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C
olloidal nanocrystalline quantum
dots (QDs) play a key role in cur-
rent nanoscience. These semicon-

ductor nanocrystals, 1–10 nm in size, show

strong quantum confinement resulting in

size-tunable optical and electrical proper-

ties. There is a strong belief that such semi-

conductor nanocrystals will form the build-

ing blocks for QD solids with novel optical

or electrical properties.1–5 These properties

will depend on the nature of the QD build-

ing blocks and the degree of electronic cou-

pling between them. Optical and electrical

spectroscopies have been used to charac-

terize nanostructures; however, they can

only measure sample-averaged properties.

These techniques cannot answer an impor-

tant question regarding nanostructured

materials: the relation between the local

atomic and electronic structure and the

macroscopic (system-averaged) properties.

This implies that the local interactions be-

tween the nanoscale building blocks should

be measured. This aim can be reached

through the use of local probes, in particu-

lar scanning tunneling microscopy (STM)

and spectroscopy (STS), which can measure

topography and electronic structure with

very high spatial resolution. The combina-

tion of STM and STS has already proved very

useful in probing the geometry and elec-

tronic structure of individual atoms and

molecules and molecular aggregates at the

atomic scale.6–12 Furthermore, these tech-

niques have been successfully used for the

investigation of individual InAs, CdSe, and

PbSe QDs,13–17 as well as their two-

dimensional arrays.18,19 In order to study a

single, isolated QD or small aggregates of

QDs with STM, they have to be immobilized

on a conducting substrate. This is typically

achieved using functionalized organic mol-

ecules to chemically link nanocrystal QDs to

the substrate. A good control of the sur-

face chemistry is required to get stable sub-

strate/QD/tip junctions. Moreover, some

uncertainty remains concerning the extent

to which covalent linking to a conducting

substrate influences the electron and hole

energy levels and electron and hole charg-

ing energies of the QDs.

Here, we propose an alternative method

of stabilizing individual QDs and, in addi-

tion, realizing QD molecules: embedding

the QDs of interest in a monolayer matrix

of wider band gap nanocrystals of about

the same size. We demonstrate this ap-

proach by studying PbSe QDs embedded

in a monolayer of CdSe nanocrystals where

the PbSe QDs can be identified by both to-

pographic (STM) and spectroscopic (STS)

measurements. The tunneling processes

that occur during resonant tunneling spec-
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ABSTRACT The electronic local density of states (LDOS) of single PbSe quantum dots (QDs) and QD molecules

is explored using low-temperature scanning tunneling microscopy (STM) and spectroscopy (STS). Both individual

PbSe QDs and molecular aggregates of PbSe QDs (dimers, trimers, etc.) are mechanically stabilized in a two-

dimensional superlattice of wide band gap CdSe QDs acting as an inert matrix. The LDOS measured at individual

QDs dispersed in the matrix is identical to that of single isolated QDs chemically linked to a substrate. We

investigate the degree of quantum mechanical coupling between the PbSe QDs in molecular aggregates by

comparing the LDOS measured at each site in the aggregates to that of an individual PbSe QD. We observe a

variable broadening of the resonances indicating a spatially dependent degree of electron delocalization in the

molecular aggregates.

KEYWORDS: scanning tunneling microscopy (STM) · scanning tunneling spectroscopy
(STS) · colloidal quantum dots (QDs) · quantum mechanical coupling · QD molecules
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troscopy for an isolated PbSe QD chemically linked to

a substrate and a QD dispersed in a matrix are shown in

Figure 1, parts A and B, respectively. In the first case,

electrons injected from the tip into the QD can only tun-

nel out to the substrate. On the other hand, in an ar-

ray, the injected electrons can tunnel out to the sub-

strate or to the neighboring QDs in the matrix. This has

an effect on the accessible regimes in tunneling spec-

troscopy, that is, shell-tunneling vs shell-filling

conditions.15,16

As the PbSe QDs are dispersed in the CdSe mono-

layer, there is a distribution of monomers, dimers, and

larger aggregates of PbSe QDs. This opens the possibil-

ity of studying electronic interactions between the

PbSe QD building blocks in small “molecules”. We ob-

serve significant quantum mechanical coupling be-

tween QDs and probe this coupling at the single QD

level by performing STS on the different QD sites in the

molecular aggregates. This gives information on the lo-

cal variations of the quantum mechanical coupling re-

sulting from disorder. In addition, the study of these sys-

tems complements the study of more extended 2D

QD arrays.18,19

RESULTS AND DISCUSSION
We first discuss how PbSe QDs dispersed in a CdSe

matrix can be detected by STM and STS. We then

present spectroscopy of the energy levels of single

PbSe QDs dispersed in an inert CdSe QD matrix, and fi-

nally discuss how electronic coupling in PbSe QD “mol-

ecules” can be quantified by STS.

Topographic Measurements of Mixed PbSe and CdSe QD Arrays.
Figure 2A shows a topographic image of a self-

assembled monolayer of CdSe QDs with an average di-

ameter of 6.1 nm on a Au(111) substrate. The QD mono-

layers are very stable under STM imaging conditions

(20 –50 pA at 2.5 V). The monolayer shows local hexago-

nal packing but lacks true long-range order due to

size, shape, and orientational disorder of the CdSe QDs.

Mixing CdSe and PbSe QDs with a suitable concentra-

tion ratio results in PbSe nanocrystals dispersed in a ma-

trix of CdSe. Figure 2B shows an STM image of 7.1 nm

PbSe QDs dispersed in a CdSe matrix at a ratio of 1:30.

The diameter of individual QDs chemically linked to a

Au(111) substrate can be measured in situ by the STM

height;17 however, this is not possible for QDs in an ar-

ray. We therefore use the average diameter of the PbSe

QDs determined from transmission electron micros-

copy (TEM) measurements. We are able to distinguish

between the two types of QDs: the PbSe QDs (indicated

by black dots in Figure 2B) appear higher than CdSe.

The height difference is not only due to the size differ-

ence between the different QDs because STM topogra-

phy is also sensitive to electronic effects. However, due

to the exponential dependence of the tunneling cur-

rent on the distance, the measured height difference is

mostly due to the size difference between the QDs. The

inset of Figure 2B shows an aggregate of three PbSe

Figure 1. Schematic of the tunneling processes (denoted by arrows) that are possible with isolated PbSe QDs and QDs embedded in
a matrix of CdSe QDs: (A) a single PbSe QD chemically linked to the substrate with hexanedithiol; (B) an isolated PbSe QD surrounded
by CdSe QDs, in which the incoming electron can tunnel either directly or via neighboring CdSe QDs to the substrate; (C) the elec-
tronic levels in a PbSe QD dimer can be strongly coupled and the electron can delocalize over the two QDs. The subscripts t, d, and s
stand for tip, dot, and substrate, and � corresponds to the tunneling rate.

Figure 2. Topographic and spectroscopic identification of PbSe QDs in a
CdSe QD matrix: (A) large scale STM image of a hexagonally packed
monolayer of CdSe QDs with an average diameter of 6.1 nm (set-point
current 10 pA and bias voltage 2.0 V); (B) STM image of 7.1 nm PbSe QDs
(marked with black circles) dispersed in a matrix of 6.1 nm CdSe QDs (set-
point current 30 pA at 2.5 V); (C) height profiles along the lines denoted
in panel B; arrows indicate the PbSe nanocrystals; (D) examples of mea-
sured tunneling spectra (dI/dV vs V) at T � 5 K taken on an individual PbSe
QD in a CdSe matrix (upper spectrum, off-set for clarity) and of a CdSe
QD in the matrix (lower spectrum) with STS feedback settings 50 pA at
0.8 V (PbSe) and 150 pA at 2.0 V (CdSe).
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QDs in a matrix of CdSe QDs. Again, PbSe QDs appear

clearly higher than the surrounding CdSe QDs. Figure

2C shows height profiles along the lines indicated in

Figure 2B; there is a difference of about 1 nm between

the larger PbSe (indicated with arrows) and smaller

CdSe QDs, which is consistent with the difference in

the core sizes measured by TEM. Comparison with the

pure CdSe layer indicates that the size difference is suf-

ficiently small not to perturb the local hexagonal order-

ing in the array.

The PbSe and CdSe QDs also have strikingly differ-

ent LDOS, in particular in terms of the band gap. This al-

lows us to easily identify the QDs by performing tunnel-

ing spectroscopy on them as illustrated in Figure 2D,

where the difference in the electronic structure is ap-

parent. For instance, the PbSe QDs have a much smaller

zero-conductivity gap (related to the HOMO–LUMO

band gap) than CdSe QDs. The interesting details of

the electronic structure of individual PbSe QDs will be

discussed in the following section.

Self-assembly of mixed QDs results in PbSe QDs dis-

persed in the CdSe QD matrix; there is a distribution of

monomers, dimers, and larger aggregates. The STM can

be used to identify the PbSe QDs either by topographic

or by spectroscopic measurements. We have analyzed

a series of STM images of 9.8 nm diameter PbSe QDs in

a matrix of 6.1 nm CdSe QDs; the results are shown in

Table 1 for a PbSe/CdSe ratio of 1:10. Comparison of the

experimental and simulated (assuming completely ran-

dom assembly) fractions shows that there are signifi-

cant interactions between the PbSe QDs. Based on ran-

dom assembly, we would expect a much larger fraction

of monomers. In addition, we observe roughly half of

the PbSe QDs to phase separate from the CdSe

nanocrystals.

Spectroscopy of Single PbSe QDs in a CdSe Array. We have

studied the electronic spectra of individual PbSe QDs

embedded in a CdSe matrix. Figure 3A,B shows two

typical spectra obtained on individual PbSe QDs with

diameters of 7.1 and 9.8 nm embedded in a CdSe ma-

trix. For comparison, Figure 3C presents a spectrum ac-

quired over an isolated PbSe QD chemically anchored

to the substrate. The spectra measured on these indi-

vidual PbSe QDs show resonances from tunneling

through valence (negative bias) and conduction levels

(positive bias) separated by the zero-conductance gap.

As expected, the zero-conductance gap and the level

separations (e.g., e1 to e2) decrease as the size of the

QDs is increased from 7.1 to 9.8 nm. The spectra shown

in Figure 3 were acquired at low set-point currents.

However, the spectra remained unaffected on decreas-

ing the tip/QD distance. It was possible to increase the

current up to 2000 pA without any changes in the en-

ergy of the resonances. Based on this and earlier

results,14–16,18 we can conclude that the spectra shown

in Figure 3 are shell-tunneling spectra; that is, the over-

all tunneling rate is limited by the tunneling rate be-

tween the tip and the QD. In this regime, electrons tun-

nel through the QD one-by-one, Coulomb interactions

are absent, and the measured dI/dV spectrum directly

reflects the single-particle LDOS of the QD. This is differ-

ent from the spectroscopy on single CdSe nanocrystals

chemically linked to a Au substrate where shell-

tunneling spectra evolve into (partial) shell-filling when

the current is increased.14–16,20,21 The difference can

be rationalized by two effects: due to the low effective

masses of the carriers, the electronic orbitals of PbSe are

more extended compared with CdSe, which results in

larger tunneling coupling (tunneling rate �d�s) be-

TABLE 1. Experimental (fexp) and Simulated (frand)
Fractions of 9.8 nm Diameter PbSe QDs in Monomers,
Dimers, etc. (NQD) in a Matrix of 6.1 nm CdSe QDs for a
PbSe/CdSe ratio of 1:10a

NQD fexp frand

1 0.086 0.536
2 0.064 0.266
3 0.046 0.122
4 0.033 0.054
5 0.058 0.023
6 0.038 0.008
7 0.036 0.005
8 0.020 0.001
9 0.017 0.000

10 0.026 0.000
�10 0.576 0.000

aThe simulated values assume completely random assembly.

Figure 3. Spectroscopy on individual PbSe QDs with diameters of (A) 7.1 nm and (B) 9.8 nm embedded in a CdSe QD matrix. STS set-
tings are 200 pA, 0.8 V, and 50 pA, 0.8 V, respectively. (C) Tunneling spectrum measured on a single PbSe nanocrystal (diameter 7.6 nm)
chemically linked to Au(111) with hexanedithiol, set-point 200 pA and bias 0.8 V. The spectra are fitted with Gaussians and the reso-
nances are denoted h1 to h5 for valence levels and e1 to e5 for the conduction levels. All spectra are measured at T � 5 K.
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tween the QD and the substrate. In addition, the neigh-
boring QDs can act as additional tunneling channels
for electron escape. In the case of an isolated QD (Fig-
ure 1A), the system can be described as a QD in a
double-barrier junction; the injected electron (rate �in

� �t�d) can only leave the QD by tunneling from the
dot into the gold substrate (rate �out � �d�s). The elec-
tron occupation is given by �in/(�in � �out). It has been
shown that this occupation factor can significantly dif-
fer from zero at high injection currents.13,16 In the case
of a QD in a matrix (Figure 1B), the rate of electron in-
jection remains as �in � �t�d, while the rate of electron
extraction �out � �d�s � n�d�d (n is the number of
nearest neighbors). As a result, shell-filling is not ob-
served even for high set-point currents; that is, �in ��

�out for all injection currents.
The second remarkable difference in microscopy of

an isolated QD chemically anchored to a substrate and
a QD in an array is the stability of the latter junction. Iso-
lated dots become unstable at high currents or volt-
ages.22 In contrast, the QDs in an array remain stable
even when tunneling spectroscopy is performed under
high set-point currents. The difference can be explained
by the mechanisms of stabilization: in the case of an iso-
lated dot, some of the chemical bonds between the
QD or the substrate and the bifunctional linker mol-
ecules can be broken or weakened due to inelastic scat-
tering of the tunneling electrons or the occupation of
antibonding orbitals.22 On the other hand, the QDs in
an array are stabilized by the sum of the van der Waals
interactions between the nanocrystal under the tip and
its neighbors and the gold substrate; these interac-
tions are not affected by the voltage or tunneling
events.

The spectra in Figure 3 have been fitted with a sum
of Gaussians, one for each resonance. The resonances
are labeled h1 to h5 at negative bias (hole levels) and e1

to e5 at positive bias (electron levels). The resonances
e1 and h1 stand for the lowest electron and hole level,
respectively, with s-type envelope symmetry. The
widths of the resonances (corrected for the effect of
the potential distribution in the double-barrier
junction16,20,21,23) increase considerably with decreas-
ing QD size (For the first resonance fwhm (e1) � 34 meV
for 9.8 nm diameter and 55 meV for 7.1 nm). There are
several factors that contribute to level broadening.
Temperature and lifetime (controlled by the tunneling
rate out of the QD) are obvious factors; however, these
both are negligibly small (�1 meV) at T � 5 K and for
the experimental junction geometry. Other factors in-
clude electron–phonon coupling and local heating ef-
fects. The former involves coupling of the tunneling
electrons to either optical phonons of the nanocrystal
core or vibrational modes of the capping molecules.
The latter is proportional to the rate of inelastic tunnel-
ing events. In PbSe, there is an additional source of
broadening for the tunneling resonances. The funda-

mental gap is at the L-point of the Brillouin zone and

hence 4-fold degenerate.24,25 However, the different

valleys in the Brillouin zone are coupled (“intervalley

coupling”), and this lifts the 4-fold degeneracy of the

s-states for electrons and holes, and the levels split. This

splitting depends on the size of the crystal and is larger

for smaller nanocrystals. Tight-binding and pseudopo-

tential calculations predict splittings on the order of a

few tens of millielectronvolts depending on the size of

the QDs.24,25 In tunneling spectroscopy, the intrinsic

line width (given by the other effects discussed above)

is larger than this splitting, and hence, the different

s-levels cannot be observed as separate resonances.

The resonances e3 and h3 stand for the p-type or

d-type levels. The width of these resonances is consid-

erably larger compared with e1 and h1. It is likely that

the splitting of the p-levels is further increased due to

the crystal dipole moment in PbSe.26,27 It seems feasible

that the weak but reproducible resonance e2 corre-

sponds to the lowest p-level. The spectra measured on

single PbSe nanocrystals in a CdSe matrix are very simi-

lar to spectra measured on single PbSe nanocrystals

chemically linked to a Au(111) substrate with hex-

anedithiol (Figure 3C).17 In both cases, we get consis-

tent results on the energy level positions as well as the

widths of the resonances as is shown in Figure 4. This

means that tunneling coupling between the PbSe QD

and the surrounding CdSe QDs is sufficiently weak not

to affect the tunneling spectra. Hence, immobilization

of PbSe by a CdSe matrix proves to be a valuable

method to study individual QDs and QD molecules of

interest.

Spectroscopy on PbSe Aggregates in a CdSe Array. In addi-

tion to investigating isolated QDs, embedding PbSe

QDs in the inert matrix allows us to study possible quan-

tum mechanical coupling effects in small molecular ag-

gregates of PbSe QDs. We will focus on 9.8 nm PbSe

QDs: a dimer, a chain of four, and a larger aggregate of

PbSe QDs as shown in the insets of Figures 5 and 6. First

we investigate in more detail the LDOS measured on a

dimer, two neighboring QDs of 9.8 nm embedded in a

Figure 4. Comparison between the observed STM gap
(e1�h1) as function of PbSe QD diameter for individual QDs
chemically linked to a Au(111) substrate (□) and single PbSe
QDs in a CdSe matrix (�). The diameter of the individual
PbSe QDs is determined from the STM height. For the single
PbSe QDs in the CdSe matrix, an average diameter of the
PbSe QDs is determined from TEM images.
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CdSe matrix (Figure 5, inset). The spectra measured on

this dimer are qualitatively similar to those on isolated

QDs: zero-conductance gap and resonances at positive

and negative bias resulting from tunneling through the

valence and conductance levels. The resonance energy

level positions did not change for set-point currents be-

tween 50 and 600 pA and bias 0.6 to 0.8 V. The full-

width at half-maximum of the resonances correspond-

ing to the hole levels (negative bias) is 35– 40 meV,

unchanged with respect to those of isolated PbSe QDs

in a CdSe matrix. At positive bias however, the line

width of the first electron resonance is 70 meV for QD1

and 75 meV for QD2, hence considerably broadened

with respect to that of the single PbSe QD in a matrix

(see Figure 3B). The broadening of the resonances is

most likely caused by quantum mechanical interaction

between PbSe QDs.28 In a simple picture, this additional

broadening of ca. 30 meV reflects the splitting of the

conduction levels induced by coupling between the

QDs. We use an elementary tight-binding scheme to

compare the coupling in the QD dimer to the larger ag-

gregates: the splitting of 30 meV corresponds to a value

of td�d � 15 meV of the QD�QD coupling matrix ele-

ment.29

We concentrate next on two examples of larger ag-
gregates of PbSe QDs shown in Figure 6. The spectra
in a linear aggregate of four PbSe QDs (Figure 6A) show
that the line width of the first electron resonance of
QDs 1, 2, and 3 are 53, 59, and 65 meV, respectively.
This is again considerably broadened with respect to
that of a single PbSe QD in an array of CdSe QDs (Fig-
ure 3B), which has a width of 35 meV. There is an extra
peak in the dI/dV spectrum 3 in Figure 6A (at – 0.17 V);
the origin of this resonance is not presently clear. The
feature is not visible for the other QDs in the same as-
sembly, and hence, we have not included it in the fit-
ting of the resonances. Coupling in this linear chain is
smaller than that in the dimer shown in Figure 5; tight-
binding considerations (equal coupling between all the
QDs in the chain) gives td�d � 10 meV in this case.

In addition to small aggregates, we also investigated
seven neighboring QDs in the middle of a larger aggre-
gate containing only PbSe QDs, see Figure 6B. The
QDs order in a hexagonal structure, as shown in the
STM topography (inset). It is clear that the spectra dif-
fer from site to site. We again focus on the width of the
first electron resonance; QD1 � 70 meV, QD2 � 94
meV, QD3 � 81 meV, QD4 � 88 meV QD5 � 87 meV,
QD6 � 78 meV, and QD7 � 93 meV. From the above, it
is clear that the electron resonances of PbSe QDs in a
molecule show a variable broadening with respect to
that of a single PbSe QD. In this larger structure, we can
estimate an average coupling based on tight-binding,
td�d � 7 meV. This assumes an infinite system, equal
coupling between the QDs, and that the peak broaden-
ing is equal to the width of the band in tight binding.
In only a few cases, the resonances of the valence hole
levels are additionally broadened with respect to that of
a single PbSe QD (see, for instance, Figure 6B QD5 and
6).

In Figure 7, we show the measured fwhm for the
first conduction-level resonance for a number of mono-

mers, dimers, etc. We can make the following con-
clusions based on the figure: (i) the line width in-
creases when the number of PbSe QDs in the
aggregate increases, (ii) the line width seems to
saturate at about 90 meV, and (iii) there is consid-
erable spread in the measured values from site-
to-site in a given aggregate and from aggregate
to aggregate. While points i and iii are rather ob-
vious (more coupled QDs implies larger splitting
of the levels), point ii gives valuable insight about
the nature of coupling. It seems that the cou-
pling strength is mainly determined by nearest-
neighbor coupling and that disorder limits the
size of the strongly coupled regions in larger as-
semblies. We can convert the measured fwhm to
the QD�QD coupling matrix element td�d, and

we find the following values: 14 meV for dimers,

14 meV for trimers, 12 meV for tetramers, and 6

meV for the larger assembly.

Figure 5. Spectroscopy on a 9.8 nm PbSe dimer embedded
in a CdSe matrix. The thin lines represent Gaussian distribu-
tions fitted to the resonances. Spectra were measured at 5 K
with set-point current 70 pA, bias 0.7 V (QD1) and 150 pA,
0.6 V (QD2).

Figure 6. Spectroscopy on PbSe aggregates embedded in a CdSe matrix: (A) spec-
tra measured on three QDs on a chain of four 9.8 nm diameter PbSe QDsOthe thin
solid lines represent Gaussian distributions fitted to the resonances (set-point cur-
rent 100 –350 pA and bias 0.7–1.8 V); (B) representative spectra on QDs that are part
of a larger aggregate of 9.8 nm diameter PbSe QDs (set-point current 100 –350 pA
and bias 0.7–1.8 V). All spectra are measured at T � 5 K.
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Despite electrons and holes having very similar ef-

fective masses in PbSe, we observe stronger coupling

of the electron energy levels. This can be understood by

considering the influence of the effective barrier height

on the coupling strength: a difference of 2 eV for the

electrons and holes is sufficient to accommodate the

present results.18 In the present system, the tunneling

barrier is formed by the capping ligands. The barrier

height for the electrons can be defined as the energy

difference between the LUMO of the capping molecules

and the first conduction level of the QDs, while for the

holes, it is the energy difference between the HOMO of

the capping ligands and the first valence level of the

QDs. Exact values for these barrier heights are not

known. However, lead chalcogenide materials are

known to have low ionization potentials, which makes

it more likely that the barrier height for electrons is

lower than that for the holes.30 This band-selective cou-

pling is consistent with earlier results on extended ar-

rays of PbSe and has also been observed for arrays of
InAs QDs.18,19 The variable broadening of the reso-
nances that we observe from site to site indicates that
the degree of quantum mechanical coupling is strongly
site-dependent. It is likely that in extended arrays,
strong coupling only prevails over areas of a few QDs.
It must be realized that colloidal nanocrystals are fac-
eted and are hence not perfectly spherical. This leads to
several types of disorder; for instance, there might be
variations in the orientation of the nanocrystals with re-
spect to each other or small variations in the distance
between the facets of the neighboring nanocrystals re-
sulting in a variable degree of electronic coupling.

CONCLUSIONS
In conclusion, we have shown that we can prepare

PbSe QD monomers, dimers, and larger aggregates dis-
persed in a matrix of CdSe QDs. Both CdSe and PbSe
nanocrystals can be identified by scanning tunneling
microscopy and spectroscopy. The CdSe QD array can
be considered as an inert matrix stabilizing the dis-
persed PbSe QDs. The spectra of single PbSe QDs in
the CdSe matrix are nearly identical to those of isolated
PbSe QDs chemically anchored to the substrate. Small
“molecules” of PbSe QDs dispersed in the CdSe matrix
can also be investigated. We observe a variable degree
of electron delocalization in the small aggregates with
typical coupling strengths of 10�20 meV. The results in
this paper show that QD arrays with two different types
of building blocks can be quantitatively studied. It is
possible to measure the local “atomic” configuration to-
gether with the LDOS. This is a promising prospect for
further study of ordered binary QD solids, systems that
are the focus of intense current interest.31,32

METHODS
The CdSe QDs serve as stabilizing matrix to investigate the

electronic structure of single and aggregates of two or more
PbSe QDs. The CdSe QDs are passivated by organic ligands
(TOPO and HDA) and have a core diameter of 6.1 nm.33 We
used two different sizes of PbSe quantum dots (diameters 7.1
and 9.8 nm) capped with oleic acid.2,27 The average diameter,
shape, and size distribution (5–10%) of the QDs were determined
by transmission electron microscopy (TEM) and optical
spectroscopy.

Two-dimensional arrays were prepared by self-assembly.
CdSe and PbSe nanocrystals dispersed in chloroform were drop-
casted on flame-annealed Au(111). Control over the concentra-
tion ratio CdSe/PbSe led to monolayers of CdSe with dispersed
individual PbSe QDs and also aggregates of two or more PbSe
QDs.

Immediately after sample preparation (carried out under
oxygen- and water-free conditions), the sample was inserted
into the ultrahigh vacuum (UHV) system. Prior to the STM experi-
ments, the samples were annealed in UHV up to 110 °C. Low-
temperature STM (LT-STM Omicron Technology) operated at T
� 5 K in UHV (base pressure �10�10 mbar) was used to investi-
gate the topography and electronic structure of these self-
assembled structures. We used electrochemically etched tung-
sten tips, and the topography images were acquired in constant
current mode, with typical imaging parameters being set-point
current of 10 –50 pA at a bias voltage (applied to the sample) of

2.5 V. The electronic density of states was obtained by position-
ing the STM tip above the center of the QD of interest and dis-
connecting the feedback loop. The tunnel current I was mea-
sured as a function of the bias V between the tip and the
substrate. The conductance dI/dV was measured simultaneously
using a lock-in amplifier (rms modulation 10 mV at 500 Hz) or
by numerically differentiating the experimental I�V curves. Typi-
cally, a large number of spectra (� 100) were acquired above
one QD. In general, the measured spectra were reproducible, al-
though discrete shifts of the spectra along the bias axis were ob-
served in some cases. Sets of reproducible I�V and dI/dV spec-
tra were averaged to increase the signal-to-noise ratio, which did
not affect the width of the resonances in the spectra. We car-
ried out a detailed set of experiments on 11 monomers, 4 dimers,
2 trimers, 2 tetramers, and 1 larger assembly where seven QDs
were investigated.

The fitting procedure for the dI/dV spectra of the PbSe QD
aggregates starts with the number and position of Gaussian
peaks used to fit the spectra of isolated PbSe QDs. Because there
is some uncertainty in fitting the higher order resonances, we
only use the first resonance in determining the coupling
strength.
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Figure 7. The measured fwhm (gray dots) of the tunneling
resonance corresponding to the first conduction level as a
function of the size of the PbSe QD aggregate and the aver-
age values with error bars (black squares, except for the
larger assembly; we only have a data set for one aggregate
and hence not sufficient statistics for an error estimate).
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