope
(STM) topographic image of an isolated InAs QD, 32 A in radius.
Also shown in Fig. 1a is a tunnelling current—voltage (I-V) curve
that was acquired after positioning the STM tip above the QD and
disabling the scanning and feedback controls, realizing a double-
barrier tunnel junction (DBTJ) configuration'’™" (Fig. la, right
inset). A region of suppressed tunnelling current is observed around
zero bias, followed by a series of steps at both negative and positive
bias. In Fig. 1b we show the tunnelling conductance spectrum (that
is, dI/dV versus V), which is proportional to the tunnelling density
of states (DOS)*. A series of discrete single-electron tunnelling
peaks is clearly observed, where the separations are determined by
both single-electron charging energy (addition spectrum) and the
discrete level spacings (excitation spectrum) of the QD. The -V
characteristics were acquired with the tip retracted from the QD to a
distance where the bias voltage is dropped largely across the tip—QD
junction. Under these conditions, conduction (valence) band states
appear at positive (negative) sample bias, and the excitation peak
separations are equal to the real QD level spacings'.

On the positive-bias side of Fig. 1, two closely spaced peaks are
observed immediately after current onset, followed by a larger
spacing and a group of six nearly equidistant peaks. We attribute
this doublet to tunnelling through the lowest conduction band QD
state, where the spacing corresponds to the single-electron charging
energy, E. = 0.11eV. The observed doublet is consistent with the
degeneracy of the envelope function of the first conduction band
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Figure 1 Scanning tunnelling microscopy and spectroscopy of a single InAs
nanocrystal 32 Ain radius, acquired at 4.2 K. The nanocrystal quantum dots (QD)
are linked to the gold substrate by hexane dithiol molecules (DT), as shown
schematically in the right inset. Left inset, a 10 X 10 nm STM topographic image,
showing the nanocrystal. For measuring the /-V/ characteristics, the STM tip was
positioned above the QD, thus realizing a double-barrier tunnel junction configu-
ration. a, The tunnelling /-V characteristic, exhibiting single-electron tunnelling
effects. b, The tunnelling conductance spectrum, d//dV versus V, obtained by
numerical differentiation of the /-V curve (a.u., arbitrary units). The arrows depict
the main energy separations: £ is the single-electron charging energy, £4 is the
nanocrystal bandgap, and Ayg and Acg are the spacing between levels in the
valence and conduction bands, respectively.

level, 1S,, which has s character. This direct relationship between
multiplicity of a QD level and the number of addition peaks is
substantiated by the observation that the second group consists of
six peaks spaced by values close to the observed E. for the first
doublet. The degeneracy of the spherical atomic-like QD levels with
envelope-function angular momentum [ is 2(2] + 1), including the
electron spin. The second QD conduction band level, 1P,, has p
character (I = 1) and can thus be occupied by six electrons. This
sequential level filling resembles the Aufbau principle of building up
the lowest-energy electron configuration of an atom', directly
demonstrating the atomic-like nature of the QD.

The separation between the two groups of peaks, 0.42 eV, is a sum of
thelevel spacing Ay = 1P, — 18S,, and the charging energy E.. Avalue
of Ay = 0.31 €V is thus obtained. On the negative-bias side, tunnel-
ling through filled dot levels takes place, reflecting the tunnelling
DOS of the QD valence band. Again, two groups of peaks are
observed. The multiplicity in this case, in contrast with the conduc-
tion band, cannot be clearly assigned to specific angular momentum
degeneracy. In a manner similar to that described above for the
conduction band states, we extract a value of A, = 0.10 eV for the
level separation between the two observed valence band states.

In the region of null current around zero bias, the tip and
substrate Fermi energies are located within the QD bandgap
where the tunnelling DOS is zero. Tunnelling starts when the bias
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Figure 2 Size evolution of representative tunnelling d//dV versus V character-
istics, displaced vertically. The position of the centre of the observed zero-current
gap showed non-systematic variations with respect to zero bias, of the order of
0.2eV, probably due to variations of local offset potentials. For clarity of
presentation, we offset the spectra along the V' direction to situate the centres
of the observed zero-current gaps at zero bias. The nanocrystal radii are denoted
in the figure. The range of displayed voltage for each curve reflects the
experimental saturation limit of the detected current.

is large enough to overcome both the bandgap, E,, and charging
energy. E, is thus extracted by substracting E. from the observed
spacing between the highest valence band and lowest conduction
band peaks, and is equal to 1.02 eV.

The tunnelling conductance spectra for single InAs nanocrystals
of several radii are shown in Fig. 2. Two groups of peaks are
persistently observed in the positive-bias side (conduction band).
The first is always a doublet, consistent with the expected s
symmetry of the 1S, level, while the second has higher multiplicity
of up to six, consistent with 1P.. (Partial indication of such
behaviour was also observed previously on electrodeposited CdSe
QDs™.) The separation between the two groups, as well as the
spacing of peaks within each multiplet, increase with decreasing QD
radius. This reflects quantum size effects, on both the nanocrystal
energy levels and its charging energy, respectively. On the negative-
bias side, two groups of peaks, which exhibit similar quantum
confinement effects are also observed. Here we find variations in the
group multiplicities between QDs of different size, as well as
variations of peak energy spacings within each group. This
behaviour is partly due to the fact that the charging energy, E,, is
very close to the level spacing in the valence band Avg, as shown in
Fig. 3b. In this case, sequential single-electron tunnelling may be
either addition to the same valence band state or excitation with no
extra charging to the next state. An atomic analogy for this situation
can be found in the changing order of electron occupation when
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Figure 3 Correlation of optical and tunnelling spectroscopy data for InAs
nanocrystals. Inset, diagram of the level structure of the conduction and valence
bands, and the relevant strong optical transitions |, Il and Ill. a, Comparison of the
size dependence of the low-temperature optical bandgap (transition I) from which
the excitonic Coulomb interaction was subtracted (open diamonds), with the
bandgap measured by the STM (filled diamonds). b, Plot of excited transitions
versus the bandgap for tunnelling and optical spectroscopy. The two lower data
sets (ll) depict the correlation between Az = 1,5 — 245, detected using the
tunnelling spectroscopy as shown in Fig. 1b (filled squares), with the difference
between transition Il and the bandgap transition | (open squares). The two upper
data sets (lll) depict the correlation between Agg = 1P, — 1S,, determined using
the tunnelling spectroscopy (filled circles), with the difference between optical
transitions Il and | (open circles). Also shown is the size dependence of the
single-electron charging energy from the tunnelling data (filled triangles).

moving from the transition to the noble metals within a row of the
periodic table. In the nanocrystals, as a consequence of the com-
petition between charging and excitation, single-electron tunnelling
through the first valence band state exhibits peak multiplicities that
vary with size and do not necessarily correlate with the level
multiplicity. Nevertheless, Ayp can be extracted from the wider
peak spacing, which is due to both excitation and addition.

The tunnelling data can be further used to decipher the complex
QD level structure through a correlation between spacings of levels
observed in tunnelling-conductance spectra, with the allowed optical
transitions as observed by photoluminescence excitation spectro-
scopy (PLE) of the InAs nanocrystals’. Complexities in the valence
band levels of the nanocrystal result from the quantum-confinement-
enhanced mixing of close-lying bulk semiconductor bands*"*2. The
mixing relaxes some of the optical transition selection rules, leading to
rich and complex optical spectra of the nanocrystals®>*. The above
correlation is also important when examining possible effects of
charging and tip-induced electric field in the tunnelling measure-
ments on the nanocrystal level structure.
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We first compare the size dependence of the bandgap E,, as
extracted from the tunnelling data, with the nanocrystal sizing curve
(Fig. 3a). The sizing curve (open diamond data points) was
obtained by correlating the average nanocrystal size (that is,
radius r), measured using transmission electron microscopy
(TEM), with the excitonic bandgap of the same sample®*. To
compare these data with the tunnelling results, we have added a
correction term, 1.8¢%/r, to compensate for the electron—hole
excitonic Coulomb interaction which is absent in the tunnelling
data* (here e is the electron charge). Agreement is good for the larger
nanocrystal radii, with increasing deviation for smaller nano-
crystals. The deviation occurs because the TEM sizing curve
provides a lower limit to the nanocrystal radius due to its insen-
sitivity to the (possibly amorphous) surface layer. On the other
hand, the size extracted from the STM topographic images is
overestimated because of the tip—nanocrystal convolution effect®.
These differences should be more pronounced for the small sizes, as
is indeed observed.

Next, in Fig. 3b, we compare the size dependence of the higher
strongly allowed optical transitions with the level spacings mea-
sured by tunnelling spectroscopy. We plot excited level spacings
versus the observed bandgap for both PLE and tunnelling spectra,
thus eliminating the problem of QD size estimation discussed
above. The two lower data sets (II) in Fig. 3b compare the difference
between the first strong excited optical transition and the bandgap
from PLE (E3—E1 in ref. 9), with the separation A = 2y — 1,5 in
the tunnelling data (open and filled squares, respectively). The
excellent correlation observed enables us to assign this first excited
transition in the PLE to a 25 — 1S, excitation, as shown schema-
tically in the inset of Fig. 3. Strong optical transitions are allowed
only between electron and hole states with the same envelope-
function symmetry. We thus infer that the envelope function for
state 2yp should have s character and this state can be directly
identified as the 2Ss, valence band level’.

Another important comparison is depicted by the higher pair of
curves in Fig. 3b (set III). The second strong excited optical
transition relative to the bandgap (E5-El in ref. 9) is plotted
along with the spacing Ay, = 1P, — S, from the tunnelling spectra.
Again, excellent correlation is observed, which allows us to assign
this peak in the PLE to the 1yz—1P, transition (Fig. 3, inset). The
top-most valence band level, 1y, should thus have some p character
for this transition to be allowed. From this, and considering that the
bandgap optical transition 1yg—1S, is also allowed, we conclude that
lyp has mixed s and p character. It is not clear at present whether
there is an intrinsic mixing” or degeneracy between different states
having s and p characteristics’. Scanning tunnelling spectroscopy
experiments in a magnetic field may resolve this issue.

The good correlation between optical transitions and the spacing
of levels observed in the tunnelling spectra indicates that the
charging did not have a significant effect on the QD level structure.
The tunnelling I-V curves are thus well described as an algebraic
sum of single electron charging energies and the QD level
spacings. t
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The observation that clusters of neutral H,O (refs 1-4) or SO,
(ref. 5) molecules, on impact with essentially any solid surface, can
decay efficiently into positively and negatively charged fragments
has defied explanation, not least because the kinetic energy per
molecule can be much smaller than the molecular ionization
potentials. Here we present a microscopic model of the charging
mechanism, based on a mass analysis of charged SO, cluster
fragments, which appears to be applicable to polar-molecule
clusters more generally. Our mass spectra reveal that all positively
charged fragments carry an alkali ion (sodium, potassium or
caesium), whereas the negative fragments are simply (SO,),.. The
yields of both charged species are comparable, and can be
enhanced significantly by pre-treating the sample surface with
additional alkali atoms. The key to charge separation in the
clusters therefore appears to be the pickup of a neutral (but
readily ionized) adatom during impact, followed by delocaliza-
tion of the adatom’s valence electron within the cluster and the
subsequent collision-induced fragmentation of the cluster into
charged pieces. This process could be of practical use in, for
example, charge-pair generation and surface analysis; it may also
be relevant to atmospheric ionization processes.

We performed the experiments in a conventional two-chamber
molecular-beam apparatus (background pressure, 107" mbar).
Clusters are produced by condensation in a seeded free-jet expan-
sion through a pulsed nozzle (diameter 0.5 mm, typical pulse width
400 ps, stagnation pressure up to 20 bar). The cluster size distribu-
tion is measured with the retarding field technique® employing 30-
eV electron impact ionization. The target is mounted in the second
chamber perpendicularly to the beam axis, 300 mm downstream
from the nozzle. We estimate that a fraction of 2 X 10™* of the
uncondensed particles leaving the nozzle arrive at the surface where
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