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Colloidal semiconductor nanocrystals with a core�shell
geometry form an important class of optoelectronic materi-

als that can be achieved by bottom-up chemical synthesis. The
expertise acquired in recent years has shown that the optical
properties of such systems, largely determined by the exciton
wave functions, can be tailored by the atomic configuration of the
core, the interfacial layers, and the shell.1�4 For instance, suitable
combinations of core and shell semiconductors have resulted in
core�shell systems with striking and very useful optical proper-
ties, such as nonblinking systems with unity photoluminescence
quantum yield.5,6 Shells of a second semiconductor compound
around a semiconductor core were originally designed in order to
passivate the electronic surface states of the core and increase the
(photochemical) stability of colloidal nanocrystals. As a result,
stable and highly luminescent core�shell systems are available in
which Auger nonradiative recombination is suppressed,5,6 hold-
ing promise for biological research,7 large-scale illumination,
photocatalysis,8 LEDs,9 and LASERs.10 Core�shell particles
have also been designed with the purpose of band edge
staggering;11�14 such systems show strongly reduced recombi-
nation rates for the single and biexcitonic states15,16 and energy
shifts, resulting in, e.g., photocatalytic activity8 and a considerable
reduction of the laser threshold.17 In recent years, it became
gradually clear that the electronic structure of core�shell and
other heteronanocrystals is determined by the details of the
atomic landscape, i.e., the presence or absence of atomic mixing,

interfacial strain, and strain-induced defects.5,6,18�20 Further
progress in optoelectrical engineering will therefore depend on
a quantitative characterization and thorough understanding of
the structure at the atomic scale with special focus on the
interfaces. High-resolution transmission electron microscopy
(HRTEM) is the standard technique to investigate the atomic
structure of (nano)crystals. However, HRTEM only provides a
two-dimensional (2D) projected image and it is not straightfor-
ward to extract quantitative three-dimensional (3D) information.
Hence, it is very difficult to obtain the complete atomic structure
of an individual core�shell nanocrystal including all its inter-
faces. In contrast, high-angle annular dark field scanning trans-
mission electron microscopy (HAADF-STEM) enables one to
obtain projections of the (interfacial) atomic columns in core�
shell nanocrystals that can be interpreted in a quantitative
manner and very recently, a novel technique to extract 3D
information from 2D data has been proposed.21 However, this
technique was only applied for metal nanocrystals embedded in a
stabilizing matrix with the same crystal structure, not for free-
standing, colloidal core�shell semiconductor nanocrystals that
are much less stable and easily rotate during examination with an
electron beam.

Received: May 30, 2011
Revised: July 25, 2011

ABSTRACT: Colloidal core�shell semiconductor nanocrystals
form an important class of optoelectronic materials, in which the
exciton wave functions can be tailored by the atomic configura-
tion of the core, the interfacial layers, and the shell. Here, we
provide a trustful 3D characterization at the atomic scale of a free-
standing PbSe(core)�CdSe(shell) nanocrystal by combining
electron microscopy and discrete tomography. Our results yield
unique insights for understanding the process of cation exchange,
which is widely employed in the synthesis of core�shell nanocrystals. The study that we present is generally applicable to the broad
range of colloidal heteronanocrystals that currently emerge as a new class of materials with technological importance.
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Here, we report how one canmeasure the atomic structure of a
free-standing colloidal core�shell semiconductor nanocrystal
with special attention to the interface structure. Our results
provide a trustful 3D atomic characterization of the differently
oriented interfaces and is applicable to a broad class of techno-
logically important materials, e.g., colloidal heteronanocrystals
that consist of two different semiconductors but also embedded
semiconductor nanostructures that are already used in current
technology.

We have studied rod-shaped PbSe(core)�CdSe(shell) het-
eronanocrystals obtained by Cd-for-Pb cation exchange, starting
from PbSe nanocrystal seeds. The experimental details of the
synthesis can be found in the Supporting Information. Revealing
the complete atomic structure is essential to gain further under-
standing of the mechanism of cation exchange at the nanoscale
and the chemistry of the PbSe�CdSe interfaces. We remark here
that PbSe has a rock salt crystal structure, whereas the CdSe shell
formed by ion exchange is zinc blende. Both phases are cubic
with nearly identical lattice parameters, but different atomic
coordination: 4-fold coordination in the CdSe zinc blende lattice
and 6-fold coordination in the PbSe rock salt lattice. In addition,
nanocrystals based on PbSe (and the other Pb chalcogenides)
have a band gap in the near-infrared (IR) that can be tailored, due
to strong quantum confinement, over a wide spectral region.22

These systems hold promise for optical and optoelectronic
applications.23�25 When a CdSe shell is grown around the PbSe
core, the photoluminescence quantum yield increases and the
chemical stability improves.26

Figure 1 shows an example of a PbSe(core)�CdSe(shell)
particle imaged along the crystallographic [110] direction using
HAADF-STEM.The images were collected using a FEI Titan 50-
80 operated at 300 kV. The semiconvergence angle used during
acquisition was 24 mrad. The core and the shell can be clearly
distinguished because of the chemical sensitivity of HAADF-
STEM, whereby the intensity is approximately proportional to
the square of the atomic number Z. Study of several of these
core�shell nanocrystals revealed that the CdSe shell, formed by
cation exchange, is always zinc blende (for another example, see
supporting Figure 1 in the Supporting Information) in contrast
to colloidal CdSe nanorods obtained by direct synthesis, which
have the wurtzite structure.18 Several stacking faults (indicated by
white arrows) are observed. It is likely that these defects result
from the process of Cd-for-Pb exchange,27 performed here
without further annealing.

The core�shell interfaces are presented in more detail with an
atomic overlay in Figure 2a. The positions of the Pb, Cd, and Se

columns are indicated by red, blue, and yellow dots, respectively.
At the bottom-right interface (marked “2”), it is clear that the Pb
and Cd sublattices are shifted with respect to each other. Note
that the Se sublattice remains coherent across the interface. The
Pb and Cd sublattices display a lateral shift at this interface, which
is a natural consequence of the different crystal structures as
discussed below. For the nanocrystal displayed in Figure 2a, three
out of the four visible {111} interfacial planes show a shift of the
cation sublattices in combination with a coherent Se sublattice. In
contrast, the {111} interface at the top left of the core (marked “1”)
shows a shift of the Se sublattice in combination with coherent
Pb/Cd cation sublattices.

The relative atomic positions at both types of interfaces,
derived from Figure 2a, are used as input values for an atomistic
model of the interface that was relaxed by means of density
functional theory (DFT) calculations. These calculations were
carried out using the first-principles VASP code28 employing the
projector-augmented wave (PAW) method.29 The generalized
gradient approximation (GGA) digitalized by Perdew, Burke,
and Ernzerhof (PBE) was employed for the exchange and
correlation energy terms.30 The configuration used for the
calculations is shown in the Supporting Information
(supporting Figures 2 and 3) and consists of nine PbSe {111}
bilayers and eight CdSe {111} bilayers. Periodic boundary
conditions apply, and the supercell thus includes two interfaces.
The lattice parameters of the calculation supercell are a0 = b0 =
4.37 Å and c0 = 61.97 Å. It was ascertained that the density of the
Monkhorst�Pack k-mesh (Γ-based 16� 16� 1), and the cutoff
energies for the wave functions (300 eV) and augmentation
functions (500 eV) were sufficiently high for total energy
convergence within 0.5 meV/atom. The cell was allowed to relax
both internally (relative atomic positions) and externally (size
and shape of the cell). Despite the fact that the initial positions of
the atoms were not located at high-symmetry positions, the
shape of the supercell always remained hexagonal (with a0 = b0,
and R = 60.0�, β = γ = 90.0�) to a high degree of accuracy. The
resulting structure, which contains both interfaces, is shown in
panels b and c of Figure 2. The interatomic forces after relaxation
are below 0.01 eV/Å, indicating that both interfaces are me-
chanically stable. From an analysis of the atomic positions, it
follows that the two interfaces are distinctly different. The Se
atoms at the top interfacial layer are in a rock salt type config-
uration with six nearest neighbors, whereas the Se atoms at the
bottom interfacial layer are in a zinc blende type configuration
with four nearest neighbors. In other words, the interfacial Se
atoms at the top interface follow the PbSe lattice, while the
interfacial Se atoms at the bottom interface follow the CdSe
lattice. It is clear that such results provide unique data for
atomistic models of interfaces in colloidal heteronanocrystals
and will lead to a better understanding of the physical properties
of these systems.

The analysis carried out so far is based on 2D projections of
the atomic columns at the interface, in which it was presumed
that the interfaces are defect-free and consist of pure Pb or Cd
planes. In reality, the absence of Pb and Cd intermixing in the
interfacial layer is highly unlikely. In order to gain a more
complete 3D understanding of the structure and composition
of the interfaces, we have reconstructed the atomic positions of
the Pb atoms in the core and at all core�shell interfaces. This is
achieved by combining three projected images, collected along
the [110] (Figure 1), the [100], and the [010] zone axis
(see supporting Figure 4, Supporting Information) using

Figure 1. HAADF-STEM image of a PbSe�CdSe core�shell structure
acquired along the [110] zone axis of PbSe and CdSe. Columns of Pb,
Se, and Cd can be clearly distinguished. In addition, the Pb columns
show clear variations in intensity indicating different numbers of Pb
atoms/column. White arrows indicate the presence of stacking faults in
the CdSe shell.
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HAADF-STEM. In order to determine the number of Pb atoms
in the core and interfacial layers, the number of Pb atoms in each
projected atomic column is derived from the HAADF-STEM
data.21 The intensities in the HAADF-STEM image have been
determined using a model-based approach; they scale with the
average atomic number Z and the number of atoms in the
column. Next, the statistically meaningful column types with a
different number of Pb atoms were determined for the three
projection images. The counting results serve as the final input
for discrete tomography,31�33 where the following prior knowl-
edge about the core is incorporated: (i) all of the atoms lie on a
face centered cubic (fcc) grid; (ii) the particle is connected and
contains no holes; (iii) the number of edges should be mini-
mized.With a custom implementation of the simulated annealing

algorithm,34 a reconstruction was computed that satisfies these
three properties. As the optimization algorithm uses a random
number generator, it can be run repeatedly, each time yielding a
reconstruction that is possibly different from the previous one.
Ten independent reconstructions have been computed, yielding
statistics on the fraction of the reconstructions that contains an
atom at a certain position; this measure can be interpreted as the
certainty about the presence of that particular atom.21

A comparison between the 3D reconstruction viewed along
the original projection directions with the original HAADF-
STEM images is presented in supporting Figure 5 (Supporting
Information); a good agreement is found. Uncertainties are most
likely related to counting errors caused by mistilt of the projec-
tion images, collected along the nominal [100] and [010]
direction, as the (state-of-the-art) tomography holder used in
this study is only able to tilt along one axis. Another factor
influencing the counting results is the presence of Cd and Se
atoms above and below the PbSe core.

The resulting 3D reconstruction is presented in Figure 3,
where the reconstructed core of Pb atoms is displayed along
different viewing directions. A complete movie is shown in the
Supporting Information. The interfaces of the studied core�
shell nanocrystal consist of {111}, {100}, and {110} planes,
which is consistent with a cuboctahedral morphology of the core.
From Figures 1 and 3, it is clear that the boundary between the
PbSe core and the CdSe shell is very sharp, indicating that the
diffusion of the Pb ions, that must leave the core�shell structure
through the CdSe shell, is a fast process. The details of the 3D
reconstruction reveal that several interfacial planes are found to
be incomplete regarding the occupancy of Pb atoms (see, e.g., the
“island” of Pb atoms at the right-hand side of the core in
Figure 3a) and therefore consist of a mixture of Pb and Cd
atoms. These results show that ion-exchange possibly proceeds
in a layer by layer fashion along certain crystallographic planes,
replacing Pb by Cd. If this would not be the case, there would be a
large volume in which Pb and Cd atoms are intermixed, in clear
contrast to our 3D results. From the position of the PbSe core in
the elongated CdSe structure, it is clear that Pb for Cd cation
exchange constitutes a highly anisotropic process. Indeed, if the
reaction mechanism would be fully isotropic, one would expect a
rod-in-rod configuration, in contrast to our results. However, the
central position of the core implies that the cation exchange
reaction proceeded with the same speed from the opposite facets

Figure 2. (a) Detail of theHAADF-STEM image presented in Figure 1, with an atomic overlay where Pb, Cd, and Se columns are indicated by red, blue,
and yellow dots, respectively. (b) Atomic structure of the PbSe�CdSe interface as obtained from DFT calculations based on the structure displayed in
(a). Two different interfaces are present in the periodic supercell. (c) Pb, Cd cation sublattice. White lines indicate the lateral alignment of atomic planes
across the two interfaces.

Figure 3. 3D reconstruction of the Pb lattice forming the core of the
PbSe�CdSe nanocrystal, along different viewing directions. The color
code represents the certainty of the reconstructed atom.
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of the initial nanocrystal, whereby different types of facets
({111}, {110}, {100}) have different reaction speeds.

In summary, we have characterized the atomic configuration
of a free-standing colloidal heteronanocrystal using a combina-
tion of HAADF-STEM projections and discrete tomography.
The interfaces show mostly a coherency in the Se sublattice and
interfacial mixing of Pb and Cd atoms. Our results, which are
obtained on a free-standing particle consisting of semiconductor
compounds, provide essential insights into the cation exchange
mechanism which is widely used in the synthesis of colloidal
heteronanocrystals. On a more general note, 3D results such as
presented in this study can provide more realistic structural input
for theoretical modeling of nanoscale interfaces, leading to a
better insight on the relationship between the structure and
properties of semiconductor heterostructures and miniaturized
devices.
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