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We image single quantum dot excitations using high-resolution slit-confocal microscopy in order to eluci-
date the nature of the excited states of single CdTe quantum dots. The results show subsets of single dots
distinguished by unique excitation spectra and spatially separated by hundreds of nanometers. We conclude
that the dots are superimposed on an extended two-dimensional platelet. Model simulations, which yield
common resonances for two quantum dots superimposed on a microscopic wire, support this interpretation.
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The past decade has seen an explosion of methods to de-
sign and fabricate nanostructures with a wide degree of di-
versity. At the same time, a number of techniques have been
developed from atomic force and electron beam
microscopies1,2 to x-ray diffraction3 that probe the structure
and morphology of these nanostructures with increasingly
fine detail. As the size of these synthetic objects shrinks, the
surface-to-volume ratios increase by orders of magnitude,
vastly enhancing their sensitivity to local �and often uncon-
trolled� defects, interfaces, and morphologies. Moreover, the
ability to couple nanostructures together through self- or
chemical assembly adds a whole new layer of complexity.4,5

Correlation of structural measurements with the internal
electronic structure of the nanostructures has, therefore, been
lagging. What is needed is the development of ways to probe
the electronic structure with extremely high accuracy and at
the same time provide a higher degree of sensitivity to spa-
tial information.

In this work, we demonstrate a technique which images a
macroscopic collection of nanostructures with high spatial
resolution, and which can simultaneously probe both the
ground and excited states with extremely high spectral reso-
lution. An analysis and modeling of these results provide
detailed and significant information on the spatial and elec-
tronic structures of nanoscale objects which cannot be ob-
tained in any other way.

The imaging measurements are made on epitaxially
grown CdTe semiconductor quantum dots. The sample was
grown by molecular beam epitaxy on �100�-oriented GaAs
substrates. Self-assembled CdTe quantum dots were formed
by depositing four monolayers of CdTe by atomic layer ep-
itaxy on a ZnTe buffer. A 50 nm thick ZnTe capping layer
covered the dot layer. As estimated by transmission electron
microscopy and magnetophotoluminescence measurements,
the lateral size of CdTe quantum dots is of the order of
3–5 nm in diameter.6 Further details of the sample growth
and their optical characterization can be found elsewhere.6

Our central focus is to extend advanced single dot imaging
techniques7 to understand the nature of the excited states in
this structure. Previous photoluminescence and resonant Ra-
man scattering experiments carried out on the ensemble level

�with a laser spot size �30 �m� have shown that at low
temperature �T=6 K� the overall excited state distribution
resembles the ground state photoluminescence �PL�,8 but it is
shifted by about 100 meV toward the ZnTe barrier energy, as
displayed by dashed line in Fig. 1. Notably, the total carrier
confinement in these quantum dots amounts to 300 meV.
Extensive optical experiments �excitation and power depen-
dence of the PL emission� performed on the quantum dot
ensemble have unambiguously demonstrated the absence of
a uniform two-dimensional wetting layer.8,9 Most frequently,
the spectral signature of the wetting layer is a narrow—
compared to the quantum dot �QD� emission—luminescence
band located between the dot emission and the barrier which
grows as a function of excitation power. Obviously, in the
case of PL spectrum shown in Fig. 1, such an emission is
absent, and it remains absent at significantly higher excita-
tion powers. This feature distinguishes this quantum dot
structure from most of other quantum dot systems where
self-assembly has been reported.10 In the first stage of a stan-

FIG. 1. Low-temperature �T=6 K� ensemble luminescence
spectrum of CdTe self-assembled quantum dots �solid line�. Excited
state distribution �dashed line� is shifted toward higher energies by
approximately 100 meV. Shaded area represents the energy of the
ZnTe barrier. Note strong electronic confinement ��300 meV� of
the quantum dots.
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dard self-assembly growth of quantum dots, a uniform quan-
tum well �the wetting layer� is formed, with a thickness
which depends mainly upon the elastic properties of the two
compounds and their lattice constant mismatch. The dots
themselves form afterwards, on top of the wetting layer.11 In
this way, all dots in the structure are interconnected through
the continuum of states in the wetting layer, and can be
populated through direct excitation into the wetting layer.9,12

Here, in order to gain more information from excitation
spectra, we reduce the number of QDs measured by utilizing
an 800 nm aperture fabricated in a thin metal film on the top
of the sample. With the laser focused on the aperture using a
50�0.5 numerical aperture microscope objective, the dots
within the fixed area are examined. In Fig. 2, we show PL
spectra measured at T=7 K for CdTe quantum dots through
an aperture 800 nm in diameter together with PL excitation
�PLE� spectra obtained for three single quantum dots A, B,
and C, marked by colors. These excitation spectra have been
obtained by scanning the laser and simultaneously taking
spectra with a charge-coupled device �CCD� detector of all
dots which lie within the fixed aperture. In this way, excita-
tion spectra for multiple quantum dots could be measured at
the same time. In order to achieve sufficient spectral resolu-
tion, the signal was dispersed using Dilor XY triple mono-
chromator with a 1800 line /mm grating. The laser power
was kept below 1 mW focused onto the 800 nm aperture
with a 1.25 �m diameter spot. A representative spectrum
�Fig. 2� shows a series of sharp PL lines emitted from the
aperture which come from single quantum dots. To the right
of the PL spectrum are shown the PLE spectra obtained for
three of the lines marked dot A, dot B, and dot C that show
the variation in intensity of each line as the excitation laser is
tuned. Clearly, the excitation spectra for these lines all dis-
play similarly shaped peaks at energies of 2.114 and
2.118 eV. The energy separation between the emission lines
and the excitation resonances is between 80 and 110 meV,
which corresponds nicely to the excited states distribution
displayed in Fig. 1. The linewidth of these resonances is

limited by the spectral linewidth of the excitation dye laser,
about 0.5 meV. In contrast, the width of the resonances ob-
served in tunneling experiments on two coupled quantum
dots is more than three times larger.13 Although the observa-
tion of identical excitation resonances for QD emission lines
at several different emission energies indicates the formation
of a common excitation channel for these emission lines, the
absence of detailed spatial information makes it impossible
to distinguish between the possibilities of a single QD with
several emission lines or several spatially separated single
QDs emitting at different energies.

In order to provide this spatial information, we image a
400 nm�6 �m region of the sample onto the entrance slit of
the spectrometer using a fixed hemispherical solid immersion
lens.14,15 Applying this slit-confocal method, described in de-
tail elsewhere,7 we are able to directly image an array of
single quantum dots on a two-dimensional CCD detector
with spatial resolution of approximately 400 nm, and spec-
tral resolution of 80 �eV. By taking a series of such images
as the excitation laser is scanned, we can visualize the emis-
sion energy and spatial position of each dot, while simulta-
neously obtaining excitation spectra.

In Fig. 3, we show the central experimental result of this
work obtained using the PL imaging technique. It shows a
cluster of seven single CdTe quantum dots, which are popu-
lated through a common excited state. The main panel �Fig.
3�a�� depicts photoluminescence spectrum measured at the
excitation energy of 2.103 eV with the corresponding photo-
luminescence map displayed in Fig. 3�b�. The horizontal
scale of the image is the energy, while the vertical scale
represents a spatial coordinate along the slit. From the spatial

FIG. 2. �Color online� Photoluminescence excitation spectra
measured for three emission lines marked with colors. The data
were obtained at 7 K using 800 nm small aperture fabricated on top
of the sample. The narrow resonances spaced by almost 100 meV
from the detection wavelengths are virtually identical for all three
quantum dots.

FIG. 3. �Color online� The results of photoluminescence excita-
tion imaging experiment: �a� photoluminescence spectra showing
single dot emission lines. The spatial images of the dots marked in
color are shown in �b�, while in �c� the cross sections along the
spatial coordinate for three quantum dots are displayed. The exci-
tation spectra measured for the seven marked single quantum dots
are plotted in �d�. The excitation spectra feature identical reso-
nances although the dots are spaced from each other by several
hundreds of nanometers.
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profiles seen on the PL map, it is clear that the emission must
originate from different dots. Figure 3�c� displays cross sec-
tions along the spatial axis obtained for three of the dots
presented. Remarkably, despite the fact that the quantum dots
seen in the image are spatially separated by as much as
500 nm, they are photoexcited through a common excitation
resonance. This resonance is easily resolved in the very simi-
lar PLE spectra for each of the seven QDs, as shown in Fig.
3�d�. Indeed, for all quantum dots within the cluster the reso-
nances at E=2.103 eV and E=2.104 are clearly visible, al-
though the intensities change from dot to dot. We have ob-
served numerous examples of such clusters, comprising
different numbers of quantum dots as well as featuring dif-
ferent energies of common resonances. The presence of vari-
ous clusters exhibiting characteristic resonance energies
gives additional evidence for the absence of the wetting layer
in this structure. Indeed, with a wetting layer, one would
expect all quantum dots to feature exactly the same reso-
nance. The fact that different clusters of dots of varying size
couple to unique excitation resonances suggests that clusters
of very small quantum dots are formed on top of micron-
sized macroscopic platelets.16,17 Such morphology—as re-

vealed below by simple model calculations—indeed permits
electronic interaction between quantum dots separated by
distances much larger than their size. The distribution of con-
fined quantum wave functions ranges from strongly localized
states within the dots at low energy, to a range of “con-
tinuum” states within the platelet, to strong resonances
within the continuum of states which are quasilocalized over
the dots.

To model these clusters of dots, we use a one-dimensional
analog of our two-dimensional system as shown in Fig. 4�a�.
Consider two quantum dots with sizes of 8�4 nm2 and 7
�4 nm2 separated by 106 nm superimposed on a 500 nm
long wire. Figure 4�a� is not drawn to scale in order to visu-

FIG. 4. �Color online� �a� Schematic drawing of the structure
used for model calculations. �b� Density of states �black� and quan-
tum state �red� dependence on the total energy of the system. Two
regimes, where the carrier is confined to either of the dots or is in
the continuum, are clearly distinguishable. �c� Probability of finding
a particle in QD1 �red�, QD2 �blue�, and the platelet �black� as a
function of the total energy of the system. Sharp spikes seen for
energies between 8 and 12 correspond to the values where the prob-
ability of finding a particle in the dot is high.

FIG. 5. �Color online� �a� Probability for finding significant
probably for finding a particle in both QD1 and QD2 as extracted
from the data shown in Fig. 4�c�. The spikes correspond to energies
in the continuum where there is significant probability of finding a
particle in both of the dots. Corresponding wave function probabili-
ties calculated for particle with energies �b� E1 and �c� E2, showing
significant buildup of probabilities within the two quantum dots.
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alize the dots. The barriers surrounding the dots and platelet
are assumed to be infinite so that wave functions of free
particles are completely confined within the entire structure.
The Schrödinger equation is solved on a finite-element �5000
points� grid through direct inversion of a 5000�5000 matrix
using MATHEMATICA. For such a system, we calculate the
energy structure and the density of states that are displayed
in Fig. 4�a�. The red color represents the calculated eigen-
state dependence on total energy of the system. The first 15
states �red symbols� are the 15 lowest discrete energy levels
of the system. These states correspond to the situation when
the carrier is strongly confined to the interior of the dots.
When the particle is no longer confined to a dot, we obtain a
continuum of states associated with the energy levels inside
the wire. Similarly, in the energy dependence of the density
of states �displayed in black�, two regions can be easily dis-
tinguished. For the energies lower than the confinement en-
ergy of quantum dots, the density of states is composed of
discrete �-like states attributed to eigenenergies of strongly
confined quantum dots. On the other hand, for energies in
excess of the quantum dot potential, the density of states is
characterized by 1 /E dependence, as expected for the wire.

Using the square of the calculated wave functions, we
determine the probabilities of finding a particle in either of
the dots or in the platelet as a function of the total energy of
the system, as displayed in Fig. 4�c�. Red and blue colors
represent the probabilities obtained for QD1 and QD2, re-
spectively, while black curve and symbols correspond to the
wire. Not surprisingly, for the energies below the continuum,
the strongest probability is to find a particle in either dot.
However, as the energy approaches the continuum threshold,
the probability of finding the particle in the wire gradually
increases as the wave function extends into the wirelike ex-
tended states. Importantly, in the range of localized states, a
particular eigenenergy results either in finding the particle
confined to QD1 or QD2, but not both. Radically different
behaviors can be seen for energies within the wirelike con-
tinuum. In this case, the probabilities calculated for both the
dots feature strong peaks indicating a significant probability
of finding a particle within the dot. These peaks correlate
precisely with dips in the probability dependence obtained

for the wire. This is very much like the standard undergradu-
ate problem in quantum mechanics for a one-dimensional
plane wave scattering off a potential well. At particular en-
ergies, strong resonances occur which are nearly completely
localized over the dot. This model calculation thus provides
strong support that there exist resonances within the con-
tinuum of states in the platelet, which could extremely effi-
ciently couple to clusters of quantum dots located upon the
platelet.

In order for the two spatially separated quantum dots to
couple through these above-the-barrier states, an overlap is
required between the respective probabilities. In this case, for
the states within the continuum, one could expect significant
probability of finding the carrier in both QDs. In Fig. 5�a�,
we show the product of the probabilities calculated for QD1
and QD2. Two peaks at energies E1 and E2 are clearly dis-
tinguishable. The squares of the wave functions which cor-
respond to these two probability resonances are displayed in
Figs. 5�b� and 5�c� respectively. The wave functions associ-
ated with these two energies show a significant probability of
finding a carrier in both of the quantum dots. Such a wave
function would clearly result in an extremely rapid relaxation
into the ground states of each dot, resulting in the strong
excitation resonance we observe experimentally which
couples to clusters of dots.

In summary, by combining the microscopic imaging with
resonant spectroscopy of single quantum dots, we demon-
strate that the morphology of the structure consists of clus-
ters of dots that are superimposed on top of a several hun-
dred nanometer-sized two-dimensional platelet. Such
morphology provides an efficient channel for coupling be-
tween the quantum dots that can be separated by distances
much larger than their sizes. These experimental results are
supported by simple finite-element model calculations,
which suggest that above-the-barrier states, located within
the continuum of the cluster, are sufficient to allow a signifi-
cant probability of transferring the excitation to either of the
dots within the cluster.
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