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energies of facets: Wurtzite CdSe

As an example, Figure 4 reported the optimized geometries for
the 101h0 and the 0001 facets covered by MPA. On the 101h0
facet, for instance, both surface Cd and Se atoms tend to
preserve their bulk-like conformation (compare Figure 4b with
Figure 6b and 6d). Figure 9 and Figure 10 report the calculated
surface energies for the various facets upon passivation with
MPA and MA, respectively. Each figure is divided into two
plots, which correspond to the Cd-rich and Cd-poor cases,
respectively. The energies were calculated using eq 4. When
eq 3 was used, we obtained much lower values for the surface
energy. In some cases, they were un-physically negative, as they
clearly did not take into account the stabilization of the surfactant
molecules in a “liquid” environment.
Passivation of the nonpolar facets lowers significantly their

surface energy. On the nonpolar facets, the only choice of
surface coverage was the one in which all surface Cd atoms
are passivated and all the Se atoms are unpassivated, as
previously described. On the polar 0001Cd facets, on the other
hand, the effect of the passivation is strongly dependent on the
percentage of surface coverage of the surfactant. The surface
energy decreases progressively when going from no passivation
up to 75% coverage (three Cd atoms passivated in a 2×2 cell)
and increases again in the case of 100% passivation.43
This result can be explained by considering that the four

surface Cd atoms within a 2×2 cell have in total two electrons
distributed over the four dangling bonds. This electron doublet
will be able to fill completely only one Cd dangling bond,
leaving the remaining three bonds empty. These bonds can be
passivated by surfactant molecules. Figures 9 and 10 show
indeed that, in the presence of surfactants, the most stable
configuration is achieved when these three Cd dangling bonds

are passivated by a surfactant, while one dangling bond is left
unpassivated, as it is already filled. The surface energy for this
configuration, when for instance the coverage is from MA
molecules, ranges from 38 to 61 meV/Å2, depending on the Cd
chemical potential. The addition of a fourth surfactant molecule,
to passivate the Cd dangling bond that is already filled with
electrons, will not be well tolerated, as this molecule will put
too much electron density in that bond.
A remarkable feature of the 0001Cd facet, when this is

partially passivated by surfactants, is its tendency to expel one
surface Cd atom. This can be observed clearly in Figure 11-
(A-B), where the case of 75% coverage by MA is shown. The
overall relaxed structure of this facet is not much different from
the case in which the passivation occurs over the same facet
but with a Cd vacancy every 2×2 cells, as shown in Figure
11(C-D), and the same trend is observed in the case of MPA
passivation. The surface energy of this MA-covered facet with
Cd vacancy corresponds to 35 meV/Å2 and is lower than that
of the same facet with the Cd atom still attached to it (which
ranges from 38 to 61 meV/Å2, as previously stated). It appears
that, in the absence of any external perturbing factor, the facet
would tend to expel one Cd atom. On the other hand, the surface
energy for the passivated facet, with a Cd vacancy (35 meV/
Å2), is not much lower than that of the corresponding facet
without passivation (39 meV/Å2), indicating that much of the
stabilization energy on the facet comes from the expulsion of
the Cd atom (for a naked 2×2 cell, without vacancy, there is
almost no relaxation). In the next section we shall see how these
effects can be correlated with the overall reactivity of this facet
and therefore with its overall tendency to grow or to settle,
depending on external factors.

Figure 9. Surface energies for the facets passivated by MPA: (a) Cd-
poor case; (b) Cd-rich case.

Figure 10. Surface energies for the facets passivated by MA: (a) Cd-
poor case; (b) Cd-rich case.
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energies of ligands to different facets of CdSe quantum dots,
we provide evidence to support the recent hypothesis that
those facets most strongly bound to ligands are the slowest
to grow. This suggests that the geometry of nanoparticles
can be controlled by altering the concentration of surfac-
tants.10,12

Developing a theoretical model of II-VI colloidal quan-
tum dot structures represents a formidable challenge to state-
of-the-art, first-principles electronic structure techniques. To
date, the majority of first principles quantum dot studies have
concentrated on group IV (e.g., silicon,15,16 germanium,17,18
and carbon19) systems where the electronic structure of the
semiconductor core can be described in terms of the s and p
valence electrons and the dangling bonds at the surface can
be effectively passivated with covalently bonded hydrogen
atoms.20 In contrast, we have recently demonstrated that a
full quantum mechanical description of CdSe nanoparticles
must include the s, p, and d valence electrons to correctly
determine the crystal structure of the semiconductor core and
surface atoms.21 In addition, the subtle interaction between
the core and its organic surfactants is central to the properties
of the dots and therefore any realistic model must also
provide a full quantum description of these bonds.
Previous models of CdSe dots have represented the

semiconductor core using semiempirical tight-binding22,23 and
pseudopotential24 approaches, where the atomic positions
were fixed to bulk CdSe and the organic surfactants
passivating the surface were represented either by simple
model potentials or single oxygen atoms. These semi-
empirical approaches cannot calculate atomic forces and are
therefore unable to model the actual core structure; they are
unable to describe the electron transfer between organic
ligands and the quantum dot; and most importantly, they are
not reliable as total energy calculations and are thus incapable
of determining relative binding energies. Here we remove
these restrictions by performing first-principles electronic
structure calculations to calculate the minimum energy
structures of CdSe quantum dots, including their surfactants.
Our ab initio calculations were performed using a plane-

wave implementation25 of density functional theory. Periodic
supercells were chosen with at least 10 Å between replica
to reduce spurious periodic interactions. Norm-conserving
pseudopotentials were used to represent the ionic cores. In
cases involving charged systems, we doubled the supercell
size and used a truncated Coulomb potential for electronic
interactions at distances larger than the size of the original
supercell used for neutral systems. All structures were
calculated using 18 Cd (4p64d105s2) and 6 Se (4s24p4) valence
electrons. The d electrons in Cd were deemed necessary to
generate the correct structures compared with an all-electron
calculation.21 The nonlocal pseudopotential contribution for
Cd required the use of a quadrature integration technique to
avoid possible incorrect solutions produced by, e.g., a
Kleinmann-Bylander construction of the pseudopotential.
Two representative wurtzite CdxSex clusters were studied with
x ) 15, and 33, which have diameters of 1.1, and 1.3 nm.
Each cluster was initially constructed on a wurtzite lattice
with bulk Cd-Se bond lengths and then relaxed to its lowest

energy configuration. The initial and relaxed structures of
the Cd33Se33 cluster are shown in Figure 1. The relaxation
of these clusters from the ideal wurtzite structure to their
lowest energy configuration is discussed in ref 21, where it
was shown that the ideal wurtzite structure of CdSe quantum
dots is unstable with respect to surface relaxations. Addition-
ally, these surface relaxations were shown to be the origin
of the large intrinsic band gap of CdSe nanoparticles.
Recently, some of us have demonstrated that the aspect

ratio of CdSe dots and rods can be controlled by altering
the relative concentrations of hexylphosphonic acid (HPA)
and trioctylphosphine oxide (TOPO) solvents during the
CdSe quantum dot growth process.10 Similar geometric
control has also been demonstrated by varying the concentra-
tion of the precursor monomers in the growth solutions.11,12
Both these demonstrations support a model in which growth
occurs on exposed facets with no attached ligands. The
fraction of time during which a facet is blocked by a ligand
depends on both the concentration of the ligand in the growth
solution and its binding energy on the facet. To theoretically
investigate this model we have calculated the binding energy
of a range of representative organic ligands to different facets
of the CdxSex clusters. The ligands we considered include
phosphonic acids, phosphine oxides, amines, and carboxylic
acids. For each ligand, the binding to facets with Miller-
Bravais indices (0001),(0001h), (011h0), and (112h0) (see Figure
1) was calculated. It has been speculated that CdSe rods grow
in the [0001] direction10 (see arrow in Figure 1) and therefore
these facets would correspond to the two ends and the sides
of the nanorods. After each monolayer of growth, the (0001)
and (0001h) facets are either Cd or Se terminated. Specifically,
the (0001) facet is either terminated by Se atoms with one
dangling bond or Cd atoms with three dangling bonds.
Similarly, the (0001h) facet is either terminated by Se atoms
with three dangling bonds or Cd atoms with one dangling
bond. Here we assume that the surfaces terminated with three
dangling bonds are highly chemically active and ligand
binding is most likely to affect growth from the surfaces
with only one dangling bond, i.e., Se-terminated (0001) and
Cd-terminated (0001h).
In addition to calculating binding energies of various

ligands to each of these facets, we also performed relaxations
with initial configurations of the ligands at a number of

Figure 1. Ideal wurtzite and relaxed structure of Cd33Se33 showing
the (0001),(0001h), (011h0), and (112h0) facets to which ligands are
attached. Cd (Se) atoms are shown in green (gray).
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As an example, Figure 4 reported the optimized geometries for
the 101h0 and the 0001 facets covered by MPA. On the 101h0
facet, for instance, both surface Cd and Se atoms tend to
preserve their bulk-like conformation (compare Figure 4b with
Figure 6b and 6d). Figure 9 and Figure 10 report the calculated
surface energies for the various facets upon passivation with
MPA and MA, respectively. Each figure is divided into two
plots, which correspond to the Cd-rich and Cd-poor cases,
respectively. The energies were calculated using eq 4. When
eq 3 was used, we obtained much lower values for the surface
energy. In some cases, they were un-physically negative, as they
clearly did not take into account the stabilization of the surfactant
molecules in a “liquid” environment.
Passivation of the nonpolar facets lowers significantly their

surface energy. On the nonpolar facets, the only choice of
surface coverage was the one in which all surface Cd atoms
are passivated and all the Se atoms are unpassivated, as
previously described. On the polar 0001Cd facets, on the other
hand, the effect of the passivation is strongly dependent on the
percentage of surface coverage of the surfactant. The surface
energy decreases progressively when going from no passivation
up to 75% coverage (three Cd atoms passivated in a 2×2 cell)
and increases again in the case of 100% passivation.43
This result can be explained by considering that the four

surface Cd atoms within a 2×2 cell have in total two electrons
distributed over the four dangling bonds. This electron doublet
will be able to fill completely only one Cd dangling bond,
leaving the remaining three bonds empty. These bonds can be
passivated by surfactant molecules. Figures 9 and 10 show
indeed that, in the presence of surfactants, the most stable
configuration is achieved when these three Cd dangling bonds

are passivated by a surfactant, while one dangling bond is left
unpassivated, as it is already filled. The surface energy for this
configuration, when for instance the coverage is from MA
molecules, ranges from 38 to 61 meV/Å2, depending on the Cd
chemical potential. The addition of a fourth surfactant molecule,
to passivate the Cd dangling bond that is already filled with
electrons, will not be well tolerated, as this molecule will put
too much electron density in that bond.
A remarkable feature of the 0001Cd facet, when this is

partially passivated by surfactants, is its tendency to expel one
surface Cd atom. This can be observed clearly in Figure 11-
(A-B), where the case of 75% coverage by MA is shown. The
overall relaxed structure of this facet is not much different from
the case in which the passivation occurs over the same facet
but with a Cd vacancy every 2×2 cells, as shown in Figure
11(C-D), and the same trend is observed in the case of MPA
passivation. The surface energy of this MA-covered facet with
Cd vacancy corresponds to 35 meV/Å2 and is lower than that
of the same facet with the Cd atom still attached to it (which
ranges from 38 to 61 meV/Å2, as previously stated). It appears
that, in the absence of any external perturbing factor, the facet
would tend to expel one Cd atom. On the other hand, the surface
energy for the passivated facet, with a Cd vacancy (35 meV/
Å2), is not much lower than that of the corresponding facet
without passivation (39 meV/Å2), indicating that much of the
stabilization energy on the facet comes from the expulsion of
the Cd atom (for a naked 2×2 cell, without vacancy, there is
almost no relaxation). In the next section we shall see how these
effects can be correlated with the overall reactivity of this facet
and therefore with its overall tendency to grow or to settle,
depending on external factors.

Figure 9. Surface energies for the facets passivated by MPA: (a) Cd-
poor case; (b) Cd-rich case.

Figure 10. Surface energies for the facets passivated by MA: (a) Cd-
poor case; (b) Cd-rich case.
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is not plausible, as there is no possibility for a dangling bond
to relax and to become either completely filled or completely
empty. However, in a cell based on 2×2 primitive cells, the
total number of electrons in the dangling bonds is an even
number. In Figure 3C for instance, a 2×2 cell has four Cd atoms
associated with it, hence 1/2 × 4 ) 2 electrons. This cell can
be more suited to describe the surface relaxation. A 2×2
reconstruction for the 0001Cd facet, for instance, might lead to
three Cd atoms with empty dangling bonds and one Cd atom
with its dangling bond filled. This however does not directly
satisfy the electron counting rules, as electrons are donated to
the dangling bond of a cation. A more plausible relaxation
pathway for this facet, based on a 2×2 cell is the one involving
a Cd vacancy (Figure 3D).37,38,40 In this case, the three Se
dangling bonds formed upon expulsion of the Cd atom will be
filled by the electrons of the three remaining Cd atoms from
the topmost layer. A similar approach can be followed to identify
possible relaxation patterns for the 0001hCd facet.
Surfactants will reduce the surface energy of the facets, as

they will try to passivate dangling bonds. The surfactants chosen,
MPA and MA (Figure 1), possess 32 and 14 valence electrons,
respectively. We have chosen as starting geometry for them the
most plausible one, in which surfactants coordinate the surface
Cd atoms via the oxygen atom of the phosphoryl group in MPA
and the nitrogen atom in MA, respectively (Figure 1). As an
example, the structural details of the binding of the MPA
molecule to the 101h0 and to the 0001Cd facets are shown in
Figure 4. One can expect that one electron pair from each
surfactant will then fill one empty Cd dangling bond. The Se
dangling bonds, being completely filled, do not need to be
passivated. We have run test calculations, which have shown
that if a surfactant is initially positioned on top of a Se atom, it
eventually moves to a Cd atom nearby.
The relaxation of the 101h0 and 112h0 passivated facets can

be described using the same cells as in the unpassivated case,

with each Cd passivated by one surfactant molecule. In this
configuration, the electron counting rules are satisfied and no
orbital will be left partially filled.
For the 0001Cd facet passivated by surfactants we need to

consider again a 2×2 cell. Here, we will distinguish the four
possible cases in which 1, 2, 3, or 4 Cd atoms are passivated
by a surfactant, respectively. The same approach can be followed
for the 0001hCd facet. Moreover, the density of surface Cd atoms
on the polar facets (one Cd atom per ∼15 Å2 for both the
0001Cd and the 0001hCd facets) is twice the density on the
nonpolar 101h0 and 112h0 facets (one Cd atom per ∼30 Å2);
therefore, proximity effects (repulsion, coupling, hydrogen
bonding) among surfactant molecules will be relevant. If each
surfactant has to passivate one dangling bond, then on the
0001hCd facet the surface area available per molecule is only
∼5 Å2 (15 Å2/3). Most likely, not all the dangling bonds can
be passivated efficiently on this facet, especially in a real growth
environment, where surfactants with long alkyl chains are used.
Therefore, we can estimate that on the 0001hCd facet each Cd
atom can be passivated only by one surfactant.
In the choice of starting geometry for surfactant binding, one

could assume that the MPA molecule might bind to several Cd
atoms through its three oxygen atoms. In CdSe however, a multi-
dentate binding of MPA would correspond to an unfavorable
situation in which the O-Cd bonds, as well as to P-O bonds,
are considerably stretched. Preliminary calculations on the 101h0
and on the 0001 facets have indeed shown that when this starting
configuration is assigned, the system tries to relax to a single
binding type of configuration. An alkyl amine, on the other hand,
cannot act as a bi-dentate ligand, yet it is still able to promote
anisotropic growth.8 Therefore, anisotropic growth is probably
not due to preferential adhesion of surfactants promoted by
multi-dentate binding.
In the experiments, the phosphonic acid molecules are often

partially deprotonated. This can be understood by the way the
reaction is carried out and by how the various precursors are
prepared.41 A partially deprotonated MPA molecule, however,
bears a charge. Due to the complexity of calculations involved
with charged systems, we decided to simulate only the simpler
case involving passivation by neutral MPA molecules. Never-
theless, even uncharged molecules, for instance the alkyl amines,
are able to promote anisotropic growth. We believe therefore
that the study of the protonated case for the MPA molecule
corresponds to a reasonable approximation of the passivation
during nanocrystal growth. In a real growth environment, the
charged, deprotonated MPA molecule might also bind to other
molecules in the liquid solution, which might mitigate its
charging effects and make its passivating ability similar to that
of the neutral, protonated MPA.
2.5. Surfactant Removal Energy. The growth of a given

facet in a nanocrystal can be thought of as the sequence of
various steps, one of which is the removal of a surfactant
molecule from the facet, to make room for the addition of a
monomer species coming from the solution. An important
parameter then is the binding energy of a surfactant molecule
and how this depends on both the specific facet and on the
surface coverage of that facet. In fact, it is more appropriate to
consider the opposite of the binding energy or, in other words,
the energy required to remove one surfactant molecule from a
given facet. If this value is low, it will be easy to remove a
surfactant molecule and so the facet will have active sites for
growth. For a slab that has n surfactant molecules per unit cell,
the energy required to remove one surfactant molecule, and so

Figure 4. Optimized geometry showing the binding of the MPA
molecule to the 101h0 facet (A, B) and to the 0001Cd facet (C, D). For
ease of visualization, the side view for both facets reports only a 2×2
cell. On the nonpolar facets, the Se atoms are not passivated.
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energies of ligands to different facets of CdSe quantum dots,
we provide evidence to support the recent hypothesis that
those facets most strongly bound to ligands are the slowest
to grow. This suggests that the geometry of nanoparticles
can be controlled by altering the concentration of surfac-
tants.10,12

Developing a theoretical model of II-VI colloidal quan-
tum dot structures represents a formidable challenge to state-
of-the-art, first-principles electronic structure techniques. To
date, the majority of first principles quantum dot studies have
concentrated on group IV (e.g., silicon,15,16 germanium,17,18
and carbon19) systems where the electronic structure of the
semiconductor core can be described in terms of the s and p
valence electrons and the dangling bonds at the surface can
be effectively passivated with covalently bonded hydrogen
atoms.20 In contrast, we have recently demonstrated that a
full quantum mechanical description of CdSe nanoparticles
must include the s, p, and d valence electrons to correctly
determine the crystal structure of the semiconductor core and
surface atoms.21 In addition, the subtle interaction between
the core and its organic surfactants is central to the properties
of the dots and therefore any realistic model must also
provide a full quantum description of these bonds.
Previous models of CdSe dots have represented the

semiconductor core using semiempirical tight-binding22,23 and
pseudopotential24 approaches, where the atomic positions
were fixed to bulk CdSe and the organic surfactants
passivating the surface were represented either by simple
model potentials or single oxygen atoms. These semi-
empirical approaches cannot calculate atomic forces and are
therefore unable to model the actual core structure; they are
unable to describe the electron transfer between organic
ligands and the quantum dot; and most importantly, they are
not reliable as total energy calculations and are thus incapable
of determining relative binding energies. Here we remove
these restrictions by performing first-principles electronic
structure calculations to calculate the minimum energy
structures of CdSe quantum dots, including their surfactants.
Our ab initio calculations were performed using a plane-

wave implementation25 of density functional theory. Periodic
supercells were chosen with at least 10 Å between replica
to reduce spurious periodic interactions. Norm-conserving
pseudopotentials were used to represent the ionic cores. In
cases involving charged systems, we doubled the supercell
size and used a truncated Coulomb potential for electronic
interactions at distances larger than the size of the original
supercell used for neutral systems. All structures were
calculated using 18 Cd (4p64d105s2) and 6 Se (4s24p4) valence
electrons. The d electrons in Cd were deemed necessary to
generate the correct structures compared with an all-electron
calculation.21 The nonlocal pseudopotential contribution for
Cd required the use of a quadrature integration technique to
avoid possible incorrect solutions produced by, e.g., a
Kleinmann-Bylander construction of the pseudopotential.
Two representative wurtzite CdxSex clusters were studied with
x ) 15, and 33, which have diameters of 1.1, and 1.3 nm.
Each cluster was initially constructed on a wurtzite lattice
with bulk Cd-Se bond lengths and then relaxed to its lowest

energy configuration. The initial and relaxed structures of
the Cd33Se33 cluster are shown in Figure 1. The relaxation
of these clusters from the ideal wurtzite structure to their
lowest energy configuration is discussed in ref 21, where it
was shown that the ideal wurtzite structure of CdSe quantum
dots is unstable with respect to surface relaxations. Addition-
ally, these surface relaxations were shown to be the origin
of the large intrinsic band gap of CdSe nanoparticles.
Recently, some of us have demonstrated that the aspect

ratio of CdSe dots and rods can be controlled by altering
the relative concentrations of hexylphosphonic acid (HPA)
and trioctylphosphine oxide (TOPO) solvents during the
CdSe quantum dot growth process.10 Similar geometric
control has also been demonstrated by varying the concentra-
tion of the precursor monomers in the growth solutions.11,12
Both these demonstrations support a model in which growth
occurs on exposed facets with no attached ligands. The
fraction of time during which a facet is blocked by a ligand
depends on both the concentration of the ligand in the growth
solution and its binding energy on the facet. To theoretically
investigate this model we have calculated the binding energy
of a range of representative organic ligands to different facets
of the CdxSex clusters. The ligands we considered include
phosphonic acids, phosphine oxides, amines, and carboxylic
acids. For each ligand, the binding to facets with Miller-
Bravais indices (0001),(0001h), (011h0), and (112h0) (see Figure
1) was calculated. It has been speculated that CdSe rods grow
in the [0001] direction10 (see arrow in Figure 1) and therefore
these facets would correspond to the two ends and the sides
of the nanorods. After each monolayer of growth, the (0001)
and (0001h) facets are either Cd or Se terminated. Specifically,
the (0001) facet is either terminated by Se atoms with one
dangling bond or Cd atoms with three dangling bonds.
Similarly, the (0001h) facet is either terminated by Se atoms
with three dangling bonds or Cd atoms with one dangling
bond. Here we assume that the surfaces terminated with three
dangling bonds are highly chemically active and ligand
binding is most likely to affect growth from the surfaces
with only one dangling bond, i.e., Se-terminated (0001) and
Cd-terminated (0001h).
In addition to calculating binding energies of various

ligands to each of these facets, we also performed relaxations
with initial configurations of the ligands at a number of

Figure 1. Ideal wurtzite and relaxed structure of Cd33Se33 showing
the (0001),(0001h), (011h0), and (112h0) facets to which ligands are
attached. Cd (Se) atoms are shown in green (gray).
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ABSTRACT

We report the band gaps of rodlike CdSe quantum dots with diameter varying from 3.0 to 6.5 nm and length from 7.5 to 40 nm. A qualitative
explanation for the dependence of band gap on width and length is presented.

Semiconductor nanocrystals, also known as “quantum dots”,
have been intensely investigated because of their size-
dependent optical and electrical properties.1-4 The confine-
ment of photogenerated electrons and holes in the nano-
crystals can be tuned by adjusting the shape and height of
the potential. Extensive work has been devoted to detailed
comparison of theory of quantum-confined electronic states
in these nanocrystals with experiments in which the diameter
of spherical dots is varied.5-13 Early phenomenological
models are based on the effective mass approximation;7-10
later developments include tight-binding models11,12 and
empirical pseudo-potential calculations.13 Each of these
models can provide an adequate description of the band-
gap variation vs diameter for spherical or nearly spherical
dots, and they also provide varying levels of success in
describing higher electronic excited states. The advent of new
methods to precisely control the diameter and length of
rodlike CdSe nanocrystals provides a new set of experimental
data against which the theories can be tested.14-16 Here we
report initial measurements of the band gap (photolumines-
cence energy) of CdSe quantum rods vs their diameter and
length.
CdSe quantum rods are synthesized via pyrolysis of

dimethylcadmium and Se/tributylphosphine solution in a hot
mixture of trioctylphosphine oxide, hexylphosphonic acid,
and tetradecylphosphonic acid under inert gases.16 Figure 1
shows transmission electron micrographs of several CdSe
rod samples. The size distribution is typically 5% in diameter
and 10% in length.

To understand the relationship between the band gap and
the dimensions of these quantum rods, we measured photo-
luminescence spectra of CdSe rod samples with different
widths and lengths. Samples were dispersed in toluene, and
their photoluminescence spectra were measured on a com-
mercial Spex 1682 0.22 m fluorometer at room temperature.
All the samples were excited at wavelengths far shorter than* To whom correspondence should be addressed.

Figure 1. TEM images of four CdSe rod samples. The scale bar
is 50 nm.
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ABSTRACT

We report the band gaps of rodlike CdSe quantum dots with diameter varying from 3.0 to 6.5 nm and length from 7.5 to 40 nm. A qualitative
explanation for the dependence of band gap on width and length is presented.

Semiconductor nanocrystals, also known as “quantum dots”,
have been intensely investigated because of their size-
dependent optical and electrical properties.1-4 The confine-
ment of photogenerated electrons and holes in the nano-
crystals can be tuned by adjusting the shape and height of
the potential. Extensive work has been devoted to detailed
comparison of theory of quantum-confined electronic states
in these nanocrystals with experiments in which the diameter
of spherical dots is varied.5-13 Early phenomenological
models are based on the effective mass approximation;7-10
later developments include tight-binding models11,12 and
empirical pseudo-potential calculations.13 Each of these
models can provide an adequate description of the band-
gap variation vs diameter for spherical or nearly spherical
dots, and they also provide varying levels of success in
describing higher electronic excited states. The advent of new
methods to precisely control the diameter and length of
rodlike CdSe nanocrystals provides a new set of experimental
data against which the theories can be tested.14-16 Here we
report initial measurements of the band gap (photolumines-
cence energy) of CdSe quantum rods vs their diameter and
length.
CdSe quantum rods are synthesized via pyrolysis of

dimethylcadmium and Se/tributylphosphine solution in a hot
mixture of trioctylphosphine oxide, hexylphosphonic acid,
and tetradecylphosphonic acid under inert gases.16 Figure 1
shows transmission electron micrographs of several CdSe
rod samples. The size distribution is typically 5% in diameter
and 10% in length.

To understand the relationship between the band gap and
the dimensions of these quantum rods, we measured photo-
luminescence spectra of CdSe rod samples with different
widths and lengths. Samples were dispersed in toluene, and
their photoluminescence spectra were measured on a com-
mercial Spex 1682 0.22 m fluorometer at room temperature.
All the samples were excited at wavelengths far shorter than* To whom correspondence should be addressed.

Figure 1. TEM images of four CdSe rod samples. The scale bar
is 50 nm.

NANO
LETTERS

2001
Vol. 1, No. 7
349-351

10.1021/nl015559r CCC: $20.00 © 2001 American Chemical Society
Published on Web 07/11/2001

50 nm

tend toward nearly spherical shapes at slow growth rates; rods
form at high growth rates by unidirectional growth of one face;
HPA accentuates the differences in the growth rates among
various faces.
Large injection volume or very high monomer concentration

favors rod growth. This is clearly seen in the experiments where
the injection volume is systematically increased. As the volume
injected increases, the nanocrystal rods become progressively
longer. Larger injections guarantee that the monomer concentra-
tion will be higher in the period of time just after nucleation.
When the concentration of monomer present just after nucleation
is high, the difference in growth rates between the unique c-axis
of the wurtzite crystal and the other axes is accentuated, and
rods are obtained.
The role of HPA seems to be to increase the growth rate of

the (001h) face of CdSe relatiVe to all other faces. This can be
seen from the experiments where the injection volume is held
constant and the HPA/TOPO ratio is increased. At low
concentrations of HPA, spherical-shaped nanocrystals form.
Intermediate amounts of HPA favor the formation of rods. It is

possible to keep the monomer concentration high by making
multiple injections, and thus to prolong the rod growth, yielding
rods in excess of 100 nm in length. The diameters of these rods
are still determined by the injection step, where size distribution
focusing can be used to keep the distribution tight.28
Higher HPA ratios naturally lead to the formation of arrow-

shaped nanocrystals. This can be understood as arising from
further enhancement of the growth rate of the (001h) face relative

Figure 4. Multiple injection experiments were characterized by TEM, powder XRD, and HRTEM. TEM images of (a) short rods (5.5:1 aspect
ratio), (b) medium rods (11:1 aspect ratio), and (c) long rods (20:1-30:1 aspect ratio) show the increase in length. This is verified by (d-f) powder
XRD of the same samples. HRTEM images of (g) short rods and (h) long rods demonstrate the increase in the number of stacking faults (and hence
zinc blende) present as the size increases. The HRTEM image (g) of the short rod is all wurtzite, while the image (h) of the long rods clearly has
different crystal regions present. A few layers of wurtzite (wur) and zinc blende (zb) are denoted in the figure.

Table 3
length (nm)

rods TEM XRD aspect ratio (c:a)
short 19.6 ( 2.0 17.8 5.5:1
medium 32.8 ( 2.0 26.5 11:1
long 65.8 ( 8.9 32.5 20:1-30:1

Figure 5. Two-dimensional representation showing the relationship
between the wurtzite and zinc blende structures. Wurtzite has ABAB
stacking while zinc blende has ABCABC stacking. The (111) face of
zinc blende and the (001h) face of wurtzite both have planes alternately
composed of Cd and Se atoms. The two structures are related by a
stacking fault.
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energies of ligands to different facets of CdSe quantum dots,
we provide evidence to support the recent hypothesis that
those facets most strongly bound to ligands are the slowest
to grow. This suggests that the geometry of nanoparticles
can be controlled by altering the concentration of surfac-
tants.10,12

Developing a theoretical model of II-VI colloidal quan-
tum dot structures represents a formidable challenge to state-
of-the-art, first-principles electronic structure techniques. To
date, the majority of first principles quantum dot studies have
concentrated on group IV (e.g., silicon,15,16 germanium,17,18
and carbon19) systems where the electronic structure of the
semiconductor core can be described in terms of the s and p
valence electrons and the dangling bonds at the surface can
be effectively passivated with covalently bonded hydrogen
atoms.20 In contrast, we have recently demonstrated that a
full quantum mechanical description of CdSe nanoparticles
must include the s, p, and d valence electrons to correctly
determine the crystal structure of the semiconductor core and
surface atoms.21 In addition, the subtle interaction between
the core and its organic surfactants is central to the properties
of the dots and therefore any realistic model must also
provide a full quantum description of these bonds.
Previous models of CdSe dots have represented the

semiconductor core using semiempirical tight-binding22,23 and
pseudopotential24 approaches, where the atomic positions
were fixed to bulk CdSe and the organic surfactants
passivating the surface were represented either by simple
model potentials or single oxygen atoms. These semi-
empirical approaches cannot calculate atomic forces and are
therefore unable to model the actual core structure; they are
unable to describe the electron transfer between organic
ligands and the quantum dot; and most importantly, they are
not reliable as total energy calculations and are thus incapable
of determining relative binding energies. Here we remove
these restrictions by performing first-principles electronic
structure calculations to calculate the minimum energy
structures of CdSe quantum dots, including their surfactants.
Our ab initio calculations were performed using a plane-

wave implementation25 of density functional theory. Periodic
supercells were chosen with at least 10 Å between replica
to reduce spurious periodic interactions. Norm-conserving
pseudopotentials were used to represent the ionic cores. In
cases involving charged systems, we doubled the supercell
size and used a truncated Coulomb potential for electronic
interactions at distances larger than the size of the original
supercell used for neutral systems. All structures were
calculated using 18 Cd (4p64d105s2) and 6 Se (4s24p4) valence
electrons. The d electrons in Cd were deemed necessary to
generate the correct structures compared with an all-electron
calculation.21 The nonlocal pseudopotential contribution for
Cd required the use of a quadrature integration technique to
avoid possible incorrect solutions produced by, e.g., a
Kleinmann-Bylander construction of the pseudopotential.
Two representative wurtzite CdxSex clusters were studied with
x ) 15, and 33, which have diameters of 1.1, and 1.3 nm.
Each cluster was initially constructed on a wurtzite lattice
with bulk Cd-Se bond lengths and then relaxed to its lowest

energy configuration. The initial and relaxed structures of
the Cd33Se33 cluster are shown in Figure 1. The relaxation
of these clusters from the ideal wurtzite structure to their
lowest energy configuration is discussed in ref 21, where it
was shown that the ideal wurtzite structure of CdSe quantum
dots is unstable with respect to surface relaxations. Addition-
ally, these surface relaxations were shown to be the origin
of the large intrinsic band gap of CdSe nanoparticles.
Recently, some of us have demonstrated that the aspect

ratio of CdSe dots and rods can be controlled by altering
the relative concentrations of hexylphosphonic acid (HPA)
and trioctylphosphine oxide (TOPO) solvents during the
CdSe quantum dot growth process.10 Similar geometric
control has also been demonstrated by varying the concentra-
tion of the precursor monomers in the growth solutions.11,12
Both these demonstrations support a model in which growth
occurs on exposed facets with no attached ligands. The
fraction of time during which a facet is blocked by a ligand
depends on both the concentration of the ligand in the growth
solution and its binding energy on the facet. To theoretically
investigate this model we have calculated the binding energy
of a range of representative organic ligands to different facets
of the CdxSex clusters. The ligands we considered include
phosphonic acids, phosphine oxides, amines, and carboxylic
acids. For each ligand, the binding to facets with Miller-
Bravais indices (0001),(0001h), (011h0), and (112h0) (see Figure
1) was calculated. It has been speculated that CdSe rods grow
in the [0001] direction10 (see arrow in Figure 1) and therefore
these facets would correspond to the two ends and the sides
of the nanorods. After each monolayer of growth, the (0001)
and (0001h) facets are either Cd or Se terminated. Specifically,
the (0001) facet is either terminated by Se atoms with one
dangling bond or Cd atoms with three dangling bonds.
Similarly, the (0001h) facet is either terminated by Se atoms
with three dangling bonds or Cd atoms with one dangling
bond. Here we assume that the surfaces terminated with three
dangling bonds are highly chemically active and ligand
binding is most likely to affect growth from the surfaces
with only one dangling bond, i.e., Se-terminated (0001) and
Cd-terminated (0001h).
In addition to calculating binding energies of various

ligands to each of these facets, we also performed relaxations
with initial configurations of the ligands at a number of

Figure 1. Ideal wurtzite and relaxed structure of Cd33Se33 showing
the (0001),(0001h), (011h0), and (112h0) facets to which ligands are
attached. Cd (Se) atoms are shown in green (gray).
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As an example, Figure 4 reported the optimized geometries for
the 101h0 and the 0001 facets covered by MPA. On the 101h0
facet, for instance, both surface Cd and Se atoms tend to
preserve their bulk-like conformation (compare Figure 4b with
Figure 6b and 6d). Figure 9 and Figure 10 report the calculated
surface energies for the various facets upon passivation with
MPA and MA, respectively. Each figure is divided into two
plots, which correspond to the Cd-rich and Cd-poor cases,
respectively. The energies were calculated using eq 4. When
eq 3 was used, we obtained much lower values for the surface
energy. In some cases, they were un-physically negative, as they
clearly did not take into account the stabilization of the surfactant
molecules in a “liquid” environment.
Passivation of the nonpolar facets lowers significantly their

surface energy. On the nonpolar facets, the only choice of
surface coverage was the one in which all surface Cd atoms
are passivated and all the Se atoms are unpassivated, as
previously described. On the polar 0001Cd facets, on the other
hand, the effect of the passivation is strongly dependent on the
percentage of surface coverage of the surfactant. The surface
energy decreases progressively when going from no passivation
up to 75% coverage (three Cd atoms passivated in a 2×2 cell)
and increases again in the case of 100% passivation.43
This result can be explained by considering that the four

surface Cd atoms within a 2×2 cell have in total two electrons
distributed over the four dangling bonds. This electron doublet
will be able to fill completely only one Cd dangling bond,
leaving the remaining three bonds empty. These bonds can be
passivated by surfactant molecules. Figures 9 and 10 show
indeed that, in the presence of surfactants, the most stable
configuration is achieved when these three Cd dangling bonds

are passivated by a surfactant, while one dangling bond is left
unpassivated, as it is already filled. The surface energy for this
configuration, when for instance the coverage is from MA
molecules, ranges from 38 to 61 meV/Å2, depending on the Cd
chemical potential. The addition of a fourth surfactant molecule,
to passivate the Cd dangling bond that is already filled with
electrons, will not be well tolerated, as this molecule will put
too much electron density in that bond.
A remarkable feature of the 0001Cd facet, when this is

partially passivated by surfactants, is its tendency to expel one
surface Cd atom. This can be observed clearly in Figure 11-
(A-B), where the case of 75% coverage by MA is shown. The
overall relaxed structure of this facet is not much different from
the case in which the passivation occurs over the same facet
but with a Cd vacancy every 2×2 cells, as shown in Figure
11(C-D), and the same trend is observed in the case of MPA
passivation. The surface energy of this MA-covered facet with
Cd vacancy corresponds to 35 meV/Å2 and is lower than that
of the same facet with the Cd atom still attached to it (which
ranges from 38 to 61 meV/Å2, as previously stated). It appears
that, in the absence of any external perturbing factor, the facet
would tend to expel one Cd atom. On the other hand, the surface
energy for the passivated facet, with a Cd vacancy (35 meV/
Å2), is not much lower than that of the corresponding facet
without passivation (39 meV/Å2), indicating that much of the
stabilization energy on the facet comes from the expulsion of
the Cd atom (for a naked 2×2 cell, without vacancy, there is
almost no relaxation). In the next section we shall see how these
effects can be correlated with the overall reactivity of this facet
and therefore with its overall tendency to grow or to settle,
depending on external factors.

Figure 9. Surface energies for the facets passivated by MPA: (a) Cd-
poor case; (b) Cd-rich case.

Figure 10. Surface energies for the facets passivated by MA: (a) Cd-
poor case; (b) Cd-rich case.

Anisotropic Growth of CdSe Nanocrystals J. Phys. Chem. B, Vol. 109, No. 13, 2005 6189

Thursday, August 12, 2010



MOLECULAR 
FOUNDRY 

What about kinetics?
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the 101h0 and the 0001 facets covered by MPA. On the 101h0
facet, for instance, both surface Cd and Se atoms tend to
preserve their bulk-like conformation (compare Figure 4b with
Figure 6b and 6d). Figure 9 and Figure 10 report the calculated
surface energies for the various facets upon passivation with
MPA and MA, respectively. Each figure is divided into two
plots, which correspond to the Cd-rich and Cd-poor cases,
respectively. The energies were calculated using eq 4. When
eq 3 was used, we obtained much lower values for the surface
energy. In some cases, they were un-physically negative, as they
clearly did not take into account the stabilization of the surfactant
molecules in a “liquid” environment.
Passivation of the nonpolar facets lowers significantly their

surface energy. On the nonpolar facets, the only choice of
surface coverage was the one in which all surface Cd atoms
are passivated and all the Se atoms are unpassivated, as
previously described. On the polar 0001Cd facets, on the other
hand, the effect of the passivation is strongly dependent on the
percentage of surface coverage of the surfactant. The surface
energy decreases progressively when going from no passivation
up to 75% coverage (three Cd atoms passivated in a 2×2 cell)
and increases again in the case of 100% passivation.43
This result can be explained by considering that the four

surface Cd atoms within a 2×2 cell have in total two electrons
distributed over the four dangling bonds. This electron doublet
will be able to fill completely only one Cd dangling bond,
leaving the remaining three bonds empty. These bonds can be
passivated by surfactant molecules. Figures 9 and 10 show
indeed that, in the presence of surfactants, the most stable
configuration is achieved when these three Cd dangling bonds

are passivated by a surfactant, while one dangling bond is left
unpassivated, as it is already filled. The surface energy for this
configuration, when for instance the coverage is from MA
molecules, ranges from 38 to 61 meV/Å2, depending on the Cd
chemical potential. The addition of a fourth surfactant molecule,
to passivate the Cd dangling bond that is already filled with
electrons, will not be well tolerated, as this molecule will put
too much electron density in that bond.
A remarkable feature of the 0001Cd facet, when this is

partially passivated by surfactants, is its tendency to expel one
surface Cd atom. This can be observed clearly in Figure 11-
(A-B), where the case of 75% coverage by MA is shown. The
overall relaxed structure of this facet is not much different from
the case in which the passivation occurs over the same facet
but with a Cd vacancy every 2×2 cells, as shown in Figure
11(C-D), and the same trend is observed in the case of MPA
passivation. The surface energy of this MA-covered facet with
Cd vacancy corresponds to 35 meV/Å2 and is lower than that
of the same facet with the Cd atom still attached to it (which
ranges from 38 to 61 meV/Å2, as previously stated). It appears
that, in the absence of any external perturbing factor, the facet
would tend to expel one Cd atom. On the other hand, the surface
energy for the passivated facet, with a Cd vacancy (35 meV/
Å2), is not much lower than that of the corresponding facet
without passivation (39 meV/Å2), indicating that much of the
stabilization energy on the facet comes from the expulsion of
the Cd atom (for a naked 2×2 cell, without vacancy, there is
almost no relaxation). In the next section we shall see how these
effects can be correlated with the overall reactivity of this facet
and therefore with its overall tendency to grow or to settle,
depending on external factors.

Figure 9. Surface energies for the facets passivated by MPA: (a) Cd-
poor case; (b) Cd-rich case.
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energies of ligands to different facets of CdSe quantum dots,
we provide evidence to support the recent hypothesis that
those facets most strongly bound to ligands are the slowest
to grow. This suggests that the geometry of nanoparticles
can be controlled by altering the concentration of surfac-
tants.10,12

Developing a theoretical model of II-VI colloidal quan-
tum dot structures represents a formidable challenge to state-
of-the-art, first-principles electronic structure techniques. To
date, the majority of first principles quantum dot studies have
concentrated on group IV (e.g., silicon,15,16 germanium,17,18
and carbon19) systems where the electronic structure of the
semiconductor core can be described in terms of the s and p
valence electrons and the dangling bonds at the surface can
be effectively passivated with covalently bonded hydrogen
atoms.20 In contrast, we have recently demonstrated that a
full quantum mechanical description of CdSe nanoparticles
must include the s, p, and d valence electrons to correctly
determine the crystal structure of the semiconductor core and
surface atoms.21 In addition, the subtle interaction between
the core and its organic surfactants is central to the properties
of the dots and therefore any realistic model must also
provide a full quantum description of these bonds.
Previous models of CdSe dots have represented the

semiconductor core using semiempirical tight-binding22,23 and
pseudopotential24 approaches, where the atomic positions
were fixed to bulk CdSe and the organic surfactants
passivating the surface were represented either by simple
model potentials or single oxygen atoms. These semi-
empirical approaches cannot calculate atomic forces and are
therefore unable to model the actual core structure; they are
unable to describe the electron transfer between organic
ligands and the quantum dot; and most importantly, they are
not reliable as total energy calculations and are thus incapable
of determining relative binding energies. Here we remove
these restrictions by performing first-principles electronic
structure calculations to calculate the minimum energy
structures of CdSe quantum dots, including their surfactants.
Our ab initio calculations were performed using a plane-

wave implementation25 of density functional theory. Periodic
supercells were chosen with at least 10 Å between replica
to reduce spurious periodic interactions. Norm-conserving
pseudopotentials were used to represent the ionic cores. In
cases involving charged systems, we doubled the supercell
size and used a truncated Coulomb potential for electronic
interactions at distances larger than the size of the original
supercell used for neutral systems. All structures were
calculated using 18 Cd (4p64d105s2) and 6 Se (4s24p4) valence
electrons. The d electrons in Cd were deemed necessary to
generate the correct structures compared with an all-electron
calculation.21 The nonlocal pseudopotential contribution for
Cd required the use of a quadrature integration technique to
avoid possible incorrect solutions produced by, e.g., a
Kleinmann-Bylander construction of the pseudopotential.
Two representative wurtzite CdxSex clusters were studied with
x ) 15, and 33, which have diameters of 1.1, and 1.3 nm.
Each cluster was initially constructed on a wurtzite lattice
with bulk Cd-Se bond lengths and then relaxed to its lowest

energy configuration. The initial and relaxed structures of
the Cd33Se33 cluster are shown in Figure 1. The relaxation
of these clusters from the ideal wurtzite structure to their
lowest energy configuration is discussed in ref 21, where it
was shown that the ideal wurtzite structure of CdSe quantum
dots is unstable with respect to surface relaxations. Addition-
ally, these surface relaxations were shown to be the origin
of the large intrinsic band gap of CdSe nanoparticles.
Recently, some of us have demonstrated that the aspect

ratio of CdSe dots and rods can be controlled by altering
the relative concentrations of hexylphosphonic acid (HPA)
and trioctylphosphine oxide (TOPO) solvents during the
CdSe quantum dot growth process.10 Similar geometric
control has also been demonstrated by varying the concentra-
tion of the precursor monomers in the growth solutions.11,12
Both these demonstrations support a model in which growth
occurs on exposed facets with no attached ligands. The
fraction of time during which a facet is blocked by a ligand
depends on both the concentration of the ligand in the growth
solution and its binding energy on the facet. To theoretically
investigate this model we have calculated the binding energy
of a range of representative organic ligands to different facets
of the CdxSex clusters. The ligands we considered include
phosphonic acids, phosphine oxides, amines, and carboxylic
acids. For each ligand, the binding to facets with Miller-
Bravais indices (0001),(0001h), (011h0), and (112h0) (see Figure
1) was calculated. It has been speculated that CdSe rods grow
in the [0001] direction10 (see arrow in Figure 1) and therefore
these facets would correspond to the two ends and the sides
of the nanorods. After each monolayer of growth, the (0001)
and (0001h) facets are either Cd or Se terminated. Specifically,
the (0001) facet is either terminated by Se atoms with one
dangling bond or Cd atoms with three dangling bonds.
Similarly, the (0001h) facet is either terminated by Se atoms
with three dangling bonds or Cd atoms with one dangling
bond. Here we assume that the surfaces terminated with three
dangling bonds are highly chemically active and ligand
binding is most likely to affect growth from the surfaces
with only one dangling bond, i.e., Se-terminated (0001) and
Cd-terminated (0001h).
In addition to calculating binding energies of various

ligands to each of these facets, we also performed relaxations
with initial configurations of the ligands at a number of

Figure 1. Ideal wurtzite and relaxed structure of Cd33Se33 showing
the (0001),(0001h), (011h0), and (112h0) facets to which ligands are
attached. Cd (Se) atoms are shown in green (gray).
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energies of ligands to different facets of CdSe quantum dots,
we provide evidence to support the recent hypothesis that
those facets most strongly bound to ligands are the slowest
to grow. This suggests that the geometry of nanoparticles
can be controlled by altering the concentration of surfac-
tants.10,12

Developing a theoretical model of II-VI colloidal quan-
tum dot structures represents a formidable challenge to state-
of-the-art, first-principles electronic structure techniques. To
date, the majority of first principles quantum dot studies have
concentrated on group IV (e.g., silicon,15,16 germanium,17,18
and carbon19) systems where the electronic structure of the
semiconductor core can be described in terms of the s and p
valence electrons and the dangling bonds at the surface can
be effectively passivated with covalently bonded hydrogen
atoms.20 In contrast, we have recently demonstrated that a
full quantum mechanical description of CdSe nanoparticles
must include the s, p, and d valence electrons to correctly
determine the crystal structure of the semiconductor core and
surface atoms.21 In addition, the subtle interaction between
the core and its organic surfactants is central to the properties
of the dots and therefore any realistic model must also
provide a full quantum description of these bonds.
Previous models of CdSe dots have represented the

semiconductor core using semiempirical tight-binding22,23 and
pseudopotential24 approaches, where the atomic positions
were fixed to bulk CdSe and the organic surfactants
passivating the surface were represented either by simple
model potentials or single oxygen atoms. These semi-
empirical approaches cannot calculate atomic forces and are
therefore unable to model the actual core structure; they are
unable to describe the electron transfer between organic
ligands and the quantum dot; and most importantly, they are
not reliable as total energy calculations and are thus incapable
of determining relative binding energies. Here we remove
these restrictions by performing first-principles electronic
structure calculations to calculate the minimum energy
structures of CdSe quantum dots, including their surfactants.
Our ab initio calculations were performed using a plane-

wave implementation25 of density functional theory. Periodic
supercells were chosen with at least 10 Å between replica
to reduce spurious periodic interactions. Norm-conserving
pseudopotentials were used to represent the ionic cores. In
cases involving charged systems, we doubled the supercell
size and used a truncated Coulomb potential for electronic
interactions at distances larger than the size of the original
supercell used for neutral systems. All structures were
calculated using 18 Cd (4p64d105s2) and 6 Se (4s24p4) valence
electrons. The d electrons in Cd were deemed necessary to
generate the correct structures compared with an all-electron
calculation.21 The nonlocal pseudopotential contribution for
Cd required the use of a quadrature integration technique to
avoid possible incorrect solutions produced by, e.g., a
Kleinmann-Bylander construction of the pseudopotential.
Two representative wurtzite CdxSex clusters were studied with
x ) 15, and 33, which have diameters of 1.1, and 1.3 nm.
Each cluster was initially constructed on a wurtzite lattice
with bulk Cd-Se bond lengths and then relaxed to its lowest

energy configuration. The initial and relaxed structures of
the Cd33Se33 cluster are shown in Figure 1. The relaxation
of these clusters from the ideal wurtzite structure to their
lowest energy configuration is discussed in ref 21, where it
was shown that the ideal wurtzite structure of CdSe quantum
dots is unstable with respect to surface relaxations. Addition-
ally, these surface relaxations were shown to be the origin
of the large intrinsic band gap of CdSe nanoparticles.
Recently, some of us have demonstrated that the aspect

ratio of CdSe dots and rods can be controlled by altering
the relative concentrations of hexylphosphonic acid (HPA)
and trioctylphosphine oxide (TOPO) solvents during the
CdSe quantum dot growth process.10 Similar geometric
control has also been demonstrated by varying the concentra-
tion of the precursor monomers in the growth solutions.11,12
Both these demonstrations support a model in which growth
occurs on exposed facets with no attached ligands. The
fraction of time during which a facet is blocked by a ligand
depends on both the concentration of the ligand in the growth
solution and its binding energy on the facet. To theoretically
investigate this model we have calculated the binding energy
of a range of representative organic ligands to different facets
of the CdxSex clusters. The ligands we considered include
phosphonic acids, phosphine oxides, amines, and carboxylic
acids. For each ligand, the binding to facets with Miller-
Bravais indices (0001),(0001h), (011h0), and (112h0) (see Figure
1) was calculated. It has been speculated that CdSe rods grow
in the [0001] direction10 (see arrow in Figure 1) and therefore
these facets would correspond to the two ends and the sides
of the nanorods. After each monolayer of growth, the (0001)
and (0001h) facets are either Cd or Se terminated. Specifically,
the (0001) facet is either terminated by Se atoms with one
dangling bond or Cd atoms with three dangling bonds.
Similarly, the (0001h) facet is either terminated by Se atoms
with three dangling bonds or Cd atoms with one dangling
bond. Here we assume that the surfaces terminated with three
dangling bonds are highly chemically active and ligand
binding is most likely to affect growth from the surfaces
with only one dangling bond, i.e., Se-terminated (0001) and
Cd-terminated (0001h).
In addition to calculating binding energies of various

ligands to each of these facets, we also performed relaxations
with initial configurations of the ligands at a number of

Figure 1. Ideal wurtzite and relaxed structure of Cd33Se33 showing
the (0001),(0001h), (011h0), and (112h0) facets to which ligands are
attached. Cd (Se) atoms are shown in green (gray).
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energies of ligands to different facets of CdSe quantum dots,
we provide evidence to support the recent hypothesis that
those facets most strongly bound to ligands are the slowest
to grow. This suggests that the geometry of nanoparticles
can be controlled by altering the concentration of surfac-
tants.10,12

Developing a theoretical model of II-VI colloidal quan-
tum dot structures represents a formidable challenge to state-
of-the-art, first-principles electronic structure techniques. To
date, the majority of first principles quantum dot studies have
concentrated on group IV (e.g., silicon,15,16 germanium,17,18
and carbon19) systems where the electronic structure of the
semiconductor core can be described in terms of the s and p
valence electrons and the dangling bonds at the surface can
be effectively passivated with covalently bonded hydrogen
atoms.20 In contrast, we have recently demonstrated that a
full quantum mechanical description of CdSe nanoparticles
must include the s, p, and d valence electrons to correctly
determine the crystal structure of the semiconductor core and
surface atoms.21 In addition, the subtle interaction between
the core and its organic surfactants is central to the properties
of the dots and therefore any realistic model must also
provide a full quantum description of these bonds.
Previous models of CdSe dots have represented the

semiconductor core using semiempirical tight-binding22,23 and
pseudopotential24 approaches, where the atomic positions
were fixed to bulk CdSe and the organic surfactants
passivating the surface were represented either by simple
model potentials or single oxygen atoms. These semi-
empirical approaches cannot calculate atomic forces and are
therefore unable to model the actual core structure; they are
unable to describe the electron transfer between organic
ligands and the quantum dot; and most importantly, they are
not reliable as total energy calculations and are thus incapable
of determining relative binding energies. Here we remove
these restrictions by performing first-principles electronic
structure calculations to calculate the minimum energy
structures of CdSe quantum dots, including their surfactants.
Our ab initio calculations were performed using a plane-

wave implementation25 of density functional theory. Periodic
supercells were chosen with at least 10 Å between replica
to reduce spurious periodic interactions. Norm-conserving
pseudopotentials were used to represent the ionic cores. In
cases involving charged systems, we doubled the supercell
size and used a truncated Coulomb potential for electronic
interactions at distances larger than the size of the original
supercell used for neutral systems. All structures were
calculated using 18 Cd (4p64d105s2) and 6 Se (4s24p4) valence
electrons. The d electrons in Cd were deemed necessary to
generate the correct structures compared with an all-electron
calculation.21 The nonlocal pseudopotential contribution for
Cd required the use of a quadrature integration technique to
avoid possible incorrect solutions produced by, e.g., a
Kleinmann-Bylander construction of the pseudopotential.
Two representative wurtzite CdxSex clusters were studied with
x ) 15, and 33, which have diameters of 1.1, and 1.3 nm.
Each cluster was initially constructed on a wurtzite lattice
with bulk Cd-Se bond lengths and then relaxed to its lowest

energy configuration. The initial and relaxed structures of
the Cd33Se33 cluster are shown in Figure 1. The relaxation
of these clusters from the ideal wurtzite structure to their
lowest energy configuration is discussed in ref 21, where it
was shown that the ideal wurtzite structure of CdSe quantum
dots is unstable with respect to surface relaxations. Addition-
ally, these surface relaxations were shown to be the origin
of the large intrinsic band gap of CdSe nanoparticles.
Recently, some of us have demonstrated that the aspect

ratio of CdSe dots and rods can be controlled by altering
the relative concentrations of hexylphosphonic acid (HPA)
and trioctylphosphine oxide (TOPO) solvents during the
CdSe quantum dot growth process.10 Similar geometric
control has also been demonstrated by varying the concentra-
tion of the precursor monomers in the growth solutions.11,12
Both these demonstrations support a model in which growth
occurs on exposed facets with no attached ligands. The
fraction of time during which a facet is blocked by a ligand
depends on both the concentration of the ligand in the growth
solution and its binding energy on the facet. To theoretically
investigate this model we have calculated the binding energy
of a range of representative organic ligands to different facets
of the CdxSex clusters. The ligands we considered include
phosphonic acids, phosphine oxides, amines, and carboxylic
acids. For each ligand, the binding to facets with Miller-
Bravais indices (0001),(0001h), (011h0), and (112h0) (see Figure
1) was calculated. It has been speculated that CdSe rods grow
in the [0001] direction10 (see arrow in Figure 1) and therefore
these facets would correspond to the two ends and the sides
of the nanorods. After each monolayer of growth, the (0001)
and (0001h) facets are either Cd or Se terminated. Specifically,
the (0001) facet is either terminated by Se atoms with one
dangling bond or Cd atoms with three dangling bonds.
Similarly, the (0001h) facet is either terminated by Se atoms
with three dangling bonds or Cd atoms with one dangling
bond. Here we assume that the surfaces terminated with three
dangling bonds are highly chemically active and ligand
binding is most likely to affect growth from the surfaces
with only one dangling bond, i.e., Se-terminated (0001) and
Cd-terminated (0001h).
In addition to calculating binding energies of various

ligands to each of these facets, we also performed relaxations
with initial configurations of the ligands at a number of

Figure 1. Ideal wurtzite and relaxed structure of Cd33Se33 showing
the (0001),(0001h), (011h0), and (112h0) facets to which ligands are
attached. Cd (Se) atoms are shown in green (gray).
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energies of ligands to different facets of CdSe quantum dots,
we provide evidence to support the recent hypothesis that
those facets most strongly bound to ligands are the slowest
to grow. This suggests that the geometry of nanoparticles
can be controlled by altering the concentration of surfac-
tants.10,12
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concentrated on group IV (e.g., silicon,15,16 germanium,17,18
and carbon19) systems where the electronic structure of the
semiconductor core can be described in terms of the s and p
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determine the crystal structure of the semiconductor core and
surface atoms.21 In addition, the subtle interaction between
the core and its organic surfactants is central to the properties
of the dots and therefore any realistic model must also
provide a full quantum description of these bonds.
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semiconductor core using semiempirical tight-binding22,23 and
pseudopotential24 approaches, where the atomic positions
were fixed to bulk CdSe and the organic surfactants
passivating the surface were represented either by simple
model potentials or single oxygen atoms. These semi-
empirical approaches cannot calculate atomic forces and are
therefore unable to model the actual core structure; they are
unable to describe the electron transfer between organic
ligands and the quantum dot; and most importantly, they are
not reliable as total energy calculations and are thus incapable
of determining relative binding energies. Here we remove
these restrictions by performing first-principles electronic
structure calculations to calculate the minimum energy
structures of CdSe quantum dots, including their surfactants.
Our ab initio calculations were performed using a plane-

wave implementation25 of density functional theory. Periodic
supercells were chosen with at least 10 Å between replica
to reduce spurious periodic interactions. Norm-conserving
pseudopotentials were used to represent the ionic cores. In
cases involving charged systems, we doubled the supercell
size and used a truncated Coulomb potential for electronic
interactions at distances larger than the size of the original
supercell used for neutral systems. All structures were
calculated using 18 Cd (4p64d105s2) and 6 Se (4s24p4) valence
electrons. The d electrons in Cd were deemed necessary to
generate the correct structures compared with an all-electron
calculation.21 The nonlocal pseudopotential contribution for
Cd required the use of a quadrature integration technique to
avoid possible incorrect solutions produced by, e.g., a
Kleinmann-Bylander construction of the pseudopotential.
Two representative wurtzite CdxSex clusters were studied with
x ) 15, and 33, which have diameters of 1.1, and 1.3 nm.
Each cluster was initially constructed on a wurtzite lattice
with bulk Cd-Se bond lengths and then relaxed to its lowest

energy configuration. The initial and relaxed structures of
the Cd33Se33 cluster are shown in Figure 1. The relaxation
of these clusters from the ideal wurtzite structure to their
lowest energy configuration is discussed in ref 21, where it
was shown that the ideal wurtzite structure of CdSe quantum
dots is unstable with respect to surface relaxations. Addition-
ally, these surface relaxations were shown to be the origin
of the large intrinsic band gap of CdSe nanoparticles.
Recently, some of us have demonstrated that the aspect

ratio of CdSe dots and rods can be controlled by altering
the relative concentrations of hexylphosphonic acid (HPA)
and trioctylphosphine oxide (TOPO) solvents during the
CdSe quantum dot growth process.10 Similar geometric
control has also been demonstrated by varying the concentra-
tion of the precursor monomers in the growth solutions.11,12
Both these demonstrations support a model in which growth
occurs on exposed facets with no attached ligands. The
fraction of time during which a facet is blocked by a ligand
depends on both the concentration of the ligand in the growth
solution and its binding energy on the facet. To theoretically
investigate this model we have calculated the binding energy
of a range of representative organic ligands to different facets
of the CdxSex clusters. The ligands we considered include
phosphonic acids, phosphine oxides, amines, and carboxylic
acids. For each ligand, the binding to facets with Miller-
Bravais indices (0001),(0001h), (011h0), and (112h0) (see Figure
1) was calculated. It has been speculated that CdSe rods grow
in the [0001] direction10 (see arrow in Figure 1) and therefore
these facets would correspond to the two ends and the sides
of the nanorods. After each monolayer of growth, the (0001)
and (0001h) facets are either Cd or Se terminated. Specifically,
the (0001) facet is either terminated by Se atoms with one
dangling bond or Cd atoms with three dangling bonds.
Similarly, the (0001h) facet is either terminated by Se atoms
with three dangling bonds or Cd atoms with one dangling
bond. Here we assume that the surfaces terminated with three
dangling bonds are highly chemically active and ligand
binding is most likely to affect growth from the surfaces
with only one dangling bond, i.e., Se-terminated (0001) and
Cd-terminated (0001h).
In addition to calculating binding energies of various

ligands to each of these facets, we also performed relaxations
with initial configurations of the ligands at a number of

Figure 1. Ideal wurtzite and relaxed structure of Cd33Se33 showing
the (0001),(0001h), (011h0), and (112h0) facets to which ligands are
attached. Cd (Se) atoms are shown in green (gray).
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Nanoscale materials are currently being exploited as active 
components in a wide range of technological applications in 
various fields,such as composite materials1,2,chemical sensing3,

biomedicine4–6, optoelectronics7–9 and nanoelectronics10–12. Colloidal
nanocrystals are promising candidates in these fields, due to their ease
of fabrication and processibility. Even more applications and new 
functional materials might emerge if nanocrystals could be synthesized
in shapes of higher complexity than the ones produced by current
methods (spheres, rods, discs)13–19. Here, we demonstrate that poly-
typism, or the existence of two or more crystal structures in different
domains of the same crystal,coupled with the manipulation of surface
energy at the nanoscale,can be exploited to produce branched inorganic
nanostructures controllably. For the case of CdTe, we designed a high
yield,reproducible synthesis of soluble,tetrapod-shaped nanocrystals
through which we can independently control the width and length of
the four arms.

Polytypism is generally prevalent in open, tetrahedrally bonded
structures, such as those occurring in the group IV, III-V and II-VI
semiconductors20–22. Crystal structures of these and many other
polytypic materials share a common crystal facet, which can be used to
achieve branching. The ±{111} facets of the cubic (zinc blende)
structure are atomically identical to the ±(0001) facets of the hexagonal
(wurtzite) structure (Fig. 1). The most basic branched polytypic crystal
that can therefore be produced using these materials is a ‘tetrapod’,
consisting of a zinc-blende core with four {111} facets,each projecting a
wurtzite rod terminated with the (0001–) facet.For such a structure to be
formed, there must be a mechanism by which the stability of the two
phases reverses during growth.

In conventional bulk crystal growth, some examples exist of
controlled formation and growth of polytypic structures20, and of
modulated growth rates of different crystal facets as a function of time23.
However, the advent of new methods for preparing inorganic
nanocrystals with well-controlled sizes and elementary shapes provides
a new set of tools that can be adapted to this purpose13–19. Tetrapod-
shaped crystals with dimensions on the nanometre and micrometre
scale have been observed in a variety of II-VI semiconductors17,24–26,and
a low yield of colloidal semiconductor tetrapods was observed in the
syntheses of CdSe nanorods27. In a study of several different II-VI

semiconductor materials, we have found that it is possible to obtain a
high yield of colloidal semiconductor tetrapods with well-controlled
nanoscale dimensions for the case of CdTe. A key parameter for
achieving tetrapod growth is the energy difference between the wurtzite
and the zinc-blende structures, which determines the temperature
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Figure 1 Proposed model of a CdTe tetrapod.The exploded view of one arm illustrates
the identical nature of the (111) zinc blende (ZB) and (0001–) wurtzite (WZ) facets of the
nucleus and the arms,respectively (Cd atoms are yellow,Te atoms are blue).Phosphonic
acid molecules selectively bind to the lateral facets of the arms,as suggested in the figure
(for clarity,only two facets are shown covered).High-resolution transmission electron
microscope (HRTEM) analysis would further clarify the shape of the cubic nucleus and the
relative orientations between the various arms of the tetrapod.
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structures also based on the occurrence of wurtzite-sphalerite
polymorphic modifications.
A small molecule such as MPA can play different roles in

the growth kinetics of CdTe nanocrystals. We can try to
elucidate these possible roles based on our experimental results
and on previous work on nanocrystals. First of all, the Cd
precursor in solution is a complex of Cd2+ with phosphonate
molecules.45 Therefore, the higher the concentration of MPA
relative to that of ODPA, the more likely it will be for Cd2+ to
be bound to methyl phosphonates. This sort of complex will be
much more mobile than the bulkier complex formed by Cd2+
with octadecylphosphonate molecules, and in addition the Cd2+
ions will be less hindered and so more reactive (in other words
they will be more aVailable). This accounts for the observed
increase in nucleation and growth rate of the nanocrystals at
increasing concentration of MPA. It can also account for the
elongated growth that is observed in the nanocrystals. Looking
at the series of TEM images from Figure 2, a-c, it is clear that
long arms are formed at higher concentrations of MPA.
Anisotropic growth, in fact, can be sustained only if there is
fast supply of monomers from the bulk of the solution.46-48 In
addition, crystal defects are generated more easily at high growth
rates,49 and therefore the presence of MPA could also rationalize
the much higher probability of formation of twins, which are a

particular type of planar defect. This behavior is consistent with
earlier observations on a similar system (CdSe nanocrystals47),
in which an increase in the concentration of precursors resulted
in higher nucleation and growth rates of nanocrystals, but also
promoted the formation of multibranched nanocrystals.
Another (or an additional) mechanism by which we can

imagine that the presence of MPA induces twinning could be a
templating effect mediated by the MPA molecules that are
passivating the surface of the nanocrystals during nucleation
and growth. In other words, it might possible for these MPA
molecules to promote an arrangement between the atoms on
the surface of the crystal and those approaching the surface from
the solution, which could favor the formation of a twin
boundary. To decide by which mechanism the formation of
twins occurs, extensive studies would be necessary, which go
beyond the scope of this work.

Conclusions

In this work, we have reported a simple and robust protocol
for the synthesis of CdTe nanocrystals with a good control over
their branching. Detailed HRTEM experiments and HRTEM
image simulations have revealed that the branching region is
characterized by the presence of multiple twins, among which
the 112h2 twin boundary with a head-to-tail polarity configuration
was identified in matchstick-shaped nanocrystals. The presence
of this type of twin supports the tetrapod shape on the light of

(45) In the synthesis, CdO dissolves in the mixture of surfactants via decomposi-
tion by alkylphosphonic acids. The reaction leads to the formation of a
cadmium phosphonate complex and releases water as a byproduct.

(46) Peng, Z. A.; Peng, X. G. J. Am. Chem. Soc. 2001, 123, (7), 1389-1395.
(47) Peng, Z. A.; Peng, X. G. J. Am. Chem. Soc. 2002, 124, (13), 3343-3353.
(48) Peng, X. G. AdV. Mater. 2003, 15, (5), 459-463.

(49) Markov, I. V. Crystal Growth for Beginners: Fundamentals of Nucleation,
Crystal Growth, and Epitaxy; World Scientific: Singapore, 2003.

Figure 7. Sketch of the multiple-twin model. The left column shows an exploded view of three different types of nuclei (middle column) that could
rationalize the formation of rods (a), dipods (b), and tetrapods (c). Two types of domains are considered in this model (as shown in a, left side). One domain
exposes a (0001h) facet (we call it type I domain), whereas the other domain exposes a (0001) facet (type II domain). In a multiple-twin nanocrystal the two
types of domains are connected to each other by a twin boundary. Of these two types of domains, only one can grow to an elongated structure, although our
present knowledge does not allow us to identify which one of the two domains this will be. To help the reader understand the model better, we assume here
that the “fast growing” domain is of the type I. Therefore, the nucleus from which a rod (or a matchstick) evolves is composed of at least one domain which
is of type I. This domain can be joined to one type II domain (as shown in a) or to more type II domains (up to three) by (112h2) twin boundaries. These
will be the slow growing domains. Then, if a second twin boundary is generated between any of these type II domains and yet a new type I domain, a second
arm will form (a possible case for this situation is shown in b). In the most crowded situation, eight domains can join together to form an octahedral crystal
(as shown in c). Four of these domains can be of type I, and four of type II, and in this case four arms will branch out from this core, forming a tetrapod.
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twins (Figure 4). In all cases the domains were elongated along
the c axis. The presence of sphalerite nanocrystals was very
seldom observed. This in addition indicates that the presence
of MPA decreased the probability of formation of sphalerite
phase considerably.
At higher MPA:OPDA ratios, the branching increased further,

as well as the anisotropic growth (Figure 2c-g). Ratios in the
range 0.08-0.09 yielded mainly tripods and tetrapods, whereas
nanocrystals with multiple branching points dominated at ratios
higher than 0.10.
X-ray diffraction spectra of the branched samples (for

instance, the samples shown in Figure 2d and 2f, see Supporting
Information), resembled in their shape those of wurtzite nano-
rods.17,43 They show, in fact, a high degree of distortion of the
intensity ratios due to shape anisotropy, in particular with an
enhancement of the reflections associated with crystalline
domains along the c axis of the wurtzite structure.
Extensive HRTEM observations were carried out on nano-

crystals. To uncover the nature of the branching in tetrapods, it
would be desirable to image the central region. Unfortunately,
such a direct observation is often made difficult by the presence
of the arms, which hinder most of this region. A more straight-
forward analysis can be carried out on structures missing several
arms, such as tripods, dipods (Figures 3d and 4b), or matchstick-
shaped nanocrystals, often present together with branched
nanocrystals (Figure 2c-e). These latter structures are charac-
terized by the presence of easily identifiable twinned domains,
of which only one has been able to grow anisotropically and
has developed to an arm. Therefore, the twinned region is always
localized on one side of the CdTe rod, and so it forms the head
of the resulting matchstick shape. One of these matchsticks is
shown in more detail in Figure 5a. In particular, the region
indicated by the arrow is close to the [11h00] zone axis. The
twin of interest can be seen at higher magnification at Scherzer
defocus in Figure 5b. Here, the defect contrast is the same as
the one reported recently by Yan et al. for wurtzite ZnO42 and
can be identified as a (112h2) twin boundary. The different
positions of the fringes at the opposite sides of the twin boundary
indicate that the two domains are not mirror images of each
other, but instead the arrangement of the atoms corresponds to
the one shown in the model of Figure 1d. Therefore, this is a

(112h2) twin boundary with a head-to-tail configuration of the
polarities of the two wurtzite domains.
Branching in CdTe nanocrystals is occurring only if more

than two wurtzite domains are present in the nanocrystal, such
as for instance in the dipod shown in Figure 3d. In that case,
the central wurtzite domain is a “slow growing” domain (as
discussed in the Introduction), and this is attached to “two fast
growing” wurtzite domains. Therefore, at least two twin planes
are present in a branched nanocrystal (in this case the branched
nanocrystal is a dipod). Unfortunately, the visualization of these
planes from a favorable zone axis is made difficult by the
orientation of the nanocrystal with respect to the electron beam,
and a tilting experiment rarely improves this view.
In the case of a tetrapod, a view of the central core region

can be obtained by tilting the particle from its natural orientation
on the substrate (which is the one with one upstanding arm as
in Figure 6a), so that its TEM image is, for instance, that shown
in Figure 6b (the core region is seen at higher magnification in
Figure 6c). Due to the small size of the structures studied here,
it is not possible to align precisely a convenient zone axis, but
it is only possible, with great efforts, to tilt the region of interest
close to a zone axis with an uncertainty of a few degrees. In
the present case, the two arms that point downward are as
sketched in the model shown in the inset of Figure 6b. In such
a nanocrystal, the geometry of the HRTEM experiment is more

(43) Peng, X. G.; Manna, L.; Yang, W. D.; Wickham, J.; Scher, E.; Kadavanich,
A.; Alivisatos, A. P. Nature 2000, 404, (6773), 59-61.

Figure 5. (a)Matchstick-shaped nanocrystal revealing several twins in the
head of the matchstick. The region indicated by the arrow is shown in (c)
at higher magnification. This area is close to the [11h00] zone axis. The
defect contrast can be identified as a (112h2) twin boundary, with a head-
to-tail configuration of the crystal polarity. The arrangement of the atoms
close to the boundary corresponds to the one shown in the model of Figure
1d.

Figure 6. (a) HRTEM image of a CdTe tetrapod with one arm pointing
upward. (Inset) Orientation of the nanocrystal with respect to the electron
beam (white arrow). The analysis of the symmetry and of the lattice spacing
of the arms of several tetrapods indicates a wurtzite structure (space group
(P63mc) with lattice parameters corresponding to a ) 0.458 nm and c )
0.75 nm, respectively). (b) Tilted tetrapod. (Inset) Orientation again of the
nanocrystal with respect to the electron beam (white arrow). In particular,
in this geometry two arms are superimposed. (c) Central region of the
tetrapod shown in (b) is imaged here at higher magnification. The rectangular
contour is the region that is the object of the image simulation. (d) Supercell
containing the atomistic model used to simulate the HRTEM image of the
central region of the tetrapod, viewed along its 247 zone axis and rotated
around this axis (which is perpendicular to the plane of the image) so that
the model has the same orientation as the real nanocrystal in the HRTEM
image in (c). (e) Simulated HRTEM image of the core region of the tetrapod
contoured in (c).
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effect that has been experimentally observed and theoretically
predicted10,11,18. This is represented by a negative deformation
potential (a, 0), defined as

a ¼
@Eg

@ðlnVÞ

where Eg is the bandgap of the semiconductor and @(lnV) is the
fractional volume change. The conduction band shifts to a much
larger degree than the valence band11,19, and therefore the compressive
deformation of CdTe (aCdTe ¼ 23.70 eV) induced by shell growth
increases the energy of the conduction band. At the same time, the
shell material (aZnSe ¼ 24.99 eV) is under tensile strain, resulting in
a decrease in its conduction band energy. These two strain effects
work in a concerted fashion (that is, double straining) to alter the
energy band offsets, converting standard type-I QDs into type-II
heterostructures, resulting in a spatial separation of the electrons and
holes. As the shell grows in thickness, the core conduction band
energy rises due to increased compressive strain from the shell, while
the shell’s conduction band energy decreases due to a reduction
in quantum confinement (see Supplementary Information, Fig. S1).

Properties of strain-tuned nanocrystals
With increasing epitaxial shell growth of ZnSe on CdTe, the optical
absorption and fluorescence emission spectra are dramatically
shifted towards longer wavelengths (lower energies) (Fig. 2a).
Small spectral changes are also observed in type-I QDs when a
finite potential well of the shell allows tunnelling of the electron
and hole between the core and the shell6,20. In the case of
(CdTe)ZnSe, however, additional shell growth continues to shift
the absorption band-edge and the emission maximum, beyond
the band-edge energy of bulk CdTe (1.50 eV) and ZnSe (2.82 eV)
(see Fig. 2a). Several lines of evidence suggest that this redshift is
due to a transformation to type-II band alignment: (i) a gradual
reduction of distinct optical absorption features; (ii) a decrease in
the band-edge oscillator strength, and (iii) a significant increase in
excited state lifetimes (Fig. 2d). These changes are caused by
spatial separation of holes into the core and electrons into the
shell, resulting in a decrease in the electron–hole overlap integral.
As reported by Kim and colleagues21, colloidal type-II quantum
dots such as (CdTe)CdSe can achieve charge carrier separation
through the selection of specific materials with staggered band

offsets for the core and shell. Type-II band alignments allow
spatially indirect recombination at energies lower than the bulk
bandgap energies of either of the individual semiconductors.

The largest spectral shifts are observed with very small cores,
such as 1.8-nm CdTe, allowing tuning from the green to the near-
infrared spectra. In contrast, larger CdTe cores cannot be effectively
compressed through epitaxy, and their emission spectra are much
less tuneable by lattice strain. The strain-tuneable spectral ranges
are shown in Fig. 2c for differently sized CdTe cores. It is remarkable
that QDs with small cores can be tuned to emit beyond the spectral
ranges of large dots, at both the blue and red sides of the emission
spectra. This novel phenomenon has not been observed for other
types of quantum dots and cannot be explained by conventional
factors (see Supplementary Information, Discussion). Depending
on the core size and shell thickness, these QDs can be tuned to
emit between 500 and 1,050 nm with a quantum efficiency
between 25 and 60%. The fluorescence peak width is consistently
between 40 and 90 nm ( full-width at half-maximum, FWHM) in
the near infrared (700–900 nm), a ‘clear window’ well suited for
biomedical imaging applications.

An interesting finding is that the strain-induced spectral changes
are gradual and do not exhibit an abrupt transformation as might be
expected for a switch from type-I to type-II. For core sizes less than 4
nm in diameter, our data indicate that the transition to type-II beha-
viour is ‘complete’ after capping with 2–3 monolayers (ML) of shell
material, as defined by the complete disappearance of the first
exciton absorption peak. Between 0 and 2–3ML, however, the
behaviour of these QDs lies between type-I and type-II, a regime
that has been dubbed ‘quasi-type-II’ in the literature22. Here, one
of the charge carriers is strongly confined to one region of the nano-
crystal (in our case, the hole is confined to the core), whereas the
other charge carrier (the electron) is only weakly confined, being
largely delocalized across the entire nanocrystal.

Strain in multilayered structures
To further understand the separation of electrons and holes in these
strained nanostructures, we have carried out systematic capping
experiments in which interim shell layers are used to provide specific
energy barriers to either the hole or the electron (Fig. 3). Capping
CdTe with a CdSe shell is known to generate type-II QDs with the
electron located in the shell, due to the lower conduction band
energy level of CdSe compared to CdTe. In contrast, capping CdTe
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Figure 1 | Schematic of band energy changes in quantum dots induced by lattice strain. a, Lattice strain of ordinary and strained (CdTe)ZnSe nanocrystals.
b, Valence and conduction band energy levels for the corresponding structures in a. The wavy arrows and their colours indicate band-edge fluorescence
emission and their approximate wavelengths. The horizontal band lengths correspond to the thicknesses of the core and the shell. Relaxed nanostructures
form standard type-I heterojunctions but are converted to type-II behaviour when the core is ‘squeezed’ and the shell is ‘stretched’ by the strain from
heteroepitaxial growth. The impact of strain is calculated using the model-solid theory and a continuum elasticity model (see Methods).
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effect that has been experimentally observed and theoretically
predicted10,11,18. This is represented by a negative deformation
potential (a, 0), defined as

a ¼
@Eg

@ðlnVÞ

where Eg is the bandgap of the semiconductor and @(lnV) is the
fractional volume change. The conduction band shifts to a much
larger degree than the valence band11,19, and therefore the compressive
deformation of CdTe (aCdTe ¼ 23.70 eV) induced by shell growth
increases the energy of the conduction band. At the same time, the
shell material (aZnSe ¼ 24.99 eV) is under tensile strain, resulting in
a decrease in its conduction band energy. These two strain effects
work in a concerted fashion (that is, double straining) to alter the
energy band offsets, converting standard type-I QDs into type-II
heterostructures, resulting in a spatial separation of the electrons and
holes. As the shell grows in thickness, the core conduction band
energy rises due to increased compressive strain from the shell, while
the shell’s conduction band energy decreases due to a reduction
in quantum confinement (see Supplementary Information, Fig. S1).

Properties of strain-tuned nanocrystals
With increasing epitaxial shell growth of ZnSe on CdTe, the optical
absorption and fluorescence emission spectra are dramatically
shifted towards longer wavelengths (lower energies) (Fig. 2a).
Small spectral changes are also observed in type-I QDs when a
finite potential well of the shell allows tunnelling of the electron
and hole between the core and the shell6,20. In the case of
(CdTe)ZnSe, however, additional shell growth continues to shift
the absorption band-edge and the emission maximum, beyond
the band-edge energy of bulk CdTe (1.50 eV) and ZnSe (2.82 eV)
(see Fig. 2a). Several lines of evidence suggest that this redshift is
due to a transformation to type-II band alignment: (i) a gradual
reduction of distinct optical absorption features; (ii) a decrease in
the band-edge oscillator strength, and (iii) a significant increase in
excited state lifetimes (Fig. 2d). These changes are caused by
spatial separation of holes into the core and electrons into the
shell, resulting in a decrease in the electron–hole overlap integral.
As reported by Kim and colleagues21, colloidal type-II quantum
dots such as (CdTe)CdSe can achieve charge carrier separation
through the selection of specific materials with staggered band

offsets for the core and shell. Type-II band alignments allow
spatially indirect recombination at energies lower than the bulk
bandgap energies of either of the individual semiconductors.

The largest spectral shifts are observed with very small cores,
such as 1.8-nm CdTe, allowing tuning from the green to the near-
infrared spectra. In contrast, larger CdTe cores cannot be effectively
compressed through epitaxy, and their emission spectra are much
less tuneable by lattice strain. The strain-tuneable spectral ranges
are shown in Fig. 2c for differently sized CdTe cores. It is remarkable
that QDs with small cores can be tuned to emit beyond the spectral
ranges of large dots, at both the blue and red sides of the emission
spectra. This novel phenomenon has not been observed for other
types of quantum dots and cannot be explained by conventional
factors (see Supplementary Information, Discussion). Depending
on the core size and shell thickness, these QDs can be tuned to
emit between 500 and 1,050 nm with a quantum efficiency
between 25 and 60%. The fluorescence peak width is consistently
between 40 and 90 nm ( full-width at half-maximum, FWHM) in
the near infrared (700–900 nm), a ‘clear window’ well suited for
biomedical imaging applications.

An interesting finding is that the strain-induced spectral changes
are gradual and do not exhibit an abrupt transformation as might be
expected for a switch from type-I to type-II. For core sizes less than 4
nm in diameter, our data indicate that the transition to type-II beha-
viour is ‘complete’ after capping with 2–3 monolayers (ML) of shell
material, as defined by the complete disappearance of the first
exciton absorption peak. Between 0 and 2–3ML, however, the
behaviour of these QDs lies between type-I and type-II, a regime
that has been dubbed ‘quasi-type-II’ in the literature22. Here, one
of the charge carriers is strongly confined to one region of the nano-
crystal (in our case, the hole is confined to the core), whereas the
other charge carrier (the electron) is only weakly confined, being
largely delocalized across the entire nanocrystal.

Strain in multilayered structures
To further understand the separation of electrons and holes in these
strained nanostructures, we have carried out systematic capping
experiments in which interim shell layers are used to provide specific
energy barriers to either the hole or the electron (Fig. 3). Capping
CdTe with a CdSe shell is known to generate type-II QDs with the
electron located in the shell, due to the lower conduction band
energy level of CdSe compared to CdTe. In contrast, capping CdTe
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Figure 1 | Schematic of band energy changes in quantum dots induced by lattice strain. a, Lattice strain of ordinary and strained (CdTe)ZnSe nanocrystals.
b, Valence and conduction band energy levels for the corresponding structures in a. The wavy arrows and their colours indicate band-edge fluorescence
emission and their approximate wavelengths. The horizontal band lengths correspond to the thicknesses of the core and the shell. Relaxed nanostructures
form standard type-I heterojunctions but are converted to type-II behaviour when the core is ‘squeezed’ and the shell is ‘stretched’ by the strain from
heteroepitaxial growth. The impact of strain is calculated using the model-solid theory and a continuum elasticity model (see Methods).
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effect that has been experimentally observed and theoretically
predicted10,11,18. This is represented by a negative deformation
potential (a, 0), defined as

a ¼
@Eg

@ðlnVÞ

where Eg is the bandgap of the semiconductor and @(lnV) is the
fractional volume change. The conduction band shifts to a much
larger degree than the valence band11,19, and therefore the compressive
deformation of CdTe (aCdTe ¼ 23.70 eV) induced by shell growth
increases the energy of the conduction band. At the same time, the
shell material (aZnSe ¼ 24.99 eV) is under tensile strain, resulting in
a decrease in its conduction band energy. These two strain effects
work in a concerted fashion (that is, double straining) to alter the
energy band offsets, converting standard type-I QDs into type-II
heterostructures, resulting in a spatial separation of the electrons and
holes. As the shell grows in thickness, the core conduction band
energy rises due to increased compressive strain from the shell, while
the shell’s conduction band energy decreases due to a reduction
in quantum confinement (see Supplementary Information, Fig. S1).

Properties of strain-tuned nanocrystals
With increasing epitaxial shell growth of ZnSe on CdTe, the optical
absorption and fluorescence emission spectra are dramatically
shifted towards longer wavelengths (lower energies) (Fig. 2a).
Small spectral changes are also observed in type-I QDs when a
finite potential well of the shell allows tunnelling of the electron
and hole between the core and the shell6,20. In the case of
(CdTe)ZnSe, however, additional shell growth continues to shift
the absorption band-edge and the emission maximum, beyond
the band-edge energy of bulk CdTe (1.50 eV) and ZnSe (2.82 eV)
(see Fig. 2a). Several lines of evidence suggest that this redshift is
due to a transformation to type-II band alignment: (i) a gradual
reduction of distinct optical absorption features; (ii) a decrease in
the band-edge oscillator strength, and (iii) a significant increase in
excited state lifetimes (Fig. 2d). These changes are caused by
spatial separation of holes into the core and electrons into the
shell, resulting in a decrease in the electron–hole overlap integral.
As reported by Kim and colleagues21, colloidal type-II quantum
dots such as (CdTe)CdSe can achieve charge carrier separation
through the selection of specific materials with staggered band

offsets for the core and shell. Type-II band alignments allow
spatially indirect recombination at energies lower than the bulk
bandgap energies of either of the individual semiconductors.

The largest spectral shifts are observed with very small cores,
such as 1.8-nm CdTe, allowing tuning from the green to the near-
infrared spectra. In contrast, larger CdTe cores cannot be effectively
compressed through epitaxy, and their emission spectra are much
less tuneable by lattice strain. The strain-tuneable spectral ranges
are shown in Fig. 2c for differently sized CdTe cores. It is remarkable
that QDs with small cores can be tuned to emit beyond the spectral
ranges of large dots, at both the blue and red sides of the emission
spectra. This novel phenomenon has not been observed for other
types of quantum dots and cannot be explained by conventional
factors (see Supplementary Information, Discussion). Depending
on the core size and shell thickness, these QDs can be tuned to
emit between 500 and 1,050 nm with a quantum efficiency
between 25 and 60%. The fluorescence peak width is consistently
between 40 and 90 nm ( full-width at half-maximum, FWHM) in
the near infrared (700–900 nm), a ‘clear window’ well suited for
biomedical imaging applications.

An interesting finding is that the strain-induced spectral changes
are gradual and do not exhibit an abrupt transformation as might be
expected for a switch from type-I to type-II. For core sizes less than 4
nm in diameter, our data indicate that the transition to type-II beha-
viour is ‘complete’ after capping with 2–3 monolayers (ML) of shell
material, as defined by the complete disappearance of the first
exciton absorption peak. Between 0 and 2–3ML, however, the
behaviour of these QDs lies between type-I and type-II, a regime
that has been dubbed ‘quasi-type-II’ in the literature22. Here, one
of the charge carriers is strongly confined to one region of the nano-
crystal (in our case, the hole is confined to the core), whereas the
other charge carrier (the electron) is only weakly confined, being
largely delocalized across the entire nanocrystal.

Strain in multilayered structures
To further understand the separation of electrons and holes in these
strained nanostructures, we have carried out systematic capping
experiments in which interim shell layers are used to provide specific
energy barriers to either the hole or the electron (Fig. 3). Capping
CdTe with a CdSe shell is known to generate type-II QDs with the
electron located in the shell, due to the lower conduction band
energy level of CdSe compared to CdTe. In contrast, capping CdTe
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Figure 1 | Schematic of band energy changes in quantum dots induced by lattice strain. a, Lattice strain of ordinary and strained (CdTe)ZnSe nanocrystals.
b, Valence and conduction band energy levels for the corresponding structures in a. The wavy arrows and their colours indicate band-edge fluorescence
emission and their approximate wavelengths. The horizontal band lengths correspond to the thicknesses of the core and the shell. Relaxed nanostructures
form standard type-I heterojunctions but are converted to type-II behaviour when the core is ‘squeezed’ and the shell is ‘stretched’ by the strain from
heteroepitaxial growth. The impact of strain is calculated using the model-solid theory and a continuum elasticity model (see Methods).
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Semiconductor nanocrystal quantum dots (NQDs) are considered
near-ideal fluorophores based on their unique particle-size-tunable
optical properties—efficient broadband absorption and narrow-band
emission. Further, compared to alternative fluorophores, such as
organic dyes, NQDs are characterized by significantly enhanced
photostabilility.1 Despite these enabling characteristics, NQD optical
properties are frustratingly sensitive to their surface chemistry and
chemical environment. The coordinating organic ligands used to
passivate the NQD surface during growth are retained following
preparation and are strong contributors to such bulk NQD optical
properties as quantum yields (QYs) in emission. Unfortunately,
ligands are labile and can become uncoordinated from the NQD
surface, and as organic molecules, they can be damaged by
exposure to the light sources used for NQD photoexcitation. Ligand
loss through physical separation or photochemistry results in
uncontrolled changes in QYs and, in the case of irreversible and
complete loss, in permanent “darkening” or photobleaching.

In addition, NQDs are characterized by significant “blinking”
(fluorescence intermittency) at the single NQD level.2 While a
precise mechanism has yet to be universally accepted, blinking is
generally considered to arise from an NQD charging process in
which an electron (or a hole) is temporarily lost to the surrounding
matrix (Auger ejection or charge tunneling) or captured to surface-
related trap states.2–4 NQD emission turns “off” when the NQD is
charged and turns “on” again when NQD charge neutrality is
regained. Blinking is unacceptable for such potential NQD ap-
plications as single-photon light sources for quantum informatics
and biolabels for real-time monitoring of single biomolecules.

Here, we report for the first time that these key optical
properties—QY, photobleaching, and blinking—can be rendered
independent of NQD surface chemistry and chemical environment
by growth of a very thick inorganic shell. It is known that addition
of an inorganic shell of a higher bandgap semiconductor material
(e.g., ZnS onto CdSe) can generally enhance QYs and improve
stability.5–7 However, the optical properties of standard core/shell
and core/multishell NQDs remain susceptible to ligand loss,
changes in ligand identity through ligand-exchange reactions, and/
or ligand concentration.8,9 Further, others have previously reported
theuseofso-called“antiblinkingreagents”10tosuppressblinking.11–13

Such reagents likely serve as charge mediators or charge
compensators.8,10,12,13 In contrast, our approach is to fully isolate
the wave function of the NQD core from the NQD surface and
surface environment. In this way, we create a fundamentally unique
NQD that is structurally more akin to physically grown epitaxial
QDs, for which optical properties are stable and blinking is not
observed.14

Starting with 3–4 nm NQD CdSe cores (Figure 1a), we grew
the particles to a size of 15–20 nm (Figure 1b,c) by sequentially
applying monolayers of inorganic shells. The shell layers of CdS,
ZnS, or CdxZnyS alloys were grown onto CdSe cores using

modified literature procedures based on a successive ion layer
absorption and reaction (SILAR) method.9,15 The growth of
nominally 18–19 monolayers of shell material (calculated based
on the amount of shell precursor added) was conducted over a
period of 5 days with reasonable control over size dispersity (Figure
1b,c) and retention of a regular, faceted particle shape (see
Supporting Information Figure S-1). The shell is either single-
component—CdSe/19CdS NQDs (Figure 1b; 15.5 ( 3.1 nm)—or
multicomponent—CdSe/11CdS-6CdxZnyS-2ZnS (Figure 1c; 18.3
( 2.9 nm), where the six layers of alloyed shell material (6CdxZnyS)
are successively richer in Zn (from nominally 0.13 to 0.80 atomic
% Zn).

These “giant” NQDs (g-NQDs) are characterized by photolu-
minescence (PL) spectra that are shifted to longer wavelengths
(lower energies) compared to the original NQD cores (for example,
Figure 1e; PL maximum is 638 nm), and no emission from the
shell is observed. Such extensive “red shifting” is also known for
standard multishell NQDs9 and indicates extension of the NQD
core wave function into the shell region, which increases the
effective size of the core and reduces the quantum confinement
felt by the semiconductor wave function. In contrast to PL, g-NQD
absorption spectra are dominated by the shell material. This is not
unexpected as, at these sizes, the shell:core volume ratio is
approximately 100:1. In the example shown here (Figure 1e), the
shell is made up of nominally 19 monolayers of CdS, and the
principal absorption onset of this g-NQD is at ∼500 nm, reflective
of the CdS bulk bandgap. However, a separate absorption feature

Figure 1. Transmission electron microscopy (TEM) images for (a) CdSe
NQD cores, (b) CdSe/19CdS g-NQDs, and (c) CdSe/11CdS-6CdxZnyS-2ZnS
g-NQDs. (d) Absorption (dark blue) and PL (light blue) spectra for CdSe
NQD cores. (e) Absorption (dark red) and PL (light red) spectra for CdSe/
19CdS g-NQDs (inset: absorption spectrum expanded to show contribution
from core). (f) Normalized PL compared for growth solution and first
precipitation/redissolution for CdSe/11CdS-6CdxZnyS-2ZnS and CdSe/
19CdS g-NQDs (red), CdSe/2CdS-2ZnS and CdSe/2CdS-3CdxZnyS-2ZnS
NQDs (green), and CdSe core NQDs (blue). Dashed line indicates no
change.
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Semiconductor nanocrystal quantum dots (NQDs) are considered
near-ideal fluorophores based on their unique particle-size-tunable
optical properties—efficient broadband absorption and narrow-band
emission. Further, compared to alternative fluorophores, such as
organic dyes, NQDs are characterized by significantly enhanced
photostabilility.1 Despite these enabling characteristics, NQD optical
properties are frustratingly sensitive to their surface chemistry and
chemical environment. The coordinating organic ligands used to
passivate the NQD surface during growth are retained following
preparation and are strong contributors to such bulk NQD optical
properties as quantum yields (QYs) in emission. Unfortunately,
ligands are labile and can become uncoordinated from the NQD
surface, and as organic molecules, they can be damaged by
exposure to the light sources used for NQD photoexcitation. Ligand
loss through physical separation or photochemistry results in
uncontrolled changes in QYs and, in the case of irreversible and
complete loss, in permanent “darkening” or photobleaching.

In addition, NQDs are characterized by significant “blinking”
(fluorescence intermittency) at the single NQD level.2 While a
precise mechanism has yet to be universally accepted, blinking is
generally considered to arise from an NQD charging process in
which an electron (or a hole) is temporarily lost to the surrounding
matrix (Auger ejection or charge tunneling) or captured to surface-
related trap states.2–4 NQD emission turns “off” when the NQD is
charged and turns “on” again when NQD charge neutrality is
regained. Blinking is unacceptable for such potential NQD ap-
plications as single-photon light sources for quantum informatics
and biolabels for real-time monitoring of single biomolecules.

Here, we report for the first time that these key optical
properties—QY, photobleaching, and blinking—can be rendered
independent of NQD surface chemistry and chemical environment
by growth of a very thick inorganic shell. It is known that addition
of an inorganic shell of a higher bandgap semiconductor material
(e.g., ZnS onto CdSe) can generally enhance QYs and improve
stability.5–7 However, the optical properties of standard core/shell
and core/multishell NQDs remain susceptible to ligand loss,
changes in ligand identity through ligand-exchange reactions, and/
or ligand concentration.8,9 Further, others have previously reported
theuseofso-called“antiblinkingreagents”10tosuppressblinking.11–13

Such reagents likely serve as charge mediators or charge
compensators.8,10,12,13 In contrast, our approach is to fully isolate
the wave function of the NQD core from the NQD surface and
surface environment. In this way, we create a fundamentally unique
NQD that is structurally more akin to physically grown epitaxial
QDs, for which optical properties are stable and blinking is not
observed.14

Starting with 3–4 nm NQD CdSe cores (Figure 1a), we grew
the particles to a size of 15–20 nm (Figure 1b,c) by sequentially
applying monolayers of inorganic shells. The shell layers of CdS,
ZnS, or CdxZnyS alloys were grown onto CdSe cores using

modified literature procedures based on a successive ion layer
absorption and reaction (SILAR) method.9,15 The growth of
nominally 18–19 monolayers of shell material (calculated based
on the amount of shell precursor added) was conducted over a
period of 5 days with reasonable control over size dispersity (Figure
1b,c) and retention of a regular, faceted particle shape (see
Supporting Information Figure S-1). The shell is either single-
component—CdSe/19CdS NQDs (Figure 1b; 15.5 ( 3.1 nm)—or
multicomponent—CdSe/11CdS-6CdxZnyS-2ZnS (Figure 1c; 18.3
( 2.9 nm), where the six layers of alloyed shell material (6CdxZnyS)
are successively richer in Zn (from nominally 0.13 to 0.80 atomic
% Zn).

These “giant” NQDs (g-NQDs) are characterized by photolu-
minescence (PL) spectra that are shifted to longer wavelengths
(lower energies) compared to the original NQD cores (for example,
Figure 1e; PL maximum is 638 nm), and no emission from the
shell is observed. Such extensive “red shifting” is also known for
standard multishell NQDs9 and indicates extension of the NQD
core wave function into the shell region, which increases the
effective size of the core and reduces the quantum confinement
felt by the semiconductor wave function. In contrast to PL, g-NQD
absorption spectra are dominated by the shell material. This is not
unexpected as, at these sizes, the shell:core volume ratio is
approximately 100:1. In the example shown here (Figure 1e), the
shell is made up of nominally 19 monolayers of CdS, and the
principal absorption onset of this g-NQD is at ∼500 nm, reflective
of the CdS bulk bandgap. However, a separate absorption feature

Figure 1. Transmission electron microscopy (TEM) images for (a) CdSe
NQD cores, (b) CdSe/19CdS g-NQDs, and (c) CdSe/11CdS-6CdxZnyS-2ZnS
g-NQDs. (d) Absorption (dark blue) and PL (light blue) spectra for CdSe
NQD cores. (e) Absorption (dark red) and PL (light red) spectra for CdSe/
19CdS g-NQDs (inset: absorption spectrum expanded to show contribution
from core). (f) Normalized PL compared for growth solution and first
precipitation/redissolution for CdSe/11CdS-6CdxZnyS-2ZnS and CdSe/
19CdS g-NQDs (red), CdSe/2CdS-2ZnS and CdSe/2CdS-3CdxZnyS-2ZnS
NQDs (green), and CdSe core NQDs (blue). Dashed line indicates no
change.
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Semiconductor nanocrystal quantum dots (NQDs) are considered
near-ideal fluorophores based on their unique particle-size-tunable
optical properties—efficient broadband absorption and narrow-band
emission. Further, compared to alternative fluorophores, such as
organic dyes, NQDs are characterized by significantly enhanced
photostabilility.1 Despite these enabling characteristics, NQD optical
properties are frustratingly sensitive to their surface chemistry and
chemical environment. The coordinating organic ligands used to
passivate the NQD surface during growth are retained following
preparation and are strong contributors to such bulk NQD optical
properties as quantum yields (QYs) in emission. Unfortunately,
ligands are labile and can become uncoordinated from the NQD
surface, and as organic molecules, they can be damaged by
exposure to the light sources used for NQD photoexcitation. Ligand
loss through physical separation or photochemistry results in
uncontrolled changes in QYs and, in the case of irreversible and
complete loss, in permanent “darkening” or photobleaching.

In addition, NQDs are characterized by significant “blinking”
(fluorescence intermittency) at the single NQD level.2 While a
precise mechanism has yet to be universally accepted, blinking is
generally considered to arise from an NQD charging process in
which an electron (or a hole) is temporarily lost to the surrounding
matrix (Auger ejection or charge tunneling) or captured to surface-
related trap states.2–4 NQD emission turns “off” when the NQD is
charged and turns “on” again when NQD charge neutrality is
regained. Blinking is unacceptable for such potential NQD ap-
plications as single-photon light sources for quantum informatics
and biolabels for real-time monitoring of single biomolecules.

Here, we report for the first time that these key optical
properties—QY, photobleaching, and blinking—can be rendered
independent of NQD surface chemistry and chemical environment
by growth of a very thick inorganic shell. It is known that addition
of an inorganic shell of a higher bandgap semiconductor material
(e.g., ZnS onto CdSe) can generally enhance QYs and improve
stability.5–7 However, the optical properties of standard core/shell
and core/multishell NQDs remain susceptible to ligand loss,
changes in ligand identity through ligand-exchange reactions, and/
or ligand concentration.8,9 Further, others have previously reported
theuseofso-called“antiblinkingreagents”10tosuppressblinking.11–13

Such reagents likely serve as charge mediators or charge
compensators.8,10,12,13 In contrast, our approach is to fully isolate
the wave function of the NQD core from the NQD surface and
surface environment. In this way, we create a fundamentally unique
NQD that is structurally more akin to physically grown epitaxial
QDs, for which optical properties are stable and blinking is not
observed.14

Starting with 3–4 nm NQD CdSe cores (Figure 1a), we grew
the particles to a size of 15–20 nm (Figure 1b,c) by sequentially
applying monolayers of inorganic shells. The shell layers of CdS,
ZnS, or CdxZnyS alloys were grown onto CdSe cores using

modified literature procedures based on a successive ion layer
absorption and reaction (SILAR) method.9,15 The growth of
nominally 18–19 monolayers of shell material (calculated based
on the amount of shell precursor added) was conducted over a
period of 5 days with reasonable control over size dispersity (Figure
1b,c) and retention of a regular, faceted particle shape (see
Supporting Information Figure S-1). The shell is either single-
component—CdSe/19CdS NQDs (Figure 1b; 15.5 ( 3.1 nm)—or
multicomponent—CdSe/11CdS-6CdxZnyS-2ZnS (Figure 1c; 18.3
( 2.9 nm), where the six layers of alloyed shell material (6CdxZnyS)
are successively richer in Zn (from nominally 0.13 to 0.80 atomic
% Zn).

These “giant” NQDs (g-NQDs) are characterized by photolu-
minescence (PL) spectra that are shifted to longer wavelengths
(lower energies) compared to the original NQD cores (for example,
Figure 1e; PL maximum is 638 nm), and no emission from the
shell is observed. Such extensive “red shifting” is also known for
standard multishell NQDs9 and indicates extension of the NQD
core wave function into the shell region, which increases the
effective size of the core and reduces the quantum confinement
felt by the semiconductor wave function. In contrast to PL, g-NQD
absorption spectra are dominated by the shell material. This is not
unexpected as, at these sizes, the shell:core volume ratio is
approximately 100:1. In the example shown here (Figure 1e), the
shell is made up of nominally 19 monolayers of CdS, and the
principal absorption onset of this g-NQD is at ∼500 nm, reflective
of the CdS bulk bandgap. However, a separate absorption feature

Figure 1. Transmission electron microscopy (TEM) images for (a) CdSe
NQD cores, (b) CdSe/19CdS g-NQDs, and (c) CdSe/11CdS-6CdxZnyS-2ZnS
g-NQDs. (d) Absorption (dark blue) and PL (light blue) spectra for CdSe
NQD cores. (e) Absorption (dark red) and PL (light red) spectra for CdSe/
19CdS g-NQDs (inset: absorption spectrum expanded to show contribution
from core). (f) Normalized PL compared for growth solution and first
precipitation/redissolution for CdSe/11CdS-6CdxZnyS-2ZnS and CdSe/
19CdS g-NQDs (red), CdSe/2CdS-2ZnS and CdSe/2CdS-3CdxZnyS-2ZnS
NQDs (green), and CdSe core NQDs (blue). Dashed line indicates no
change.
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Semiconductor nanocrystal quantum dots (NQDs) are considered
near-ideal fluorophores based on their unique particle-size-tunable
optical properties—efficient broadband absorption and narrow-band
emission. Further, compared to alternative fluorophores, such as
organic dyes, NQDs are characterized by significantly enhanced
photostabilility.1 Despite these enabling characteristics, NQD optical
properties are frustratingly sensitive to their surface chemistry and
chemical environment. The coordinating organic ligands used to
passivate the NQD surface during growth are retained following
preparation and are strong contributors to such bulk NQD optical
properties as quantum yields (QYs) in emission. Unfortunately,
ligands are labile and can become uncoordinated from the NQD
surface, and as organic molecules, they can be damaged by
exposure to the light sources used for NQD photoexcitation. Ligand
loss through physical separation or photochemistry results in
uncontrolled changes in QYs and, in the case of irreversible and
complete loss, in permanent “darkening” or photobleaching.

In addition, NQDs are characterized by significant “blinking”
(fluorescence intermittency) at the single NQD level.2 While a
precise mechanism has yet to be universally accepted, blinking is
generally considered to arise from an NQD charging process in
which an electron (or a hole) is temporarily lost to the surrounding
matrix (Auger ejection or charge tunneling) or captured to surface-
related trap states.2–4 NQD emission turns “off” when the NQD is
charged and turns “on” again when NQD charge neutrality is
regained. Blinking is unacceptable for such potential NQD ap-
plications as single-photon light sources for quantum informatics
and biolabels for real-time monitoring of single biomolecules.

Here, we report for the first time that these key optical
properties—QY, photobleaching, and blinking—can be rendered
independent of NQD surface chemistry and chemical environment
by growth of a very thick inorganic shell. It is known that addition
of an inorganic shell of a higher bandgap semiconductor material
(e.g., ZnS onto CdSe) can generally enhance QYs and improve
stability.5–7 However, the optical properties of standard core/shell
and core/multishell NQDs remain susceptible to ligand loss,
changes in ligand identity through ligand-exchange reactions, and/
or ligand concentration.8,9 Further, others have previously reported
theuseofso-called“antiblinkingreagents”10tosuppressblinking.11–13

Such reagents likely serve as charge mediators or charge
compensators.8,10,12,13 In contrast, our approach is to fully isolate
the wave function of the NQD core from the NQD surface and
surface environment. In this way, we create a fundamentally unique
NQD that is structurally more akin to physically grown epitaxial
QDs, for which optical properties are stable and blinking is not
observed.14

Starting with 3–4 nm NQD CdSe cores (Figure 1a), we grew
the particles to a size of 15–20 nm (Figure 1b,c) by sequentially
applying monolayers of inorganic shells. The shell layers of CdS,
ZnS, or CdxZnyS alloys were grown onto CdSe cores using

modified literature procedures based on a successive ion layer
absorption and reaction (SILAR) method.9,15 The growth of
nominally 18–19 monolayers of shell material (calculated based
on the amount of shell precursor added) was conducted over a
period of 5 days with reasonable control over size dispersity (Figure
1b,c) and retention of a regular, faceted particle shape (see
Supporting Information Figure S-1). The shell is either single-
component—CdSe/19CdS NQDs (Figure 1b; 15.5 ( 3.1 nm)—or
multicomponent—CdSe/11CdS-6CdxZnyS-2ZnS (Figure 1c; 18.3
( 2.9 nm), where the six layers of alloyed shell material (6CdxZnyS)
are successively richer in Zn (from nominally 0.13 to 0.80 atomic
% Zn).

These “giant” NQDs (g-NQDs) are characterized by photolu-
minescence (PL) spectra that are shifted to longer wavelengths
(lower energies) compared to the original NQD cores (for example,
Figure 1e; PL maximum is 638 nm), and no emission from the
shell is observed. Such extensive “red shifting” is also known for
standard multishell NQDs9 and indicates extension of the NQD
core wave function into the shell region, which increases the
effective size of the core and reduces the quantum confinement
felt by the semiconductor wave function. In contrast to PL, g-NQD
absorption spectra are dominated by the shell material. This is not
unexpected as, at these sizes, the shell:core volume ratio is
approximately 100:1. In the example shown here (Figure 1e), the
shell is made up of nominally 19 monolayers of CdS, and the
principal absorption onset of this g-NQD is at ∼500 nm, reflective
of the CdS bulk bandgap. However, a separate absorption feature

Figure 1. Transmission electron microscopy (TEM) images for (a) CdSe
NQD cores, (b) CdSe/19CdS g-NQDs, and (c) CdSe/11CdS-6CdxZnyS-2ZnS
g-NQDs. (d) Absorption (dark blue) and PL (light blue) spectra for CdSe
NQD cores. (e) Absorption (dark red) and PL (light red) spectra for CdSe/
19CdS g-NQDs (inset: absorption spectrum expanded to show contribution
from core). (f) Normalized PL compared for growth solution and first
precipitation/redissolution for CdSe/11CdS-6CdxZnyS-2ZnS and CdSe/
19CdS g-NQDs (red), CdSe/2CdS-2ZnS and CdSe/2CdS-3CdxZnyS-2ZnS
NQDs (green), and CdSe core NQDs (blue). Dashed line indicates no
change.
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control, and heterostructure growthagreement with previous studies, the (102) and (103)
reflections in the XRD patterns of w-CdSe are attenuated
because of the presence of stacking faults along the (002)
direction, a typical phenomenon in wurtzite II-VI nano-
crystals.1 For additional verification of our structural assign-
ment, we synthesized ∼15 nm diameter zb-CdSe nanocrys-
tals by additional injections of Cd and Se precursors at 240
°C. The XRD pattern of these large CdSe nanocrystals shows
narrow diffraction peaks matching all bulk zb-CdSe reflec-
tions. Large CdSe nanocrystals grown at 300 °C in the
presence of HDA, TOPO, and TOP show well-resolved
reflections of w-CdSe phase.13

We injected w-CdSe and zb-CdSe nanocrystals into the
reaction mixture containing TOPO, TOP, n-octadecylphos-
phonic acid (ODPA), n-propylphosphonic acid (PPA), a
Cd-ODPA complex and trioctylphosphine sulfide (TOPS)
in concentrations optimized for synthesis of high-quality
wurtzite-phase CdS (further referred to as “w-CdS”) nanorods
with long (001) axes (Supporting Information, Figure S1).24
Low reactivity of the sulfur precursor determines very slow
nucleation and growth of the CdS phase even at high reaction
temperatures (320 °C). Typically, the nucleation of CdS
nanorods starts 2-4 min after the injection of TOPS into
the hot reaction mixture due to the high activation barrier
for homogeneous nucleation of the CdS phase under these
experimental conditions. A solution of CdSe seeds in TOP
can be added to the reaction mixture either together with
TOPS or 30-60 s later, that is, during the induction period.
CdS easily nucleates at the surface of CdSe seeds.11,17 We
found that the structure of the CdSe seeds determined the
morphology of CdSe/CdS nanoheterostructures. w-CdSe
nanocrystals seeded the formation of CdSe/CdS nanorods
(Figure 2a-c) whereas zb-CdSe seeds initiated growth of
CdSe/CdS nanotetrapods (Figure 2d-f). XRD patterns of
CdSe/CdS nanorods and nanotetrapods show that CdS prefers
growing in the wurtzite phase both from w-CdSe and zb-
CdS seeds (Supporting Information, Figure S2). The phos-
phonic acids present in the reaction mixture selectively bind
to the {100} type facets of w-CdS and w-CdSe,25 slowing
the nanocrystal growth along these directions and forcing
w-CdS to grow along the c-axis. The w-CdS phase will
primarily nucleate on “polar” {001} and {001h} facets of
w-CdSe seeds, which are structurally identical to fast growing
{001} and {001h} facets of w-CdS.17 The small mismatch in
lattice constants of CdSe and CdS (∼3.8% for the {001}
planes) is favorable for the epitaxial relation between the
CdSe and CdS parts of the nanostructure, observed in
high-resolution transmission electron microscopy (HRTEM)
images (Figure 3a). Analytical scanning electron transmission
microscopy (STEM) studies confirmed the presence of CdSe
seeds inside CdSe/CdS nanorods. The seed was always
shifted toward one end of the nanorod (Figure 3b,c) due to
the higher reactivity and faster growth of the {001h} facet
compared to the {001} facet.26 In long nanorods, we often
observed an increase in diameter around the CdSe cores
(Figure 2b,c), which enables us to compare growth rates for
the {001} and {001h} planes. The distribution of relative facet
growth rates within an ensemble of growing nanorods was

rather narrow and on the order of 10%. Typically, the {001h}
plane of CdS grew 2-3.5 times faster than the {001} plane.
Tailoring the reaction conditions (concentration of w-CdSe
seeds, growth time and concentration of sulfur precursor)
allowed tuning the length of CdSe/CdS nanorods from 10
to ∼63 nm, approaching an aspect ratio of ∼13. The
narrowest length and diameter distributions of the nanorods
were observed at injection and growth temperatures of 340
and 320 °C, respectively. The narrow size distribution of
the CdSe/CdS nanorods facilitated their self-assembly into
superstructures with nematic and smectic ordering (Figure
4a and Supporting Information, Figure S3) as well as long-
range ordered superlattices (Figure 4b,c). Addition of small
amounts of HDA to a solution of CdSe/CdS nanorods in
toluene assisted the growth of large superlattice domains with
simple-hexagonal packing of nanorods oriented perpendicular
to the substrate (Figure 4b,c and Supporting Information,
Figure S3). Simple hexagonal packing can be stabilized by
dipole-dipole interactions between the superlattice building
blocks.27

Analytical STEM studies confirmed the presence of CdSe
cores at the branch point of the nanotetrapods grown from
zb-CdSe nanocrystals (Figure 5 and Supporting Information,

Figure 2. (a-c) TEM images of CdSe/CdS nanorods with different
aspect ratios, all grown from 4.4 nm w-CdSe seeds. (d-f) TEM
images of CdSe/CdS nanotetrapods with different lengths of the
arms grown from 4.0 nm zb-CdSe seeds.

Nano Lett., Vol. 7, No. 10, 2007 2953
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confinement or “mixed dimensionality” where holes are
confined to CdSe while electrons can move freely between
CdSe and CdS phases, spreading over the entire nanostruc-
ture.11,17 Previously, we synthesized structures consisting of
a spherical CdSe nanocrystal connected to a CdS nanorod.17
In this structure, hole is three-dimensionally confined,
whereas electron is confined only in two dimensions.
Previously synthesized CdSe/CdS nanorods exhibited excel-
lent luminescent properties with room-temperature photo-
luminescence quantum efficiencies (PL QE) above 50% and
linearly polarized emission. The CdS nanorod can behave
as an efficient antenna, absorbing light and funneling the
excited carriers into the CdSe core where they radiatively
recombine.17 The very large absorption cross-sections of
CdSe/CdS nanorods have been utilized in single-particle
luminescence studies18-21 and LEDs with polarized emis-
sion.22 In addition, CdSe/CdS nanostructures exhibit novel
properties originating from the concept of “mixed dimen-
sionality”: universal correlation between the spectral line
width and the position of the excitonic transition in the single
particle spectral jitter,18,19 giant Stark effect,20,21 the possibility
of manipulating radiative lifetimes by applying an external
electric field (exciton storage),23 etc. Development of CdSe/
CdS heterostructures with different morphologies will pro-
vide new possibilities for wave function engineering and
tailoring optical and optoelectronic properties of semicon-
ductor nanostructures.
We synthesized zb-CdSe nanocrystals via a slightly

modified recipe of Cao et al. by reacting cadmium myristate
with elemental selenium dissolved in 1-octadecene.15
zb-CdSe nanocrystals nucleated at 170 °C and grew at 240
°C in the presence of oleic acid and oleylamine as the

capping ligands. The size of zb-CdSe nanocrystal seeds can
be tuned by varying the duration of nanocrystal growth at
240 °C. w-CdSe nanocrystals capped with HDA, TOPO,
TOP, and a small amount of n-octyl- or n-tetradecylphos-
phonic acid have been synthesized as described in ref 13.
The detailed synthetic recipes are given in the Experimental
Details Section. Both approaches provide nearly spherical
CdSe nanocrystals with size distribution below 10% and
sharp excitonic features in the absorption spectra (Figure
1a,b). Both w-CdSe and zb-CdSe nanocrystals form stable
colloidal solutions in nonpolar solvents like hexane, toluene,
and TOP and show narrow PL bands associated with the
recombination of photoexcited carriers from 1Sh and 1Se
quantum-confined states. The PL QE of both w-CdSe and
zb-CdSe nanocrystals strongly depends on passivation of the
nanocrystal surface with organic ligands, varying between
∼3 and ∼30% depending on sample history, for example,
the number of precipitation-redissolution steps applied to
purify the nanocrystals from crude solution.
Powder X-ray diffraction patterns of w-CdSe and zb-CdSe

nanocrystals are shown in Figure 1c,d. The diffraction pattern
of w-CdSe nanocrystals shows (102) and (103) reflections
at 35.1° and 45.8° 2Θ angles, respectively, characteristic of
the wurtzite phase. XRD patterns of zb-CdSe nanocrystals
do not show these reflections. Instead, zb-CdSe nanocrystals
exhibit a peak at 60.9°, which is the (400) reflection of zb-
CdSe phase (Figure 1d). The peak around 25° in the
diffraction pattern of w-CdSe nanocrystals is a convolution
of (100), (002) and (101) reflections and is, therefore, broader
than the (110) and (112) reflections at 42° and 49.7°, re-
spectively (Figure 1c). In case of zb-CdSe nanocrystals all
diffraction peaks showed similar broadening (Figure 1d). In

Figure 1. CdSe nanocrystals with wurtzite and zinc blende structures. (a) Absorption spectrum and TEM image of 4.4 nm CdSe nanocrystals
with wurtzite lattice. (b) Absorption spectrum and TEM image of 4.0 nm CdSe nanocrystals with zinc blende lattice. (c,d) Powder X-ray
(Cu KR radiation) diffraction patterns of CdSe nanocrystals with wurtzite and zinc blende structures, correspondingly.
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control, and heterostructure growthagreement with previous studies, the (102) and (103)
reflections in the XRD patterns of w-CdSe are attenuated
because of the presence of stacking faults along the (002)
direction, a typical phenomenon in wurtzite II-VI nano-
crystals.1 For additional verification of our structural assign-
ment, we synthesized ∼15 nm diameter zb-CdSe nanocrys-
tals by additional injections of Cd and Se precursors at 240
°C. The XRD pattern of these large CdSe nanocrystals shows
narrow diffraction peaks matching all bulk zb-CdSe reflec-
tions. Large CdSe nanocrystals grown at 300 °C in the
presence of HDA, TOPO, and TOP show well-resolved
reflections of w-CdSe phase.13

We injected w-CdSe and zb-CdSe nanocrystals into the
reaction mixture containing TOPO, TOP, n-octadecylphos-
phonic acid (ODPA), n-propylphosphonic acid (PPA), a
Cd-ODPA complex and trioctylphosphine sulfide (TOPS)
in concentrations optimized for synthesis of high-quality
wurtzite-phase CdS (further referred to as “w-CdS”) nanorods
with long (001) axes (Supporting Information, Figure S1).24
Low reactivity of the sulfur precursor determines very slow
nucleation and growth of the CdS phase even at high reaction
temperatures (320 °C). Typically, the nucleation of CdS
nanorods starts 2-4 min after the injection of TOPS into
the hot reaction mixture due to the high activation barrier
for homogeneous nucleation of the CdS phase under these
experimental conditions. A solution of CdSe seeds in TOP
can be added to the reaction mixture either together with
TOPS or 30-60 s later, that is, during the induction period.
CdS easily nucleates at the surface of CdSe seeds.11,17 We
found that the structure of the CdSe seeds determined the
morphology of CdSe/CdS nanoheterostructures. w-CdSe
nanocrystals seeded the formation of CdSe/CdS nanorods
(Figure 2a-c) whereas zb-CdSe seeds initiated growth of
CdSe/CdS nanotetrapods (Figure 2d-f). XRD patterns of
CdSe/CdS nanorods and nanotetrapods show that CdS prefers
growing in the wurtzite phase both from w-CdSe and zb-
CdS seeds (Supporting Information, Figure S2). The phos-
phonic acids present in the reaction mixture selectively bind
to the {100} type facets of w-CdS and w-CdSe,25 slowing
the nanocrystal growth along these directions and forcing
w-CdS to grow along the c-axis. The w-CdS phase will
primarily nucleate on “polar” {001} and {001h} facets of
w-CdSe seeds, which are structurally identical to fast growing
{001} and {001h} facets of w-CdS.17 The small mismatch in
lattice constants of CdSe and CdS (∼3.8% for the {001}
planes) is favorable for the epitaxial relation between the
CdSe and CdS parts of the nanostructure, observed in
high-resolution transmission electron microscopy (HRTEM)
images (Figure 3a). Analytical scanning electron transmission
microscopy (STEM) studies confirmed the presence of CdSe
seeds inside CdSe/CdS nanorods. The seed was always
shifted toward one end of the nanorod (Figure 3b,c) due to
the higher reactivity and faster growth of the {001h} facet
compared to the {001} facet.26 In long nanorods, we often
observed an increase in diameter around the CdSe cores
(Figure 2b,c), which enables us to compare growth rates for
the {001} and {001h} planes. The distribution of relative facet
growth rates within an ensemble of growing nanorods was

rather narrow and on the order of 10%. Typically, the {001h}
plane of CdS grew 2-3.5 times faster than the {001} plane.
Tailoring the reaction conditions (concentration of w-CdSe
seeds, growth time and concentration of sulfur precursor)
allowed tuning the length of CdSe/CdS nanorods from 10
to ∼63 nm, approaching an aspect ratio of ∼13. The
narrowest length and diameter distributions of the nanorods
were observed at injection and growth temperatures of 340
and 320 °C, respectively. The narrow size distribution of
the CdSe/CdS nanorods facilitated their self-assembly into
superstructures with nematic and smectic ordering (Figure
4a and Supporting Information, Figure S3) as well as long-
range ordered superlattices (Figure 4b,c). Addition of small
amounts of HDA to a solution of CdSe/CdS nanorods in
toluene assisted the growth of large superlattice domains with
simple-hexagonal packing of nanorods oriented perpendicular
to the substrate (Figure 4b,c and Supporting Information,
Figure S3). Simple hexagonal packing can be stabilized by
dipole-dipole interactions between the superlattice building
blocks.27

Analytical STEM studies confirmed the presence of CdSe
cores at the branch point of the nanotetrapods grown from
zb-CdSe nanocrystals (Figure 5 and Supporting Information,

Figure 2. (a-c) TEM images of CdSe/CdS nanorods with different
aspect ratios, all grown from 4.4 nm w-CdSe seeds. (d-f) TEM
images of CdSe/CdS nanotetrapods with different lengths of the
arms grown from 4.0 nm zb-CdSe seeds.
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confinement or “mixed dimensionality” where holes are
confined to CdSe while electrons can move freely between
CdSe and CdS phases, spreading over the entire nanostruc-
ture.11,17 Previously, we synthesized structures consisting of
a spherical CdSe nanocrystal connected to a CdS nanorod.17
In this structure, hole is three-dimensionally confined,
whereas electron is confined only in two dimensions.
Previously synthesized CdSe/CdS nanorods exhibited excel-
lent luminescent properties with room-temperature photo-
luminescence quantum efficiencies (PL QE) above 50% and
linearly polarized emission. The CdS nanorod can behave
as an efficient antenna, absorbing light and funneling the
excited carriers into the CdSe core where they radiatively
recombine.17 The very large absorption cross-sections of
CdSe/CdS nanorods have been utilized in single-particle
luminescence studies18-21 and LEDs with polarized emis-
sion.22 In addition, CdSe/CdS nanostructures exhibit novel
properties originating from the concept of “mixed dimen-
sionality”: universal correlation between the spectral line
width and the position of the excitonic transition in the single
particle spectral jitter,18,19 giant Stark effect,20,21 the possibility
of manipulating radiative lifetimes by applying an external
electric field (exciton storage),23 etc. Development of CdSe/
CdS heterostructures with different morphologies will pro-
vide new possibilities for wave function engineering and
tailoring optical and optoelectronic properties of semicon-
ductor nanostructures.
We synthesized zb-CdSe nanocrystals via a slightly

modified recipe of Cao et al. by reacting cadmium myristate
with elemental selenium dissolved in 1-octadecene.15
zb-CdSe nanocrystals nucleated at 170 °C and grew at 240
°C in the presence of oleic acid and oleylamine as the

capping ligands. The size of zb-CdSe nanocrystal seeds can
be tuned by varying the duration of nanocrystal growth at
240 °C. w-CdSe nanocrystals capped with HDA, TOPO,
TOP, and a small amount of n-octyl- or n-tetradecylphos-
phonic acid have been synthesized as described in ref 13.
The detailed synthetic recipes are given in the Experimental
Details Section. Both approaches provide nearly spherical
CdSe nanocrystals with size distribution below 10% and
sharp excitonic features in the absorption spectra (Figure
1a,b). Both w-CdSe and zb-CdSe nanocrystals form stable
colloidal solutions in nonpolar solvents like hexane, toluene,
and TOP and show narrow PL bands associated with the
recombination of photoexcited carriers from 1Sh and 1Se
quantum-confined states. The PL QE of both w-CdSe and
zb-CdSe nanocrystals strongly depends on passivation of the
nanocrystal surface with organic ligands, varying between
∼3 and ∼30% depending on sample history, for example,
the number of precipitation-redissolution steps applied to
purify the nanocrystals from crude solution.
Powder X-ray diffraction patterns of w-CdSe and zb-CdSe

nanocrystals are shown in Figure 1c,d. The diffraction pattern
of w-CdSe nanocrystals shows (102) and (103) reflections
at 35.1° and 45.8° 2Θ angles, respectively, characteristic of
the wurtzite phase. XRD patterns of zb-CdSe nanocrystals
do not show these reflections. Instead, zb-CdSe nanocrystals
exhibit a peak at 60.9°, which is the (400) reflection of zb-
CdSe phase (Figure 1d). The peak around 25° in the
diffraction pattern of w-CdSe nanocrystals is a convolution
of (100), (002) and (101) reflections and is, therefore, broader
than the (110) and (112) reflections at 42° and 49.7°, re-
spectively (Figure 1c). In case of zb-CdSe nanocrystals all
diffraction peaks showed similar broadening (Figure 1d). In

Figure 1. CdSe nanocrystals with wurtzite and zinc blende structures. (a) Absorption spectrum and TEM image of 4.4 nm CdSe nanocrystals
with wurtzite lattice. (b) Absorption spectrum and TEM image of 4.0 nm CdSe nanocrystals with zinc blende lattice. (c,d) Powder X-ray
(Cu KR radiation) diffraction patterns of CdSe nanocrystals with wurtzite and zinc blende structures, correspondingly.
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confinement or “mixed dimensionality” where holes are
confined to CdSe while electrons can move freely between
CdSe and CdS phases, spreading over the entire nanostruc-
ture.11,17 Previously, we synthesized structures consisting of
a spherical CdSe nanocrystal connected to a CdS nanorod.17
In this structure, hole is three-dimensionally confined,
whereas electron is confined only in two dimensions.
Previously synthesized CdSe/CdS nanorods exhibited excel-
lent luminescent properties with room-temperature photo-
luminescence quantum efficiencies (PL QE) above 50% and
linearly polarized emission. The CdS nanorod can behave
as an efficient antenna, absorbing light and funneling the
excited carriers into the CdSe core where they radiatively
recombine.17 The very large absorption cross-sections of
CdSe/CdS nanorods have been utilized in single-particle
luminescence studies18-21 and LEDs with polarized emis-
sion.22 In addition, CdSe/CdS nanostructures exhibit novel
properties originating from the concept of “mixed dimen-
sionality”: universal correlation between the spectral line
width and the position of the excitonic transition in the single
particle spectral jitter,18,19 giant Stark effect,20,21 the possibility
of manipulating radiative lifetimes by applying an external
electric field (exciton storage),23 etc. Development of CdSe/
CdS heterostructures with different morphologies will pro-
vide new possibilities for wave function engineering and
tailoring optical and optoelectronic properties of semicon-
ductor nanostructures.
We synthesized zb-CdSe nanocrystals via a slightly

modified recipe of Cao et al. by reacting cadmium myristate
with elemental selenium dissolved in 1-octadecene.15
zb-CdSe nanocrystals nucleated at 170 °C and grew at 240
°C in the presence of oleic acid and oleylamine as the

capping ligands. The size of zb-CdSe nanocrystal seeds can
be tuned by varying the duration of nanocrystal growth at
240 °C. w-CdSe nanocrystals capped with HDA, TOPO,
TOP, and a small amount of n-octyl- or n-tetradecylphos-
phonic acid have been synthesized as described in ref 13.
The detailed synthetic recipes are given in the Experimental
Details Section. Both approaches provide nearly spherical
CdSe nanocrystals with size distribution below 10% and
sharp excitonic features in the absorption spectra (Figure
1a,b). Both w-CdSe and zb-CdSe nanocrystals form stable
colloidal solutions in nonpolar solvents like hexane, toluene,
and TOP and show narrow PL bands associated with the
recombination of photoexcited carriers from 1Sh and 1Se
quantum-confined states. The PL QE of both w-CdSe and
zb-CdSe nanocrystals strongly depends on passivation of the
nanocrystal surface with organic ligands, varying between
∼3 and ∼30% depending on sample history, for example,
the number of precipitation-redissolution steps applied to
purify the nanocrystals from crude solution.
Powder X-ray diffraction patterns of w-CdSe and zb-CdSe

nanocrystals are shown in Figure 1c,d. The diffraction pattern
of w-CdSe nanocrystals shows (102) and (103) reflections
at 35.1° and 45.8° 2Θ angles, respectively, characteristic of
the wurtzite phase. XRD patterns of zb-CdSe nanocrystals
do not show these reflections. Instead, zb-CdSe nanocrystals
exhibit a peak at 60.9°, which is the (400) reflection of zb-
CdSe phase (Figure 1d). The peak around 25° in the
diffraction pattern of w-CdSe nanocrystals is a convolution
of (100), (002) and (101) reflections and is, therefore, broader
than the (110) and (112) reflections at 42° and 49.7°, re-
spectively (Figure 1c). In case of zb-CdSe nanocrystals all
diffraction peaks showed similar broadening (Figure 1d). In

Figure 1. CdSe nanocrystals with wurtzite and zinc blende structures. (a) Absorption spectrum and TEM image of 4.4 nm CdSe nanocrystals
with wurtzite lattice. (b) Absorption spectrum and TEM image of 4.0 nm CdSe nanocrystals with zinc blende lattice. (c,d) Powder X-ray
(Cu KR radiation) diffraction patterns of CdSe nanocrystals with wurtzite and zinc blende structures, correspondingly.
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agreement with previous studies, the (102) and (103)
reflections in the XRD patterns of w-CdSe are attenuated
because of the presence of stacking faults along the (002)
direction, a typical phenomenon in wurtzite II-VI nano-
crystals.1 For additional verification of our structural assign-
ment, we synthesized ∼15 nm diameter zb-CdSe nanocrys-
tals by additional injections of Cd and Se precursors at 240
°C. The XRD pattern of these large CdSe nanocrystals shows
narrow diffraction peaks matching all bulk zb-CdSe reflec-
tions. Large CdSe nanocrystals grown at 300 °C in the
presence of HDA, TOPO, and TOP show well-resolved
reflections of w-CdSe phase.13

We injected w-CdSe and zb-CdSe nanocrystals into the
reaction mixture containing TOPO, TOP, n-octadecylphos-
phonic acid (ODPA), n-propylphosphonic acid (PPA), a
Cd-ODPA complex and trioctylphosphine sulfide (TOPS)
in concentrations optimized for synthesis of high-quality
wurtzite-phase CdS (further referred to as “w-CdS”) nanorods
with long (001) axes (Supporting Information, Figure S1).24
Low reactivity of the sulfur precursor determines very slow
nucleation and growth of the CdS phase even at high reaction
temperatures (320 °C). Typically, the nucleation of CdS
nanorods starts 2-4 min after the injection of TOPS into
the hot reaction mixture due to the high activation barrier
for homogeneous nucleation of the CdS phase under these
experimental conditions. A solution of CdSe seeds in TOP
can be added to the reaction mixture either together with
TOPS or 30-60 s later, that is, during the induction period.
CdS easily nucleates at the surface of CdSe seeds.11,17 We
found that the structure of the CdSe seeds determined the
morphology of CdSe/CdS nanoheterostructures. w-CdSe
nanocrystals seeded the formation of CdSe/CdS nanorods
(Figure 2a-c) whereas zb-CdSe seeds initiated growth of
CdSe/CdS nanotetrapods (Figure 2d-f). XRD patterns of
CdSe/CdS nanorods and nanotetrapods show that CdS prefers
growing in the wurtzite phase both from w-CdSe and zb-
CdS seeds (Supporting Information, Figure S2). The phos-
phonic acids present in the reaction mixture selectively bind
to the {100} type facets of w-CdS and w-CdSe,25 slowing
the nanocrystal growth along these directions and forcing
w-CdS to grow along the c-axis. The w-CdS phase will
primarily nucleate on “polar” {001} and {001h} facets of
w-CdSe seeds, which are structurally identical to fast growing
{001} and {001h} facets of w-CdS.17 The small mismatch in
lattice constants of CdSe and CdS (∼3.8% for the {001}
planes) is favorable for the epitaxial relation between the
CdSe and CdS parts of the nanostructure, observed in
high-resolution transmission electron microscopy (HRTEM)
images (Figure 3a). Analytical scanning electron transmission
microscopy (STEM) studies confirmed the presence of CdSe
seeds inside CdSe/CdS nanorods. The seed was always
shifted toward one end of the nanorod (Figure 3b,c) due to
the higher reactivity and faster growth of the {001h} facet
compared to the {001} facet.26 In long nanorods, we often
observed an increase in diameter around the CdSe cores
(Figure 2b,c), which enables us to compare growth rates for
the {001} and {001h} planes. The distribution of relative facet
growth rates within an ensemble of growing nanorods was

rather narrow and on the order of 10%. Typically, the {001h}
plane of CdS grew 2-3.5 times faster than the {001} plane.
Tailoring the reaction conditions (concentration of w-CdSe
seeds, growth time and concentration of sulfur precursor)
allowed tuning the length of CdSe/CdS nanorods from 10
to ∼63 nm, approaching an aspect ratio of ∼13. The
narrowest length and diameter distributions of the nanorods
were observed at injection and growth temperatures of 340
and 320 °C, respectively. The narrow size distribution of
the CdSe/CdS nanorods facilitated their self-assembly into
superstructures with nematic and smectic ordering (Figure
4a and Supporting Information, Figure S3) as well as long-
range ordered superlattices (Figure 4b,c). Addition of small
amounts of HDA to a solution of CdSe/CdS nanorods in
toluene assisted the growth of large superlattice domains with
simple-hexagonal packing of nanorods oriented perpendicular
to the substrate (Figure 4b,c and Supporting Information,
Figure S3). Simple hexagonal packing can be stabilized by
dipole-dipole interactions between the superlattice building
blocks.27

Analytical STEM studies confirmed the presence of CdSe
cores at the branch point of the nanotetrapods grown from
zb-CdSe nanocrystals (Figure 5 and Supporting Information,

Figure 2. (a-c) TEM images of CdSe/CdS nanorods with different
aspect ratios, all grown from 4.4 nm w-CdSe seeds. (d-f) TEM
images of CdSe/CdS nanotetrapods with different lengths of the
arms grown from 4.0 nm zb-CdSe seeds.
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Low reactivity of the sulfur precursor determines very slow
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the hot reaction mixture due to the high activation barrier
for homogeneous nucleation of the CdS phase under these
experimental conditions. A solution of CdSe seeds in TOP
can be added to the reaction mixture either together with
TOPS or 30-60 s later, that is, during the induction period.
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found that the structure of the CdSe seeds determined the
morphology of CdSe/CdS nanoheterostructures. w-CdSe
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(Figure 2a-c) whereas zb-CdSe seeds initiated growth of
CdSe/CdS nanotetrapods (Figure 2d-f). XRD patterns of
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growing in the wurtzite phase both from w-CdSe and zb-
CdS seeds (Supporting Information, Figure S2). The phos-
phonic acids present in the reaction mixture selectively bind
to the {100} type facets of w-CdS and w-CdSe,25 slowing
the nanocrystal growth along these directions and forcing
w-CdS to grow along the c-axis. The w-CdS phase will
primarily nucleate on “polar” {001} and {001h} facets of
w-CdSe seeds, which are structurally identical to fast growing
{001} and {001h} facets of w-CdS.17 The small mismatch in
lattice constants of CdSe and CdS (∼3.8% for the {001}
planes) is favorable for the epitaxial relation between the
CdSe and CdS parts of the nanostructure, observed in
high-resolution transmission electron microscopy (HRTEM)
images (Figure 3a). Analytical scanning electron transmission
microscopy (STEM) studies confirmed the presence of CdSe
seeds inside CdSe/CdS nanorods. The seed was always
shifted toward one end of the nanorod (Figure 3b,c) due to
the higher reactivity and faster growth of the {001h} facet
compared to the {001} facet.26 In long nanorods, we often
observed an increase in diameter around the CdSe cores
(Figure 2b,c), which enables us to compare growth rates for
the {001} and {001h} planes. The distribution of relative facet
growth rates within an ensemble of growing nanorods was

rather narrow and on the order of 10%. Typically, the {001h}
plane of CdS grew 2-3.5 times faster than the {001} plane.
Tailoring the reaction conditions (concentration of w-CdSe
seeds, growth time and concentration of sulfur precursor)
allowed tuning the length of CdSe/CdS nanorods from 10
to ∼63 nm, approaching an aspect ratio of ∼13. The
narrowest length and diameter distributions of the nanorods
were observed at injection and growth temperatures of 340
and 320 °C, respectively. The narrow size distribution of
the CdSe/CdS nanorods facilitated their self-assembly into
superstructures with nematic and smectic ordering (Figure
4a and Supporting Information, Figure S3) as well as long-
range ordered superlattices (Figure 4b,c). Addition of small
amounts of HDA to a solution of CdSe/CdS nanorods in
toluene assisted the growth of large superlattice domains with
simple-hexagonal packing of nanorods oriented perpendicular
to the substrate (Figure 4b,c and Supporting Information,
Figure S3). Simple hexagonal packing can be stabilized by
dipole-dipole interactions between the superlattice building
blocks.27

Analytical STEM studies confirmed the presence of CdSe
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Figure 2. (a-c) TEM images of CdSe/CdS nanorods with different
aspect ratios, all grown from 4.4 nm w-CdSe seeds. (d-f) TEM
images of CdSe/CdS nanotetrapods with different lengths of the
arms grown from 4.0 nm zb-CdSe seeds.

Nano Lett., Vol. 7, No. 10, 2007 2953

Talapin, et al. Nano Lett (2007).

confinement or “mixed dimensionality” where holes are
confined to CdSe while electrons can move freely between
CdSe and CdS phases, spreading over the entire nanostruc-
ture.11,17 Previously, we synthesized structures consisting of
a spherical CdSe nanocrystal connected to a CdS nanorod.17
In this structure, hole is three-dimensionally confined,
whereas electron is confined only in two dimensions.
Previously synthesized CdSe/CdS nanorods exhibited excel-
lent luminescent properties with room-temperature photo-
luminescence quantum efficiencies (PL QE) above 50% and
linearly polarized emission. The CdS nanorod can behave
as an efficient antenna, absorbing light and funneling the
excited carriers into the CdSe core where they radiatively
recombine.17 The very large absorption cross-sections of
CdSe/CdS nanorods have been utilized in single-particle
luminescence studies18-21 and LEDs with polarized emis-
sion.22 In addition, CdSe/CdS nanostructures exhibit novel
properties originating from the concept of “mixed dimen-
sionality”: universal correlation between the spectral line
width and the position of the excitonic transition in the single
particle spectral jitter,18,19 giant Stark effect,20,21 the possibility
of manipulating radiative lifetimes by applying an external
electric field (exciton storage),23 etc. Development of CdSe/
CdS heterostructures with different morphologies will pro-
vide new possibilities for wave function engineering and
tailoring optical and optoelectronic properties of semicon-
ductor nanostructures.
We synthesized zb-CdSe nanocrystals via a slightly

modified recipe of Cao et al. by reacting cadmium myristate
with elemental selenium dissolved in 1-octadecene.15
zb-CdSe nanocrystals nucleated at 170 °C and grew at 240
°C in the presence of oleic acid and oleylamine as the

capping ligands. The size of zb-CdSe nanocrystal seeds can
be tuned by varying the duration of nanocrystal growth at
240 °C. w-CdSe nanocrystals capped with HDA, TOPO,
TOP, and a small amount of n-octyl- or n-tetradecylphos-
phonic acid have been synthesized as described in ref 13.
The detailed synthetic recipes are given in the Experimental
Details Section. Both approaches provide nearly spherical
CdSe nanocrystals with size distribution below 10% and
sharp excitonic features in the absorption spectra (Figure
1a,b). Both w-CdSe and zb-CdSe nanocrystals form stable
colloidal solutions in nonpolar solvents like hexane, toluene,
and TOP and show narrow PL bands associated with the
recombination of photoexcited carriers from 1Sh and 1Se
quantum-confined states. The PL QE of both w-CdSe and
zb-CdSe nanocrystals strongly depends on passivation of the
nanocrystal surface with organic ligands, varying between
∼3 and ∼30% depending on sample history, for example,
the number of precipitation-redissolution steps applied to
purify the nanocrystals from crude solution.
Powder X-ray diffraction patterns of w-CdSe and zb-CdSe

nanocrystals are shown in Figure 1c,d. The diffraction pattern
of w-CdSe nanocrystals shows (102) and (103) reflections
at 35.1° and 45.8° 2Θ angles, respectively, characteristic of
the wurtzite phase. XRD patterns of zb-CdSe nanocrystals
do not show these reflections. Instead, zb-CdSe nanocrystals
exhibit a peak at 60.9°, which is the (400) reflection of zb-
CdSe phase (Figure 1d). The peak around 25° in the
diffraction pattern of w-CdSe nanocrystals is a convolution
of (100), (002) and (101) reflections and is, therefore, broader
than the (110) and (112) reflections at 42° and 49.7°, re-
spectively (Figure 1c). In case of zb-CdSe nanocrystals all
diffraction peaks showed similar broadening (Figure 1d). In

Figure 1. CdSe nanocrystals with wurtzite and zinc blende structures. (a) Absorption spectrum and TEM image of 4.4 nm CdSe nanocrystals
with wurtzite lattice. (b) Absorption spectrum and TEM image of 4.0 nm CdSe nanocrystals with zinc blende lattice. (c,d) Powder X-ray
(Cu KR radiation) diffraction patterns of CdSe nanocrystals with wurtzite and zinc blende structures, correspondingly.
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CdSe seeds and shape effects on electronic states in these
nanostructures.31
Below 500 nm, CdS provides the major contribution to

the absorption of our CdSe/CdS nanostructures. The domi-
nance of the arm absorption is most pronounced in the case
of nanotetrapods where the absorption of the CdSe cores can
barely be seen without zooming in to the red part of the
absorption spectrum (Figure 6b). In nanotetrapods with 50
nm long arms, the absorption cross section of the CdS arms
is ∼300 times larger than the absorption cross section of
the CdSe core (Supporting Information, Figure S6), implying
that more than 99% of the incident light is absorbed by the
arms of the tetrapod. The CdSe-related absorption peaks can
be used as an internal standard to calculate the molar
extinction coefficient (ε) of CdSe/CdS nanorods and nano-
tetrapods. Our earlier studies revealed that the oscillator
strength of the first excitonic transition in CdSe/CdS nano-
rods is comparable to that of bare CdSe cores.17,30 The 4.4
nm w-CdSe nanocrystals have ε ∼ 2.5 × 105 M-1 cm-1 at
the first absorption maximum.31 We obtained similar values
((30%) for ε of bare zb-CdSe nanocrystals. Thus, 46 nm

long CdSe/CdS rods have ε ∼ 2 × 107 M-1 cm-1 at 350 nm
and ε ∼ 4 × 107 M-1 cm-1 at 300 nm. These impressive
values look small when compared to extinction coefficients
of the nanotetrapods, which have ε above 108 M-1 cm-1!

Figure 5. (a) TEM image of a CdSe/CdS nanotetrapod grown from
the 4 nm zb-CdSe seed. (b) HRTEM image of a tetrapod fragment
showing the interface between {111} planes of zb-CdSe seed and
{001} planes of w-CdS arms. (c) High angle annular dark field
(HAADF) image of a CdSe/CdS nanotetrapod and (d) corresponding
elemental profiles for Cd, S, and Se obtained by recording energy-
dispersive X-ray intensities (EDS) along the line shown in yellow
in panel (c). Two-dimensional elemental map of a CdSe/CdS
nanotetrapod is shown in Supporting Information, Figure S4.

Figure 6. (a) Absorption (black) and PL (red) spectra of toluene
solutions of 46 nm long CdSe/CdS nanorods grown from 4.4 nm
w-CdSe seeds. Gray line shows magnified absorption spectrum to
emphasize the structure of the absorption onset. Absolute PL
quantum efficiency of this sample was 80%, measured at the
excitation wavelength 514 nm. (b) Absorption (black) and PL (red)
spectra of toluene solutions of CdSe/CdS nanotetrapods with 24
nm CdS legs grown from 4 nm zb-CdSe seeds. Gray line shows
magnified absorption spectrum to emphasize structure of the
absorption onset. Absolute PL quantum efficiency of this sample
was 39%, measured at the excitation wavelength 512 nm. (c)
Fluorescence decay of 4.4 nm w-CdSe nanocrystals (black) and
CdSe/CdS nanorods with different lengths: 12.2 nm (red), 24 nm
(green), and 36 nm (blue). All samples were excited at 440 nm;
emission was detected at the maxima of the PL spectra. (d)
Fluorescence decay of 4.0 nm zb-CdSe nanocrystals (black) and
CdSe/CdS nanotetrapods with arm length of 9.2 nm (red), 24 nm
(green), and 38 nm (blue). All samples were excited at 440 nm;
emission was detected at the maxima of the PL spectra. (e)
Comparison of absorption and PL excitation spectra for 46 nm
CdSe/CdS nanorods shown in panel (a). PL intensity was integrated
throughout the entire emission band. Absorbance in the first
excitonic maximum was normalized to 0.1. (f) Comparison of
absorption and PL excitation spectra for CdSe/CdS nanotetrapods
with 24 nm long CdS arms shown in panel (b). PL intensity was
integrated throughout the entire emission band. Absorbance in the
first excitonic maximum was normalized to 0.1.
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confinement or “mixed dimensionality” where holes are
confined to CdSe while electrons can move freely between
CdSe and CdS phases, spreading over the entire nanostruc-
ture.11,17 Previously, we synthesized structures consisting of
a spherical CdSe nanocrystal connected to a CdS nanorod.17
In this structure, hole is three-dimensionally confined,
whereas electron is confined only in two dimensions.
Previously synthesized CdSe/CdS nanorods exhibited excel-
lent luminescent properties with room-temperature photo-
luminescence quantum efficiencies (PL QE) above 50% and
linearly polarized emission. The CdS nanorod can behave
as an efficient antenna, absorbing light and funneling the
excited carriers into the CdSe core where they radiatively
recombine.17 The very large absorption cross-sections of
CdSe/CdS nanorods have been utilized in single-particle
luminescence studies18-21 and LEDs with polarized emis-
sion.22 In addition, CdSe/CdS nanostructures exhibit novel
properties originating from the concept of “mixed dimen-
sionality”: universal correlation between the spectral line
width and the position of the excitonic transition in the single
particle spectral jitter,18,19 giant Stark effect,20,21 the possibility
of manipulating radiative lifetimes by applying an external
electric field (exciton storage),23 etc. Development of CdSe/
CdS heterostructures with different morphologies will pro-
vide new possibilities for wave function engineering and
tailoring optical and optoelectronic properties of semicon-
ductor nanostructures.
We synthesized zb-CdSe nanocrystals via a slightly

modified recipe of Cao et al. by reacting cadmium myristate
with elemental selenium dissolved in 1-octadecene.15
zb-CdSe nanocrystals nucleated at 170 °C and grew at 240
°C in the presence of oleic acid and oleylamine as the

capping ligands. The size of zb-CdSe nanocrystal seeds can
be tuned by varying the duration of nanocrystal growth at
240 °C. w-CdSe nanocrystals capped with HDA, TOPO,
TOP, and a small amount of n-octyl- or n-tetradecylphos-
phonic acid have been synthesized as described in ref 13.
The detailed synthetic recipes are given in the Experimental
Details Section. Both approaches provide nearly spherical
CdSe nanocrystals with size distribution below 10% and
sharp excitonic features in the absorption spectra (Figure
1a,b). Both w-CdSe and zb-CdSe nanocrystals form stable
colloidal solutions in nonpolar solvents like hexane, toluene,
and TOP and show narrow PL bands associated with the
recombination of photoexcited carriers from 1Sh and 1Se
quantum-confined states. The PL QE of both w-CdSe and
zb-CdSe nanocrystals strongly depends on passivation of the
nanocrystal surface with organic ligands, varying between
∼3 and ∼30% depending on sample history, for example,
the number of precipitation-redissolution steps applied to
purify the nanocrystals from crude solution.
Powder X-ray diffraction patterns of w-CdSe and zb-CdSe

nanocrystals are shown in Figure 1c,d. The diffraction pattern
of w-CdSe nanocrystals shows (102) and (103) reflections
at 35.1° and 45.8° 2Θ angles, respectively, characteristic of
the wurtzite phase. XRD patterns of zb-CdSe nanocrystals
do not show these reflections. Instead, zb-CdSe nanocrystals
exhibit a peak at 60.9°, which is the (400) reflection of zb-
CdSe phase (Figure 1d). The peak around 25° in the
diffraction pattern of w-CdSe nanocrystals is a convolution
of (100), (002) and (101) reflections and is, therefore, broader
than the (110) and (112) reflections at 42° and 49.7°, re-
spectively (Figure 1c). In case of zb-CdSe nanocrystals all
diffraction peaks showed similar broadening (Figure 1d). In

Figure 1. CdSe nanocrystals with wurtzite and zinc blende structures. (a) Absorption spectrum and TEM image of 4.4 nm CdSe nanocrystals
with wurtzite lattice. (b) Absorption spectrum and TEM image of 4.0 nm CdSe nanocrystals with zinc blende lattice. (c,d) Powder X-ray
(Cu KR radiation) diffraction patterns of CdSe nanocrystals with wurtzite and zinc blende structures, correspondingly.
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Template-directed synthesis represents a straightforward
approach to generating one-dimensional (1D) nanostructures. In
this approach, the template serves as a scaffold against which
other materials are assembled with a morphology similar (or
complementary) to that of the template. A variety of 1D templates
have been successfully demonstrated for use with this process,
and examples include channels in porous materials,1 hexagonal
assemblies of surfactants or block copolymers,2 and 1D nano-
structures synthesized using other chemical methods.3,4 These
templating processes, although very versatile, often led to the
formation of polycrystalline 1D nanostructures that are limited
in use for device fabrication or property measurements. Highly
crystalline nanowires were only produced at temperatures around
800-1200 °C when carbon nanotubes were allowed to react with
proper chemicals under carefully controlled conditions.3 A
template-directed process that could generate single-crystalline
nanowires in the solution phase and at room temperature is yet
to be demonstrated. Here we describe a template-directed reaction,
in which single-crystalline nanowires of trigonal Se (t-Se) were
quantitatively converted into single-crystalline nanowires of
Ag2Se by reacting with aqueous AgNO3 solutions at room tem-
perature. The single-crystalline 1D morphology of the wire-like
templates was retained in the final products with high fidelity.
Silver selenide exhibits many interesting and useful properties.5

Its high-temperature phase (!-Ag2Se, >133 °C) is a superionic
conductor that is useful as the solid electrolyte in photochargable
secondary batteries. The low-temperature phase (R-Ag2Se) is a
narrow band gap semiconductor, and has been widely used as a
photosensitizer in photographic films or thermochromic materials.
R-Ag2Se is also a promising candidate for thermoelectric ap-
plications because of its relatively high Seebeck coefficient (-150
µV/K at 300 K), low lattice thermal conductivity, and high
electrical conductivity.6 Large magnetoresistance has also been
reported for a nonstoichiometric derivative of this solid.7 It is
reasonable to expect that the availability of Ag2Se in the form of

well-controlled nanowires could bring in new applications, and
greatly enhance the performance of many currently existing
devices as a result of their one-dimensionality.8
Uniform nanowires of trigonal Se were synthesized using a

previously reported procedure.9 We could control the diameters
of these nanowires from ∼10 to 100 nm by varying the reaction
conditions. During the templating process, the t-Se nanowires (as
suspensions in water or supported on TEM grids) were allowed
to react with an aqueous AgNO3 solution at room temperature.
The products were then examined by electron microscopy and
X-ray diffraction (XRD). Figure 1 shows the SEM, TEM, and
HRTEM images of Ag2Se nanowires that were generated by
templating against 32-nm nanowires of t-Se. The SEM and TEM
measurements indicate that the wire-like morphology of the
templates was retained with high fidelity during this solid-
solution reaction. The phase and composition of the as-synthesized
nanowires of Ag2Se were analyzed using several other techniques.
The XRD pattern indicates that these nanowires were crystallized
in the tetragonal structure with lattice constants a ) b ) 0.698
nm, and c ) 0.496 nm. The energy-dispersive X-ray (EDX)
spectrum shown in Figure 1B also confirms the right stoichiometry
for these Ag2Se nanowires. The smooth surfaces and the uniform
contrast observed along individual wires under TEM (Figure 1C)
suggest that these as-synthesized nanowires of Ag2Se were single-
crystalline. The electron microdiffraction pattern (the inset of
Figure 1C) obtained from the individual nanowires confirmed this
hypothesis. The diffraction spots could be indexed as the
tetragonal, low-temperature phase of Ag2Se, with the longitudinal
axis of each wire along the !001" direction. The HRTEM image
shown in Figure 1D further supports our claim on the single-
crystallinity of these Ag2Se nanowires. The fringe spacing (∼0.25
nm) observed in this image agrees well with the separation
between the (002) lattice planes.

* To whom correspondence should be addressed. E-mail: xia@
chem.washington.edu.

† University of Washington.
‡ University of California.
(1) (a) Martin, C. R. Science 1994, 266, 1961. (b) Martin, B. R.; Dermody,

D. J.; Reiss, B. D.; Fang, M. M.; Lyon, L. A.; Natan, M. J.; Mallouk, T. E.
AdV. Mater. 1999, 11, 1021. (c) Zhang, Z.; Gekhtman, D.; Dresselhaus, M.
S.; Ying, J. Y. Chem. Mater. 1999, 11, 1659.
(2) (a) Han, Y. J.; Kim, J.; Stucky, G. D. Chem. Mater. 2000, 12, 2068.

(b) Mehnert, C. P.; Weaver, D. W.; Yin, J. Y. J. Am. Chem. Soc. 1998, 120,
12289. (c) Moller, K.; Bein, T. Chem. Mater. 1998, 10, 2950.
(3) (a) Dai, H.; Wong, E. W.; Lu, Y. Z.; Fan, S.; Lieber, C. M. Nature

1995, 375, 769. (b) Han, W.; Fan, S.; Li, Q.; Hu, Y. Science 1997, 277, 1287.
(4) Song, J. H.; Wu., Y.; Messer, B.; Kind, H.; Yang, P. J. Am. Chem.

Soc. 2001, 123, 10397-10398.
(5) Kobayashi, M. Solid State Ionics 1990, 39, 121.
(6) Ferhat, M.; Nagao, J. J. Appl. Phys. 2000, 88, 813.
(7) Xu, R.; Husmann, A.; Rosenbaum, T. F.; Saboungi, M. L.; Enderby, J.

E.; Littlewood, P. B. Nature 1997, 390, 57.

(8) See, for example, (a) Hu, J.; Odom, T. W.; Lieber, C. Acc. Chem. Res.
1999, 32, 435. (b) Prokes, S. M.; Wang, K. L. Special issue in MRS Bull.
1999, 24, 13-19. (c) Dekker: C. Phys. Today 1999, May, 22. (d) Frank, S.;
Poncharal, P.; Wang, Z. L.; De Heer, W. A. Science 1998, 280, 1744.
(9) Gates, B.; Yin, Y.; Xia, Y. J. Am. Chem. Soc. 2000, 122, 12582.

Figure 1. SEM (A) and TEM (C) images of uniform nanowires of
Ag2Se that were synthesized through a reaction between the 32-nm
nanowires of t-Se and an aqueous solution of AgNO3 at room temperature.
The EDX spectrum obtained from these nanowires is given in (B). The
strong signals for Cu came from the copper grid on which these Ag2Se
nanowires were supported. The inset gives a typical microdiffraction
pattern that was obtained by focusing the electron beam on an individual
wire. This low-temperature Ag2Se has a tetragonal structure, and the
longitudinal axis of each wire is along the !001" direction. The single-
crystallinity of these wires was further confirmed by the high-resolution
TEM image in (D).
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Template-directed synthesis represents a straightforward
approach to generating one-dimensional (1D) nanostructures. In
this approach, the template serves as a scaffold against which
other materials are assembled with a morphology similar (or
complementary) to that of the template. A variety of 1D templates
have been successfully demonstrated for use with this process,
and examples include channels in porous materials,1 hexagonal
assemblies of surfactants or block copolymers,2 and 1D nano-
structures synthesized using other chemical methods.3,4 These
templating processes, although very versatile, often led to the
formation of polycrystalline 1D nanostructures that are limited
in use for device fabrication or property measurements. Highly
crystalline nanowires were only produced at temperatures around
800-1200 °C when carbon nanotubes were allowed to react with
proper chemicals under carefully controlled conditions.3 A
template-directed process that could generate single-crystalline
nanowires in the solution phase and at room temperature is yet
to be demonstrated. Here we describe a template-directed reaction,
in which single-crystalline nanowires of trigonal Se (t-Se) were
quantitatively converted into single-crystalline nanowires of
Ag2Se by reacting with aqueous AgNO3 solutions at room tem-
perature. The single-crystalline 1D morphology of the wire-like
templates was retained in the final products with high fidelity.
Silver selenide exhibits many interesting and useful properties.5

Its high-temperature phase (!-Ag2Se, >133 °C) is a superionic
conductor that is useful as the solid electrolyte in photochargable
secondary batteries. The low-temperature phase (R-Ag2Se) is a
narrow band gap semiconductor, and has been widely used as a
photosensitizer in photographic films or thermochromic materials.
R-Ag2Se is also a promising candidate for thermoelectric ap-
plications because of its relatively high Seebeck coefficient (-150
µV/K at 300 K), low lattice thermal conductivity, and high
electrical conductivity.6 Large magnetoresistance has also been
reported for a nonstoichiometric derivative of this solid.7 It is
reasonable to expect that the availability of Ag2Se in the form of

well-controlled nanowires could bring in new applications, and
greatly enhance the performance of many currently existing
devices as a result of their one-dimensionality.8
Uniform nanowires of trigonal Se were synthesized using a

previously reported procedure.9 We could control the diameters
of these nanowires from ∼10 to 100 nm by varying the reaction
conditions. During the templating process, the t-Se nanowires (as
suspensions in water or supported on TEM grids) were allowed
to react with an aqueous AgNO3 solution at room temperature.
The products were then examined by electron microscopy and
X-ray diffraction (XRD). Figure 1 shows the SEM, TEM, and
HRTEM images of Ag2Se nanowires that were generated by
templating against 32-nm nanowires of t-Se. The SEM and TEM
measurements indicate that the wire-like morphology of the
templates was retained with high fidelity during this solid-
solution reaction. The phase and composition of the as-synthesized
nanowires of Ag2Se were analyzed using several other techniques.
The XRD pattern indicates that these nanowires were crystallized
in the tetragonal structure with lattice constants a ) b ) 0.698
nm, and c ) 0.496 nm. The energy-dispersive X-ray (EDX)
spectrum shown in Figure 1B also confirms the right stoichiometry
for these Ag2Se nanowires. The smooth surfaces and the uniform
contrast observed along individual wires under TEM (Figure 1C)
suggest that these as-synthesized nanowires of Ag2Se were single-
crystalline. The electron microdiffraction pattern (the inset of
Figure 1C) obtained from the individual nanowires confirmed this
hypothesis. The diffraction spots could be indexed as the
tetragonal, low-temperature phase of Ag2Se, with the longitudinal
axis of each wire along the !001" direction. The HRTEM image
shown in Figure 1D further supports our claim on the single-
crystallinity of these Ag2Se nanowires. The fringe spacing (∼0.25
nm) observed in this image agrees well with the separation
between the (002) lattice planes.

* To whom correspondence should be addressed. E-mail: xia@
chem.washington.edu.

† University of Washington.
‡ University of California.
(1) (a) Martin, C. R. Science 1994, 266, 1961. (b) Martin, B. R.; Dermody,

D. J.; Reiss, B. D.; Fang, M. M.; Lyon, L. A.; Natan, M. J.; Mallouk, T. E.
AdV. Mater. 1999, 11, 1021. (c) Zhang, Z.; Gekhtman, D.; Dresselhaus, M.
S.; Ying, J. Y. Chem. Mater. 1999, 11, 1659.
(2) (a) Han, Y. J.; Kim, J.; Stucky, G. D. Chem. Mater. 2000, 12, 2068.

(b) Mehnert, C. P.; Weaver, D. W.; Yin, J. Y. J. Am. Chem. Soc. 1998, 120,
12289. (c) Moller, K.; Bein, T. Chem. Mater. 1998, 10, 2950.
(3) (a) Dai, H.; Wong, E. W.; Lu, Y. Z.; Fan, S.; Lieber, C. M. Nature

1995, 375, 769. (b) Han, W.; Fan, S.; Li, Q.; Hu, Y. Science 1997, 277, 1287.
(4) Song, J. H.; Wu., Y.; Messer, B.; Kind, H.; Yang, P. J. Am. Chem.

Soc. 2001, 123, 10397-10398.
(5) Kobayashi, M. Solid State Ionics 1990, 39, 121.
(6) Ferhat, M.; Nagao, J. J. Appl. Phys. 2000, 88, 813.
(7) Xu, R.; Husmann, A.; Rosenbaum, T. F.; Saboungi, M. L.; Enderby, J.

E.; Littlewood, P. B. Nature 1997, 390, 57.

(8) See, for example, (a) Hu, J.; Odom, T. W.; Lieber, C. Acc. Chem. Res.
1999, 32, 435. (b) Prokes, S. M.; Wang, K. L. Special issue in MRS Bull.
1999, 24, 13-19. (c) Dekker: C. Phys. Today 1999, May, 22. (d) Frank, S.;
Poncharal, P.; Wang, Z. L.; De Heer, W. A. Science 1998, 280, 1744.
(9) Gates, B.; Yin, Y.; Xia, Y. J. Am. Chem. Soc. 2000, 122, 12582.

Figure 1. SEM (A) and TEM (C) images of uniform nanowires of
Ag2Se that were synthesized through a reaction between the 32-nm
nanowires of t-Se and an aqueous solution of AgNO3 at room temperature.
The EDX spectrum obtained from these nanowires is given in (B). The
strong signals for Cu came from the copper grid on which these Ag2Se
nanowires were supported. The inset gives a typical microdiffraction
pattern that was obtained by focusing the electron beam on an individual
wire. This low-temperature Ag2Se has a tetragonal structure, and the
longitudinal axis of each wire is along the !001" direction. The single-
crystallinity of these wires was further confirmed by the high-resolution
TEM image in (D).
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CdSe (Fig. 1, A and C) also indicate that the
size and shape are preserved. This remarkable
preservation of volume over multiple com-
plete exchange cycles demonstrates a funda-
mental feature of cation exchange reactions in
nanocrystals: The number of anions per nano-
crystal is invariant over multiple cycles (23).

The speed and reversibility of the reaction
at room temperature in the nanocrystals is
surprising. In a separate experiment with
micrometer-sized powders of CdSe, we
found the cation exchange to be virtually
prohibited under similar experimental con-
ditions over a period of weeks (24). In the
bulk phase, these materials were typically
subjected to molten salts at very high
temperatures to effect the exchange of cat-
ions (14). The reaction time for the forward
cation exchange reaction (¡ 1 s) is much
shorter than can be deduced from the
reaction time obtained in related systems of
larger size Ee.g., È10 hours for È100-nm
CdS wire (25)^ on the basis of simple scaling
of the size in diffusion-controlled reaction
schemes, where the reaction time is roughly
proportional to the square of the size (26).

This indicates that the effective reaction
barrier is much lower in nanometer-sized
crystals than in larger systems, therefore also
facilitating molecule-like dynamic equilibri-
um between the reactant and product phases.

High-resolution TEM images of the
recovered CdSe spheres indicate that the
wurtzite structure of the initial CdSe nano-
crystal is not necessarily preserved in the
recovered sample. Figure 1G shows an ex-
ample of the recovered CdSe nanocrystals
without noticeable structural defects; Fig. 1H
shows one with stacking faults. Moreover,
although it is observed much less frequently,
a coagulated crystal formed from the merging
of two smaller initial nanocrystals (Fig. 1I)
can be found, which shows a distinct boundary
between two different crystal domains. This
raises an important question about whether the
cation exchange reaction is topotaxial, where
the structural rigidity of the anion subframe is
maintained, or whether substantial morpholog-
ical reorganization accompanies the reaction.

To obtain a more conclusive answer to
this question, we performed cation exchange
reactions on nanocrystals with highly aniso-

tropic nonequilibrium shapes, such as rods,
tetrapods, and hollow spheres (3, 7, 9).
Figure 2 shows TEM images of the initial
CdSe nanorods of different sizes and their
transformed Ag2Se nanocrystals. It is readily
apparent that thinner nanorods (Fig. 2A)
reorganize to the equilibrium spherical shape
during the forward reaction, which indicates
that the anion sublattice is completely
disrupted during the reaction (Fig. 2B).
Thicker nanorods maintain their nonequilib-
rium shapes (Fig. 2, E, F, I, and J). The
degree of size control in this system is
sufficiently high that it is possible to capture
intermediate cases (Fig. 2, C, D, G, and H)
where the shape partially anneals, yielding
Ag2Se of rather irregular shape. Thus, there
exists a certain size limit below which the
structural rigidity of the anion sublattice is
not maintained during the cation exchange
reaction. The width and length dependence
of the morphology changes we observed
(e.g., compare Fig. 2, E and F, with Fig. 2,
G and H) also suggest that nanorod thickness

Fig. 1. TEM images of (A) initial CdSe (diameter 4.2 nm), (B) Ag2Se transformed from the forward
cation exchange reaction, and (C) recovered CdSe nanocrystals from the reverse cation exchange
reaction. (D to F) XRD patterns, fluorescence emission, and optical absorption spectra of initial
CdSe (red), Ag2Se (blue), and recovered CdSe (green) nanocrystals, respectively. In the recovered
CdSe, the peak positions of the emission and absorption show a slight redshift from those of the
initial CdSe, which becomes negligible for nanospheres larger than 6 nm in diameter. An additional
fluorescence emission feature near 700 nm seen in the recovered CdSe (E) is due to the increased
surface trap emission. Vertical lines in (E) and (F) are a guide for the comparison of peak positions.
(G to I) High-resolution TEM images of the recovered CdSe nanocrystals without structural defects
(G), nanocrystals with stacking faults (H), and a large coagulated nanocrystal formed by merging
of two 6-nm nanocrystals (I). The distinct boundary of the different structures is clearly visible.

Fig. 2. TEM images of CdSe nanorods of differ-
ent sizes (A, C, E, G, and I) and their trans-
formed Ag2Se crystals (B, D, F, H, and J). The
average dimensions (width ! length) of CdSe
nanorods are (A) 3.2 nm! 15 nm, (C) 3.4 nm!
17 nm, (E) 5.3 nm! 29 nm, (G) 3.6 nm! 37 nm,
and (I) 5.6 nm ! 58 nm. As the nanorods
become thicker from (A) to (I), the shape
change during the cation exchange reaction is
suppressed.
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CdSe (Fig. 1, A and C) also indicate that the
size and shape are preserved. This remarkable
preservation of volume over multiple com-
plete exchange cycles demonstrates a funda-
mental feature of cation exchange reactions in
nanocrystals: The number of anions per nano-
crystal is invariant over multiple cycles (23).

The speed and reversibility of the reaction
at room temperature in the nanocrystals is
surprising. In a separate experiment with
micrometer-sized powders of CdSe, we
found the cation exchange to be virtually
prohibited under similar experimental con-
ditions over a period of weeks (24). In the
bulk phase, these materials were typically
subjected to molten salts at very high
temperatures to effect the exchange of cat-
ions (14). The reaction time for the forward
cation exchange reaction (¡ 1 s) is much
shorter than can be deduced from the
reaction time obtained in related systems of
larger size Ee.g., È10 hours for È100-nm
CdS wire (25)^ on the basis of simple scaling
of the size in diffusion-controlled reaction
schemes, where the reaction time is roughly
proportional to the square of the size (26).

This indicates that the effective reaction
barrier is much lower in nanometer-sized
crystals than in larger systems, therefore also
facilitating molecule-like dynamic equilibri-
um between the reactant and product phases.

High-resolution TEM images of the
recovered CdSe spheres indicate that the
wurtzite structure of the initial CdSe nano-
crystal is not necessarily preserved in the
recovered sample. Figure 1G shows an ex-
ample of the recovered CdSe nanocrystals
without noticeable structural defects; Fig. 1H
shows one with stacking faults. Moreover,
although it is observed much less frequently,
a coagulated crystal formed from the merging
of two smaller initial nanocrystals (Fig. 1I)
can be found, which shows a distinct boundary
between two different crystal domains. This
raises an important question about whether the
cation exchange reaction is topotaxial, where
the structural rigidity of the anion subframe is
maintained, or whether substantial morpholog-
ical reorganization accompanies the reaction.

To obtain a more conclusive answer to
this question, we performed cation exchange
reactions on nanocrystals with highly aniso-

tropic nonequilibrium shapes, such as rods,
tetrapods, and hollow spheres (3, 7, 9).
Figure 2 shows TEM images of the initial
CdSe nanorods of different sizes and their
transformed Ag2Se nanocrystals. It is readily
apparent that thinner nanorods (Fig. 2A)
reorganize to the equilibrium spherical shape
during the forward reaction, which indicates
that the anion sublattice is completely
disrupted during the reaction (Fig. 2B).
Thicker nanorods maintain their nonequilib-
rium shapes (Fig. 2, E, F, I, and J). The
degree of size control in this system is
sufficiently high that it is possible to capture
intermediate cases (Fig. 2, C, D, G, and H)
where the shape partially anneals, yielding
Ag2Se of rather irregular shape. Thus, there
exists a certain size limit below which the
structural rigidity of the anion sublattice is
not maintained during the cation exchange
reaction. The width and length dependence
of the morphology changes we observed
(e.g., compare Fig. 2, E and F, with Fig. 2,
G and H) also suggest that nanorod thickness

Fig. 1. TEM images of (A) initial CdSe (diameter 4.2 nm), (B) Ag2Se transformed from the forward
cation exchange reaction, and (C) recovered CdSe nanocrystals from the reverse cation exchange
reaction. (D to F) XRD patterns, fluorescence emission, and optical absorption spectra of initial
CdSe (red), Ag2Se (blue), and recovered CdSe (green) nanocrystals, respectively. In the recovered
CdSe, the peak positions of the emission and absorption show a slight redshift from those of the
initial CdSe, which becomes negligible for nanospheres larger than 6 nm in diameter. An additional
fluorescence emission feature near 700 nm seen in the recovered CdSe (E) is due to the increased
surface trap emission. Vertical lines in (E) and (F) are a guide for the comparison of peak positions.
(G to I) High-resolution TEM images of the recovered CdSe nanocrystals without structural defects
(G), nanocrystals with stacking faults (H), and a large coagulated nanocrystal formed by merging
of two 6-nm nanocrystals (I). The distinct boundary of the different structures is clearly visible.

Fig. 2. TEM images of CdSe nanorods of differ-
ent sizes (A, C, E, G, and I) and their trans-
formed Ag2Se crystals (B, D, F, H, and J). The
average dimensions (width ! length) of CdSe
nanorods are (A) 3.2 nm! 15 nm, (C) 3.4 nm!
17 nm, (E) 5.3 nm! 29 nm, (G) 3.6 nm! 37 nm,
and (I) 5.6 nm ! 58 nm. As the nanorods
become thicker from (A) to (I), the shape
change during the cation exchange reaction is
suppressed.
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CdSe (Fig. 1, A and C) also indicate that the
size and shape are preserved. This remarkable
preservation of volume over multiple com-
plete exchange cycles demonstrates a funda-
mental feature of cation exchange reactions in
nanocrystals: The number of anions per nano-
crystal is invariant over multiple cycles (23).

The speed and reversibility of the reaction
at room temperature in the nanocrystals is
surprising. In a separate experiment with
micrometer-sized powders of CdSe, we
found the cation exchange to be virtually
prohibited under similar experimental con-
ditions over a period of weeks (24). In the
bulk phase, these materials were typically
subjected to molten salts at very high
temperatures to effect the exchange of cat-
ions (14). The reaction time for the forward
cation exchange reaction (¡ 1 s) is much
shorter than can be deduced from the
reaction time obtained in related systems of
larger size Ee.g., È10 hours for È100-nm
CdS wire (25)^ on the basis of simple scaling
of the size in diffusion-controlled reaction
schemes, where the reaction time is roughly
proportional to the square of the size (26).

This indicates that the effective reaction
barrier is much lower in nanometer-sized
crystals than in larger systems, therefore also
facilitating molecule-like dynamic equilibri-
um between the reactant and product phases.

High-resolution TEM images of the
recovered CdSe spheres indicate that the
wurtzite structure of the initial CdSe nano-
crystal is not necessarily preserved in the
recovered sample. Figure 1G shows an ex-
ample of the recovered CdSe nanocrystals
without noticeable structural defects; Fig. 1H
shows one with stacking faults. Moreover,
although it is observed much less frequently,
a coagulated crystal formed from the merging
of two smaller initial nanocrystals (Fig. 1I)
can be found, which shows a distinct boundary
between two different crystal domains. This
raises an important question about whether the
cation exchange reaction is topotaxial, where
the structural rigidity of the anion subframe is
maintained, or whether substantial morpholog-
ical reorganization accompanies the reaction.

To obtain a more conclusive answer to
this question, we performed cation exchange
reactions on nanocrystals with highly aniso-

tropic nonequilibrium shapes, such as rods,
tetrapods, and hollow spheres (3, 7, 9).
Figure 2 shows TEM images of the initial
CdSe nanorods of different sizes and their
transformed Ag2Se nanocrystals. It is readily
apparent that thinner nanorods (Fig. 2A)
reorganize to the equilibrium spherical shape
during the forward reaction, which indicates
that the anion sublattice is completely
disrupted during the reaction (Fig. 2B).
Thicker nanorods maintain their nonequilib-
rium shapes (Fig. 2, E, F, I, and J). The
degree of size control in this system is
sufficiently high that it is possible to capture
intermediate cases (Fig. 2, C, D, G, and H)
where the shape partially anneals, yielding
Ag2Se of rather irregular shape. Thus, there
exists a certain size limit below which the
structural rigidity of the anion sublattice is
not maintained during the cation exchange
reaction. The width and length dependence
of the morphology changes we observed
(e.g., compare Fig. 2, E and F, with Fig. 2,
G and H) also suggest that nanorod thickness

Fig. 1. TEM images of (A) initial CdSe (diameter 4.2 nm), (B) Ag2Se transformed from the forward
cation exchange reaction, and (C) recovered CdSe nanocrystals from the reverse cation exchange
reaction. (D to F) XRD patterns, fluorescence emission, and optical absorption spectra of initial
CdSe (red), Ag2Se (blue), and recovered CdSe (green) nanocrystals, respectively. In the recovered
CdSe, the peak positions of the emission and absorption show a slight redshift from those of the
initial CdSe, which becomes negligible for nanospheres larger than 6 nm in diameter. An additional
fluorescence emission feature near 700 nm seen in the recovered CdSe (E) is due to the increased
surface trap emission. Vertical lines in (E) and (F) are a guide for the comparison of peak positions.
(G to I) High-resolution TEM images of the recovered CdSe nanocrystals without structural defects
(G), nanocrystals with stacking faults (H), and a large coagulated nanocrystal formed by merging
of two 6-nm nanocrystals (I). The distinct boundary of the different structures is clearly visible.

Fig. 2. TEM images of CdSe nanorods of differ-
ent sizes (A, C, E, G, and I) and their trans-
formed Ag2Se crystals (B, D, F, H, and J). The
average dimensions (width ! length) of CdSe
nanorods are (A) 3.2 nm! 15 nm, (C) 3.4 nm!
17 nm, (E) 5.3 nm! 29 nm, (G) 3.6 nm! 37 nm,
and (I) 5.6 nm ! 58 nm. As the nanorods
become thicker from (A) to (I), the shape
change during the cation exchange reaction is
suppressed.
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CdSe (Fig. 1, A and C) also indicate that the
size and shape are preserved. This remarkable
preservation of volume over multiple com-
plete exchange cycles demonstrates a funda-
mental feature of cation exchange reactions in
nanocrystals: The number of anions per nano-
crystal is invariant over multiple cycles (23).

The speed and reversibility of the reaction
at room temperature in the nanocrystals is
surprising. In a separate experiment with
micrometer-sized powders of CdSe, we
found the cation exchange to be virtually
prohibited under similar experimental con-
ditions over a period of weeks (24). In the
bulk phase, these materials were typically
subjected to molten salts at very high
temperatures to effect the exchange of cat-
ions (14). The reaction time for the forward
cation exchange reaction (¡ 1 s) is much
shorter than can be deduced from the
reaction time obtained in related systems of
larger size Ee.g., È10 hours for È100-nm
CdS wire (25)^ on the basis of simple scaling
of the size in diffusion-controlled reaction
schemes, where the reaction time is roughly
proportional to the square of the size (26).

This indicates that the effective reaction
barrier is much lower in nanometer-sized
crystals than in larger systems, therefore also
facilitating molecule-like dynamic equilibri-
um between the reactant and product phases.

High-resolution TEM images of the
recovered CdSe spheres indicate that the
wurtzite structure of the initial CdSe nano-
crystal is not necessarily preserved in the
recovered sample. Figure 1G shows an ex-
ample of the recovered CdSe nanocrystals
without noticeable structural defects; Fig. 1H
shows one with stacking faults. Moreover,
although it is observed much less frequently,
a coagulated crystal formed from the merging
of two smaller initial nanocrystals (Fig. 1I)
can be found, which shows a distinct boundary
between two different crystal domains. This
raises an important question about whether the
cation exchange reaction is topotaxial, where
the structural rigidity of the anion subframe is
maintained, or whether substantial morpholog-
ical reorganization accompanies the reaction.

To obtain a more conclusive answer to
this question, we performed cation exchange
reactions on nanocrystals with highly aniso-

tropic nonequilibrium shapes, such as rods,
tetrapods, and hollow spheres (3, 7, 9).
Figure 2 shows TEM images of the initial
CdSe nanorods of different sizes and their
transformed Ag2Se nanocrystals. It is readily
apparent that thinner nanorods (Fig. 2A)
reorganize to the equilibrium spherical shape
during the forward reaction, which indicates
that the anion sublattice is completely
disrupted during the reaction (Fig. 2B).
Thicker nanorods maintain their nonequilib-
rium shapes (Fig. 2, E, F, I, and J). The
degree of size control in this system is
sufficiently high that it is possible to capture
intermediate cases (Fig. 2, C, D, G, and H)
where the shape partially anneals, yielding
Ag2Se of rather irregular shape. Thus, there
exists a certain size limit below which the
structural rigidity of the anion sublattice is
not maintained during the cation exchange
reaction. The width and length dependence
of the morphology changes we observed
(e.g., compare Fig. 2, E and F, with Fig. 2,
G and H) also suggest that nanorod thickness

Fig. 1. TEM images of (A) initial CdSe (diameter 4.2 nm), (B) Ag2Se transformed from the forward
cation exchange reaction, and (C) recovered CdSe nanocrystals from the reverse cation exchange
reaction. (D to F) XRD patterns, fluorescence emission, and optical absorption spectra of initial
CdSe (red), Ag2Se (blue), and recovered CdSe (green) nanocrystals, respectively. In the recovered
CdSe, the peak positions of the emission and absorption show a slight redshift from those of the
initial CdSe, which becomes negligible for nanospheres larger than 6 nm in diameter. An additional
fluorescence emission feature near 700 nm seen in the recovered CdSe (E) is due to the increased
surface trap emission. Vertical lines in (E) and (F) are a guide for the comparison of peak positions.
(G to I) High-resolution TEM images of the recovered CdSe nanocrystals without structural defects
(G), nanocrystals with stacking faults (H), and a large coagulated nanocrystal formed by merging
of two 6-nm nanocrystals (I). The distinct boundary of the different structures is clearly visible.

Fig. 2. TEM images of CdSe nanorods of differ-
ent sizes (A, C, E, G, and I) and their trans-
formed Ag2Se crystals (B, D, F, H, and J). The
average dimensions (width ! length) of CdSe
nanorods are (A) 3.2 nm! 15 nm, (C) 3.4 nm!
17 nm, (E) 5.3 nm! 29 nm, (G) 3.6 nm! 37 nm,
and (I) 5.6 nm ! 58 nm. As the nanorods
become thicker from (A) to (I), the shape
change during the cation exchange reaction is
suppressed.
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is a more relevant variable than nanorod
length in determining the shape change.

Other even more complex and high-energy
nonequilibrium shapes of nanocrystals, such as
hollow spheres and branched tetrapods (9, 12),
maintain their overall shapes throughout
complete cation exchange cycles, provided
they have a dimension thicker than È5 nm
(Fig. 3). CdS hollow spheres maintain overall
morphology during the cation exchange,
although a smoothing of the rough surface
and a small increase in volume are observed.
In the case of CdTe tetrapods, slight expan-
sion (È5%) of the width of each branch is
observed after the transformation to Ag2Te.

The observed changes in size can be
accounted for by changes in the crystal unit
cell symmetry and lattice parameters during the
transformation. In Fig. 4A, the structures of
Se2– sublattices in wurtzite CdSe and various
phases of Ag2Se are presented to show the
topotaxial relationship between the reactant
and product phases and associated changes in
dimension. Small increases in the width
observed in the transformation of thicker CdSe
rods to tetragonal Ag2Se rods (Fig. 2, F and J)
reflect the changes in dimension upon change
of the crystal structure as shown in Fig. 4A.
These observations reveal a second fundamen-
tal feature of cation exchange in nanocrystals:
The anion sublattice connectivity is preserved
during exchange in large nanocrystals.

There are two possible explanations for the
crossover of morphology change at widths of 4
to 5 nm observed in CdSe nanorods. First, the
structure of the reaction product is progres-
sively changing from a cubic to a tetragonal
phase and eventually adopts an orthorhombic
phase in the bulk material in crystals of larger
size. For small spheres and thin, short rods of
CdSe, like those in Figs. 1 and 2A, the Ag2Se
product is cubic. For thicker rods such as
those in Fig. 2, E and J, the Ag2Se is
tetragonal (fig. S1). The cubic phase of Ag2Se
is a superionic conductor, with a diffusion
coefficient for Agþ ions similar to that in
liquid solvent (È10–5 cm2/s), unlike in other
phases of Ag2Se (22, 27). Because the smaller
CdSe nanocrystals are those that form the
cubic phase of Ag2Se and lose structural
rigidity, it is conceivable that the high
mobility of the Agþ ions influences the
morphology of the crystal during the reaction.
However, we consider this unlikely, because it
is the anion sublattice that forms the structural
framework of the crystal in the cation
exchange reaction, and this should occur
regardless of the degree of cation mobility.

A more likely explanation arises when we
consider that 4 to 5 nm is comparable to the best
available estimates of the width of the reaction
zone. Solid-state reactions and the associated
phase transformation andmicroscopicmorphol-
ogy changes in the bulk have been considered
extensively. The evolution of the reaction front

Fig. 3. (A to C) TEM images of (A) initial CdS hollow spheres, (B) Ag2S hollow spheres produced from
cation exchange of CdS, and (C) recovered CdS from the reverse cation exchange reaction. (D to F)
TEM images of (D) initial CdTe tetrapods, (E) Ag2Te tetrapods produced from cation exchange of
CdTe, and (F) recovered CdTe from the reverse cation exchange reaction.

Fig. 4. (A) Comparison of the projection of the selenium anion sublattice in the wurtzite CdSe
nanorod and different phases of Ag2Se nanorods. Dark and light colors are used to distinguish the
anions in different atomic layers in the direction corresponding to the long axis of CdSe. Projection
of a unit cell is also shown superimposed on the anion sublattice structure to facilitate the
comparison. Anion sublattices show simple topotaxial relationships, where the transformation
between different structures can be accomplished by movement of ions mostly in the planes
perpendicular to the long axis (c axis) of CdSe. (B) Illustration of the size-dependent morphology
change during the reaction. Orange and blue colors indicate the regions of initial reactant and final
product phase, respectively. The green region indicates the reaction zone where the structural
equilibrium is not yet established.
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CdSe (Fig. 1, A and C) also indicate that the
size and shape are preserved. This remarkable
preservation of volume over multiple com-
plete exchange cycles demonstrates a funda-
mental feature of cation exchange reactions in
nanocrystals: The number of anions per nano-
crystal is invariant over multiple cycles (23).

The speed and reversibility of the reaction
at room temperature in the nanocrystals is
surprising. In a separate experiment with
micrometer-sized powders of CdSe, we
found the cation exchange to be virtually
prohibited under similar experimental con-
ditions over a period of weeks (24). In the
bulk phase, these materials were typically
subjected to molten salts at very high
temperatures to effect the exchange of cat-
ions (14). The reaction time for the forward
cation exchange reaction (¡ 1 s) is much
shorter than can be deduced from the
reaction time obtained in related systems of
larger size Ee.g., È10 hours for È100-nm
CdS wire (25)^ on the basis of simple scaling
of the size in diffusion-controlled reaction
schemes, where the reaction time is roughly
proportional to the square of the size (26).

This indicates that the effective reaction
barrier is much lower in nanometer-sized
crystals than in larger systems, therefore also
facilitating molecule-like dynamic equilibri-
um between the reactant and product phases.

High-resolution TEM images of the
recovered CdSe spheres indicate that the
wurtzite structure of the initial CdSe nano-
crystal is not necessarily preserved in the
recovered sample. Figure 1G shows an ex-
ample of the recovered CdSe nanocrystals
without noticeable structural defects; Fig. 1H
shows one with stacking faults. Moreover,
although it is observed much less frequently,
a coagulated crystal formed from the merging
of two smaller initial nanocrystals (Fig. 1I)
can be found, which shows a distinct boundary
between two different crystal domains. This
raises an important question about whether the
cation exchange reaction is topotaxial, where
the structural rigidity of the anion subframe is
maintained, or whether substantial morpholog-
ical reorganization accompanies the reaction.

To obtain a more conclusive answer to
this question, we performed cation exchange
reactions on nanocrystals with highly aniso-

tropic nonequilibrium shapes, such as rods,
tetrapods, and hollow spheres (3, 7, 9).
Figure 2 shows TEM images of the initial
CdSe nanorods of different sizes and their
transformed Ag2Se nanocrystals. It is readily
apparent that thinner nanorods (Fig. 2A)
reorganize to the equilibrium spherical shape
during the forward reaction, which indicates
that the anion sublattice is completely
disrupted during the reaction (Fig. 2B).
Thicker nanorods maintain their nonequilib-
rium shapes (Fig. 2, E, F, I, and J). The
degree of size control in this system is
sufficiently high that it is possible to capture
intermediate cases (Fig. 2, C, D, G, and H)
where the shape partially anneals, yielding
Ag2Se of rather irregular shape. Thus, there
exists a certain size limit below which the
structural rigidity of the anion sublattice is
not maintained during the cation exchange
reaction. The width and length dependence
of the morphology changes we observed
(e.g., compare Fig. 2, E and F, with Fig. 2,
G and H) also suggest that nanorod thickness

Fig. 1. TEM images of (A) initial CdSe (diameter 4.2 nm), (B) Ag2Se transformed from the forward
cation exchange reaction, and (C) recovered CdSe nanocrystals from the reverse cation exchange
reaction. (D to F) XRD patterns, fluorescence emission, and optical absorption spectra of initial
CdSe (red), Ag2Se (blue), and recovered CdSe (green) nanocrystals, respectively. In the recovered
CdSe, the peak positions of the emission and absorption show a slight redshift from those of the
initial CdSe, which becomes negligible for nanospheres larger than 6 nm in diameter. An additional
fluorescence emission feature near 700 nm seen in the recovered CdSe (E) is due to the increased
surface trap emission. Vertical lines in (E) and (F) are a guide for the comparison of peak positions.
(G to I) High-resolution TEM images of the recovered CdSe nanocrystals without structural defects
(G), nanocrystals with stacking faults (H), and a large coagulated nanocrystal formed by merging
of two 6-nm nanocrystals (I). The distinct boundary of the different structures is clearly visible.

Fig. 2. TEM images of CdSe nanorods of differ-
ent sizes (A, C, E, G, and I) and their trans-
formed Ag2Se crystals (B, D, F, H, and J). The
average dimensions (width ! length) of CdSe
nanorods are (A) 3.2 nm! 15 nm, (C) 3.4 nm!
17 nm, (E) 5.3 nm! 29 nm, (G) 3.6 nm! 37 nm,
and (I) 5.6 nm ! 58 nm. As the nanorods
become thicker from (A) to (I), the shape
change during the cation exchange reaction is
suppressed.
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is a more relevant variable than nanorod
length in determining the shape change.

Other even more complex and high-energy
nonequilibrium shapes of nanocrystals, such as
hollow spheres and branched tetrapods (9, 12),
maintain their overall shapes throughout
complete cation exchange cycles, provided
they have a dimension thicker than È5 nm
(Fig. 3). CdS hollow spheres maintain overall
morphology during the cation exchange,
although a smoothing of the rough surface
and a small increase in volume are observed.
In the case of CdTe tetrapods, slight expan-
sion (È5%) of the width of each branch is
observed after the transformation to Ag2Te.

The observed changes in size can be
accounted for by changes in the crystal unit
cell symmetry and lattice parameters during the
transformation. In Fig. 4A, the structures of
Se2– sublattices in wurtzite CdSe and various
phases of Ag2Se are presented to show the
topotaxial relationship between the reactant
and product phases and associated changes in
dimension. Small increases in the width
observed in the transformation of thicker CdSe
rods to tetragonal Ag2Se rods (Fig. 2, F and J)
reflect the changes in dimension upon change
of the crystal structure as shown in Fig. 4A.
These observations reveal a second fundamen-
tal feature of cation exchange in nanocrystals:
The anion sublattice connectivity is preserved
during exchange in large nanocrystals.

There are two possible explanations for the
crossover of morphology change at widths of 4
to 5 nm observed in CdSe nanorods. First, the
structure of the reaction product is progres-
sively changing from a cubic to a tetragonal
phase and eventually adopts an orthorhombic
phase in the bulk material in crystals of larger
size. For small spheres and thin, short rods of
CdSe, like those in Figs. 1 and 2A, the Ag2Se
product is cubic. For thicker rods such as
those in Fig. 2, E and J, the Ag2Se is
tetragonal (fig. S1). The cubic phase of Ag2Se
is a superionic conductor, with a diffusion
coefficient for Agþ ions similar to that in
liquid solvent (È10–5 cm2/s), unlike in other
phases of Ag2Se (22, 27). Because the smaller
CdSe nanocrystals are those that form the
cubic phase of Ag2Se and lose structural
rigidity, it is conceivable that the high
mobility of the Agþ ions influences the
morphology of the crystal during the reaction.
However, we consider this unlikely, because it
is the anion sublattice that forms the structural
framework of the crystal in the cation
exchange reaction, and this should occur
regardless of the degree of cation mobility.

A more likely explanation arises when we
consider that 4 to 5 nm is comparable to the best
available estimates of the width of the reaction
zone. Solid-state reactions and the associated
phase transformation andmicroscopicmorphol-
ogy changes in the bulk have been considered
extensively. The evolution of the reaction front

Fig. 3. (A to C) TEM images of (A) initial CdS hollow spheres, (B) Ag2S hollow spheres produced from
cation exchange of CdS, and (C) recovered CdS from the reverse cation exchange reaction. (D to F)
TEM images of (D) initial CdTe tetrapods, (E) Ag2Te tetrapods produced from cation exchange of
CdTe, and (F) recovered CdTe from the reverse cation exchange reaction.

Fig. 4. (A) Comparison of the projection of the selenium anion sublattice in the wurtzite CdSe
nanorod and different phases of Ag2Se nanorods. Dark and light colors are used to distinguish the
anions in different atomic layers in the direction corresponding to the long axis of CdSe. Projection
of a unit cell is also shown superimposed on the anion sublattice structure to facilitate the
comparison. Anion sublattices show simple topotaxial relationships, where the transformation
between different structures can be accomplished by movement of ions mostly in the planes
perpendicular to the long axis (c axis) of CdSe. (B) Illustration of the size-dependent morphology
change during the reaction. Orange and blue colors indicate the regions of initial reactant and final
product phase, respectively. The green region indicates the reaction zone where the structural
equilibrium is not yet established.
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tetrapods, and hollow spheres (3, 7, 9).
Figure 2 shows TEM images of the initial
CdSe nanorods of different sizes and their
transformed Ag2Se nanocrystals. It is readily
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reorganize to the equilibrium spherical shape
during the forward reaction, which indicates
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disrupted during the reaction (Fig. 2B).
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structural rigidity of the anion sublattice is
not maintained during the cation exchange
reaction. The width and length dependence
of the morphology changes we observed
(e.g., compare Fig. 2, E and F, with Fig. 2,
G and H) also suggest that nanorod thickness

Fig. 1. TEM images of (A) initial CdSe (diameter 4.2 nm), (B) Ag2Se transformed from the forward
cation exchange reaction, and (C) recovered CdSe nanocrystals from the reverse cation exchange
reaction. (D to F) XRD patterns, fluorescence emission, and optical absorption spectra of initial
CdSe (red), Ag2Se (blue), and recovered CdSe (green) nanocrystals, respectively. In the recovered
CdSe, the peak positions of the emission and absorption show a slight redshift from those of the
initial CdSe, which becomes negligible for nanospheres larger than 6 nm in diameter. An additional
fluorescence emission feature near 700 nm seen in the recovered CdSe (E) is due to the increased
surface trap emission. Vertical lines in (E) and (F) are a guide for the comparison of peak positions.
(G to I) High-resolution TEM images of the recovered CdSe nanocrystals without structural defects
(G), nanocrystals with stacking faults (H), and a large coagulated nanocrystal formed by merging
of two 6-nm nanocrystals (I). The distinct boundary of the different structures is clearly visible.

Fig. 2. TEM images of CdSe nanorods of differ-
ent sizes (A, C, E, G, and I) and their trans-
formed Ag2Se crystals (B, D, F, H, and J). The
average dimensions (width ! length) of CdSe
nanorods are (A) 3.2 nm! 15 nm, (C) 3.4 nm!
17 nm, (E) 5.3 nm! 29 nm, (G) 3.6 nm! 37 nm,
and (I) 5.6 nm ! 58 nm. As the nanorods
become thicker from (A) to (I), the shape
change during the cation exchange reaction is
suppressed.
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Lattice-mismatch strains are widely known to control nanoscale pattern formation in heteroepitaxy, but
such effects have not been exploited in colloidal nanocrystal growth. We demonstrate a colloidal route
to synthesizing CdS-Ag2S nanorod superlattices through partial cation exchange. Strain induces the
spontaneous formation of periodic structures. Ab initio calculations of the interfacial energy and
modeling of strain energies show that these forces drive the self-organization of the superlattices. The
nanorod superlattices exhibit high stability against ripening and phase mixing. These materials are
tunable near-infrared emitters with potential applications as nanometer-scale optoelectronic devices.

The ability to pattern on the nanoscale has
led to a wide range of advanced artificial
materials with controllable quantum ener-

gy levels. Structures such as quantum-dot arrays
and nanowire heterostructures can be fabricated
by vacuum- and vapor-deposition techniques
such as molecular beam epitaxy (MBE) and
vapor-liquid-solid (VLS) processes, resulting in

quantum-confined units that are attached to a
substrate or embedded in a solid medium (1–5).
A target of colloidal nanocrystal research is to
create these same structures while leveraging the
advantages of solution-phase fabrication, such as
low-cost synthesis and compatibility in disparate
environments [e.g., for use in biological labeling
(6, 7) and solution-processed light-emitting

diodes (8) and solar cells (9)]. One key difference
between quantum dots epitaxially grown on a
substrate and free-standing colloidal quantum
dots is the presence of strain. In epitaxially grown
systems, the interface between the substrate crys-
tal and the quantum dot creates a region of strain
surrounding the dot. Ingeniously, this local strain
has been used to create an energy of interaction
between closely spaced dots; this use of “strain
engineering” has led, in turn, to quantum-dot ar-
rays that are spatially patterned in two (and even
three) dimensions (2–4). We demonstrate the
application of strain engineering in a colloidal
quantum-dot system by introducing a method that
spontaneously creates a regularly spaced ar-
rangement of quantum dots within a colloidal
quantum rod.

A linear array of quantum dots within a nano-
rod effectively creates a one-dimensional (1D)
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Fig. 1. TEM images of superlattices formed through partial
cation exchange. (A) The original 4.8–by–64-nm CdS
nanorods. (B and C) Transformed CdS-Ag2S superlattices.
(Inset) Histogram of Ag2S segment spacing (center-to-
center). The average spacing is 13.8 ± 3.8 nm. The sample
set for the histogram was greater than 250 spacings.
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Fig. 1. TEM images of superlattices formed through partial
cation exchange. (A) The original 4.8–by–64-nm CdS
nanorods. (B and C) Transformed CdS-Ag2S superlattices.
(Inset) Histogram of Ag2S segment spacing (center-to-
center). The average spacing is 13.8 ± 3.8 nm. The sample
set for the histogram was greater than 250 spacings.
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Fig. 1. TEM images of superlattices formed through partial
cation exchange. (A) The original 4.8–by–64-nm CdS
nanorods. (B and C) Transformed CdS-Ag2S superlattices.
(Inset) Histogram of Ag2S segment spacing (center-to-
center). The average spacing is 13.8 ± 3.8 nm. The sample
set for the histogram was greater than 250 spacings.
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Fig. 1. TEM images of superlattices formed through partial
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has been used to create an energy of interaction
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engineering” has led, in turn, to quantum-dot ar-
rays that are spatially patterned in two (and even
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application of strain engineering in a colloidal
quantum-dot system by introducing a method that
spontaneously creates a regularly spaced ar-
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center). The average spacing is 13.8 ± 3.8 nm. The sample
set for the histogram was greater than 250 spacings.
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(Inset) Histogram of Ag2S segment spacing (center-to-
center). The average spacing is 13.8 ± 3.8 nm. The sample
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Fig. 1. TEM images of superlattices formed through partial
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nanorods. (B and C) Transformed CdS-Ag2S superlattices.
(Inset) Histogram of Ag2S segment spacing (center-to-
center). The average spacing is 13.8 ± 3.8 nm. The sample
set for the histogram was greater than 250 spacings.
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tal and the quantum dot creates a region of strain
surrounding the dot. Ingeniously, this local strain
has been used to create an energy of interaction
between closely spaced dots; this use of “strain
engineering” has led, in turn, to quantum-dot ar-
rays that are spatially patterned in two (and even
three) dimensions (2–4). We demonstrate the
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Fig. 1. TEM images of superlattices formed through partial
cation exchange. (A) The original 4.8–by–64-nm CdS
nanorods. (B and C) Transformed CdS-Ag2S superlattices.
(Inset) Histogram of Ag2S segment spacing (center-to-
center). The average spacing is 13.8 ± 3.8 nm. The sample
set for the histogram was greater than 250 spacings.
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purely to a combination of these two phases. No
Ag peaks are present. Furthermore, a simulation
of the XRD pattern for a mixture of Ag2S and
CdS crystalline domains with dimensions match-
ing those of the sample agrees qualitatively with
the experimental patterns, in terms of the relative
intensities of Ag2S peaks to CdS peaks, support-
ing the extent of the conversion observed in TEM
images (fig. S2). In our experimental XRD pat-
terns, the CdS (002) peak is broader and weaker
for the striped rods than for the initial CdS sam-
ple. This indicates a decreased CdS crystallite size
along <001> [the growth axis of the rods (22)]
after the partial ion exchange. Debye-Scherrer
analysis of peak widths for several striped-rod
samples indicates that the CdS grain size along
the axis has decreased from >30 nm to 12 to 16
nm for the striped rods. The decrease in grain size
along this direction is attributed to the interrup-
tion of the {001} planes by the Ag2S material,
because the shorter length is consistent with the
average spacing in this striped-rod sample. TEM
images show that the Ag2S regions, which have a
broad range of separations at low concentrations
(Fig. 3A), become increasingly ordered at slight-
ly higher concentrations (Figs. 1, B and C, and
3B). The change in the number and periodicity
(spacing) of the Ag2S regions suggest a system-
atic organization as the volume fraction of Ag2S
increases (Fig. 3, C to F). Intrarod Ag2S spacings
were correlated through a pair-distribution func-
tion in which the distances between each Ag2S
region and all other Ag2S regions on a rod were
measured. The organization of the Ag2S regions
into superlattices is seen in the periodicity of the
histogram (Fig. 3F), extending over several
nearest-neighbor distances. In the superlattices,
the Ag2S regions are spaced evenly along the
rod, whereas no periodicity is seen for the lower
Ag+ concentration (Fig. 3E).

The mechanism by which the initial arrange-
ment of randomly distributed small islands of
Ag2S evolves into a periodic, 1D pattern is of
particular interest. Because there exists a posi-
tive CdS-Ag2S interface formation energy
(~1.68 eV per Cd-Ag-S elementary interface
unit, from our ab initio calculations), it is
energetically favorable to merge small Ag2S
islands into larger Ag2S segments. The fast
diffusion of cations leads to a situation where
Ostwald ripening between the initially formed
islands of Ag2S can occur, so that larger islands
grow at the expense of nearby smaller ones.
Diffusion of the cations is allowed because both
Ag+ and Cd2+ are considered fast diffusers
(23–25). Also, Ag chalcogenides exhibit super-
ionic conductivity in their high-temperature
phases (25). A critical juncture occurs when the
regions of Ag2S grow to the point where they
span the diameter of the rod. At this point,
further Ostwald ripening is kinetically pro-
hibited, because an atom-by-atom exchange of
Ag+ among segments will not reduce the total
interfacial area. This leads to Ag2S segments of
nearly equal size (fig. S3). The rod is in a

metastable state; i.e., the complete joining of
two Ag2S regions is always a lower-energy
configuration, but one that cannot readily be
accessed by simple atomic-exchange events.

A second factor that promotes the regular
spacing of the stripe pattern is the elastic repul-
sion between two Ag2S segments because of the
strain in the intervening CdS region. A model
for the coherent atomic connection between the
two materials is shown in Fig. 4A (26). To
match the basal lattice constant for CdS (4.3 Å),
the Ag2S body-centered–cubic lattice in the
plane of interface has to expand by 4% in one
direction and contract by 15% along the
perpendicular direction. There is a repulsive
elastic force between segments of like material
because of the resulting strain fields. Results
from valence force field (VFF) modeling (27)
show that the elastic energy stored in the rod
increases markedly as two Ag2S segments
approach each other (Fig. 4B). Bond strain in

the z direction (axial) is responsible for the
repulsive elastic interaction (Fig. 4C). CdS atoms
are pushed away from the closest Ag2S segment,
forming convex-shaped atomic layers. For two
Ag2S segments approaching each other, the z
displacements in the CdS are in opposite
directions, leading to an interaction term between
the fields that gives higher strain energy at
smaller separations (28). The model is consistent
with the experimental finding that increasing the
rod diameter increases the spacing between
segments (fig. S1). Similar effects of spontaneous
ordering of quantum dots in two dimensions
produced by MBE growth have been explained
with corresponding arguments [e.g., (3)]. How-
ever, the 1D geometry explored here imposes a
stronger constraint on ripening processes, leading
to an especially robust path to stable, regularly
spaced quantum dots within a rod.

The importance of strain in attaining the su-
perlattice pattern can be illustrated by examining

Fig. 4. Theoretical modeling and experimental optical characterization. (A) Cubic-cutout
representation of cells used for ab initio energy calculations. A distorted monoclinic Ag2S (100)
plane connects with the wurtzite CdS (001) plane. (B) Elastic energy of the rod as a function of
segment separation (center-to-center). (C) Z-axis strain for the case of two mismatched segments at
a center-to-center separation distance of 14.1 nm (top) and 12.1 nm (bottom). The elastic
interaction between segments is greatly reduced for separations >12.1 nm. Arrows show the
placement of mismatched segments. The CdS rods used for VFF calculations (B and C) were 4.8 nm
in diameter, with two 4.8–by–4.0-nm lattice-mismatched segments. Effective elastic constants for
the mismatched segments were from ab initio calculations for monoclinic Ag2S. (D) Visible and (E)
NIR PL spectra at l = 400- and 550-nm excitation, respectively. Coupling between the CdS and Ag2S
is evident by the complete quenching of the visible PL (D) in the heterostructures. The shift in NIR PL
(E) is due to quantum confinement of the Ag2S.
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Ag peaks are present. Furthermore, a simulation
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the experimental patterns, in terms of the relative
intensities of Ag2S peaks to CdS peaks, support-
ing the extent of the conversion observed in TEM
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terns, the CdS (002) peak is broader and weaker
for the striped rods than for the initial CdS sam-
ple. This indicates a decreased CdS crystallite size
along <001> [the growth axis of the rods (22)]
after the partial ion exchange. Debye-Scherrer
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samples indicates that the CdS grain size along
the axis has decreased from >30 nm to 12 to 16
nm for the striped rods. The decrease in grain size
along this direction is attributed to the interrup-
tion of the {001} planes by the Ag2S material,
because the shorter length is consistent with the
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broad range of separations at low concentrations
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measured. The organization of the Ag2S regions
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histogram (Fig. 3F), extending over several
nearest-neighbor distances. In the superlattices,
the Ag2S regions are spaced evenly along the
rod, whereas no periodicity is seen for the lower
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The mechanism by which the initial arrange-
ment of randomly distributed small islands of
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particular interest. Because there exists a posi-
tive CdS-Ag2S interface formation energy
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smaller separations (28). The model is consistent
with the experimental finding that increasing the
rod diameter increases the spacing between
segments (fig. S1). Similar effects of spontaneous
ordering of quantum dots in two dimensions
produced by MBE growth have been explained
with corresponding arguments [e.g., (3)]. How-
ever, the 1D geometry explored here imposes a
stronger constraint on ripening processes, leading
to an especially robust path to stable, regularly
spaced quantum dots within a rod.

The importance of strain in attaining the su-
perlattice pattern can be illustrated by examining

Fig. 4. Theoretical modeling and experimental optical characterization. (A) Cubic-cutout
representation of cells used for ab initio energy calculations. A distorted monoclinic Ag2S (100)
plane connects with the wurtzite CdS (001) plane. (B) Elastic energy of the rod as a function of
segment separation (center-to-center). (C) Z-axis strain for the case of two mismatched segments at
a center-to-center separation distance of 14.1 nm (top) and 12.1 nm (bottom). The elastic
interaction between segments is greatly reduced for separations >12.1 nm. Arrows show the
placement of mismatched segments. The CdS rods used for VFF calculations (B and C) were 4.8 nm
in diameter, with two 4.8–by–4.0-nm lattice-mismatched segments. Effective elastic constants for
the mismatched segments were from ab initio calculations for monoclinic Ag2S. (D) Visible and (E)
NIR PL spectra at l = 400- and 550-nm excitation, respectively. Coupling between the CdS and Ag2S
is evident by the complete quenching of the visible PL (D) in the heterostructures. The shift in NIR PL
(E) is due to quantum confinement of the Ag2S.
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Spontaneous Superlattice
Formation in Nanorods Through
Partial Cation Exchange
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Lattice-mismatch strains are widely known to control nanoscale pattern formation in heteroepitaxy, but
such effects have not been exploited in colloidal nanocrystal growth. We demonstrate a colloidal route
to synthesizing CdS-Ag2S nanorod superlattices through partial cation exchange. Strain induces the
spontaneous formation of periodic structures. Ab initio calculations of the interfacial energy and
modeling of strain energies show that these forces drive the self-organization of the superlattices. The
nanorod superlattices exhibit high stability against ripening and phase mixing. These materials are
tunable near-infrared emitters with potential applications as nanometer-scale optoelectronic devices.

The ability to pattern on the nanoscale has
led to a wide range of advanced artificial
materials with controllable quantum ener-

gy levels. Structures such as quantum-dot arrays
and nanowire heterostructures can be fabricated
by vacuum- and vapor-deposition techniques
such as molecular beam epitaxy (MBE) and
vapor-liquid-solid (VLS) processes, resulting in

quantum-confined units that are attached to a
substrate or embedded in a solid medium (1–5).
A target of colloidal nanocrystal research is to
create these same structures while leveraging the
advantages of solution-phase fabrication, such as
low-cost synthesis and compatibility in disparate
environments [e.g., for use in biological labeling
(6, 7) and solution-processed light-emitting

diodes (8) and solar cells (9)]. One key difference
between quantum dots epitaxially grown on a
substrate and free-standing colloidal quantum
dots is the presence of strain. In epitaxially grown
systems, the interface between the substrate crys-
tal and the quantum dot creates a region of strain
surrounding the dot. Ingeniously, this local strain
has been used to create an energy of interaction
between closely spaced dots; this use of “strain
engineering” has led, in turn, to quantum-dot ar-
rays that are spatially patterned in two (and even
three) dimensions (2–4). We demonstrate the
application of strain engineering in a colloidal
quantum-dot system by introducing a method that
spontaneously creates a regularly spaced ar-
rangement of quantum dots within a colloidal
quantum rod.

A linear array of quantum dots within a nano-
rod effectively creates a one-dimensional (1D)
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Fig. 1. TEM images of superlattices formed through partial
cation exchange. (A) The original 4.8–by–64-nm CdS
nanorods. (B and C) Transformed CdS-Ag2S superlattices.
(Inset) Histogram of Ag2S segment spacing (center-to-
center). The average spacing is 13.8 ± 3.8 nm. The sample
set for the histogram was greater than 250 spacings.
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Lattice-mismatch strains are widely known to control nanoscale pattern formation in heteroepitaxy, but
such effects have not been exploited in colloidal nanocrystal growth. We demonstrate a colloidal route
to synthesizing CdS-Ag2S nanorod superlattices through partial cation exchange. Strain induces the
spontaneous formation of periodic structures. Ab initio calculations of the interfacial energy and
modeling of strain energies show that these forces drive the self-organization of the superlattices. The
nanorod superlattices exhibit high stability against ripening and phase mixing. These materials are
tunable near-infrared emitters with potential applications as nanometer-scale optoelectronic devices.

The ability to pattern on the nanoscale has
led to a wide range of advanced artificial
materials with controllable quantum ener-

gy levels. Structures such as quantum-dot arrays
and nanowire heterostructures can be fabricated
by vacuum- and vapor-deposition techniques
such as molecular beam epitaxy (MBE) and
vapor-liquid-solid (VLS) processes, resulting in

quantum-confined units that are attached to a
substrate or embedded in a solid medium (1–5).
A target of colloidal nanocrystal research is to
create these same structures while leveraging the
advantages of solution-phase fabrication, such as
low-cost synthesis and compatibility in disparate
environments [e.g., for use in biological labeling
(6, 7) and solution-processed light-emitting

diodes (8) and solar cells (9)]. One key difference
between quantum dots epitaxially grown on a
substrate and free-standing colloidal quantum
dots is the presence of strain. In epitaxially grown
systems, the interface between the substrate crys-
tal and the quantum dot creates a region of strain
surrounding the dot. Ingeniously, this local strain
has been used to create an energy of interaction
between closely spaced dots; this use of “strain
engineering” has led, in turn, to quantum-dot ar-
rays that are spatially patterned in two (and even
three) dimensions (2–4). We demonstrate the
application of strain engineering in a colloidal
quantum-dot system by introducing a method that
spontaneously creates a regularly spaced ar-
rangement of quantum dots within a colloidal
quantum rod.

A linear array of quantum dots within a nano-
rod effectively creates a one-dimensional (1D)
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Fig. 1. TEM images of superlattices formed through partial
cation exchange. (A) The original 4.8–by–64-nm CdS
nanorods. (B and C) Transformed CdS-Ag2S superlattices.
(Inset) Histogram of Ag2S segment spacing (center-to-
center). The average spacing is 13.8 ± 3.8 nm. The sample
set for the histogram was greater than 250 spacings.
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of the initial nanorods. This indicates complete conservation of the
selenide seed embedded in the sulfide rod throughout the forward
and reverse transformations. Remarkably, this holds for a seed
diameter as small as 2.3 nm (Figure 1D). For the 3.9-nm seed, the
PL maximum position recovers to within 4 nm, indicating no more
than a 4% size change (based on the trend in Figure 1C). However,
a significant part of this shift may in fact be attributed to effects
unrelated to a size change. For instance, back-exchange of the
Cu2Se/Cu2S structure could result in a strained CdSe/CdS interface,
especially in the case of the larger seed, leading to a blue shift in
the recovered PL.17,23 In addition, the 3.9-nm seed is exposed to
the surface/ligand environment, making it sensitive to dielectric
changes in the ligand shell and increase in surface traps resulting
from the cation exchange process,1 possibly causing the shift and
the broad trap emission at longer wavelengths in the recovered PL
(Figure 1B). The 2.3-nm seed, in which case the sensitivity of its
PL position to the external surface/ligand environment is expected
to be minimal due to complete embedment in the rod, shows
recovery of its PL maximum position to within 0.5 nm, implying
insignificant size change. This demonstrates that the anionic
framework is preserved during the exchange without significant
mixing of the anions across the interface, allowing the original
heterostructure morphology to be conserved.

High-angle annular dark-field (HAADF) and high resolution
transmission electron microscopy (HRTEM) of the Cd and Cu
seeded rods (Figure 2, Supporting Information) show that they
maintain their size and shape during exchange. In HAADF images
(Figure 2A), the selenide seed exhibits higher Z-contrast compared
to the sulfide rod, allowing visualization of seed location. This is
further supported by elemental dispersive X-ray (EDX) line scans
across a representative rod (Figure 2C). This confirms that the
position of the seed within the rod is conserved during the ionic
transformation.

Anionic framework conservation allows access to new and unique
heterostructures, otherwise difficult to make via colloidal synthesis.

For example, a structure with a PbSe nanocrystal embedded in a
PbS rod has not yet been described in the literature. Such a structure
would enable band gap engineering and tuning of electron/hole
transport properties in the near-infrared (NIR) region, potentially

Figure 3. (A) X-ray diffraction pattern showing exchange of CdSe/CdS
(top) to PbSe/PbS seeded rod with rock-salt structure (bottom) via Cu2Se/
Cu2S with monoclinic crystal structure (middle). (B) Energy dispersive X-ray
spectra and (inset) transmission electron micrograph of PbSe/PbS nanorods;
scale bar: 5 nm. (C) Absorbance (solid) and photoluminescence spectra
(dotted) of rods with a 3.9-nm (blue) and 2.3-nm (red) PbSe seed. Note
that the PL detection sensitivity range is limited to 1550 nm.

Figure 2. (A) High-angle annular dark-field image rendered as a pseudocolor map and (B) high-resolution transmission electron micrograph of CdSe/CdS
(left) and Cu2Se/Cu2S (right) seeded rods. (C) Energy dispersive X-ray line scan across a representative Cu2Se/Cu2S nanorod. The position of the selenide
seed in the EDS line scan agrees with the location of high Z-contrast in the HAADF image shown at the bottom. Line profiles of absolute intensity through
the nanorods in (A) are shown in the Supporting Information.
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selenide seed embedded in the sulfide rod throughout the forward
and reverse transformations. Remarkably, this holds for a seed
diameter as small as 2.3 nm (Figure 1D). For the 3.9-nm seed, the
PL maximum position recovers to within 4 nm, indicating no more
than a 4% size change (based on the trend in Figure 1C). However,
a significant part of this shift may in fact be attributed to effects
unrelated to a size change. For instance, back-exchange of the
Cu2Se/Cu2S structure could result in a strained CdSe/CdS interface,
especially in the case of the larger seed, leading to a blue shift in
the recovered PL.17,23 In addition, the 3.9-nm seed is exposed to
the surface/ligand environment, making it sensitive to dielectric
changes in the ligand shell and increase in surface traps resulting
from the cation exchange process,1 possibly causing the shift and
the broad trap emission at longer wavelengths in the recovered PL
(Figure 1B). The 2.3-nm seed, in which case the sensitivity of its
PL position to the external surface/ligand environment is expected
to be minimal due to complete embedment in the rod, shows
recovery of its PL maximum position to within 0.5 nm, implying
insignificant size change. This demonstrates that the anionic
framework is preserved during the exchange without significant
mixing of the anions across the interface, allowing the original
heterostructure morphology to be conserved.

High-angle annular dark-field (HAADF) and high resolution
transmission electron microscopy (HRTEM) of the Cd and Cu
seeded rods (Figure 2, Supporting Information) show that they
maintain their size and shape during exchange. In HAADF images
(Figure 2A), the selenide seed exhibits higher Z-contrast compared
to the sulfide rod, allowing visualization of seed location. This is
further supported by elemental dispersive X-ray (EDX) line scans
across a representative rod (Figure 2C). This confirms that the
position of the seed within the rod is conserved during the ionic
transformation.

Anionic framework conservation allows access to new and unique
heterostructures, otherwise difficult to make via colloidal synthesis.

For example, a structure with a PbSe nanocrystal embedded in a
PbS rod has not yet been described in the literature. Such a structure
would enable band gap engineering and tuning of electron/hole
transport properties in the near-infrared (NIR) region, potentially

Figure 3. (A) X-ray diffraction pattern showing exchange of CdSe/CdS
(top) to PbSe/PbS seeded rod with rock-salt structure (bottom) via Cu2Se/
Cu2S with monoclinic crystal structure (middle). (B) Energy dispersive X-ray
spectra and (inset) transmission electron micrograph of PbSe/PbS nanorods;
scale bar: 5 nm. (C) Absorbance (solid) and photoluminescence spectra
(dotted) of rods with a 3.9-nm (blue) and 2.3-nm (red) PbSe seed. Note
that the PL detection sensitivity range is limited to 1550 nm.

Figure 2. (A) High-angle annular dark-field image rendered as a pseudocolor map and (B) high-resolution transmission electron micrograph of CdSe/CdS
(left) and Cu2Se/Cu2S (right) seeded rods. (C) Energy dispersive X-ray line scan across a representative Cu2Se/Cu2S nanorod. The position of the selenide
seed in the EDS line scan agrees with the location of high Z-contrast in the HAADF image shown at the bottom. Line profiles of absolute intensity through
the nanorods in (A) are shown in the Supporting Information.
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This in turn provides the impetus to initiate reor-
ganization of the M2Xn crystalline lattice and to
grow into a monocrystalline domain once Ag is
completely expelled from the shell (stages S4a-S4b-
S5) (fig. S2) (28). The processes from stages S3
to S5 can take from minutes to a few hours de-
pending on the softness of the Mn+ in solution (19).

The effect of an amorphous versus crystalline
phase of the Ag2X shell on the resulting crystalline
quality, as well as geometry of the core-shell nano-
structures, was also investigated. We observed that

crystalline Ag2S shells typically led to phase seg-
regation between the core and shell, forming non-
concentric anisotropic shapes (such as dumbbell
nanostructures) (fig. S3). The CdS shells in such
asymmetric nanostructures appeared as either
polycrystalline or monocrystalline. By contrast,
amorphous Ag2X shells not only provided a well-
defined regime for cation exchange (thus defining
the dimensions of the monocrystalline semi-
conductor shells in stage S5), but also promoted
the motion of the ions inside the shells as well

as the growth of the monocrystalline domain of
M2Xn due to a reduction of interfacial and grain
boundary energies between amorphous Ag2X
and crystalline M2Xn (28, 29).

According to the above proposed growth mech-
anism, our technique should be readily applicable
to other semiconductor hybrid systems as long as
the softness of Mn+ is less than that of Ag+ to
achieve positive DG (fig. S2). To demonstrate
such versatility, Fig. 3 (and figs. S4 and S5) dis-
plays different combinations of uniformly grown

Fig. 2. Nonepitaxial growth
process and mechanism of
hybrid core-shell nanostruc-
tures with substantial lattice
mismatches. (A) Schematic
of growth process. (B) Se-
ries of high-resolution TEM
images highlighting differ-
ent synthetic stages of Au-
CdS growth. Scale bar, 5
nm. Red and yellow dashed
lines are guides for the eye,
distinguishing the core and
shell boundaries, respectively.
(C) Corresponding XRD pat-
terns of different stages illus-
trated in (B). Bulk Au (red
solid lines, JCPDS #04-0784),
monoclinic Ag2S (green solid
lines, JCPDS #14-0072), and
wurtzite CdS (blue solid lines,
JCPDS #41-1049) are pro-
vided for reference. Bulk Ag
is not shown because its XRD
pattern is very similar to that
of Au.

Fig. 3. Large-scale (left) and
high-resolution (right) TEM images
of different hybrid core-shell nano-
structures with various combinations
of the core and shell components. All
semiconductor shells show mono-
crystalline features. Scale bars for
large-scale and high-resolution TEM
images are 20 and 5 nm, respec-
tively. (A) Au-CdSe; (B) Au-CdTe;
(C) FePt-CdS; (D) Au-PbS; (E) Au-
ZnS; and (F) Pt-CdS.
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images highlighting differ-
ent synthetic stages of Au-
CdS growth. Scale bar, 5
nm. Red and yellow dashed
lines are guides for the eye,
distinguishing the core and
shell boundaries, respectively.
(C) Corresponding XRD pat-
terns of different stages illus-
trated in (B). Bulk Au (red
solid lines, JCPDS #04-0784),
monoclinic Ag2S (green solid
lines, JCPDS #14-0072), and
wurtzite CdS (blue solid lines,
JCPDS #41-1049) are pro-
vided for reference. Bulk Ag
is not shown because its XRD
pattern is very similar to that
of Au.

Fig. 3. Large-scale (left) and
high-resolution (right) TEM images
of different hybrid core-shell nano-
structures with various combinations
of the core and shell components. All
semiconductor shells show mono-
crystalline features. Scale bars for
large-scale and high-resolution TEM
images are 20 and 5 nm, respec-
tively. (A) Au-CdSe; (B) Au-CdTe;
(C) FePt-CdS; (D) Au-PbS; (E) Au-
ZnS; and (F) Pt-CdS.

26 MARCH 2010 VOL 327 SCIENCE www.sciencemag.org1636

REPORTS

 o
n 

M
ar

ch
 2

6,
 2

01
0 

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 

single xtal shell

TBP

+ Mn+

Thursday, August 12, 2010



MOLECULAR 
FOUNDRY 

Strain-free core/single-crystal shells by 

chemical conversion

Ouyang, et al Science (2010)

This in turn provides the impetus to initiate reor-
ganization of the M2Xn crystalline lattice and to
grow into a monocrystalline domain once Ag is
completely expelled from the shell (stages S4a-S4b-
S5) (fig. S2) (28). The processes from stages S3
to S5 can take from minutes to a few hours de-
pending on the softness of the Mn+ in solution (19).

The effect of an amorphous versus crystalline
phase of the Ag2X shell on the resulting crystalline
quality, as well as geometry of the core-shell nano-
structures, was also investigated. We observed that

crystalline Ag2S shells typically led to phase seg-
regation between the core and shell, forming non-
concentric anisotropic shapes (such as dumbbell
nanostructures) (fig. S3). The CdS shells in such
asymmetric nanostructures appeared as either
polycrystalline or monocrystalline. By contrast,
amorphous Ag2X shells not only provided a well-
defined regime for cation exchange (thus defining
the dimensions of the monocrystalline semi-
conductor shells in stage S5), but also promoted
the motion of the ions inside the shells as well

as the growth of the monocrystalline domain of
M2Xn due to a reduction of interfacial and grain
boundary energies between amorphous Ag2X
and crystalline M2Xn (28, 29).

According to the above proposed growth mech-
anism, our technique should be readily applicable
to other semiconductor hybrid systems as long as
the softness of Mn+ is less than that of Ag+ to
achieve positive DG (fig. S2). To demonstrate
such versatility, Fig. 3 (and figs. S4 and S5) dis-
plays different combinations of uniformly grown

Fig. 2. Nonepitaxial growth
process and mechanism of
hybrid core-shell nanostruc-
tures with substantial lattice
mismatches. (A) Schematic
of growth process. (B) Se-
ries of high-resolution TEM
images highlighting differ-
ent synthetic stages of Au-
CdS growth. Scale bar, 5
nm. Red and yellow dashed
lines are guides for the eye,
distinguishing the core and
shell boundaries, respectively.
(C) Corresponding XRD pat-
terns of different stages illus-
trated in (B). Bulk Au (red
solid lines, JCPDS #04-0784),
monoclinic Ag2S (green solid
lines, JCPDS #14-0072), and
wurtzite CdS (blue solid lines,
JCPDS #41-1049) are pro-
vided for reference. Bulk Ag
is not shown because its XRD
pattern is very similar to that
of Au.

Fig. 3. Large-scale (left) and
high-resolution (right) TEM images
of different hybrid core-shell nano-
structures with various combinations
of the core and shell components. All
semiconductor shells show mono-
crystalline features. Scale bars for
large-scale and high-resolution TEM
images are 20 and 5 nm, respec-
tively. (A) Au-CdSe; (B) Au-CdTe;
(C) FePt-CdS; (D) Au-PbS; (E) Au-
ZnS; and (F) Pt-CdS.
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This in turn provides the impetus to initiate reor-
ganization of the M2Xn crystalline lattice and to
grow into a monocrystalline domain once Ag is
completely expelled from the shell (stages S4a-S4b-
S5) (fig. S2) (28). The processes from stages S3
to S5 can take from minutes to a few hours de-
pending on the softness of the Mn+ in solution (19).

The effect of an amorphous versus crystalline
phase of the Ag2X shell on the resulting crystalline
quality, as well as geometry of the core-shell nano-
structures, was also investigated. We observed that

crystalline Ag2S shells typically led to phase seg-
regation between the core and shell, forming non-
concentric anisotropic shapes (such as dumbbell
nanostructures) (fig. S3). The CdS shells in such
asymmetric nanostructures appeared as either
polycrystalline or monocrystalline. By contrast,
amorphous Ag2X shells not only provided a well-
defined regime for cation exchange (thus defining
the dimensions of the monocrystalline semi-
conductor shells in stage S5), but also promoted
the motion of the ions inside the shells as well

as the growth of the monocrystalline domain of
M2Xn due to a reduction of interfacial and grain
boundary energies between amorphous Ag2X
and crystalline M2Xn (28, 29).

According to the above proposed growth mech-
anism, our technique should be readily applicable
to other semiconductor hybrid systems as long as
the softness of Mn+ is less than that of Ag+ to
achieve positive DG (fig. S2). To demonstrate
such versatility, Fig. 3 (and figs. S4 and S5) dis-
plays different combinations of uniformly grown

Fig. 2. Nonepitaxial growth
process and mechanism of
hybrid core-shell nanostruc-
tures with substantial lattice
mismatches. (A) Schematic
of growth process. (B) Se-
ries of high-resolution TEM
images highlighting differ-
ent synthetic stages of Au-
CdS growth. Scale bar, 5
nm. Red and yellow dashed
lines are guides for the eye,
distinguishing the core and
shell boundaries, respectively.
(C) Corresponding XRD pat-
terns of different stages illus-
trated in (B). Bulk Au (red
solid lines, JCPDS #04-0784),
monoclinic Ag2S (green solid
lines, JCPDS #14-0072), and
wurtzite CdS (blue solid lines,
JCPDS #41-1049) are pro-
vided for reference. Bulk Ag
is not shown because its XRD
pattern is very similar to that
of Au.

Fig. 3. Large-scale (left) and
high-resolution (right) TEM images
of different hybrid core-shell nano-
structures with various combinations
of the core and shell components. All
semiconductor shells show mono-
crystalline features. Scale bars for
large-scale and high-resolution TEM
images are 20 and 5 nm, respec-
tively. (A) Au-CdSe; (B) Au-CdTe;
(C) FePt-CdS; (D) Au-PbS; (E) Au-
ZnS; and (F) Pt-CdS.
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This in turn provides the impetus to initiate reor-
ganization of the M2Xn crystalline lattice and to
grow into a monocrystalline domain once Ag is
completely expelled from the shell (stages S4a-S4b-
S5) (fig. S2) (28). The processes from stages S3
to S5 can take from minutes to a few hours de-
pending on the softness of the Mn+ in solution (19).

The effect of an amorphous versus crystalline
phase of the Ag2X shell on the resulting crystalline
quality, as well as geometry of the core-shell nano-
structures, was also investigated. We observed that

crystalline Ag2S shells typically led to phase seg-
regation between the core and shell, forming non-
concentric anisotropic shapes (such as dumbbell
nanostructures) (fig. S3). The CdS shells in such
asymmetric nanostructures appeared as either
polycrystalline or monocrystalline. By contrast,
amorphous Ag2X shells not only provided a well-
defined regime for cation exchange (thus defining
the dimensions of the monocrystalline semi-
conductor shells in stage S5), but also promoted
the motion of the ions inside the shells as well

as the growth of the monocrystalline domain of
M2Xn due to a reduction of interfacial and grain
boundary energies between amorphous Ag2X
and crystalline M2Xn (28, 29).

According to the above proposed growth mech-
anism, our technique should be readily applicable
to other semiconductor hybrid systems as long as
the softness of Mn+ is less than that of Ag+ to
achieve positive DG (fig. S2). To demonstrate
such versatility, Fig. 3 (and figs. S4 and S5) dis-
plays different combinations of uniformly grown

Fig. 2. Nonepitaxial growth
process and mechanism of
hybrid core-shell nanostruc-
tures with substantial lattice
mismatches. (A) Schematic
of growth process. (B) Se-
ries of high-resolution TEM
images highlighting differ-
ent synthetic stages of Au-
CdS growth. Scale bar, 5
nm. Red and yellow dashed
lines are guides for the eye,
distinguishing the core and
shell boundaries, respectively.
(C) Corresponding XRD pat-
terns of different stages illus-
trated in (B). Bulk Au (red
solid lines, JCPDS #04-0784),
monoclinic Ag2S (green solid
lines, JCPDS #14-0072), and
wurtzite CdS (blue solid lines,
JCPDS #41-1049) are pro-
vided for reference. Bulk Ag
is not shown because its XRD
pattern is very similar to that
of Au.

Fig. 3. Large-scale (left) and
high-resolution (right) TEM images
of different hybrid core-shell nano-
structures with various combinations
of the core and shell components. All
semiconductor shells show mono-
crystalline features. Scale bars for
large-scale and high-resolution TEM
images are 20 and 5 nm, respec-
tively. (A) Au-CdSe; (B) Au-CdTe;
(C) FePt-CdS; (D) Au-PbS; (E) Au-
ZnS; and (F) Pt-CdS.

26 MARCH 2010 VOL 327 SCIENCE www.sciencemag.org1636

REPORTS

 o
n 

M
ar

ch
 2

6,
 2

01
0 

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 

amorphous shell

This in turn provides the impetus to initiate reor-
ganization of the M2Xn crystalline lattice and to
grow into a monocrystalline domain once Ag is
completely expelled from the shell (stages S4a-S4b-
S5) (fig. S2) (28). The processes from stages S3
to S5 can take from minutes to a few hours de-
pending on the softness of the Mn+ in solution (19).

The effect of an amorphous versus crystalline
phase of the Ag2X shell on the resulting crystalline
quality, as well as geometry of the core-shell nano-
structures, was also investigated. We observed that

crystalline Ag2S shells typically led to phase seg-
regation between the core and shell, forming non-
concentric anisotropic shapes (such as dumbbell
nanostructures) (fig. S3). The CdS shells in such
asymmetric nanostructures appeared as either
polycrystalline or monocrystalline. By contrast,
amorphous Ag2X shells not only provided a well-
defined regime for cation exchange (thus defining
the dimensions of the monocrystalline semi-
conductor shells in stage S5), but also promoted
the motion of the ions inside the shells as well

as the growth of the monocrystalline domain of
M2Xn due to a reduction of interfacial and grain
boundary energies between amorphous Ag2X
and crystalline M2Xn (28, 29).

According to the above proposed growth mech-
anism, our technique should be readily applicable
to other semiconductor hybrid systems as long as
the softness of Mn+ is less than that of Ag+ to
achieve positive DG (fig. S2). To demonstrate
such versatility, Fig. 3 (and figs. S4 and S5) dis-
plays different combinations of uniformly grown

Fig. 2. Nonepitaxial growth
process and mechanism of
hybrid core-shell nanostruc-
tures with substantial lattice
mismatches. (A) Schematic
of growth process. (B) Se-
ries of high-resolution TEM
images highlighting differ-
ent synthetic stages of Au-
CdS growth. Scale bar, 5
nm. Red and yellow dashed
lines are guides for the eye,
distinguishing the core and
shell boundaries, respectively.
(C) Corresponding XRD pat-
terns of different stages illus-
trated in (B). Bulk Au (red
solid lines, JCPDS #04-0784),
monoclinic Ag2S (green solid
lines, JCPDS #14-0072), and
wurtzite CdS (blue solid lines,
JCPDS #41-1049) are pro-
vided for reference. Bulk Ag
is not shown because its XRD
pattern is very similar to that
of Au.

Fig. 3. Large-scale (left) and
high-resolution (right) TEM images
of different hybrid core-shell nano-
structures with various combinations
of the core and shell components. All
semiconductor shells show mono-
crystalline features. Scale bars for
large-scale and high-resolution TEM
images are 20 and 5 nm, respec-
tively. (A) Au-CdSe; (B) Au-CdTe;
(C) FePt-CdS; (D) Au-PbS; (E) Au-
ZnS; and (F) Pt-CdS.
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Figure S2. (A) Acidity of common metal ions as soft- acids. (B) Basicity of common 
ligands as soft- bases. 

This in turn provides the impetus to initiate reor-
ganization of the M2Xn crystalline lattice and to
grow into a monocrystalline domain once Ag is
completely expelled from the shell (stages S4a-S4b-
S5) (fig. S2) (28). The processes from stages S3
to S5 can take from minutes to a few hours de-
pending on the softness of the Mn+ in solution (19).

The effect of an amorphous versus crystalline
phase of the Ag2X shell on the resulting crystalline
quality, as well as geometry of the core-shell nano-
structures, was also investigated. We observed that

crystalline Ag2S shells typically led to phase seg-
regation between the core and shell, forming non-
concentric anisotropic shapes (such as dumbbell
nanostructures) (fig. S3). The CdS shells in such
asymmetric nanostructures appeared as either
polycrystalline or monocrystalline. By contrast,
amorphous Ag2X shells not only provided a well-
defined regime for cation exchange (thus defining
the dimensions of the monocrystalline semi-
conductor shells in stage S5), but also promoted
the motion of the ions inside the shells as well

as the growth of the monocrystalline domain of
M2Xn due to a reduction of interfacial and grain
boundary energies between amorphous Ag2X
and crystalline M2Xn (28, 29).

According to the above proposed growth mech-
anism, our technique should be readily applicable
to other semiconductor hybrid systems as long as
the softness of Mn+ is less than that of Ag+ to
achieve positive DG (fig. S2). To demonstrate
such versatility, Fig. 3 (and figs. S4 and S5) dis-
plays different combinations of uniformly grown

Fig. 2. Nonepitaxial growth
process and mechanism of
hybrid core-shell nanostruc-
tures with substantial lattice
mismatches. (A) Schematic
of growth process. (B) Se-
ries of high-resolution TEM
images highlighting differ-
ent synthetic stages of Au-
CdS growth. Scale bar, 5
nm. Red and yellow dashed
lines are guides for the eye,
distinguishing the core and
shell boundaries, respectively.
(C) Corresponding XRD pat-
terns of different stages illus-
trated in (B). Bulk Au (red
solid lines, JCPDS #04-0784),
monoclinic Ag2S (green solid
lines, JCPDS #14-0072), and
wurtzite CdS (blue solid lines,
JCPDS #41-1049) are pro-
vided for reference. Bulk Ag
is not shown because its XRD
pattern is very similar to that
of Au.

Fig. 3. Large-scale (left) and
high-resolution (right) TEM images
of different hybrid core-shell nano-
structures with various combinations
of the core and shell components. All
semiconductor shells show mono-
crystalline features. Scale bars for
large-scale and high-resolution TEM
images are 20 and 5 nm, respec-
tively. (A) Au-CdSe; (B) Au-CdTe;
(C) FePt-CdS; (D) Au-PbS; (E) Au-
ZnS; and (F) Pt-CdS.
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This in turn provides the impetus to initiate reor-
ganization of the M2Xn crystalline lattice and to
grow into a monocrystalline domain once Ag is
completely expelled from the shell (stages S4a-S4b-
S5) (fig. S2) (28). The processes from stages S3
to S5 can take from minutes to a few hours de-
pending on the softness of the Mn+ in solution (19).

The effect of an amorphous versus crystalline
phase of the Ag2X shell on the resulting crystalline
quality, as well as geometry of the core-shell nano-
structures, was also investigated. We observed that

crystalline Ag2S shells typically led to phase seg-
regation between the core and shell, forming non-
concentric anisotropic shapes (such as dumbbell
nanostructures) (fig. S3). The CdS shells in such
asymmetric nanostructures appeared as either
polycrystalline or monocrystalline. By contrast,
amorphous Ag2X shells not only provided a well-
defined regime for cation exchange (thus defining
the dimensions of the monocrystalline semi-
conductor shells in stage S5), but also promoted
the motion of the ions inside the shells as well

as the growth of the monocrystalline domain of
M2Xn due to a reduction of interfacial and grain
boundary energies between amorphous Ag2X
and crystalline M2Xn (28, 29).

According to the above proposed growth mech-
anism, our technique should be readily applicable
to other semiconductor hybrid systems as long as
the softness of Mn+ is less than that of Ag+ to
achieve positive DG (fig. S2). To demonstrate
such versatility, Fig. 3 (and figs. S4 and S5) dis-
plays different combinations of uniformly grown

Fig. 2. Nonepitaxial growth
process and mechanism of
hybrid core-shell nanostruc-
tures with substantial lattice
mismatches. (A) Schematic
of growth process. (B) Se-
ries of high-resolution TEM
images highlighting differ-
ent synthetic stages of Au-
CdS growth. Scale bar, 5
nm. Red and yellow dashed
lines are guides for the eye,
distinguishing the core and
shell boundaries, respectively.
(C) Corresponding XRD pat-
terns of different stages illus-
trated in (B). Bulk Au (red
solid lines, JCPDS #04-0784),
monoclinic Ag2S (green solid
lines, JCPDS #14-0072), and
wurtzite CdS (blue solid lines,
JCPDS #41-1049) are pro-
vided for reference. Bulk Ag
is not shown because its XRD
pattern is very similar to that
of Au.

Fig. 3. Large-scale (left) and
high-resolution (right) TEM images
of different hybrid core-shell nano-
structures with various combinations
of the core and shell components. All
semiconductor shells show mono-
crystalline features. Scale bars for
large-scale and high-resolution TEM
images are 20 and 5 nm, respec-
tively. (A) Au-CdSe; (B) Au-CdTe;
(C) FePt-CdS; (D) Au-PbS; (E) Au-
ZnS; and (F) Pt-CdS.
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This in turn provides the impetus to initiate reor-
ganization of the M2Xn crystalline lattice and to
grow into a monocrystalline domain once Ag is
completely expelled from the shell (stages S4a-S4b-
S5) (fig. S2) (28). The processes from stages S3
to S5 can take from minutes to a few hours de-
pending on the softness of the Mn+ in solution (19).

The effect of an amorphous versus crystalline
phase of the Ag2X shell on the resulting crystalline
quality, as well as geometry of the core-shell nano-
structures, was also investigated. We observed that

crystalline Ag2S shells typically led to phase seg-
regation between the core and shell, forming non-
concentric anisotropic shapes (such as dumbbell
nanostructures) (fig. S3). The CdS shells in such
asymmetric nanostructures appeared as either
polycrystalline or monocrystalline. By contrast,
amorphous Ag2X shells not only provided a well-
defined regime for cation exchange (thus defining
the dimensions of the monocrystalline semi-
conductor shells in stage S5), but also promoted
the motion of the ions inside the shells as well

as the growth of the monocrystalline domain of
M2Xn due to a reduction of interfacial and grain
boundary energies between amorphous Ag2X
and crystalline M2Xn (28, 29).

According to the above proposed growth mech-
anism, our technique should be readily applicable
to other semiconductor hybrid systems as long as
the softness of Mn+ is less than that of Ag+ to
achieve positive DG (fig. S2). To demonstrate
such versatility, Fig. 3 (and figs. S4 and S5) dis-
plays different combinations of uniformly grown

Fig. 2. Nonepitaxial growth
process and mechanism of
hybrid core-shell nanostruc-
tures with substantial lattice
mismatches. (A) Schematic
of growth process. (B) Se-
ries of high-resolution TEM
images highlighting differ-
ent synthetic stages of Au-
CdS growth. Scale bar, 5
nm. Red and yellow dashed
lines are guides for the eye,
distinguishing the core and
shell boundaries, respectively.
(C) Corresponding XRD pat-
terns of different stages illus-
trated in (B). Bulk Au (red
solid lines, JCPDS #04-0784),
monoclinic Ag2S (green solid
lines, JCPDS #14-0072), and
wurtzite CdS (blue solid lines,
JCPDS #41-1049) are pro-
vided for reference. Bulk Ag
is not shown because its XRD
pattern is very similar to that
of Au.

Fig. 3. Large-scale (left) and
high-resolution (right) TEM images
of different hybrid core-shell nano-
structures with various combinations
of the core and shell components. All
semiconductor shells show mono-
crystalline features. Scale bars for
large-scale and high-resolution TEM
images are 20 and 5 nm, respec-
tively. (A) Au-CdSe; (B) Au-CdTe;
(C) FePt-CdS; (D) Au-PbS; (E) Au-
ZnS; and (F) Pt-CdS.
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This in turn provides the impetus to initiate reor-
ganization of the M2Xn crystalline lattice and to
grow into a monocrystalline domain once Ag is
completely expelled from the shell (stages S4a-S4b-
S5) (fig. S2) (28). The processes from stages S3
to S5 can take from minutes to a few hours de-
pending on the softness of the Mn+ in solution (19).

The effect of an amorphous versus crystalline
phase of the Ag2X shell on the resulting crystalline
quality, as well as geometry of the core-shell nano-
structures, was also investigated. We observed that

crystalline Ag2S shells typically led to phase seg-
regation between the core and shell, forming non-
concentric anisotropic shapes (such as dumbbell
nanostructures) (fig. S3). The CdS shells in such
asymmetric nanostructures appeared as either
polycrystalline or monocrystalline. By contrast,
amorphous Ag2X shells not only provided a well-
defined regime for cation exchange (thus defining
the dimensions of the monocrystalline semi-
conductor shells in stage S5), but also promoted
the motion of the ions inside the shells as well

as the growth of the monocrystalline domain of
M2Xn due to a reduction of interfacial and grain
boundary energies between amorphous Ag2X
and crystalline M2Xn (28, 29).

According to the above proposed growth mech-
anism, our technique should be readily applicable
to other semiconductor hybrid systems as long as
the softness of Mn+ is less than that of Ag+ to
achieve positive DG (fig. S2). To demonstrate
such versatility, Fig. 3 (and figs. S4 and S5) dis-
plays different combinations of uniformly grown

Fig. 2. Nonepitaxial growth
process and mechanism of
hybrid core-shell nanostruc-
tures with substantial lattice
mismatches. (A) Schematic
of growth process. (B) Se-
ries of high-resolution TEM
images highlighting differ-
ent synthetic stages of Au-
CdS growth. Scale bar, 5
nm. Red and yellow dashed
lines are guides for the eye,
distinguishing the core and
shell boundaries, respectively.
(C) Corresponding XRD pat-
terns of different stages illus-
trated in (B). Bulk Au (red
solid lines, JCPDS #04-0784),
monoclinic Ag2S (green solid
lines, JCPDS #14-0072), and
wurtzite CdS (blue solid lines,
JCPDS #41-1049) are pro-
vided for reference. Bulk Ag
is not shown because its XRD
pattern is very similar to that
of Au.

Fig. 3. Large-scale (left) and
high-resolution (right) TEM images
of different hybrid core-shell nano-
structures with various combinations
of the core and shell components. All
semiconductor shells show mono-
crystalline features. Scale bars for
large-scale and high-resolution TEM
images are 20 and 5 nm, respec-
tively. (A) Au-CdSe; (B) Au-CdTe;
(C) FePt-CdS; (D) Au-PbS; (E) Au-
ZnS; and (F) Pt-CdS.
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along the c axis. After refluxing for one day, single crystalline
nanorods with average lengths of 100 nm and widths of
approximately 15 nm were formed (Figure 1B).[20] In the
corresponding XRD image (curve B, Figure 2) the 002
reflection has strongly sharpened up which is consistent with
rod formation along the c axis. More details about the XRD
investigations including solution XRD measurements and
simulations are given in the Supporting Information.

Detailed TEM investigations in an early stage of rod
formation (reflux for 2 h) are shown in Figure 3. At low
magnification (Figure 3A) aggregated quasi-spherical parti-
cles are recognized beside already formed short rods. Most of

Figure 3. A) TEM image of the concentrated solution after reflux for 2 h;
B) ±D) high-resolution TEM images of dimers formed by oriented attach-
ment; E) oligomer structure of several nanoparticles fused after oriented
attachment.

the aggregated particles form pearl-chain-like structures.
High-resolution TEM images of a series of aggregated
particles are shown in Figure 3B±D. It is seen that the lattice
planes of the depicted particles are almost perfectly aligned.
Moreover, one recognizes that the lattice planes go straight
through the contact areas, that is the particles are epitaxially
fused together; bottlenecks between the adjacent particles are
still visible. In the majority of images we see oriented
attachment along the c axis (002), but we also find examples

of lateral oriented attachment parallel to the c axis. In some
cases one can even observe how the individual particles are
aligned like a wall, where the second layer of bricks is just
started to be put on the first (Figure 3E). The observed lattice
planes in these images are the 002 or 100, which lie
perpendicular or parallel to the c axis, respectively. In all
images the longest extension of the aggregates is manifested
in the direction of the c axis. More examples are shown in the
Supporting Information. We do not observe oriented attach-
ment in all aggregated particles. If, however, the particles are
fused together, the lattice planes are aligned relative to each
other. Thus, oriented attachment seems to be the prerequisite
for the condensation step leading to crystallite fusion under
our experimental conditions.

This type of oriented attachment implies that the aspect
ratio of the rods should peak at integer numbers, at least in an
early stage of growth, where the width of the rods is almost
identical to the diameter of the particles in the concentrated
starting sol. This is indeed observed as shown in the histogram
in Figure 4.[21]

Figure 4. Histogram (with n! frequency) showing the aspect ratio r
(length/width) of 2000 ZnO nanorods at an early stage of growth (2 h
reflux). The width of the rods at this stage is almost identical to the
diameter of the quasi-spherical nanoparticles.

In summary the presented experiments provide strong
evidence that oriented attachment of preformed quasi-
spherical ZnO nanoparticles is a major reaction path during
the formation of single crystalline nanorods under the
described conditions. In the finally formed rods the bottle-
necks between the adjacent particles must have been filled up
and the surfaces parallel to the c axis must somehow have
been smoothened.We believe that this occurs by conventional
mechanism of dissolution and growth of monomers, which
might also result in an overall growth of the rods, especially
after long times of reflux. In this sense, Ostwald ripening does
not only compete with, but assists the growth process by
oriented attachment in order to yield finally high-quality
rodlike nanocrystals.

Presently we can only speculate why oriented attachment
preferentially occurs along the c axis (although it also happens
along other crystal orientations). One reason might arise from
the wurtzite structure itself. If complete 002 planes are
formed, their reactivity should be different at the bottom and
the top of the c axis, since one of these layers is formed by zinc
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along the c axis. After refluxing for one day, single crystalline
nanorods with average lengths of 100 nm and widths of
approximately 15 nm were formed (Figure 1B).[20] In the
corresponding XRD image (curve B, Figure 2) the 002
reflection has strongly sharpened up which is consistent with
rod formation along the c axis. More details about the XRD
investigations including solution XRD measurements and
simulations are given in the Supporting Information.

Detailed TEM investigations in an early stage of rod
formation (reflux for 2 h) are shown in Figure 3. At low
magnification (Figure 3A) aggregated quasi-spherical parti-
cles are recognized beside already formed short rods. Most of

Figure 3. A) TEM image of the concentrated solution after reflux for 2 h;
B) ±D) high-resolution TEM images of dimers formed by oriented attach-
ment; E) oligomer structure of several nanoparticles fused after oriented
attachment.

the aggregated particles form pearl-chain-like structures.
High-resolution TEM images of a series of aggregated
particles are shown in Figure 3B±D. It is seen that the lattice
planes of the depicted particles are almost perfectly aligned.
Moreover, one recognizes that the lattice planes go straight
through the contact areas, that is the particles are epitaxially
fused together; bottlenecks between the adjacent particles are
still visible. In the majority of images we see oriented
attachment along the c axis (002), but we also find examples

of lateral oriented attachment parallel to the c axis. In some
cases one can even observe how the individual particles are
aligned like a wall, where the second layer of bricks is just
started to be put on the first (Figure 3E). The observed lattice
planes in these images are the 002 or 100, which lie
perpendicular or parallel to the c axis, respectively. In all
images the longest extension of the aggregates is manifested
in the direction of the c axis. More examples are shown in the
Supporting Information. We do not observe oriented attach-
ment in all aggregated particles. If, however, the particles are
fused together, the lattice planes are aligned relative to each
other. Thus, oriented attachment seems to be the prerequisite
for the condensation step leading to crystallite fusion under
our experimental conditions.

This type of oriented attachment implies that the aspect
ratio of the rods should peak at integer numbers, at least in an
early stage of growth, where the width of the rods is almost
identical to the diameter of the particles in the concentrated
starting sol. This is indeed observed as shown in the histogram
in Figure 4.[21]

Figure 4. Histogram (with n! frequency) showing the aspect ratio r
(length/width) of 2000 ZnO nanorods at an early stage of growth (2 h
reflux). The width of the rods at this stage is almost identical to the
diameter of the quasi-spherical nanoparticles.

In summary the presented experiments provide strong
evidence that oriented attachment of preformed quasi-
spherical ZnO nanoparticles is a major reaction path during
the formation of single crystalline nanorods under the
described conditions. In the finally formed rods the bottle-
necks between the adjacent particles must have been filled up
and the surfaces parallel to the c axis must somehow have
been smoothened.We believe that this occurs by conventional
mechanism of dissolution and growth of monomers, which
might also result in an overall growth of the rods, especially
after long times of reflux. In this sense, Ostwald ripening does
not only compete with, but assists the growth process by
oriented attachment in order to yield finally high-quality
rodlike nanocrystals.

Presently we can only speculate why oriented attachment
preferentially occurs along the c axis (although it also happens
along other crystal orientations). One reason might arise from
the wurtzite structure itself. If complete 002 planes are
formed, their reactivity should be different at the bottom and
the top of the c axis, since one of these layers is formed by zinc
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sionally ordered arrays has been reported.[7] In these experi-
ments, however, self-assembly is mainly driven by the
interactions of the organic ligands rather than by the
interaction of the particle cores. Contrarily self-assembled
™oriented attachment∫ was only observed for ligand-free
nanoparticles.

Recently, rodlike semiconductor and metal nanoparticles
have attracted considerable attention. There are, however,
only a few examples reported where those nanorods could be
prepared in a controllable manner using evaporation or
colloido-chemical techniques.[8±14] Materials such as ZnO, Co,
Au, and CdSe were used for the rods. Rod formation requires
anisotropic crystal growth which is usually realized when
the free surface energies of the various crystallographic
planes differ significantly. For wet chemical synthesis Puntes
et al. recently showed that this could be realized in the case
of CdSe and Co[15] by using two different surface ligands,
which probably bind selectively to the respective surface
planes.

We report here the formation of high-quality single
crystalline ZnO nanorods which is based on oriented attach-
ment of preformed quasi-spherical ZnO nanoparticles. The
growth from individual particles by crystallographically
oriented and partially fused dimers and oligomers to almost
perfect rods is monitored by high-resolution transmission
electron microscopy (TEM) and XRD.

ZnO nanoparticles were prepared from zinc acetate
dihydrate in alcoholic solution under basic conditions.[16]

The procedure is a modification of the method developed
by Henglein et al.[17] We found that the shape of the ZnO
particles was very sensitive to the overall concentration of
precursors. At a zinc acetate dihydrate concentration of below
0.01! quasi-spherical particles were formed, whereas mainly
nanorods were formed at 10 times higher concentrations.
Similar observations were reported by Verge¬s et al. for the
formation of rodlike microcrystals.[5]

To learn more about the growth mechanism, we have
performed the experiments in a different way. We first
prepared a sol of quasi-spherical particles at low concentra-
tions (0.01!, starting sol), increased the particle concentration
in a second step by solvent evaporation, and finally refluxed
these colloidal solutions for different lengths of time. Rod
formation occurred exclusively during the final heating step,
that is from already formed quasi-spherical particles. All
experiments described in hereafter were performed under
these conditions. The particles of the starting sol are depicted
in the TEM image in Figure 1A. An average particle size of
approximately 3 nm is seen and it is assumed that facetted
crystalline surfaces are already present, but not detectable by
high-resolution TEM due to the small size and relatively low
contrast of ZnO. The corresponding powder X-ray diffracto-
gram is depicted in Figure 2 (curve A). It exhibits the typical
size-broadened reflections from wurtzite-type ZnO. Scherrer
line width analysis of all shown peaks yields particle diameters
around 3 nm which is consistent with the TEM images.
Increasing the particle concentration by a factor of 10 by
evaporation of the solvent at room temperature resulted in a
particle growth from 3 nm to 5 nm without, however, chang-
ing the shape of the particles. The same effect was observed

Figure 1. TEM images of ZnO. A) starting sol; B) after one day of reflux of
the concentrated sol. The insets show high-resolution TEM images of
individual nanoparticles.

Figure 2. X-ray diffractogram of the ZnO starting sol (A) and after one
day of reflux (B).

after reflux of the starting sol for 8 h before the concentration
step. Such a gradual growth of quasi-spherical ZnO particles
upon aging was also observed and explained by Ostwald
ripening.[18, 19] Refluxing, however, the concentrated solution
yields rodlike nanoparticles. An increase in the heating time
mainly leads to an increase of the elongation of the particle
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along the c axis. After refluxing for one day, single crystalline
nanorods with average lengths of 100 nm and widths of
approximately 15 nm were formed (Figure 1B).[20] In the
corresponding XRD image (curve B, Figure 2) the 002
reflection has strongly sharpened up which is consistent with
rod formation along the c axis. More details about the XRD
investigations including solution XRD measurements and
simulations are given in the Supporting Information.

Detailed TEM investigations in an early stage of rod
formation (reflux for 2 h) are shown in Figure 3. At low
magnification (Figure 3A) aggregated quasi-spherical parti-
cles are recognized beside already formed short rods. Most of

Figure 3. A) TEM image of the concentrated solution after reflux for 2 h;
B) ±D) high-resolution TEM images of dimers formed by oriented attach-
ment; E) oligomer structure of several nanoparticles fused after oriented
attachment.

the aggregated particles form pearl-chain-like structures.
High-resolution TEM images of a series of aggregated
particles are shown in Figure 3B±D. It is seen that the lattice
planes of the depicted particles are almost perfectly aligned.
Moreover, one recognizes that the lattice planes go straight
through the contact areas, that is the particles are epitaxially
fused together; bottlenecks between the adjacent particles are
still visible. In the majority of images we see oriented
attachment along the c axis (002), but we also find examples

of lateral oriented attachment parallel to the c axis. In some
cases one can even observe how the individual particles are
aligned like a wall, where the second layer of bricks is just
started to be put on the first (Figure 3E). The observed lattice
planes in these images are the 002 or 100, which lie
perpendicular or parallel to the c axis, respectively. In all
images the longest extension of the aggregates is manifested
in the direction of the c axis. More examples are shown in the
Supporting Information. We do not observe oriented attach-
ment in all aggregated particles. If, however, the particles are
fused together, the lattice planes are aligned relative to each
other. Thus, oriented attachment seems to be the prerequisite
for the condensation step leading to crystallite fusion under
our experimental conditions.

This type of oriented attachment implies that the aspect
ratio of the rods should peak at integer numbers, at least in an
early stage of growth, where the width of the rods is almost
identical to the diameter of the particles in the concentrated
starting sol. This is indeed observed as shown in the histogram
in Figure 4.[21]

Figure 4. Histogram (with n! frequency) showing the aspect ratio r
(length/width) of 2000 ZnO nanorods at an early stage of growth (2 h
reflux). The width of the rods at this stage is almost identical to the
diameter of the quasi-spherical nanoparticles.

In summary the presented experiments provide strong
evidence that oriented attachment of preformed quasi-
spherical ZnO nanoparticles is a major reaction path during
the formation of single crystalline nanorods under the
described conditions. In the finally formed rods the bottle-
necks between the adjacent particles must have been filled up
and the surfaces parallel to the c axis must somehow have
been smoothened.We believe that this occurs by conventional
mechanism of dissolution and growth of monomers, which
might also result in an overall growth of the rods, especially
after long times of reflux. In this sense, Ostwald ripening does
not only compete with, but assists the growth process by
oriented attachment in order to yield finally high-quality
rodlike nanocrystals.

Presently we can only speculate why oriented attachment
preferentially occurs along the c axis (although it also happens
along other crystal orientations). One reason might arise from
the wurtzite structure itself. If complete 002 planes are
formed, their reactivity should be different at the bottom and
the top of the c axis, since one of these layers is formed by zinc
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along the c axis. After refluxing for one day, single crystalline
nanorods with average lengths of 100 nm and widths of
approximately 15 nm were formed (Figure 1B).[20] In the
corresponding XRD image (curve B, Figure 2) the 002
reflection has strongly sharpened up which is consistent with
rod formation along the c axis. More details about the XRD
investigations including solution XRD measurements and
simulations are given in the Supporting Information.

Detailed TEM investigations in an early stage of rod
formation (reflux for 2 h) are shown in Figure 3. At low
magnification (Figure 3A) aggregated quasi-spherical parti-
cles are recognized beside already formed short rods. Most of

Figure 3. A) TEM image of the concentrated solution after reflux for 2 h;
B) ±D) high-resolution TEM images of dimers formed by oriented attach-
ment; E) oligomer structure of several nanoparticles fused after oriented
attachment.

the aggregated particles form pearl-chain-like structures.
High-resolution TEM images of a series of aggregated
particles are shown in Figure 3B±D. It is seen that the lattice
planes of the depicted particles are almost perfectly aligned.
Moreover, one recognizes that the lattice planes go straight
through the contact areas, that is the particles are epitaxially
fused together; bottlenecks between the adjacent particles are
still visible. In the majority of images we see oriented
attachment along the c axis (002), but we also find examples

of lateral oriented attachment parallel to the c axis. In some
cases one can even observe how the individual particles are
aligned like a wall, where the second layer of bricks is just
started to be put on the first (Figure 3E). The observed lattice
planes in these images are the 002 or 100, which lie
perpendicular or parallel to the c axis, respectively. In all
images the longest extension of the aggregates is manifested
in the direction of the c axis. More examples are shown in the
Supporting Information. We do not observe oriented attach-
ment in all aggregated particles. If, however, the particles are
fused together, the lattice planes are aligned relative to each
other. Thus, oriented attachment seems to be the prerequisite
for the condensation step leading to crystallite fusion under
our experimental conditions.

This type of oriented attachment implies that the aspect
ratio of the rods should peak at integer numbers, at least in an
early stage of growth, where the width of the rods is almost
identical to the diameter of the particles in the concentrated
starting sol. This is indeed observed as shown in the histogram
in Figure 4.[21]

Figure 4. Histogram (with n! frequency) showing the aspect ratio r
(length/width) of 2000 ZnO nanorods at an early stage of growth (2 h
reflux). The width of the rods at this stage is almost identical to the
diameter of the quasi-spherical nanoparticles.

In summary the presented experiments provide strong
evidence that oriented attachment of preformed quasi-
spherical ZnO nanoparticles is a major reaction path during
the formation of single crystalline nanorods under the
described conditions. In the finally formed rods the bottle-
necks between the adjacent particles must have been filled up
and the surfaces parallel to the c axis must somehow have
been smoothened.We believe that this occurs by conventional
mechanism of dissolution and growth of monomers, which
might also result in an overall growth of the rods, especially
after long times of reflux. In this sense, Ostwald ripening does
not only compete with, but assists the growth process by
oriented attachment in order to yield finally high-quality
rodlike nanocrystals.

Presently we can only speculate why oriented attachment
preferentially occurs along the c axis (although it also happens
along other crystal orientations). One reason might arise from
the wurtzite structure itself. If complete 002 planes are
formed, their reactivity should be different at the bottom and
the top of the c axis, since one of these layers is formed by zinc
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energies of ligands to different facets of CdSe quantum dots,
we provide evidence to support the recent hypothesis that
those facets most strongly bound to ligands are the slowest
to grow. This suggests that the geometry of nanoparticles
can be controlled by altering the concentration of surfac-
tants.10,12

Developing a theoretical model of II-VI colloidal quan-
tum dot structures represents a formidable challenge to state-
of-the-art, first-principles electronic structure techniques. To
date, the majority of first principles quantum dot studies have
concentrated on group IV (e.g., silicon,15,16 germanium,17,18
and carbon19) systems where the electronic structure of the
semiconductor core can be described in terms of the s and p
valence electrons and the dangling bonds at the surface can
be effectively passivated with covalently bonded hydrogen
atoms.20 In contrast, we have recently demonstrated that a
full quantum mechanical description of CdSe nanoparticles
must include the s, p, and d valence electrons to correctly
determine the crystal structure of the semiconductor core and
surface atoms.21 In addition, the subtle interaction between
the core and its organic surfactants is central to the properties
of the dots and therefore any realistic model must also
provide a full quantum description of these bonds.
Previous models of CdSe dots have represented the

semiconductor core using semiempirical tight-binding22,23 and
pseudopotential24 approaches, where the atomic positions
were fixed to bulk CdSe and the organic surfactants
passivating the surface were represented either by simple
model potentials or single oxygen atoms. These semi-
empirical approaches cannot calculate atomic forces and are
therefore unable to model the actual core structure; they are
unable to describe the electron transfer between organic
ligands and the quantum dot; and most importantly, they are
not reliable as total energy calculations and are thus incapable
of determining relative binding energies. Here we remove
these restrictions by performing first-principles electronic
structure calculations to calculate the minimum energy
structures of CdSe quantum dots, including their surfactants.
Our ab initio calculations were performed using a plane-

wave implementation25 of density functional theory. Periodic
supercells were chosen with at least 10 Å between replica
to reduce spurious periodic interactions. Norm-conserving
pseudopotentials were used to represent the ionic cores. In
cases involving charged systems, we doubled the supercell
size and used a truncated Coulomb potential for electronic
interactions at distances larger than the size of the original
supercell used for neutral systems. All structures were
calculated using 18 Cd (4p64d105s2) and 6 Se (4s24p4) valence
electrons. The d electrons in Cd were deemed necessary to
generate the correct structures compared with an all-electron
calculation.21 The nonlocal pseudopotential contribution for
Cd required the use of a quadrature integration technique to
avoid possible incorrect solutions produced by, e.g., a
Kleinmann-Bylander construction of the pseudopotential.
Two representative wurtzite CdxSex clusters were studied with
x ) 15, and 33, which have diameters of 1.1, and 1.3 nm.
Each cluster was initially constructed on a wurtzite lattice
with bulk Cd-Se bond lengths and then relaxed to its lowest

energy configuration. The initial and relaxed structures of
the Cd33Se33 cluster are shown in Figure 1. The relaxation
of these clusters from the ideal wurtzite structure to their
lowest energy configuration is discussed in ref 21, where it
was shown that the ideal wurtzite structure of CdSe quantum
dots is unstable with respect to surface relaxations. Addition-
ally, these surface relaxations were shown to be the origin
of the large intrinsic band gap of CdSe nanoparticles.
Recently, some of us have demonstrated that the aspect

ratio of CdSe dots and rods can be controlled by altering
the relative concentrations of hexylphosphonic acid (HPA)
and trioctylphosphine oxide (TOPO) solvents during the
CdSe quantum dot growth process.10 Similar geometric
control has also been demonstrated by varying the concentra-
tion of the precursor monomers in the growth solutions.11,12
Both these demonstrations support a model in which growth
occurs on exposed facets with no attached ligands. The
fraction of time during which a facet is blocked by a ligand
depends on both the concentration of the ligand in the growth
solution and its binding energy on the facet. To theoretically
investigate this model we have calculated the binding energy
of a range of representative organic ligands to different facets
of the CdxSex clusters. The ligands we considered include
phosphonic acids, phosphine oxides, amines, and carboxylic
acids. For each ligand, the binding to facets with Miller-
Bravais indices (0001),(0001h), (011h0), and (112h0) (see Figure
1) was calculated. It has been speculated that CdSe rods grow
in the [0001] direction10 (see arrow in Figure 1) and therefore
these facets would correspond to the two ends and the sides
of the nanorods. After each monolayer of growth, the (0001)
and (0001h) facets are either Cd or Se terminated. Specifically,
the (0001) facet is either terminated by Se atoms with one
dangling bond or Cd atoms with three dangling bonds.
Similarly, the (0001h) facet is either terminated by Se atoms
with three dangling bonds or Cd atoms with one dangling
bond. Here we assume that the surfaces terminated with three
dangling bonds are highly chemically active and ligand
binding is most likely to affect growth from the surfaces
with only one dangling bond, i.e., Se-terminated (0001) and
Cd-terminated (0001h).
In addition to calculating binding energies of various

ligands to each of these facets, we also performed relaxations
with initial configurations of the ligands at a number of

Figure 1. Ideal wurtzite and relaxed structure of Cd33Se33 showing
the (0001),(0001h), (011h0), and (112h0) facets to which ligands are
attached. Cd (Se) atoms are shown in green (gray).

2362 Nano Lett., Vol. 4, No. 12, 2004

COMMUNICATIONS

Angew. Chem. Int. Ed. 2002, 41, No. 7 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4107-1189 $ 20.00+.50/0 1189

sionally ordered arrays has been reported.[7] In these experi-
ments, however, self-assembly is mainly driven by the
interactions of the organic ligands rather than by the
interaction of the particle cores. Contrarily self-assembled
™oriented attachment∫ was only observed for ligand-free
nanoparticles.

Recently, rodlike semiconductor and metal nanoparticles
have attracted considerable attention. There are, however,
only a few examples reported where those nanorods could be
prepared in a controllable manner using evaporation or
colloido-chemical techniques.[8±14] Materials such as ZnO, Co,
Au, and CdSe were used for the rods. Rod formation requires
anisotropic crystal growth which is usually realized when
the free surface energies of the various crystallographic
planes differ significantly. For wet chemical synthesis Puntes
et al. recently showed that this could be realized in the case
of CdSe and Co[15] by using two different surface ligands,
which probably bind selectively to the respective surface
planes.

We report here the formation of high-quality single
crystalline ZnO nanorods which is based on oriented attach-
ment of preformed quasi-spherical ZnO nanoparticles. The
growth from individual particles by crystallographically
oriented and partially fused dimers and oligomers to almost
perfect rods is monitored by high-resolution transmission
electron microscopy (TEM) and XRD.

ZnO nanoparticles were prepared from zinc acetate
dihydrate in alcoholic solution under basic conditions.[16]

The procedure is a modification of the method developed
by Henglein et al.[17] We found that the shape of the ZnO
particles was very sensitive to the overall concentration of
precursors. At a zinc acetate dihydrate concentration of below
0.01! quasi-spherical particles were formed, whereas mainly
nanorods were formed at 10 times higher concentrations.
Similar observations were reported by Verge¬s et al. for the
formation of rodlike microcrystals.[5]

To learn more about the growth mechanism, we have
performed the experiments in a different way. We first
prepared a sol of quasi-spherical particles at low concentra-
tions (0.01!, starting sol), increased the particle concentration
in a second step by solvent evaporation, and finally refluxed
these colloidal solutions for different lengths of time. Rod
formation occurred exclusively during the final heating step,
that is from already formed quasi-spherical particles. All
experiments described in hereafter were performed under
these conditions. The particles of the starting sol are depicted
in the TEM image in Figure 1A. An average particle size of
approximately 3 nm is seen and it is assumed that facetted
crystalline surfaces are already present, but not detectable by
high-resolution TEM due to the small size and relatively low
contrast of ZnO. The corresponding powder X-ray diffracto-
gram is depicted in Figure 2 (curve A). It exhibits the typical
size-broadened reflections from wurtzite-type ZnO. Scherrer
line width analysis of all shown peaks yields particle diameters
around 3 nm which is consistent with the TEM images.
Increasing the particle concentration by a factor of 10 by
evaporation of the solvent at room temperature resulted in a
particle growth from 3 nm to 5 nm without, however, chang-
ing the shape of the particles. The same effect was observed

Figure 1. TEM images of ZnO. A) starting sol; B) after one day of reflux of
the concentrated sol. The insets show high-resolution TEM images of
individual nanoparticles.

Figure 2. X-ray diffractogram of the ZnO starting sol (A) and after one
day of reflux (B).

after reflux of the starting sol for 8 h before the concentration
step. Such a gradual growth of quasi-spherical ZnO particles
upon aging was also observed and explained by Ostwald
ripening.[18, 19] Refluxing, however, the concentrated solution
yields rodlike nanoparticles. An increase in the heating time
mainly leads to an increase of the elongation of the particle
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°C, the same reactants and stabilizing agents form monodisperse
nanocrystals.26 The optimal concentration of oleic acid used for
nanowire synthesis is about 80% of that typically employed in
the synthesis of PbSe nanocrystals.26 High Pb:Se reactant ratios
increase the yield of the nanowires and the average nanowire
length. For example, injecting precursors with a Pb:Se molar
ratio of 1:3 at 250 °C yields ∼20% (by volume) of wires with
an average length ∼3 µm and 80% particles after 2 min of
growth at 170-190 °C. When the Pb:Se ratio is increased to
3:1, the same growth conditions lead to 98% nanowires with
an average wire length over 30 µm. Table S1 of the Supporting

Information summarizes the effect of reagent concentration and
reaction temperature on the yield and length of PbSe nanowires
formed in the presence of oleic acid.
When oleic acid is used as the sole stabilizer, PbSe nanowires

exhibit significant shape and diameter undulations, as shown
in Figure 1b. However, the nanowire shape and morphology
can be controlled by introducing cosurfactants into the reaction
mixture. For example, long, straight wires with a narrow
diameter distribution form in the presence of n-tetradecylphos-
phonic acid (TDPA) (Figure 1c-f). The average length of the
nanowires is typically 10-30 µm, while the average diameter
can be tuned from ∼3.5 to ∼18 nm with a ∼10% standard
deviation by adjusting the temperature profile during growth
and controlling the reaction time. Figure 1d shows the HRTEM
image of two nanowires with (100) and (110) lattice planes
resolved. The insets display the corresponding selected area
electron diffraction (SAED) patterns. Surveys of numerous
samples using X-ray diffraction (Figure S2 of the Supporting
Information), HRTEM, and SAED indicate that the PbSe
nanowires are consistently !100" oriented single crystals with
the rocksalt structure.
Straight PbSe nanowires can be employed in p-type and

n-type FETs, as shown in graphs a and b of Figure 2,
respectively, and, therefore, can be used in complementary logic
circuits. The type of conductivity is determined by nanowire
doping.
One-Dimensional Wires from Zero-Dimensional Nano-

particles. Several indirect observations suggest PbSe nanowires
shown in Figure 1 are formed by spontaneous alignment and
fusion of PbSe nanoparticles. For example, the formation of
PbSe nanorods is observed during the aging of colloidal
solutions of PbSe nanocrystals where the excess stabilizing
agents have been washed away (Figure 3).
Figure 4a shows the HRTEM images of dimers formed by

oriented attachment of PbSe nanocrystals along the !100" axis
of the rocksalt lattice. This type of oriented attachment is the
most typical for PbSe nanocrystals; however, in the presence
of primary amines, attachment along !110" axis is also observed
(Figure 4b).
The formation of nanowires via self-assembly of nanoparticles

has been studied for several materials.14-18 Weller et al. reported
the formation of ZnO nanorods by oriented attachment of ZnO
nanoparticles along the unique axis of its wurtzite crystal

(26) Murray, C. B.; Sun, S.; Gaschler, W.; Doyle, H.; Betley, T. A.; Kagan C.
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Figure 1. High-resolution (a) SEM and (b) TEM images of PbSe nanowires
grown in solution in the presence of oleic acid. (c) Overview and (d-f)
high-resolution TEM images of PbSe nanowires formed in the presence of
oleic acid and n-tetradecylphosphonic acid. Selected area electron diffraction
from a film of PbSe nanowires (inset to c) and single nanowires imaged
along the (100) and (110) zone axes (insets to d). The diameter of PbSe
nanowires can be tuned from (e) ∼4 nm to (f) ∼18 nm.

Figure 2. Current-voltage characteristics (drain current, Id, versus drain
voltage, Vds, as a function of gate voltage, Vg) of field-effect transistors
made of (a) p- and (b) n-doped PbSe nanowires aligned across 2 µm gaps
between source and drain electrodes (inset to a).
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°C, the same reactants and stabilizing agents form monodisperse
nanocrystals.26 The optimal concentration of oleic acid used for
nanowire synthesis is about 80% of that typically employed in
the synthesis of PbSe nanocrystals.26 High Pb:Se reactant ratios
increase the yield of the nanowires and the average nanowire
length. For example, injecting precursors with a Pb:Se molar
ratio of 1:3 at 250 °C yields ∼20% (by volume) of wires with
an average length ∼3 µm and 80% particles after 2 min of
growth at 170-190 °C. When the Pb:Se ratio is increased to
3:1, the same growth conditions lead to 98% nanowires with
an average wire length over 30 µm. Table S1 of the Supporting

Information summarizes the effect of reagent concentration and
reaction temperature on the yield and length of PbSe nanowires
formed in the presence of oleic acid.
When oleic acid is used as the sole stabilizer, PbSe nanowires

exhibit significant shape and diameter undulations, as shown
in Figure 1b. However, the nanowire shape and morphology
can be controlled by introducing cosurfactants into the reaction
mixture. For example, long, straight wires with a narrow
diameter distribution form in the presence of n-tetradecylphos-
phonic acid (TDPA) (Figure 1c-f). The average length of the
nanowires is typically 10-30 µm, while the average diameter
can be tuned from ∼3.5 to ∼18 nm with a ∼10% standard
deviation by adjusting the temperature profile during growth
and controlling the reaction time. Figure 1d shows the HRTEM
image of two nanowires with (100) and (110) lattice planes
resolved. The insets display the corresponding selected area
electron diffraction (SAED) patterns. Surveys of numerous
samples using X-ray diffraction (Figure S2 of the Supporting
Information), HRTEM, and SAED indicate that the PbSe
nanowires are consistently !100" oriented single crystals with
the rocksalt structure.
Straight PbSe nanowires can be employed in p-type and

n-type FETs, as shown in graphs a and b of Figure 2,
respectively, and, therefore, can be used in complementary logic
circuits. The type of conductivity is determined by nanowire
doping.
One-Dimensional Wires from Zero-Dimensional Nano-

particles. Several indirect observations suggest PbSe nanowires
shown in Figure 1 are formed by spontaneous alignment and
fusion of PbSe nanoparticles. For example, the formation of
PbSe nanorods is observed during the aging of colloidal
solutions of PbSe nanocrystals where the excess stabilizing
agents have been washed away (Figure 3).
Figure 4a shows the HRTEM images of dimers formed by

oriented attachment of PbSe nanocrystals along the !100" axis
of the rocksalt lattice. This type of oriented attachment is the
most typical for PbSe nanocrystals; however, in the presence
of primary amines, attachment along !110" axis is also observed
(Figure 4b).
The formation of nanowires via self-assembly of nanoparticles

has been studied for several materials.14-18 Weller et al. reported
the formation of ZnO nanorods by oriented attachment of ZnO
nanoparticles along the unique axis of its wurtzite crystal

(26) Murray, C. B.; Sun, S.; Gaschler, W.; Doyle, H.; Betley, T. A.; Kagan C.
R. IBM J. Res. DeV. 2001, 45, 47-56.

Figure 1. High-resolution (a) SEM and (b) TEM images of PbSe nanowires
grown in solution in the presence of oleic acid. (c) Overview and (d-f)
high-resolution TEM images of PbSe nanowires formed in the presence of
oleic acid and n-tetradecylphosphonic acid. Selected area electron diffraction
from a film of PbSe nanowires (inset to c) and single nanowires imaged
along the (100) and (110) zone axes (insets to d). The diameter of PbSe
nanowires can be tuned from (e) ∼4 nm to (f) ∼18 nm.

Figure 2. Current-voltage characteristics (drain current, Id, versus drain
voltage, Vds, as a function of gate voltage, Vg) of field-effect transistors
made of (a) p- and (b) n-doped PbSe nanowires aligned across 2 µm gaps
between source and drain electrodes (inset to a).
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lattice.16 The suggested aggregation mechanism is based on the
difference in surface structure and reactivity of the (002) and
(002h) faces of the wurtzite lattice. Tang, Kotov, and Giersig
demonstrated that wurtzite CdTe nanowires can be formed from
zinc blend CdTe nanocrystals after partial removal of the
stabilizing agents from the nanocrystals’ surfaces.15 The cubic,
zinc blend CdTe nanocrystals formed chainlike aggregates due
to induced dipole-dipole interactions at the early stage of wire
formation and then slowly recrystallized into hexagonal, wurtzite
CdTe nanowires.
The inherent anisotropy of crystal structure or crystal surface

reactivity was identified in previous studies as the driving force
for the one-dimensional growth. However, 1-D chaining of PbSe
rocksalt nanocrystals with their highly symmetric cubic lattice
is counterintuitive. Note, to form a 10 µm long nanowire, more
than 103 individual nanocrystals must assemble and attach along
one !100" axis while each PbSe nanocrystal has six equivalent
{100} facets. Dipolar interactions seem to be the most probable
candidate for the driving force directing PbSe nanocrystals to
assemble into chains. However, identifying the origin of a dipole
moment for rocksalt PbSe nanocrystals with their centrosym-
metric lattice will require additional discussion.
On the Origin of a Dipole Moment in PbSe Nanocrystals.

TEM investigations show that the shape of PbSe nanocrystals
evolves during growth from quasi-spherical to cubic (Figure
5a). The reconstruction of HRTEM images revealed that
relatively small PbSe nanocrystals are terminated by six {100}
facets and eight {111} facets. The faster growth of high index
{111} facets results in their elimination as the nanocrystal size
increases (Figure 5a,b). The {100} facets are formed by both
Pb and Se atoms, while the {111} facets must be either Se- or
Pb-terminated (Figure 5c). Due to the difference in electro-
negativities between Pb and Se, {111} facets are polar and their
arrangement will determine the distribution of electric charge
within the PbSe nanocrystal. The simplest way to maintain PbSe
stoichiometry is to terminate four of eight {111} facets by Pb
and the other four by Se. The possible arrangements of four

Pb-terminated and four Se-terminated {111} facets are shown
in Figure 5d. Depending on the mutual arrangement of the {111}
facets, the whole nanocrystal can either have central symmetry
and thus a zero net dipole moment or it can lack central
symmetry and possess a dipole moment along the !100", !110",
or !111" axes, respectively (Figure 5d). This, in fact, can explain
what drives the oriented attachment of PbSe nanocrystals along
various crystallographic axes (Figure 4). Assuming a random
distribution of {111} facets, the relative probabilities of a particle
having a zero dipole moment or a dipole aligned with the given
!hkl" crystallographic direction are 0:!100":!110":!111" ) 4:15:
12:4. The majority of PbSe nanocrystals (∼89%) should have
nonzero dipole moments! The magnitude of the dipole moment
also depends on the distribution of the {111} facets. Thus, the
dipole moment along the !100" axis can have two values with
the ratio of magnitudes of 2:1 (Figure 5d). Assuming nearly
cubic shape and equivalent net charges on all {111} facets, we
can roughly estimate the relative magnitudes of dipole moment
along different !hkl" axes of a PbSe nanocrystal as !100"large:
!100"small:!110":!111" ) 2:1:"2:"3. The largest dipole mo-
ment is predicted along the !100" axis. Summarizing, our model
predicts a high fraction of PbSe nanocrystals with permanent

Figure 3. PbSe nanorods formed in a colloidal solution of PbSe nano-
crystals washed from an excess of stabilizing agent (oleic acid). Inset shows
PbSe “oligomers” formed at early stages in a hot colloidal solution of PbSe
nanocrystals.

Figure 4. High-resolution TEM images showing oriented attachment of
PbSe nanocrystals. (a) Two nanocrystals attached along the !100" crystal-
lographic direction viewed along the (100) and (110) zone axes. (b)
Attachment of PbSe nanocrystals along the !110" crystallographic direction
(viewed along the (100) zone axis).
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°C, the same reactants and stabilizing agents form monodisperse
nanocrystals.26 The optimal concentration of oleic acid used for
nanowire synthesis is about 80% of that typically employed in
the synthesis of PbSe nanocrystals.26 High Pb:Se reactant ratios
increase the yield of the nanowires and the average nanowire
length. For example, injecting precursors with a Pb:Se molar
ratio of 1:3 at 250 °C yields ∼20% (by volume) of wires with
an average length ∼3 µm and 80% particles after 2 min of
growth at 170-190 °C. When the Pb:Se ratio is increased to
3:1, the same growth conditions lead to 98% nanowires with
an average wire length over 30 µm. Table S1 of the Supporting

Information summarizes the effect of reagent concentration and
reaction temperature on the yield and length of PbSe nanowires
formed in the presence of oleic acid.
When oleic acid is used as the sole stabilizer, PbSe nanowires

exhibit significant shape and diameter undulations, as shown
in Figure 1b. However, the nanowire shape and morphology
can be controlled by introducing cosurfactants into the reaction
mixture. For example, long, straight wires with a narrow
diameter distribution form in the presence of n-tetradecylphos-
phonic acid (TDPA) (Figure 1c-f). The average length of the
nanowires is typically 10-30 µm, while the average diameter
can be tuned from ∼3.5 to ∼18 nm with a ∼10% standard
deviation by adjusting the temperature profile during growth
and controlling the reaction time. Figure 1d shows the HRTEM
image of two nanowires with (100) and (110) lattice planes
resolved. The insets display the corresponding selected area
electron diffraction (SAED) patterns. Surveys of numerous
samples using X-ray diffraction (Figure S2 of the Supporting
Information), HRTEM, and SAED indicate that the PbSe
nanowires are consistently !100" oriented single crystals with
the rocksalt structure.
Straight PbSe nanowires can be employed in p-type and

n-type FETs, as shown in graphs a and b of Figure 2,
respectively, and, therefore, can be used in complementary logic
circuits. The type of conductivity is determined by nanowire
doping.
One-Dimensional Wires from Zero-Dimensional Nano-

particles. Several indirect observations suggest PbSe nanowires
shown in Figure 1 are formed by spontaneous alignment and
fusion of PbSe nanoparticles. For example, the formation of
PbSe nanorods is observed during the aging of colloidal
solutions of PbSe nanocrystals where the excess stabilizing
agents have been washed away (Figure 3).
Figure 4a shows the HRTEM images of dimers formed by

oriented attachment of PbSe nanocrystals along the !100" axis
of the rocksalt lattice. This type of oriented attachment is the
most typical for PbSe nanocrystals; however, in the presence
of primary amines, attachment along !110" axis is also observed
(Figure 4b).
The formation of nanowires via self-assembly of nanoparticles

has been studied for several materials.14-18 Weller et al. reported
the formation of ZnO nanorods by oriented attachment of ZnO
nanoparticles along the unique axis of its wurtzite crystal

(26) Murray, C. B.; Sun, S.; Gaschler, W.; Doyle, H.; Betley, T. A.; Kagan C.
R. IBM J. Res. DeV. 2001, 45, 47-56.

Figure 1. High-resolution (a) SEM and (b) TEM images of PbSe nanowires
grown in solution in the presence of oleic acid. (c) Overview and (d-f)
high-resolution TEM images of PbSe nanowires formed in the presence of
oleic acid and n-tetradecylphosphonic acid. Selected area electron diffraction
from a film of PbSe nanowires (inset to c) and single nanowires imaged
along the (100) and (110) zone axes (insets to d). The diameter of PbSe
nanowires can be tuned from (e) ∼4 nm to (f) ∼18 nm.

Figure 2. Current-voltage characteristics (drain current, Id, versus drain
voltage, Vds, as a function of gate voltage, Vg) of field-effect transistors
made of (a) p- and (b) n-doped PbSe nanowires aligned across 2 µm gaps
between source and drain electrodes (inset to a).
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°C, the same reactants and stabilizing agents form monodisperse
nanocrystals.26 The optimal concentration of oleic acid used for
nanowire synthesis is about 80% of that typically employed in
the synthesis of PbSe nanocrystals.26 High Pb:Se reactant ratios
increase the yield of the nanowires and the average nanowire
length. For example, injecting precursors with a Pb:Se molar
ratio of 1:3 at 250 °C yields ∼20% (by volume) of wires with
an average length ∼3 µm and 80% particles after 2 min of
growth at 170-190 °C. When the Pb:Se ratio is increased to
3:1, the same growth conditions lead to 98% nanowires with
an average wire length over 30 µm. Table S1 of the Supporting

Information summarizes the effect of reagent concentration and
reaction temperature on the yield and length of PbSe nanowires
formed in the presence of oleic acid.
When oleic acid is used as the sole stabilizer, PbSe nanowires

exhibit significant shape and diameter undulations, as shown
in Figure 1b. However, the nanowire shape and morphology
can be controlled by introducing cosurfactants into the reaction
mixture. For example, long, straight wires with a narrow
diameter distribution form in the presence of n-tetradecylphos-
phonic acid (TDPA) (Figure 1c-f). The average length of the
nanowires is typically 10-30 µm, while the average diameter
can be tuned from ∼3.5 to ∼18 nm with a ∼10% standard
deviation by adjusting the temperature profile during growth
and controlling the reaction time. Figure 1d shows the HRTEM
image of two nanowires with (100) and (110) lattice planes
resolved. The insets display the corresponding selected area
electron diffraction (SAED) patterns. Surveys of numerous
samples using X-ray diffraction (Figure S2 of the Supporting
Information), HRTEM, and SAED indicate that the PbSe
nanowires are consistently !100" oriented single crystals with
the rocksalt structure.
Straight PbSe nanowires can be employed in p-type and

n-type FETs, as shown in graphs a and b of Figure 2,
respectively, and, therefore, can be used in complementary logic
circuits. The type of conductivity is determined by nanowire
doping.
One-Dimensional Wires from Zero-Dimensional Nano-

particles. Several indirect observations suggest PbSe nanowires
shown in Figure 1 are formed by spontaneous alignment and
fusion of PbSe nanoparticles. For example, the formation of
PbSe nanorods is observed during the aging of colloidal
solutions of PbSe nanocrystals where the excess stabilizing
agents have been washed away (Figure 3).
Figure 4a shows the HRTEM images of dimers formed by

oriented attachment of PbSe nanocrystals along the !100" axis
of the rocksalt lattice. This type of oriented attachment is the
most typical for PbSe nanocrystals; however, in the presence
of primary amines, attachment along !110" axis is also observed
(Figure 4b).
The formation of nanowires via self-assembly of nanoparticles

has been studied for several materials.14-18 Weller et al. reported
the formation of ZnO nanorods by oriented attachment of ZnO
nanoparticles along the unique axis of its wurtzite crystal

(26) Murray, C. B.; Sun, S.; Gaschler, W.; Doyle, H.; Betley, T. A.; Kagan C.
R. IBM J. Res. DeV. 2001, 45, 47-56.

Figure 1. High-resolution (a) SEM and (b) TEM images of PbSe nanowires
grown in solution in the presence of oleic acid. (c) Overview and (d-f)
high-resolution TEM images of PbSe nanowires formed in the presence of
oleic acid and n-tetradecylphosphonic acid. Selected area electron diffraction
from a film of PbSe nanowires (inset to c) and single nanowires imaged
along the (100) and (110) zone axes (insets to d). The diameter of PbSe
nanowires can be tuned from (e) ∼4 nm to (f) ∼18 nm.

Figure 2. Current-voltage characteristics (drain current, Id, versus drain
voltage, Vds, as a function of gate voltage, Vg) of field-effect transistors
made of (a) p- and (b) n-doped PbSe nanowires aligned across 2 µm gaps
between source and drain electrodes (inset to a).
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lattice.16 The suggested aggregation mechanism is based on the
difference in surface structure and reactivity of the (002) and
(002h) faces of the wurtzite lattice. Tang, Kotov, and Giersig
demonstrated that wurtzite CdTe nanowires can be formed from
zinc blend CdTe nanocrystals after partial removal of the
stabilizing agents from the nanocrystals’ surfaces.15 The cubic,
zinc blend CdTe nanocrystals formed chainlike aggregates due
to induced dipole-dipole interactions at the early stage of wire
formation and then slowly recrystallized into hexagonal, wurtzite
CdTe nanowires.
The inherent anisotropy of crystal structure or crystal surface

reactivity was identified in previous studies as the driving force
for the one-dimensional growth. However, 1-D chaining of PbSe
rocksalt nanocrystals with their highly symmetric cubic lattice
is counterintuitive. Note, to form a 10 µm long nanowire, more
than 103 individual nanocrystals must assemble and attach along
one !100" axis while each PbSe nanocrystal has six equivalent
{100} facets. Dipolar interactions seem to be the most probable
candidate for the driving force directing PbSe nanocrystals to
assemble into chains. However, identifying the origin of a dipole
moment for rocksalt PbSe nanocrystals with their centrosym-
metric lattice will require additional discussion.
On the Origin of a Dipole Moment in PbSe Nanocrystals.

TEM investigations show that the shape of PbSe nanocrystals
evolves during growth from quasi-spherical to cubic (Figure
5a). The reconstruction of HRTEM images revealed that
relatively small PbSe nanocrystals are terminated by six {100}
facets and eight {111} facets. The faster growth of high index
{111} facets results in their elimination as the nanocrystal size
increases (Figure 5a,b). The {100} facets are formed by both
Pb and Se atoms, while the {111} facets must be either Se- or
Pb-terminated (Figure 5c). Due to the difference in electro-
negativities between Pb and Se, {111} facets are polar and their
arrangement will determine the distribution of electric charge
within the PbSe nanocrystal. The simplest way to maintain PbSe
stoichiometry is to terminate four of eight {111} facets by Pb
and the other four by Se. The possible arrangements of four

Pb-terminated and four Se-terminated {111} facets are shown
in Figure 5d. Depending on the mutual arrangement of the {111}
facets, the whole nanocrystal can either have central symmetry
and thus a zero net dipole moment or it can lack central
symmetry and possess a dipole moment along the !100", !110",
or !111" axes, respectively (Figure 5d). This, in fact, can explain
what drives the oriented attachment of PbSe nanocrystals along
various crystallographic axes (Figure 4). Assuming a random
distribution of {111} facets, the relative probabilities of a particle
having a zero dipole moment or a dipole aligned with the given
!hkl" crystallographic direction are 0:!100":!110":!111" ) 4:15:
12:4. The majority of PbSe nanocrystals (∼89%) should have
nonzero dipole moments! The magnitude of the dipole moment
also depends on the distribution of the {111} facets. Thus, the
dipole moment along the !100" axis can have two values with
the ratio of magnitudes of 2:1 (Figure 5d). Assuming nearly
cubic shape and equivalent net charges on all {111} facets, we
can roughly estimate the relative magnitudes of dipole moment
along different !hkl" axes of a PbSe nanocrystal as !100"large:
!100"small:!110":!111" ) 2:1:"2:"3. The largest dipole mo-
ment is predicted along the !100" axis. Summarizing, our model
predicts a high fraction of PbSe nanocrystals with permanent

Figure 3. PbSe nanorods formed in a colloidal solution of PbSe nano-
crystals washed from an excess of stabilizing agent (oleic acid). Inset shows
PbSe “oligomers” formed at early stages in a hot colloidal solution of PbSe
nanocrystals.

Figure 4. High-resolution TEM images showing oriented attachment of
PbSe nanocrystals. (a) Two nanocrystals attached along the !100" crystal-
lographic direction viewed along the (100) and (110) zone axes. (b)
Attachment of PbSe nanocrystals along the !110" crystallographic direction
(viewed along the (100) zone axis).
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°C, the same reactants and stabilizing agents form monodisperse
nanocrystals.26 The optimal concentration of oleic acid used for
nanowire synthesis is about 80% of that typically employed in
the synthesis of PbSe nanocrystals.26 High Pb:Se reactant ratios
increase the yield of the nanowires and the average nanowire
length. For example, injecting precursors with a Pb:Se molar
ratio of 1:3 at 250 °C yields ∼20% (by volume) of wires with
an average length ∼3 µm and 80% particles after 2 min of
growth at 170-190 °C. When the Pb:Se ratio is increased to
3:1, the same growth conditions lead to 98% nanowires with
an average wire length over 30 µm. Table S1 of the Supporting

Information summarizes the effect of reagent concentration and
reaction temperature on the yield and length of PbSe nanowires
formed in the presence of oleic acid.
When oleic acid is used as the sole stabilizer, PbSe nanowires

exhibit significant shape and diameter undulations, as shown
in Figure 1b. However, the nanowire shape and morphology
can be controlled by introducing cosurfactants into the reaction
mixture. For example, long, straight wires with a narrow
diameter distribution form in the presence of n-tetradecylphos-
phonic acid (TDPA) (Figure 1c-f). The average length of the
nanowires is typically 10-30 µm, while the average diameter
can be tuned from ∼3.5 to ∼18 nm with a ∼10% standard
deviation by adjusting the temperature profile during growth
and controlling the reaction time. Figure 1d shows the HRTEM
image of two nanowires with (100) and (110) lattice planes
resolved. The insets display the corresponding selected area
electron diffraction (SAED) patterns. Surveys of numerous
samples using X-ray diffraction (Figure S2 of the Supporting
Information), HRTEM, and SAED indicate that the PbSe
nanowires are consistently !100" oriented single crystals with
the rocksalt structure.
Straight PbSe nanowires can be employed in p-type and

n-type FETs, as shown in graphs a and b of Figure 2,
respectively, and, therefore, can be used in complementary logic
circuits. The type of conductivity is determined by nanowire
doping.
One-Dimensional Wires from Zero-Dimensional Nano-

particles. Several indirect observations suggest PbSe nanowires
shown in Figure 1 are formed by spontaneous alignment and
fusion of PbSe nanoparticles. For example, the formation of
PbSe nanorods is observed during the aging of colloidal
solutions of PbSe nanocrystals where the excess stabilizing
agents have been washed away (Figure 3).
Figure 4a shows the HRTEM images of dimers formed by

oriented attachment of PbSe nanocrystals along the !100" axis
of the rocksalt lattice. This type of oriented attachment is the
most typical for PbSe nanocrystals; however, in the presence
of primary amines, attachment along !110" axis is also observed
(Figure 4b).
The formation of nanowires via self-assembly of nanoparticles

has been studied for several materials.14-18 Weller et al. reported
the formation of ZnO nanorods by oriented attachment of ZnO
nanoparticles along the unique axis of its wurtzite crystal

(26) Murray, C. B.; Sun, S.; Gaschler, W.; Doyle, H.; Betley, T. A.; Kagan C.
R. IBM J. Res. DeV. 2001, 45, 47-56.

Figure 1. High-resolution (a) SEM and (b) TEM images of PbSe nanowires
grown in solution in the presence of oleic acid. (c) Overview and (d-f)
high-resolution TEM images of PbSe nanowires formed in the presence of
oleic acid and n-tetradecylphosphonic acid. Selected area electron diffraction
from a film of PbSe nanowires (inset to c) and single nanowires imaged
along the (100) and (110) zone axes (insets to d). The diameter of PbSe
nanowires can be tuned from (e) ∼4 nm to (f) ∼18 nm.

Figure 2. Current-voltage characteristics (drain current, Id, versus drain
voltage, Vds, as a function of gate voltage, Vg) of field-effect transistors
made of (a) p- and (b) n-doped PbSe nanowires aligned across 2 µm gaps
between source and drain electrodes (inset to a).
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°C, the same reactants and stabilizing agents form monodisperse
nanocrystals.26 The optimal concentration of oleic acid used for
nanowire synthesis is about 80% of that typically employed in
the synthesis of PbSe nanocrystals.26 High Pb:Se reactant ratios
increase the yield of the nanowires and the average nanowire
length. For example, injecting precursors with a Pb:Se molar
ratio of 1:3 at 250 °C yields ∼20% (by volume) of wires with
an average length ∼3 µm and 80% particles after 2 min of
growth at 170-190 °C. When the Pb:Se ratio is increased to
3:1, the same growth conditions lead to 98% nanowires with
an average wire length over 30 µm. Table S1 of the Supporting

Information summarizes the effect of reagent concentration and
reaction temperature on the yield and length of PbSe nanowires
formed in the presence of oleic acid.
When oleic acid is used as the sole stabilizer, PbSe nanowires

exhibit significant shape and diameter undulations, as shown
in Figure 1b. However, the nanowire shape and morphology
can be controlled by introducing cosurfactants into the reaction
mixture. For example, long, straight wires with a narrow
diameter distribution form in the presence of n-tetradecylphos-
phonic acid (TDPA) (Figure 1c-f). The average length of the
nanowires is typically 10-30 µm, while the average diameter
can be tuned from ∼3.5 to ∼18 nm with a ∼10% standard
deviation by adjusting the temperature profile during growth
and controlling the reaction time. Figure 1d shows the HRTEM
image of two nanowires with (100) and (110) lattice planes
resolved. The insets display the corresponding selected area
electron diffraction (SAED) patterns. Surveys of numerous
samples using X-ray diffraction (Figure S2 of the Supporting
Information), HRTEM, and SAED indicate that the PbSe
nanowires are consistently !100" oriented single crystals with
the rocksalt structure.
Straight PbSe nanowires can be employed in p-type and

n-type FETs, as shown in graphs a and b of Figure 2,
respectively, and, therefore, can be used in complementary logic
circuits. The type of conductivity is determined by nanowire
doping.
One-Dimensional Wires from Zero-Dimensional Nano-

particles. Several indirect observations suggest PbSe nanowires
shown in Figure 1 are formed by spontaneous alignment and
fusion of PbSe nanoparticles. For example, the formation of
PbSe nanorods is observed during the aging of colloidal
solutions of PbSe nanocrystals where the excess stabilizing
agents have been washed away (Figure 3).
Figure 4a shows the HRTEM images of dimers formed by

oriented attachment of PbSe nanocrystals along the !100" axis
of the rocksalt lattice. This type of oriented attachment is the
most typical for PbSe nanocrystals; however, in the presence
of primary amines, attachment along !110" axis is also observed
(Figure 4b).
The formation of nanowires via self-assembly of nanoparticles

has been studied for several materials.14-18 Weller et al. reported
the formation of ZnO nanorods by oriented attachment of ZnO
nanoparticles along the unique axis of its wurtzite crystal

(26) Murray, C. B.; Sun, S.; Gaschler, W.; Doyle, H.; Betley, T. A.; Kagan C.
R. IBM J. Res. DeV. 2001, 45, 47-56.

Figure 1. High-resolution (a) SEM and (b) TEM images of PbSe nanowires
grown in solution in the presence of oleic acid. (c) Overview and (d-f)
high-resolution TEM images of PbSe nanowires formed in the presence of
oleic acid and n-tetradecylphosphonic acid. Selected area electron diffraction
from a film of PbSe nanowires (inset to c) and single nanowires imaged
along the (100) and (110) zone axes (insets to d). The diameter of PbSe
nanowires can be tuned from (e) ∼4 nm to (f) ∼18 nm.

Figure 2. Current-voltage characteristics (drain current, Id, versus drain
voltage, Vds, as a function of gate voltage, Vg) of field-effect transistors
made of (a) p- and (b) n-doped PbSe nanowires aligned across 2 µm gaps
between source and drain electrodes (inset to a).
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lattice.16 The suggested aggregation mechanism is based on the
difference in surface structure and reactivity of the (002) and
(002h) faces of the wurtzite lattice. Tang, Kotov, and Giersig
demonstrated that wurtzite CdTe nanowires can be formed from
zinc blend CdTe nanocrystals after partial removal of the
stabilizing agents from the nanocrystals’ surfaces.15 The cubic,
zinc blend CdTe nanocrystals formed chainlike aggregates due
to induced dipole-dipole interactions at the early stage of wire
formation and then slowly recrystallized into hexagonal, wurtzite
CdTe nanowires.
The inherent anisotropy of crystal structure or crystal surface

reactivity was identified in previous studies as the driving force
for the one-dimensional growth. However, 1-D chaining of PbSe
rocksalt nanocrystals with their highly symmetric cubic lattice
is counterintuitive. Note, to form a 10 µm long nanowire, more
than 103 individual nanocrystals must assemble and attach along
one !100" axis while each PbSe nanocrystal has six equivalent
{100} facets. Dipolar interactions seem to be the most probable
candidate for the driving force directing PbSe nanocrystals to
assemble into chains. However, identifying the origin of a dipole
moment for rocksalt PbSe nanocrystals with their centrosym-
metric lattice will require additional discussion.
On the Origin of a Dipole Moment in PbSe Nanocrystals.

TEM investigations show that the shape of PbSe nanocrystals
evolves during growth from quasi-spherical to cubic (Figure
5a). The reconstruction of HRTEM images revealed that
relatively small PbSe nanocrystals are terminated by six {100}
facets and eight {111} facets. The faster growth of high index
{111} facets results in their elimination as the nanocrystal size
increases (Figure 5a,b). The {100} facets are formed by both
Pb and Se atoms, while the {111} facets must be either Se- or
Pb-terminated (Figure 5c). Due to the difference in electro-
negativities between Pb and Se, {111} facets are polar and their
arrangement will determine the distribution of electric charge
within the PbSe nanocrystal. The simplest way to maintain PbSe
stoichiometry is to terminate four of eight {111} facets by Pb
and the other four by Se. The possible arrangements of four

Pb-terminated and four Se-terminated {111} facets are shown
in Figure 5d. Depending on the mutual arrangement of the {111}
facets, the whole nanocrystal can either have central symmetry
and thus a zero net dipole moment or it can lack central
symmetry and possess a dipole moment along the !100", !110",
or !111" axes, respectively (Figure 5d). This, in fact, can explain
what drives the oriented attachment of PbSe nanocrystals along
various crystallographic axes (Figure 4). Assuming a random
distribution of {111} facets, the relative probabilities of a particle
having a zero dipole moment or a dipole aligned with the given
!hkl" crystallographic direction are 0:!100":!110":!111" ) 4:15:
12:4. The majority of PbSe nanocrystals (∼89%) should have
nonzero dipole moments! The magnitude of the dipole moment
also depends on the distribution of the {111} facets. Thus, the
dipole moment along the !100" axis can have two values with
the ratio of magnitudes of 2:1 (Figure 5d). Assuming nearly
cubic shape and equivalent net charges on all {111} facets, we
can roughly estimate the relative magnitudes of dipole moment
along different !hkl" axes of a PbSe nanocrystal as !100"large:
!100"small:!110":!111" ) 2:1:"2:"3. The largest dipole mo-
ment is predicted along the !100" axis. Summarizing, our model
predicts a high fraction of PbSe nanocrystals with permanent

Figure 3. PbSe nanorods formed in a colloidal solution of PbSe nano-
crystals washed from an excess of stabilizing agent (oleic acid). Inset shows
PbSe “oligomers” formed at early stages in a hot colloidal solution of PbSe
nanocrystals.

Figure 4. High-resolution TEM images showing oriented attachment of
PbSe nanocrystals. (a) Two nanocrystals attached along the !100" crystal-
lographic direction viewed along the (100) and (110) zone axes. (b)
Attachment of PbSe nanocrystals along the !110" crystallographic direction
(viewed along the (100) zone axis).
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dipole moments. In fact, a permanent dipole moment has been
reported for ZnSe nanocrystals with centrosymmetric zinc blend
lattice.27 The highest probability and the largest magnitude of
the dipole moment are predicted along the !100" direction. The
largest dipolar interactions are predicted for relatively small,
“quasi-spherical” nanocrystals, while the larger “nanocubes”
should have nearly zero dipole moment. Indeed, relatively small
(∼4-5 nm) PbSe nanocrystals can be partially converted into
nanowires upon heating in phenyl ether at 150 °C in the presence
of 0.22 M oleic acid, while larger (∼10 nm) PbSe nanocubes
show no tendency to fuse into nanowires. Long-term heating
of nanocube dispersions results in irregular 3-D fusion of the
PbSe nanocubes.
When oleic acid and TDPA are utilized as stabilizing agents,

we observe only oriented attachment along the !100" axis. Only
nanocrystals with dipole moments aligned along the !100" axis
can incorporate into the growing nanowires. This is consistent
with our observation that the conversion of preformed nano-
crystals into nanowires occurs with low yield of nanowires. On
the other hand, virtually all nanocrystals assemble into nanowires
in the one-pot process, where PbSe nanocrystals nucleate and
grow in parallel with the assembly of the nanowires. We explain
this by the dynamic character of the dipole in PbSe nanocrystals.
The orientation and magnitude of the dipole moment of growing
(or dissolving) PbSe nanocrystals can vary in time due to the
growth of the Pb- and Se-terminated {111} facets. The nano-
crystals are driven to attach to the end of growing nanowires
when they have the largest dipole moment along the !100" axis.
A similar situation is observed when PbSe nanocrystals slowly
etch upon storage in air over a period of weeks. Comparison of
TEM images of as-prepared and aged nanocrystals reveals
that the efficient assembly of nanorods and nanowires coin-
cides with a decrease of mean nanocrystal size. Although,
nanowires formed at room temperature have poor crystallinity,

with numerous stacking faults, compared to those formed and
annealed at high temperatures.
In the crude fractions taken during the one-step nanowire

synthesis, we observe long (1-30 µm) nanowires and isolated
spherical (or cubic) nanocrystals, while dimers and oligomers
were very rarely observed. We conclude that the attachment
and fusion of the first two PbSe nanocrystals is the rate-limiting
step in nanowire formation. Probably, nanowire growth is an
avalanche-like process driven by a combination of the increasing
polarizability and the scaling of the dipole moment of the
growing PbSe nanowire as the number of attached nanocrystals
increases.
Controlling PbSe Nanowire Morphology. Once formed,

PbSe nanowires can grow radially by consuming the lead
and selenium precursors from the surrounding solution. Figure
6 follows the evolution of a single batch of PbSe nanowires
grown at 170 °C in the presence of oleic acid and an excess of
selenium precursor (Pb:Se ) 1:3). The wires evolve from
chainlike assemblies, 8 nm in diameter, to straight thicker wires,
12 nm in diameter. The steady growth of the (111) planes results
in elimination of the {111} facets, producing straight smooth
wires.
The addition of TDPA results in straight and uniform PbSe

nanowires (Figure 1c-f). In the presence of TDPA, the reaction
mixture remains colorless for ∼10 s after the injection of lead
and selenium precursors at 250 °C, indicating that nucleation
of the PbSe particles is dramatically delayed. The existence of
this “induction period” between injection of the stock solution
and nucleation of nanocrystals allows good intermixing of
reactants and thermal equilibration of the reaction mixture. This,
in turn, improves the nanowire uniformity and narrows diameter
distribution. Tighter binding of TDPA molecules to the nanowire
surface can decrease the growth rate of both (100) and (111)(27) Shim, M.; Guyot-Sionnest, P. J. Chem. Phys. 1999, 111, 6955-6964.

Figure 5. (a) HRTEM images showing the typical evolution of the PbSe
nanocrystal shape upon growth, as schematically depicted in (b). (c) Atomic
reconstruction of a rocksalt PbSe nanocrystal showing the structural
difference between the {100} and {111} facets. (d) Different arrangements
of polar {111} facets result in various orientations and magnitudes of the
nanocrystal dipole moment (see text for details).

Figure 6. Shape evolution of PbSe nanowires grown for (a) 30 s and (b)
10 min at 170 °C using a molar ratio of Pb:Se precursors of 1:3 and oleic
acid as the stabilizing agent. Arrows in (b) point to the (111) face defects.
The average wire morphology and the structure of the hypothetical
nanocrystal repeat unit are depicted to the right of the TEM images.
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planes, thus allowing more time for diffusion of atoms on
nanowire surfaces. To investigate the role of surface diffusion,
the rough wires (the wires similar to those shown in Figure 6a)
are heated on a heating stage in the TEM. As the temperature
is increased up to ∼225-230 °C, a significant increase in
surface diffusion and annealing is observed. The wires become
straighter and displayed well-defined, {100}-faceted sidewalls.
Some increase in the diameter of the wires and a corresponding
decrease in their length is observed. Reducing the temperature
of the stage to ∼150 °C quenches the annealing process. We
conclude that the {111} facets of rocksalt PbSe have higher
energy compared to that of the {100} faces. Monitoring
nanowire growth in the presence of surfactants, such as oleic
acid and TDPA, also indicates that the {111} facets have higher
energy and tend to be eliminated during growth.
The chemical nature of stabilizing agents can significantly

affect the surface energy of the different facets of PbSe
nanocrystals and nanowires. Addition of long-chain, aliphatic
primary amines (e.g., dodecylamine, hexadecylamine (HDA),
oleylamine, etc.) to the reaction mixture as cosurfactants in-
duces the formation of octahedral PbSe nanocrystals termi-
nated by eight {111} facets (Figure 7a and Figure S3 of the
Supporting Information). To suppress the formation of nano-
wires, the reaction should be carried out at a low temperature
(e.g., injection at 180 °C and growth at 150 °C). The octahedral

shape can originate from faster growth of the {100} facets
compared to {111} facets, if the latter are selectively blocked
by amines.
PbSe nanowires formed by injection at 250 °C and growth

at 170 °C in the presence of primary amines exhibit zigzag
morphologies, as shown in Figure 7b. The zigzag structure
originates from the assembly of octahedral building blocks
which share {111} faces. Depending on the mode of octahedron
attachment, two kinds of zigzag nanowires are possible, as
schematically depicted in Figure 7b. The reaction mixture
usually contains both types of nanowires, and the packing of
octahedrons can vary along the nanowire. Annealing in octyl
ether at 190-200 °C smoothes the zigzag edges. When the
nanowires are formed in the presence of HDA as a cosurfactant
with oleic acid and when trioctylamine is used as the reac-
tion medium, the formation of single-crystal helical PbSe
nanowires has been observed (Figure 7c). Helical PbSe nano-
wires can also be prepared by the annealing of straight PbSe
nanowires, shown in Figure 1c-f at 180-220 °C, in the
presence of trioctylamine and oleic acid. The mechanism behind
transformation of straight PbSe nanowires into helical ones
requires further investigation. Both zigzag and helical PbSe
nanowires are potentially interesting for thermoelectric applica-
tions offering novel mechanisms of blocking phonon propaga-
tion in low-dimensional solids.

Figure 7. (a) Octahedral PbSe nanocrystals grown in the presence of HDA and oleic acid. (b) TEM and high-resolution TEM images of PbSe zigzag
nanowires grown in the presence of HDA. The cartoons show packing of octahedral building blocks to form the nanowires. (c) HRTEM image of single-
crystal helical PbSe nanowire grown in oleic acid/HDA/trioctylamine mixture. (d) Helical nanowires formed upon annealing of straight PbSe nanowires, as
shown in Figure 1c, in the presence of trioctylamine.
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planes, thus allowing more time for diffusion of atoms on
nanowire surfaces. To investigate the role of surface diffusion,
the rough wires (the wires similar to those shown in Figure 6a)
are heated on a heating stage in the TEM. As the temperature
is increased up to ∼225-230 °C, a significant increase in
surface diffusion and annealing is observed. The wires become
straighter and displayed well-defined, {100}-faceted sidewalls.
Some increase in the diameter of the wires and a corresponding
decrease in their length is observed. Reducing the temperature
of the stage to ∼150 °C quenches the annealing process. We
conclude that the {111} facets of rocksalt PbSe have higher
energy compared to that of the {100} faces. Monitoring
nanowire growth in the presence of surfactants, such as oleic
acid and TDPA, also indicates that the {111} facets have higher
energy and tend to be eliminated during growth.
The chemical nature of stabilizing agents can significantly

affect the surface energy of the different facets of PbSe
nanocrystals and nanowires. Addition of long-chain, aliphatic
primary amines (e.g., dodecylamine, hexadecylamine (HDA),
oleylamine, etc.) to the reaction mixture as cosurfactants in-
duces the formation of octahedral PbSe nanocrystals termi-
nated by eight {111} facets (Figure 7a and Figure S3 of the
Supporting Information). To suppress the formation of nano-
wires, the reaction should be carried out at a low temperature
(e.g., injection at 180 °C and growth at 150 °C). The octahedral

shape can originate from faster growth of the {100} facets
compared to {111} facets, if the latter are selectively blocked
by amines.
PbSe nanowires formed by injection at 250 °C and growth

at 170 °C in the presence of primary amines exhibit zigzag
morphologies, as shown in Figure 7b. The zigzag structure
originates from the assembly of octahedral building blocks
which share {111} faces. Depending on the mode of octahedron
attachment, two kinds of zigzag nanowires are possible, as
schematically depicted in Figure 7b. The reaction mixture
usually contains both types of nanowires, and the packing of
octahedrons can vary along the nanowire. Annealing in octyl
ether at 190-200 °C smoothes the zigzag edges. When the
nanowires are formed in the presence of HDA as a cosurfactant
with oleic acid and when trioctylamine is used as the reac-
tion medium, the formation of single-crystal helical PbSe
nanowires has been observed (Figure 7c). Helical PbSe nano-
wires can also be prepared by the annealing of straight PbSe
nanowires, shown in Figure 1c-f at 180-220 °C, in the
presence of trioctylamine and oleic acid. The mechanism behind
transformation of straight PbSe nanowires into helical ones
requires further investigation. Both zigzag and helical PbSe
nanowires are potentially interesting for thermoelectric applica-
tions offering novel mechanisms of blocking phonon propaga-
tion in low-dimensional solids.

Figure 7. (a) Octahedral PbSe nanocrystals grown in the presence of HDA and oleic acid. (b) TEM and high-resolution TEM images of PbSe zigzag
nanowires grown in the presence of HDA. The cartoons show packing of octahedral building blocks to form the nanowires. (c) HRTEM image of single-
crystal helical PbSe nanowire grown in oleic acid/HDA/trioctylamine mixture. (d) Helical nanowires formed upon annealing of straight PbSe nanowires, as
shown in Figure 1c, in the presence of trioctylamine.
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planes, thus allowing more time for diffusion of atoms on
nanowire surfaces. To investigate the role of surface diffusion,
the rough wires (the wires similar to those shown in Figure 6a)
are heated on a heating stage in the TEM. As the temperature
is increased up to ∼225-230 °C, a significant increase in
surface diffusion and annealing is observed. The wires become
straighter and displayed well-defined, {100}-faceted sidewalls.
Some increase in the diameter of the wires and a corresponding
decrease in their length is observed. Reducing the temperature
of the stage to ∼150 °C quenches the annealing process. We
conclude that the {111} facets of rocksalt PbSe have higher
energy compared to that of the {100} faces. Monitoring
nanowire growth in the presence of surfactants, such as oleic
acid and TDPA, also indicates that the {111} facets have higher
energy and tend to be eliminated during growth.
The chemical nature of stabilizing agents can significantly

affect the surface energy of the different facets of PbSe
nanocrystals and nanowires. Addition of long-chain, aliphatic
primary amines (e.g., dodecylamine, hexadecylamine (HDA),
oleylamine, etc.) to the reaction mixture as cosurfactants in-
duces the formation of octahedral PbSe nanocrystals termi-
nated by eight {111} facets (Figure 7a and Figure S3 of the
Supporting Information). To suppress the formation of nano-
wires, the reaction should be carried out at a low temperature
(e.g., injection at 180 °C and growth at 150 °C). The octahedral

shape can originate from faster growth of the {100} facets
compared to {111} facets, if the latter are selectively blocked
by amines.
PbSe nanowires formed by injection at 250 °C and growth

at 170 °C in the presence of primary amines exhibit zigzag
morphologies, as shown in Figure 7b. The zigzag structure
originates from the assembly of octahedral building blocks
which share {111} faces. Depending on the mode of octahedron
attachment, two kinds of zigzag nanowires are possible, as
schematically depicted in Figure 7b. The reaction mixture
usually contains both types of nanowires, and the packing of
octahedrons can vary along the nanowire. Annealing in octyl
ether at 190-200 °C smoothes the zigzag edges. When the
nanowires are formed in the presence of HDA as a cosurfactant
with oleic acid and when trioctylamine is used as the reac-
tion medium, the formation of single-crystal helical PbSe
nanowires has been observed (Figure 7c). Helical PbSe nano-
wires can also be prepared by the annealing of straight PbSe
nanowires, shown in Figure 1c-f at 180-220 °C, in the
presence of trioctylamine and oleic acid. The mechanism behind
transformation of straight PbSe nanowires into helical ones
requires further investigation. Both zigzag and helical PbSe
nanowires are potentially interesting for thermoelectric applica-
tions offering novel mechanisms of blocking phonon propaga-
tion in low-dimensional solids.

Figure 7. (a) Octahedral PbSe nanocrystals grown in the presence of HDA and oleic acid. (b) TEM and high-resolution TEM images of PbSe zigzag
nanowires grown in the presence of HDA. The cartoons show packing of octahedral building blocks to form the nanowires. (c) HRTEM image of single-
crystal helical PbSe nanowire grown in oleic acid/HDA/trioctylamine mixture. (d) Helical nanowires formed upon annealing of straight PbSe nanowires, as
shown in Figure 1c, in the presence of trioctylamine.

A R T I C L E S Cho et al.

F J. AM. CHEM. SOC.

planes, thus allowing more time for diffusion of atoms on
nanowire surfaces. To investigate the role of surface diffusion,
the rough wires (the wires similar to those shown in Figure 6a)
are heated on a heating stage in the TEM. As the temperature
is increased up to ∼225-230 °C, a significant increase in
surface diffusion and annealing is observed. The wires become
straighter and displayed well-defined, {100}-faceted sidewalls.
Some increase in the diameter of the wires and a corresponding
decrease in their length is observed. Reducing the temperature
of the stage to ∼150 °C quenches the annealing process. We
conclude that the {111} facets of rocksalt PbSe have higher
energy compared to that of the {100} faces. Monitoring
nanowire growth in the presence of surfactants, such as oleic
acid and TDPA, also indicates that the {111} facets have higher
energy and tend to be eliminated during growth.
The chemical nature of stabilizing agents can significantly

affect the surface energy of the different facets of PbSe
nanocrystals and nanowires. Addition of long-chain, aliphatic
primary amines (e.g., dodecylamine, hexadecylamine (HDA),
oleylamine, etc.) to the reaction mixture as cosurfactants in-
duces the formation of octahedral PbSe nanocrystals termi-
nated by eight {111} facets (Figure 7a and Figure S3 of the
Supporting Information). To suppress the formation of nano-
wires, the reaction should be carried out at a low temperature
(e.g., injection at 180 °C and growth at 150 °C). The octahedral

shape can originate from faster growth of the {100} facets
compared to {111} facets, if the latter are selectively blocked
by amines.
PbSe nanowires formed by injection at 250 °C and growth

at 170 °C in the presence of primary amines exhibit zigzag
morphologies, as shown in Figure 7b. The zigzag structure
originates from the assembly of octahedral building blocks
which share {111} faces. Depending on the mode of octahedron
attachment, two kinds of zigzag nanowires are possible, as
schematically depicted in Figure 7b. The reaction mixture
usually contains both types of nanowires, and the packing of
octahedrons can vary along the nanowire. Annealing in octyl
ether at 190-200 °C smoothes the zigzag edges. When the
nanowires are formed in the presence of HDA as a cosurfactant
with oleic acid and when trioctylamine is used as the reac-
tion medium, the formation of single-crystal helical PbSe
nanowires has been observed (Figure 7c). Helical PbSe nano-
wires can also be prepared by the annealing of straight PbSe
nanowires, shown in Figure 1c-f at 180-220 °C, in the
presence of trioctylamine and oleic acid. The mechanism behind
transformation of straight PbSe nanowires into helical ones
requires further investigation. Both zigzag and helical PbSe
nanowires are potentially interesting for thermoelectric applica-
tions offering novel mechanisms of blocking phonon propaga-
tion in low-dimensional solids.

Figure 7. (a) Octahedral PbSe nanocrystals grown in the presence of HDA and oleic acid. (b) TEM and high-resolution TEM images of PbSe zigzag
nanowires grown in the presence of HDA. The cartoons show packing of octahedral building blocks to form the nanowires. (c) HRTEM image of single-
crystal helical PbSe nanowire grown in oleic acid/HDA/trioctylamine mixture. (d) Helical nanowires formed upon annealing of straight PbSe nanowires, as
shown in Figure 1c, in the presence of trioctylamine.

A R T I C L E S Cho et al.

F J. AM. CHEM. SOC.

planes, thus allowing more time for diffusion of atoms on
nanowire surfaces. To investigate the role of surface diffusion,
the rough wires (the wires similar to those shown in Figure 6a)
are heated on a heating stage in the TEM. As the temperature
is increased up to ∼225-230 °C, a significant increase in
surface diffusion and annealing is observed. The wires become
straighter and displayed well-defined, {100}-faceted sidewalls.
Some increase in the diameter of the wires and a corresponding
decrease in their length is observed. Reducing the temperature
of the stage to ∼150 °C quenches the annealing process. We
conclude that the {111} facets of rocksalt PbSe have higher
energy compared to that of the {100} faces. Monitoring
nanowire growth in the presence of surfactants, such as oleic
acid and TDPA, also indicates that the {111} facets have higher
energy and tend to be eliminated during growth.
The chemical nature of stabilizing agents can significantly

affect the surface energy of the different facets of PbSe
nanocrystals and nanowires. Addition of long-chain, aliphatic
primary amines (e.g., dodecylamine, hexadecylamine (HDA),
oleylamine, etc.) to the reaction mixture as cosurfactants in-
duces the formation of octahedral PbSe nanocrystals termi-
nated by eight {111} facets (Figure 7a and Figure S3 of the
Supporting Information). To suppress the formation of nano-
wires, the reaction should be carried out at a low temperature
(e.g., injection at 180 °C and growth at 150 °C). The octahedral

shape can originate from faster growth of the {100} facets
compared to {111} facets, if the latter are selectively blocked
by amines.
PbSe nanowires formed by injection at 250 °C and growth

at 170 °C in the presence of primary amines exhibit zigzag
morphologies, as shown in Figure 7b. The zigzag structure
originates from the assembly of octahedral building blocks
which share {111} faces. Depending on the mode of octahedron
attachment, two kinds of zigzag nanowires are possible, as
schematically depicted in Figure 7b. The reaction mixture
usually contains both types of nanowires, and the packing of
octahedrons can vary along the nanowire. Annealing in octyl
ether at 190-200 °C smoothes the zigzag edges. When the
nanowires are formed in the presence of HDA as a cosurfactant
with oleic acid and when trioctylamine is used as the reac-
tion medium, the formation of single-crystal helical PbSe
nanowires has been observed (Figure 7c). Helical PbSe nano-
wires can also be prepared by the annealing of straight PbSe
nanowires, shown in Figure 1c-f at 180-220 °C, in the
presence of trioctylamine and oleic acid. The mechanism behind
transformation of straight PbSe nanowires into helical ones
requires further investigation. Both zigzag and helical PbSe
nanowires are potentially interesting for thermoelectric applica-
tions offering novel mechanisms of blocking phonon propaga-
tion in low-dimensional solids.

Figure 7. (a) Octahedral PbSe nanocrystals grown in the presence of HDA and oleic acid. (b) TEM and high-resolution TEM images of PbSe zigzag
nanowires grown in the presence of HDA. The cartoons show packing of octahedral building blocks to form the nanowires. (c) HRTEM image of single-
crystal helical PbSe nanowire grown in oleic acid/HDA/trioctylamine mixture. (d) Helical nanowires formed upon annealing of straight PbSe nanowires, as
shown in Figure 1c, in the presence of trioctylamine.
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Ultrathin PbS Sheets by
Two-Dimensional Oriented Attachment
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Controlling anisotropy is a key concept in the generation of complex functionality in advanced
materials. For this concept, oriented attachment of nanocrystal building blocks, a self-assembly of
particles into larger single-crystalline objects, is one of the most promising approaches in
nanotechnology. We report here the two-dimensional oriented attachment of lead sulfide (PbS)
nanocrystals into ultrathin single-crystal sheets with dimensions on the micrometer scale. We found
that this process is initiated by cosolvents, which alter nucleation and growth rates during the
primary nanocrystal formation, and is finally driven by dense packing of oleic acid ligands on
{100} facets of PbS. The obtained nanosheets can be readily integrated in a photodetector device
without further treatment.

Controlled assembly leading to anisotropic
nanostructures poses a conceptual chal-
lenge in the field of materials research.

Penn and Banfield et al. (1, 2) described crystal
growth, in which oxide nanoparticles coalesce in
well-defined crystalline orientations. Their method
of oriented attachment of nanocrystals is now one
of the most favorable techniques to grow linear or
zig-zag–type one-dimensional (1D) nanostructures.
In addition to strong size-quantization effects
occurring in these structures, their big advantage
is solution processability, which makes them at-
tractive candidates for optoelectronic and ther-
moelectric applications in low-cost integrated
systems. 1D assemblies of oriented attachment
have been reported, and, in most cases, the an-
isotropy during self-assembly is caused by crystal

planes with preferred reactivity and dipole mo-
ments in the crystallites. However, systems with
cubic-crystal symmetry (such as PbS and PbSe),
in which beautiful 1D oriented attachment occurs,
are somewhat more difficult to explain. Oriented
attachment, in this case, should result in 3D
networks rather than 1D structures. The common
explanation assumes that, despite the strict mono-
dispersity of the samples, inhomogeneities in the
chemical composition of surface planes exist and
result in dipole moments within the nanocrystals.
On the other hand, organic ligand molecules play
a crucial role in such processes by capping nano-
particle surfaces selectively and may hinder, mod-
ify, or trigger an oriented attachment (3). In this
work, we show that the formation of ordered and
densely packed ligand surface layers of oleic acid
on {100} PbS surfaces can drive the normally iso-
tropic crystal growths into a 2D oriented attach-
ment of nanocrystals. In addition, the presence of
chlorine-containing cosolvents during the initial
nucleation and growth process of the nanocrys-
tals plays a prominent role.

Syntheses of lead chalcogenide nanoparticles
(4–7) can lead to a large variety of particle shapes
through slight changes of the reaction conditions.
The mechanism of how small traces of organo-
phosphine compounds may alter the course of
the reactions has been reported, which underlines
their complexity (8). For other systems, like CdS
nanoparticles, shape control has been reported by
the addition of small amounts of HCl (9) or chlorine-
containing solvents such as 1,2-dichloroethane
(DCE); for example, in the case of CdSe nano-
rods attached to carbon nanotubes (10). Reported
strategies to generate 2D nanostructures are based
on the use of lamellar-like templates (11) or thin
superstructures by assembly (12–14).

Our approach is based on a standard synthetic
procedure to generate nearly spherical PbS nano-
particles (15). After 3 min, the resulting dotlike
particles have a mean diameter of ~5 nm. In
contrast, ultrathin PbS nanosheets, as depicted in
Fig. 1, are formed in the presence of chlorine-
containing compounds such as DCE or similar
linear chloroalkanes (fig. S1). The nanosheets
have lateral dimensions of several hundred
nanometers and stack showing Moiré patterns
caused by the interference between the crystalline
lattices of the individual sheets (see fig. S2 for
Moiré patterns and corresponding simulations).
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Fig. 1. TEM image of stacked PbS nanosheets using
1,1,2-trichloroethane.
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Controlling anisotropy is a key concept in the generation of complex functionality in advanced
materials. For this concept, oriented attachment of nanocrystal building blocks, a self-assembly of
particles into larger single-crystalline objects, is one of the most promising approaches in
nanotechnology. We report here the two-dimensional oriented attachment of lead sulfide (PbS)
nanocrystals into ultrathin single-crystal sheets with dimensions on the micrometer scale. We found
that this process is initiated by cosolvents, which alter nucleation and growth rates during the
primary nanocrystal formation, and is finally driven by dense packing of oleic acid ligands on
{100} facets of PbS. The obtained nanosheets can be readily integrated in a photodetector device
without further treatment.

Controlled assembly leading to anisotropic
nanostructures poses a conceptual chal-
lenge in the field of materials research.

Penn and Banfield et al. (1, 2) described crystal
growth, in which oxide nanoparticles coalesce in
well-defined crystalline orientations. Their method
of oriented attachment of nanocrystals is now one
of the most favorable techniques to grow linear or
zig-zag–type one-dimensional (1D) nanostructures.
In addition to strong size-quantization effects
occurring in these structures, their big advantage
is solution processability, which makes them at-
tractive candidates for optoelectronic and ther-
moelectric applications in low-cost integrated
systems. 1D assemblies of oriented attachment
have been reported, and, in most cases, the an-
isotropy during self-assembly is caused by crystal

planes with preferred reactivity and dipole mo-
ments in the crystallites. However, systems with
cubic-crystal symmetry (such as PbS and PbSe),
in which beautiful 1D oriented attachment occurs,
are somewhat more difficult to explain. Oriented
attachment, in this case, should result in 3D
networks rather than 1D structures. The common
explanation assumes that, despite the strict mono-
dispersity of the samples, inhomogeneities in the
chemical composition of surface planes exist and
result in dipole moments within the nanocrystals.
On the other hand, organic ligand molecules play
a crucial role in such processes by capping nano-
particle surfaces selectively and may hinder, mod-
ify, or trigger an oriented attachment (3). In this
work, we show that the formation of ordered and
densely packed ligand surface layers of oleic acid
on {100} PbS surfaces can drive the normally iso-
tropic crystal growths into a 2D oriented attach-
ment of nanocrystals. In addition, the presence of
chlorine-containing cosolvents during the initial
nucleation and growth process of the nanocrys-
tals plays a prominent role.

Syntheses of lead chalcogenide nanoparticles
(4–7) can lead to a large variety of particle shapes
through slight changes of the reaction conditions.
The mechanism of how small traces of organo-
phosphine compounds may alter the course of
the reactions has been reported, which underlines
their complexity (8). For other systems, like CdS
nanoparticles, shape control has been reported by
the addition of small amounts of HCl (9) or chlorine-
containing solvents such as 1,2-dichloroethane
(DCE); for example, in the case of CdSe nano-
rods attached to carbon nanotubes (10). Reported
strategies to generate 2D nanostructures are based
on the use of lamellar-like templates (11) or thin
superstructures by assembly (12–14).

Our approach is based on a standard synthetic
procedure to generate nearly spherical PbS nano-
particles (15). After 3 min, the resulting dotlike
particles have a mean diameter of ~5 nm. In
contrast, ultrathin PbS nanosheets, as depicted in
Fig. 1, are formed in the presence of chlorine-
containing compounds such as DCE or similar
linear chloroalkanes (fig. S1). The nanosheets
have lateral dimensions of several hundred
nanometers and stack showing Moiré patterns
caused by the interference between the crystalline
lattices of the individual sheets (see fig. S2 for
Moiré patterns and corresponding simulations).
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Fig. 1. TEM image of stacked PbS nanosheets using
1,1,2-trichloroethane.
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The formation of the sheets occurs within the first
1 to 3min of the reaction. To investigate the mech-
anism of formation, we followed the temporal
evolution of the sheets by optical spectroscopy and
high-resolution transmission electron microscopy
(HRTEM). For practical reasons, we slowed down
the sheet formation by reducing the reaction
temperature to 70°C immediately after the thio-
acetamide injection [see the supporting online
material (SOM)]. Figure 2A shows the absorption
and emission spectra at various stages of the re-
action. Within the first 50 s, the solution turned
reddish brown, and clearly structured spectra
evolved with an absorption maximum at 675 nm
and a narrow emission band at 790 nm. These
features indicate small, isolated quantum dots of
2.8 T 0.5 nm, which can clearly be identified by
TEM (fig. S3). As the reaction evolved, the flu-
orescence band of the quantum dots decreased, and
an unstructured absorption of sheets arose, partially
due to the occurrence of turbidity. However, the
spectral position of the original bands, and, thus,
the size of the particles, do not change during this
process, proving that sheets are formed directly
from the nanoparticles by oriented attachment.
The growth of either ultrathin sheets or larger par-

ticles (in the absence of chlorine-containing com-
pounds) is determined by the behavior of the PbS
nanocrystals that originally formed.

Nanocrystals as small as 2.8 nm could not be
isolated if DCE (or a similar chlorine-containing
compound) was not added to the reaction mix-
ture. ATEM sample taken during the rapid process
of oriented attachment shows various stages of
sheet formation. The original particles (Fig. 2B)
can be recognized together with fused aggregates
(Fig. 2C), as well as porous structures similar to
the one shown in Fig. 2D. In Fig. 2B, in which an
individual particle in a slightly tilted [100] orienta-
tion is depicted, an angle of 135° at the crystalline
edges can be identified. This is taken as an indi-
cation of the presence of {110} surface planes. A
reasonable model for such a small crystallite is
shown in the inset of this figure. A close inspection
of Fig. 2C identifies this structure as an aggregate
of three nanocrystals fused in two dimensions.
Even in the porous framework structure of Fig.
2D, the size and shape of the original particles, as
well as their crystalline orientation, is visible (figs.
S4 to S6). Uniform nanosheets, however, can be
obtained several minutes after the sulfur precursor
injection (Fig. 2E; see SOM for synthetic details).

The HRTEM image of a sheet region depicted in
Fig. 2E shows a single-crystalline structure with
crossed (200) lattice planes displaying an angle of
45° relative to the sheet edges. This indicates a
sheet growth parallel to the <110> axes. Although
most of their edges in <110> directions are atom-
ically flat over large distances, some regions clearly
show a zig-zag pattern with exposed {100} facets
with dimensions corresponding to those of the
original quantum dots. Selected-area electron dif-
fraction pattern of individual sheets confirms this
observation, showing a monocrystalline galena
structure in [100] orientation with pronounced
(200) and (220) reflexes. The x-ray diffraction pat-
tern shows that the HRTEM characterization of
individual sheets is representative of the entire
sample (fig. S8).

In the crystalline-equivalent PbSe and PbTe
systems, Murray et al. discovered that truncated
cubes with sizes of ~10 nm evolve from ~5-nm
cuboctahedrons with six {100} and eight {111}
facets. They explained this result by a faster growth-
rate perpendicular to the {111} facets (16, 17).
Their findings also suggest that {110} facets are
highly reactive and, therefore, are preferentially
consumed during the nanoparticle growth. The
structure of PbS nanocrystals that merge into PbS
sheets is shown in Fig. 3. The shape is that of
a truncated cuboctahedronwith 6 {100}, 8 {111},
and 12 {110} facets. Upon crystal growth, the
particles try to minimize the most energetically
unfavorable surface facets by fast growth perpen-
dicular to the respective facet. In the case of PbS
particles larger than 10 nm (18), this results in
truncated cubes with mainly {100} surface planes
(pathA in Fig. 3).We do not observe the formation
of PbS sheets in the absence of DCE (or a similar
chloride compound), whereas in the presence of
chloride compounds, which are known to act as
lead complexing agents (19), the kinetics of nu-
cleation and growth are altered, leading to ~3-nm
particles (as shown in Fig. 2B), which should still
exhibit the reactive {110} surfaces. Because

Fig. 2. (A) Absorption and emission spectra of the
nanoparticles with reaction time. The absorption
spectra were normalized to the absorption at 400
nm, and the emission spectra to the maximum of
each curve. a.u., arbitrary units. (B) TEM image of
an ultrasmall PbS nanoparticle at early stages of the
reaction. (Inset) Model structure of a truncated
cuboctahedron. (C) First step of attachment. (D)
Later, the structures merge with some holes due to
nonideal attachment. (E) At the end of the syn-
thesis, quasi-continuous sheets are formed. (Inset)
Electron diffraction pattern of the PbS sheets.

Fig. 3. Schematic illustration of large-particle (A)
and sheet formation (B and C) from small PbS
quantum dots.
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Controlling anisotropy is a key concept in the generation of complex functionality in advanced
materials. For this concept, oriented attachment of nanocrystal building blocks, a self-assembly of
particles into larger single-crystalline objects, is one of the most promising approaches in
nanotechnology. We report here the two-dimensional oriented attachment of lead sulfide (PbS)
nanocrystals into ultrathin single-crystal sheets with dimensions on the micrometer scale. We found
that this process is initiated by cosolvents, which alter nucleation and growth rates during the
primary nanocrystal formation, and is finally driven by dense packing of oleic acid ligands on
{100} facets of PbS. The obtained nanosheets can be readily integrated in a photodetector device
without further treatment.

Controlled assembly leading to anisotropic
nanostructures poses a conceptual chal-
lenge in the field of materials research.

Penn and Banfield et al. (1, 2) described crystal
growth, in which oxide nanoparticles coalesce in
well-defined crystalline orientations. Their method
of oriented attachment of nanocrystals is now one
of the most favorable techniques to grow linear or
zig-zag–type one-dimensional (1D) nanostructures.
In addition to strong size-quantization effects
occurring in these structures, their big advantage
is solution processability, which makes them at-
tractive candidates for optoelectronic and ther-
moelectric applications in low-cost integrated
systems. 1D assemblies of oriented attachment
have been reported, and, in most cases, the an-
isotropy during self-assembly is caused by crystal

planes with preferred reactivity and dipole mo-
ments in the crystallites. However, systems with
cubic-crystal symmetry (such as PbS and PbSe),
in which beautiful 1D oriented attachment occurs,
are somewhat more difficult to explain. Oriented
attachment, in this case, should result in 3D
networks rather than 1D structures. The common
explanation assumes that, despite the strict mono-
dispersity of the samples, inhomogeneities in the
chemical composition of surface planes exist and
result in dipole moments within the nanocrystals.
On the other hand, organic ligand molecules play
a crucial role in such processes by capping nano-
particle surfaces selectively and may hinder, mod-
ify, or trigger an oriented attachment (3). In this
work, we show that the formation of ordered and
densely packed ligand surface layers of oleic acid
on {100} PbS surfaces can drive the normally iso-
tropic crystal growths into a 2D oriented attach-
ment of nanocrystals. In addition, the presence of
chlorine-containing cosolvents during the initial
nucleation and growth process of the nanocrys-
tals plays a prominent role.

Syntheses of lead chalcogenide nanoparticles
(4–7) can lead to a large variety of particle shapes
through slight changes of the reaction conditions.
The mechanism of how small traces of organo-
phosphine compounds may alter the course of
the reactions has been reported, which underlines
their complexity (8). For other systems, like CdS
nanoparticles, shape control has been reported by
the addition of small amounts of HCl (9) or chlorine-
containing solvents such as 1,2-dichloroethane
(DCE); for example, in the case of CdSe nano-
rods attached to carbon nanotubes (10). Reported
strategies to generate 2D nanostructures are based
on the use of lamellar-like templates (11) or thin
superstructures by assembly (12–14).

Our approach is based on a standard synthetic
procedure to generate nearly spherical PbS nano-
particles (15). After 3 min, the resulting dotlike
particles have a mean diameter of ~5 nm. In
contrast, ultrathin PbS nanosheets, as depicted in
Fig. 1, are formed in the presence of chlorine-
containing compounds such as DCE or similar
linear chloroalkanes (fig. S1). The nanosheets
have lateral dimensions of several hundred
nanometers and stack showing Moiré patterns
caused by the interference between the crystalline
lattices of the individual sheets (see fig. S2 for
Moiré patterns and corresponding simulations).

1Institute of Physical Chemistry, University of Hamburg, 20146
Hamburg, Germany. 2IMDEA Nanoscience, Ciudad Universitaria
de Cantoblanco 28049, Madrid, Spain.

*To whom correspondence should be addressed. E-mail:
weller@chemie.uni-hamburg.de

Fig. 1. TEM image of stacked PbS nanosheets using
1,1,2-trichloroethane.
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The formation of the sheets occurs within the first
1 to 3min of the reaction. To investigate the mech-
anism of formation, we followed the temporal
evolution of the sheets by optical spectroscopy and
high-resolution transmission electron microscopy
(HRTEM). For practical reasons, we slowed down
the sheet formation by reducing the reaction
temperature to 70°C immediately after the thio-
acetamide injection [see the supporting online
material (SOM)]. Figure 2A shows the absorption
and emission spectra at various stages of the re-
action. Within the first 50 s, the solution turned
reddish brown, and clearly structured spectra
evolved with an absorption maximum at 675 nm
and a narrow emission band at 790 nm. These
features indicate small, isolated quantum dots of
2.8 T 0.5 nm, which can clearly be identified by
TEM (fig. S3). As the reaction evolved, the flu-
orescence band of the quantum dots decreased, and
an unstructured absorption of sheets arose, partially
due to the occurrence of turbidity. However, the
spectral position of the original bands, and, thus,
the size of the particles, do not change during this
process, proving that sheets are formed directly
from the nanoparticles by oriented attachment.
The growth of either ultrathin sheets or larger par-

ticles (in the absence of chlorine-containing com-
pounds) is determined by the behavior of the PbS
nanocrystals that originally formed.

Nanocrystals as small as 2.8 nm could not be
isolated if DCE (or a similar chlorine-containing
compound) was not added to the reaction mix-
ture. ATEM sample taken during the rapid process
of oriented attachment shows various stages of
sheet formation. The original particles (Fig. 2B)
can be recognized together with fused aggregates
(Fig. 2C), as well as porous structures similar to
the one shown in Fig. 2D. In Fig. 2B, in which an
individual particle in a slightly tilted [100] orienta-
tion is depicted, an angle of 135° at the crystalline
edges can be identified. This is taken as an indi-
cation of the presence of {110} surface planes. A
reasonable model for such a small crystallite is
shown in the inset of this figure. A close inspection
of Fig. 2C identifies this structure as an aggregate
of three nanocrystals fused in two dimensions.
Even in the porous framework structure of Fig.
2D, the size and shape of the original particles, as
well as their crystalline orientation, is visible (figs.
S4 to S6). Uniform nanosheets, however, can be
obtained several minutes after the sulfur precursor
injection (Fig. 2E; see SOM for synthetic details).

The HRTEM image of a sheet region depicted in
Fig. 2E shows a single-crystalline structure with
crossed (200) lattice planes displaying an angle of
45° relative to the sheet edges. This indicates a
sheet growth parallel to the <110> axes. Although
most of their edges in <110> directions are atom-
ically flat over large distances, some regions clearly
show a zig-zag pattern with exposed {100} facets
with dimensions corresponding to those of the
original quantum dots. Selected-area electron dif-
fraction pattern of individual sheets confirms this
observation, showing a monocrystalline galena
structure in [100] orientation with pronounced
(200) and (220) reflexes. The x-ray diffraction pat-
tern shows that the HRTEM characterization of
individual sheets is representative of the entire
sample (fig. S8).

In the crystalline-equivalent PbSe and PbTe
systems, Murray et al. discovered that truncated
cubes with sizes of ~10 nm evolve from ~5-nm
cuboctahedrons with six {100} and eight {111}
facets. They explained this result by a faster growth-
rate perpendicular to the {111} facets (16, 17).
Their findings also suggest that {110} facets are
highly reactive and, therefore, are preferentially
consumed during the nanoparticle growth. The
structure of PbS nanocrystals that merge into PbS
sheets is shown in Fig. 3. The shape is that of
a truncated cuboctahedronwith 6 {100}, 8 {111},
and 12 {110} facets. Upon crystal growth, the
particles try to minimize the most energetically
unfavorable surface facets by fast growth perpen-
dicular to the respective facet. In the case of PbS
particles larger than 10 nm (18), this results in
truncated cubes with mainly {100} surface planes
(pathA in Fig. 3).We do not observe the formation
of PbS sheets in the absence of DCE (or a similar
chloride compound), whereas in the presence of
chloride compounds, which are known to act as
lead complexing agents (19), the kinetics of nu-
cleation and growth are altered, leading to ~3-nm
particles (as shown in Fig. 2B), which should still
exhibit the reactive {110} surfaces. Because

Fig. 2. (A) Absorption and emission spectra of the
nanoparticles with reaction time. The absorption
spectra were normalized to the absorption at 400
nm, and the emission spectra to the maximum of
each curve. a.u., arbitrary units. (B) TEM image of
an ultrasmall PbS nanoparticle at early stages of the
reaction. (Inset) Model structure of a truncated
cuboctahedron. (C) First step of attachment. (D)
Later, the structures merge with some holes due to
nonideal attachment. (E) At the end of the syn-
thesis, quasi-continuous sheets are formed. (Inset)
Electron diffraction pattern of the PbS sheets.

Fig. 3. Schematic illustration of large-particle (A)
and sheet formation (B and C) from small PbS
quantum dots.
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The formation of the sheets occurs within the first
1 to 3min of the reaction. To investigate the mech-
anism of formation, we followed the temporal
evolution of the sheets by optical spectroscopy and
high-resolution transmission electron microscopy
(HRTEM). For practical reasons, we slowed down
the sheet formation by reducing the reaction
temperature to 70°C immediately after the thio-
acetamide injection [see the supporting online
material (SOM)]. Figure 2A shows the absorption
and emission spectra at various stages of the re-
action. Within the first 50 s, the solution turned
reddish brown, and clearly structured spectra
evolved with an absorption maximum at 675 nm
and a narrow emission band at 790 nm. These
features indicate small, isolated quantum dots of
2.8 T 0.5 nm, which can clearly be identified by
TEM (fig. S3). As the reaction evolved, the flu-
orescence band of the quantum dots decreased, and
an unstructured absorption of sheets arose, partially
due to the occurrence of turbidity. However, the
spectral position of the original bands, and, thus,
the size of the particles, do not change during this
process, proving that sheets are formed directly
from the nanoparticles by oriented attachment.
The growth of either ultrathin sheets or larger par-

ticles (in the absence of chlorine-containing com-
pounds) is determined by the behavior of the PbS
nanocrystals that originally formed.

Nanocrystals as small as 2.8 nm could not be
isolated if DCE (or a similar chlorine-containing
compound) was not added to the reaction mix-
ture. ATEM sample taken during the rapid process
of oriented attachment shows various stages of
sheet formation. The original particles (Fig. 2B)
can be recognized together with fused aggregates
(Fig. 2C), as well as porous structures similar to
the one shown in Fig. 2D. In Fig. 2B, in which an
individual particle in a slightly tilted [100] orienta-
tion is depicted, an angle of 135° at the crystalline
edges can be identified. This is taken as an indi-
cation of the presence of {110} surface planes. A
reasonable model for such a small crystallite is
shown in the inset of this figure. A close inspection
of Fig. 2C identifies this structure as an aggregate
of three nanocrystals fused in two dimensions.
Even in the porous framework structure of Fig.
2D, the size and shape of the original particles, as
well as their crystalline orientation, is visible (figs.
S4 to S6). Uniform nanosheets, however, can be
obtained several minutes after the sulfur precursor
injection (Fig. 2E; see SOM for synthetic details).

The HRTEM image of a sheet region depicted in
Fig. 2E shows a single-crystalline structure with
crossed (200) lattice planes displaying an angle of
45° relative to the sheet edges. This indicates a
sheet growth parallel to the <110> axes. Although
most of their edges in <110> directions are atom-
ically flat over large distances, some regions clearly
show a zig-zag pattern with exposed {100} facets
with dimensions corresponding to those of the
original quantum dots. Selected-area electron dif-
fraction pattern of individual sheets confirms this
observation, showing a monocrystalline galena
structure in [100] orientation with pronounced
(200) and (220) reflexes. The x-ray diffraction pat-
tern shows that the HRTEM characterization of
individual sheets is representative of the entire
sample (fig. S8).

In the crystalline-equivalent PbSe and PbTe
systems, Murray et al. discovered that truncated
cubes with sizes of ~10 nm evolve from ~5-nm
cuboctahedrons with six {100} and eight {111}
facets. They explained this result by a faster growth-
rate perpendicular to the {111} facets (16, 17).
Their findings also suggest that {110} facets are
highly reactive and, therefore, are preferentially
consumed during the nanoparticle growth. The
structure of PbS nanocrystals that merge into PbS
sheets is shown in Fig. 3. The shape is that of
a truncated cuboctahedronwith 6 {100}, 8 {111},
and 12 {110} facets. Upon crystal growth, the
particles try to minimize the most energetically
unfavorable surface facets by fast growth perpen-
dicular to the respective facet. In the case of PbS
particles larger than 10 nm (18), this results in
truncated cubes with mainly {100} surface planes
(pathA in Fig. 3).We do not observe the formation
of PbS sheets in the absence of DCE (or a similar
chloride compound), whereas in the presence of
chloride compounds, which are known to act as
lead complexing agents (19), the kinetics of nu-
cleation and growth are altered, leading to ~3-nm
particles (as shown in Fig. 2B), which should still
exhibit the reactive {110} surfaces. Because

Fig. 2. (A) Absorption and emission spectra of the
nanoparticles with reaction time. The absorption
spectra were normalized to the absorption at 400
nm, and the emission spectra to the maximum of
each curve. a.u., arbitrary units. (B) TEM image of
an ultrasmall PbS nanoparticle at early stages of the
reaction. (Inset) Model structure of a truncated
cuboctahedron. (C) First step of attachment. (D)
Later, the structures merge with some holes due to
nonideal attachment. (E) At the end of the syn-
thesis, quasi-continuous sheets are formed. (Inset)
Electron diffraction pattern of the PbS sheets.

Fig. 3. Schematic illustration of large-particle (A)
and sheet formation (B and C) from small PbS
quantum dots.
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Lecture 2 summary: Complex structures
Shape control

Surface energy of different facets determines lowest energy shape

Ligand-facet interactions change lowest energy shape AND growth kinetics

Heterostructures

Strain and interfacial energy impact achievable morphology

Chemical conversion

Post-synthetic conversion provides access to new compositions and 

morphologies

Oriented attachment

Orientation driven by dipoles, attachment eliminates high energy facets
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Shape control

Surface energy of different facets determines lowest energy shape

Ligand-facet interactions change lowest energy shape AND growth kinetics

Heterostructures

Strain and interfacial energy impact achievable morphology

Chemical conversion

Post-synthetic conversion provides access to new compositions and 

morphologies

Oriented attachment

Orientation driven by dipoles, attachment eliminates high energy facets

Nanocrystal morphologies derive from:

Complex interplay between surface, interfacial, and “bulk” free energy

Thermodynamic drivers and kinetic down-selection of growth pathways
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What have I left out?

Size-dependent properties & applications

Nanocrystal assembly and device/systems integration

Compositional complexity: Doping and ternary/quarternary 

compositions

Templated shape control (e.g. inverse micelles)

Nanocrystal surface chemistry

Chemical mechanisms and pathways
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