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ABSTRACT: We report the synthesis of ultranarrow
(Zn,Cd)Te/CdSe colloidal heteronanowires, using ZnTe
magic size clusters as seeds. The wire formation starts with a
partial Zn for Cd cation exchange, followed by self-
organization into segmented heteronanowires. Further growth
occurs by inclusion of CdSe. The heteronanowires emit in the
530 to 760 nm range with high quantum yields. The electron—
hole overlap decreases with increasing CdSe volume fraction,
allowing the optical properties to be controlled by adjusting
the heteronanowire composition.
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n essential feature of colloidal semiconductor nanocrystals

(NCs) is that nanoscale size effects can be fully exploited
to engineer the material properties without changing its
composition. Semiconductor NCs comprising two (or more)
different materials joined together by heterointerfaces, that is,
heteronanocrystals (HNCs), offer even more exciting possibil-
ities regarding property control.' The localization regime of
photoexcited charge carriers in HNCs (viz., type-], type-Il/ 2,
and type-1I) is determined by the offsets between the energy
levels of the materials that are combined at the heterointerface."
In the type-I regime (enclosed alignment), both charge carriers
are localized in the same material, whereas in the type-II regime
(staggered alignment) the electron and hole are primarily
localized in different materials, that is, in different segments of
the HNC. This spatial separation of the electron and hole wave
functions leads to the formation of a spatially indirect exciton.
In the type-I'/? (or quasi-type-II) regime, the offsets are such
that one carrier is localized in one of the HNC components
while the other is delocalized over the HNC.!

Since the energy levels of semiconductor NCs are strongly
size- and shape-dependent, the energy offsets in HNCs can be
tuned by controlling the composition, size, and shape of each
component. This allows the electron—hole spatial overlap to be
tailored, leading to a remarkable degree of control over the
properties of nanoscale excitons in colloidal HNCs.'™® For
example, the rates for Auger recombination,® hot carrier
relaxation,* and spin relaxation® have been observed to decrease
as a result of the (partial) spatial separation of the photoexcited
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carriers. Further, control over the electron—hole overlap in
type-II (and type-I'/?) HNCs has been used to tune the exciton
radiative lifetimes,>*~® the emission energies.,1’3”5’7’9 and the
Stokes shifts” of colloidal semiconductor HNCs. This flexibility
in tailoring the properties of HNCs has important con-
sequences for a number of potential applications (for example,
low-threshold lasers, photovoltaic devices, solar energy
conversion, optical switches, LEDs, biomedical imaging, and
so forth)" and has attracted increasing attention, leading to the
investigation of a number of compositions, such as CdTe/
CdSe,>7?715 CdSe/ZnTe,”'*'” ZnTe/ZnSe,'® ZnSe/
Cds,>*1>?° ZnTe/CdS,”* and CdSe/CdS.*"**

ZnTe/CdSe is a promising semiconductor combination for
type-II HNCs, because the energy offsets between the valence
and conduction bands are rather large (viz., 0.68 and 1.24 eV,
respectively, for the bulk materials®). These large energy
offsets facilitate the formation of spatially indirect excitons and
should result in a wide tunability window for the electron—hole
overlap in ZnTe/CdSe HNCs. In addition, the lattice mismatch
between these two materials is small (0.8%).>%** ZnTe/CdSe
heteronanostructures have been grown both by vapor phase
epitaxial (VPE) deposition*® and colloidal synthetic meth-
0ds.""'® Despite the advantages of colloidal chemistry
methods,’ the development of ZnTe-based colloidal HNCs
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has been slow, possibly hampered by the limited availability of
high quality ZnTe NCs. Tetrapod shaped'” and concentric
nearly spherica116 colloidal ZnTe/CdSe core/shell HNCs have
been made, but the observed photoluminescence (PL)
quantum yields (QYs) were low (<0.1% for heterotetrapods'’
and <30% for concentric core/shell HNCs'). Low PL QYs
have been seen as an intrinsic limitation of type-Il HNCs,®
since the slower radiative recombination of indirect excitons
can result in the dominance of faster nonradiative processes.
However, recent work by a number of groups has demonstrated
that the PL QYs of Type-II and Type-I'/> HNCs can be as high
as those observed for Type-I HNCs (viz., 50—80% for CdTe/
CdSe and CdS/ZnSe HNCs).»”!415

Here, we report on the synthesis and optical properties of
highly luminescent ultranarrow (~2 nm diameter) (Zn,Cd)Te/
CdSe colloidal heteronanowires (Figure 1). The wires are up to
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Figure 1. (A) Absorption (Abs) and PL (excitation at 400 nm) spectra
of (Zn,Cd)Te/CdSe colloidal heteronanowires obtained by using
ZnTe MSCs as seeds. The absorption spectrum of the ZnTe MSC
seeds is also shown. (B) Representative TEM image of the
(Zn,Cd)Te/CdSe heteronanowire sample used to obtain the spectra
shown in (A).

~100 nm long and exhibit high PL QYs (viz., 20—60%). The
PL wavelength can be tuned from 530 to 760 nm by controlling
the heteronanowire composition, which also strongly influences
the exciton lifetimes and the spectral overlap between the
absorption and emission (Figure 2). This Letter is organized as
follows. First, the mechanism behind the formation of the
heteronanowires is addressed. We show that the first step
consists of a fast cation exchange, through which Zn is partially
replaced by Cd. In the second step, the resulting (Zn,Cd)Te
magic size clusters (MSCs) self-organize into segmented
heteronanowires. Further growth occurs primarily by inclusion
of CdSe between adjoining segments. After establishing the
composition and structure of the heteronanowires, we turn to
their optical properties. The evolution of the optical properties
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Figure 2. PL spectra (A) and PL decay curves (B) of a series of
(Zn,Cd)Te/CdSe colloidal heteronanowires with increasing CdSe
volume fraction. The inset in (B) shows some of the (Zn,Cd)Te/CdSe
colloidal heteronanowire samples under UV (365 nm) excitation.

during the formation and growth of the heteronanowires clearly
indicates that the electron—hole overlap decreases with
increasing CdSe volume fraction, shifting all exciton transitions
to lower energies and leading to longer exciton lifetimes and
smaller spectral overlaps between PL and absorption.

The (Zn,Cd)Te/CdSe heteronanowires are prepared by a
multistage seeded growth method in which ZnTe MSCs are
used as seeds. In the following, a brief and general description
of this method is provided. Full experimental details are given
in the Supporting Information.””>° In the first stage, ZnTe
MSCs are prepared following a recently developed method®”
and isolated from the reaction mixture. The absorption
spectrum of a typical sample of ZnTe MSC seeds is given in
Figure 1A. The narrow peaks (150 meV) observed in the
spectrum are characteristic of MSCs”” and indicate that the
sample consists primarily of ZnTe MSCs with a diameter of 1.5
nm (peak at 354 nm), accompanied by smaller populations of
1.3 and 1.8 nm diameter ZnTe MSCs (peaks at 330 and 378
nm, respectively).”’ These MSCs are characterized by the
general formula [(ZnTe),(ZnL,),,], with (m + n)/n = 1.4; L =
hexadecylamine, n & 19, 34, and 48 for MSCs with 1.3, 1.5, and
1.8 nm diameter, respectively.”” It is worth noting that each
MSC family is essentially single-sized, since MSCs contain a
well-defined number of atoms arranged in a particularly stable
configuration.”” In the second stage of the heteronanowire
synthesis, purified ZnTe MSC seeds are added to a hot (165
°C) coordinating solvent, containing hexadecylamine (HDA),
trioctylphosphine (TOP), and the selenium precursor (Se
dissolved in TOP). The final stage consists of the dropwise
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addition of the Cd precursor (anhydrous cadmium acetate in
TOP) to the reaction mixture at 165 °C. As an illustrative
example, Figure 1 presents the absorption and PL spectra and a
representative transmission electron microscopy (TEM) image
of the final sample after one Cd addition cycle. The sample
consists of narrow wires with a diameter of 2 nm and length
ranging from ~20 to ~100 nm.

To investigate whether ZnTe MSCs are required for the
heteronanowire formation, syntheses were performed using a
mixture of ZnTe MSCs and small NCs as seeds. The
absorption spectra of both the seeds and the final HNC
sample for a representative synthesis are shown in Figure 3.
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Figure 3. (A) Abs and PL spectra of the (Zn,Cd)Te/CdSe colloidal
HNC sample shown in (B). The absorption spectrum of the ZnTe
seeds is also given. (B) Representative TEM image of a (Zn,Cd)Te/
CdSe heteronanocrystal sample prepared using mixed ZnTe MSCs
and small NCs as seeds.

The seeds consist of 1.5 nm ZnTe MSCs (peak at 354 nm)
accompanied by a small population of 1.8 nm ZnTe MSCs
(peak at 378 nm) and small ZnTe NCs ranging from 2 to 3 nm
in diameter (absorption tail from 395 to 420 nm). A
pronounced shift of the optical transitions to lower energies
takes place upon growth of the HNCs, regardless of the seeds
used (Figures 1 and 3). The differences between the absorption
and PL spectra of the HNC samples shown in Figures 1 and 3
can be ascribed to the larger CdSe volume fraction and larger
shape (and size) distribution of the sample in Figure 3. The
relationship between the composition and the optical proper-
ties of the HNCs will be discussed in more detail later.

The most striking difference between the syntheses using the
two different ZnTe seed populations is observed in the TEM
images, which show that HNCs obtained from monodisperse
MSC seeds consist of nanowires only (Figure 1B), while
nanowires and irregularly shaped “nearly isotropic” HNCs
coexist in samples obtained from mixed seeds (Figure 3B).
Owing to the different solubilities of the two kinds of HNCs,

751

shape selective precipitation was successfully used to separate
them (Supporting Information). Powder X-ray diffraction
analysis and TEM images of the two HNC fractions
(Supporting Information, Figure S1) show that the “nearly
isotropic” HNCs possess the zincblende structure and consist
of irregularly shaped pyramids (~4 nm equivalent diameter)
and short multipods (~5 nm long, ~2—3 nm diameter pods),
while the nanowires have the wurtzite structure and are shorter
(~50 nm) and slightly thicker (2.5 nm) than those obtained
using monodisperse MSCs as seeds. These results show that
the characteristics of the ZnTe NC seeds have a decisive role in
the shape and crystal structure of the resulting HNCs. The
formation of the irregularly shaped nearly isotropic HNCs can
be explained by heteroepitaxial overgrowth on the small NC
seeds, while the nanowires clearly require ZnTe MSCs as seeds.
This is reflected in the higher quality and longer average length
of the nanowires grown from monodisperse ZnTe MSCs as
seeds (Figure 1). A possible mechanism for the formation of
(Zn,Cd)Te/CdSe heteronanowires from ZnTe MSCs will be
proposed below.

High-resolution TEM (HR-TEM) (Figure 4 and Supporting
Information, Figure S2) confirms the crystallinity of the
nanoparticles and shows that many of the heteronanowires
grown using mixed ZnTe seeds contain larger segments that
resemble the irregularly shaped nearly isotropic HNCs. In
several cases the lattice planes in these segments show a
different orientation with respect to the adjoining wire
segments. Further, the diameter of the nanowires is not
constant throughout their length but oscillates between 1.8 and
2.5 nm, even in the well-formed nanowires obtained from
monodisperse ZnTe MSC seeds. It is also clear that the
orientation of the fringe patterns varies along the nanowires,
sometimes substantially. These observations suggest that the
nanowires grow by self-organization of shorter segments into
successively longer wires, possibly by oriented attachment. This
offers a possible explanation for the imperfections and
irregularities in the shape of the nanowires, which are
particularly pronounced in the wires grown using the mixture
of ZnTe MSCs and small NCs as seeds. Attachment of an
irregularly shaped nearly isotropic HNC to a growing nanowire
would either disrupt the assembly process, leading to shorter
and headed wires, or change the growth direction, leading to
malformed wires (L-shaped, Il-shaped, and so forth) with
thicker segments. Further, imperfect alignment of the nanowire
segments during the attachment could account for the changes
observed in the orientation of the fringe patterns along the
length of the wires.

Self-organization of smaller NCs by oriented attachment has
been proposed to explain the formation of nanowires of a
number of different materials.! For example, under suitable
conditions colloidal CdTe NCs have been observed to
spontaneously assemble into CdTe nanowires.”’ Further, the
formation of ultranarrow colloidal nanowires (1.3—1.6 nm
diameter) from MSCs has been reported for both ZnSe®* and
CdSe.**** The diameter of the nanowire is determined by the
parent NC or MSC, while its length de;)ends on the number of
attached units and varies widely."*'™** Oriented attachment
has also been shown to be involved in the growth of long (>10
nm) CdSe nanorods.® To exclude the possibility that the
presently observed self-organization is due to drying effects,
cryo-TEM measurements were performed on samples obtained
using monodisperse ZnTe MSCs as seeds (Supporting
Information, Methods). The cryo-TEM images (Supporting
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Figure 4. (A,B) HR-TEM image of (Zn,Cd)Te/CdSe heteronanocrystals prepared using mixed ZnTe magic size clusters and small nanocrystals as
seeds. (C) HR-TEM image of part of a (Zn,Cd)Te/CdSe heteronanowire showing that the orientation of the lattice fringes changes along the length

of the nanowire.

Information, Figure S3a) clearly show stringlike aggregates of
short wires (~20 nm long) with equal diameter (~2 nm) and
variable lengths. The nanowires degrade quickly under electron
beam irradiation (Supporting Information, Figure S3b). It is
thus possible that the nanowire fragmentation observed in the
cryo-TEM images is partially due to the electron beam
irradiation.

Key questions that emerge in the present case are whether
the parent units involved in the formation of the hetero-
nanowires are already heterostructured, and whether the
original ZnTe MSC seeds are preserved in the HNC. To
address these questions the composition of the nanowires must
be known. Compositional mapping by scanning TEM energy
dispersive X-ray spectroscopy (STEM-EDS) failed to provide
information on the elemental profile of individual nanowires,
since the wires experienced fast degradation upon exposure to
the electron beam (Supporting Information, Figure S4). This
required the use of low-dose electron beams, which resulted in
poor signal-to-noise ratios at the single nanowire level.
Therefore, EDS analyses were performed only on wider areas
(~10*-10° nm?®), encompassing ~100 to ~1000 HNCs
(Figure S and Supporting Information Figure SS). The
composition of the HNCs was also analyzed by inductively
coupled plasma mass spectrometry (ICP-MS). A sample of
HNCs obtained from mixed ZnTe seeds (similar to that shown
in Figure 3) was also analyzed by scanning TEM electron
energy loss spectroscopy (STEM-EELS) (Figure 6). In order to
maximize the resolution, only the Cd and Te edges were
analyzed, since inclusion of Zn and Se as well would require
probing a wider energy window (Supporting Information,
Methods).

The elemental concentrations (atom %) determined by EDS
for the HNC sample shown in Figure 3 are (45.1 + 4.3)% for
Cd, (9 + 4)% for Zn, (15.7 + 0.5)% for Te, and (30.1 + 2.3)%
for Se (average over several observation spots). The Zn content
is less reliable for two reasons. First, the Zn and Cu EDS peaks
partially overlap (see Figure SA), which introduces a larger
uncertainty in the estimated Zn intensities. Second, the
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Figure S. Energy dispersive X-ray spectrum (A) and TEM image (B)
of a group of (Zn,Cd)Te/CdSe heteronanocrystals selected for
elemental analysis.

variation in the Zn content between different observation
spots is much larger than that for the other elements, implying
the presence of an additional Zn compound in the samples
examined by TEM. Most likely, the additional Zn originates
from Zn(HDA), complexes formed in the early steps of the
nanowire growth (see below). These complexes can only be
removed by repeated washing cycles, which also lead to
removal of surfactant molecules, causing aggregation and loss of
solubility. Therefore, samples for TEM analysis cannot be
extensively washed. The loss of solubility is not a problem for
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Figure 6. (A) STEM-HAADF image of (Zn,Cd)Te/CdSe hetero-
nanocrystals. The square indicates the region selected for EELS
analysis. The Cd/Te elemental ratio map shown in (B) was
constructed from the chemical maps for Cd (C) and Te (D).

ICP-MS analysis and therefore samples analyzed by this
technique could be thoroughly washed, resulting in more
reliable elemental concentration values for Zn.

To allow comparison between the compositions determined
by EDS and ICP-MS, it is convenient to express both as
elemental ratios relative to the Te content (the element with
the smallest standard deviation in the EDS analysis, viz., 3%).
The relative elemental ratios for the HNCs shown in Figure 3
are then found to be 0.27 for Zn (taking the smallest value
determined), 2.9 + 0.3 for Cd, and 1.9 + 0.2 for Se by EDS,
and 0.2 for Zn, 2.9 for Cd, and 1.8 for Se by ICP-MS (Te
content set to 1.0 in both cases). For the heteronanowire
sample shown in Figure 1, the relative elemental ratios are 0.29
for Zn (taking the smallest value determined), 2.3 for Cd, and
1.6 for Se by EDS, and 0.2 for Zn, 2.35 for Cd, and 1.50 for Se
by ICP-MS. The agreement between the relative elemental
ratios determined by EDS (average over 10°—10° HNCs) and
ICP-MS (average over 10"—10" HNCs) is very good,
implying that the compositional fluctuations within the HNC
ensemble are not very large (<15%).

The Zn/Te ratio of the HNCs is remarkably smaller than
that of the parent ZnTe MSCs (viz., 1.42 by ICP-MS), implying
that a large fraction of the Zn atoms has been exchanged by Cd
atoms prior to or during the process of heteronanowire
formation. Given that the metal/chalcogenide ratio of the
heteronanowires (viz., 1.02) is also smaller than that of the
parent MSCs, one can conclude that 80% of the Zn atoms in
the (ZnTe), cluster core are exchanged by Cd, while the outer
Zn atoms (see general formula for ZnTe MSCs above) are lost
to the reaction medium, probably as Zn(HDA), complexes. We
propose that the Zn for Cd cation exchange reaction occurs
prior to the formation of the nanowires, converting the parent
ZnTe MSCs into (Zn,Cd)Te MSCs, which subsequently self-
organize into nanowires. Further support to this mechanism is
given by the observation that nanowires are formed
immediately after the addition of Cd precursors, even in the
absence of Se precursors (see below).
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Cation exchange has recently emerged as a versatile and
attractive strategy to fabricate shape-controlled HNCs and NCs
that are not attainable by conventional methods**~** and has
successfully yielded a number of novel HNCs (for example,
PbSe/CdSe core/shell QDS,37'40 PbSe/PbS dot core/rod shell
heteronanorods,®® CdSe/CdS hetero-octapods®). The com-
mon feature in all these synthetic schemes is the utilization of
ion exchange reactions to replace the native cationic sublattice
with different ions, while preserving the anionic frame-
work."**™3° The cation exchange reactions are driven by the
different solubilities of the incoming and outgoing ions and can
thus be tuned by choosing suitable solvents and Iigands.36’38’41
The Zn** by Cd*" place exchange reaction observed here is
probably driven by the higher stability of Zn** complexes with
both HDA molecules and acetate anions.’

The cation exchange rates have been observed to strongly
depend on the particle size. For example, under the same
reaction conditions, the Ag* for Cd?* exchange has been shown
to be virtually absent for micrometer-sized CdSe particles over
a period of weeks but to occur in less than a second for 5 nm
diameter CdSe NCs and in ~10 h for 100 nm long CdSe
wires.*® The present observation of Zn** for Cd** exchange is
thus not surprising considering the extremely small dimensions
of the ZnTe MSCs used as seeds (1.3—1.8 nm diameter).
However, it is quite remarkable that the exchange reaction does
not reach completion in the time scale of our experiments (~1
h), but instead leads to (Zn,Cd)Te MSCs containing 20 mol %
Zn, which corresponds to only a few ZnTe units per (Zn,Cd)
Te MSC (viz., ~ 4, 7, and 10 for the three seed MSC families
with 1.3, 1.5, and 1.8 nm diameter, respectively). This
observation is in line with earlier studies of ion exchange
processes in thiophenolate-capped metal chalcogenide clusters
(viz., [S4M,4(SPh)6]*, [S4M;;(SPh),4]*~, M = Zn or Cd, Ph =
phenyl), which showed that the metal exchange rates decrease
for the atoms located toward the center of the clusters, so that
the reaction reaches equilibrium before completion.*” Given
that MSCs have very well-defined configurations,”” all MSCs of
a given family are expected to show essentially the same
stability and reactivity, and thus similar cation exchange rates.
However, different MSC families may show different exchange
rates. Therefore, the Zn molar ratios reported here should be
regarded as a weighted average between the Zn/Te ratios of all
the different MSC families present in the reaction mixture.

The relative volume fractions of CdSe and (Zn,Cd)Te in the
heteronanowire samples can be estimated from the elemental
composition and the densities of the bulk materials, since the
amount of Se is proportional to the fraction of CdSe, and the
amount of Te reflects the fraction of (Zn,Cd)Te. This analysis
shows that the heteronanowire samples contain similar volumes
of CdSe and (Zn,Cd)Te (viz., 55% CdSe, 45% (Zn,Cd)Te; and
60% CdSe, 40% (Zn,Cd)Te, for the samples shown in Figures 1
and 3, respectively). This shows that the nanowires cannot
consist of a single (Zn,Cd)Te head from which a long CdSe
nanowire grows, since this would lead to much larger CdSe
volume fractions. The STEM-EELS measurements (Figure 6)
provide valuable insight in the distribution of CdSe and
(Zn,Cd)Te at the single heteronanowire level. These measure-
ments were carried out using an EELS spectrum imaging
approach,®® which means that at every pixel of the STEM image
(Figure 6A) a full EELS spectrum was recorded (Supporting
Information, Methods). From this, element-specific chemical
maps were constructed for Cd and Te (Figure 6C,D,
respectively), which clearly show that Cd and Te are distributed
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throughout the HNCs and are present in all HNCs. Moreover,
the Cd/Te elemental ratio map (Figure 6B) shows that the Cd
to Te ratio is not homogeneous throughout the HNCs but
instead exhibit modulations on a length scale of the order of the
pixel size (~2 X 2 nm?). These observations rule out that the
wires consist of a (Zn,Cd)(Te,Se) homogeneous alloy or that
(Zn,Cd)Te-rich and CdSe-rich nanowires coexist in the same
sample. This provides strong evidence that the nanowires are
formed by assembly of (Zn,Cd)Te/CdSe segments that are
heterostructured on a length scale of the order of 2—10 nm. As
will be discussed later, this is consistent with the optical
properties of the HNCs. However, the dimensions (both
diameter and length) of the individual (Zn,Cd)Te and CdSe
domains and the way they are organized within the various
segments remain to be elucidated. For instance, it is possible
that CdSe occurs both as single composition domains
collinearly connected to (Zn,Cd)Te domains and as shells
(partially) overcoating (Zn,Cd)Te sections of the nanowire.
Nevertheless, our observations do not allow any quantitative
conclusion in this respect. Moreover, the present results are
also inconclusive regarding the compositional profile of the
(Zn,Cd)Te domains of the heterosegments, and it is as yet
unclear whether they can be regarded as ZnTe/CdTe core/
shell HNCs or (Zn,Cd)Te alloy NCs.

It is noteworthy that no spectral changes are observed after
mixing the Se precursor and the ZnTe MSC seeds at the
reaction conditions. It is only after the addition of the Cd
precursor that pronounced spectral changes take place (viz.,
appearance of PL and shift of the optical transitions to lower
energies). To investigate the role of TOP-Se, a synthesis was
performed in the absence of Se precursors, while keeping the
Cd addition rates and other reaction conditions unchanged.
Samples were collected 90 s and 10 min after Cd addition.
Despite the absence of the Se precursor, the Cd addition
immediately led to the appearance of PL and induced a
pronounced shift of the optical transitions to lower energies
(Figure 7). Interestingly, the samples collected also consist of
nanowires (Figure 7B) with dimensions similar to those of the
(Zn,Cd)Te/CdSe heteronanowires obtained in the presence of
Se precursors (see above). The metal to Te ratio was found by
ICP-MS to be 0.1 for Zn and 0.9 for Cd for the 90 s sample and
0.1 for Zn and 1.0 for Cd for the 10 min sample. This shows
that the Zn®" for Cd** place exchange reaction is very fast,
reaching equilibrium already before 90 s. Further, as observed
for the (Zn,Cd)Te/CdSe heteronanowires, the exchange is not
complete but reaches equilibrium for Te/Zn = 0.1. It is as yet
unclear whether the differences between the equilibrium Zn
content in the two syntheses reflect a synergistic interaction
with the Se precursor or are simply due to experimental
uncertainties (for example, reaction temperature, concentra-
tions, and so forth). To check whether Se can be incorporated
at later reaction stages, Se precursor was added to the reaction
mixture ~10 min after the addition of the Cd precursor. This
led to a further shift of all the optical transitions to lower
energies. The incorporation of CdSe is clearly evident from the
elemental composition of the heteronanowires (viz., Cd, 3.2;
Zn, 0.1; Te, 1; Se, 1.85, by ICP-MS). It is interesting to note
that the Te/Zn ratio remains constant, showing that Te for Se
exchange does not occur.

The results presented above clearly establish that the first
step in the formation of the colloidal heteronanowires prepared
in this work consists of a fast Zn** for Cd*" place exchange that
converts the parent ZnTe MSCs into (Zn,Cd)Te MSCs while
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Figure 7. (A) Abs spectra of (Zn,Cd)Te colloidal heteronanowire
samples collected 90 s and 10 min after Cd addition to ZnTe MSC
seeds. The absorption spectrum of the ZnTe MSC seeds is also shown.
For clarity, only the PL spectrum of the 10 min sample is shown,
although the 90 s sample already displayed PL (peak at S00 nm). (B)
Representative TEM image of a (Zn,Cd)Te heteronanowire sample
collected 10 min after the addition of Cd precursor to ZnTe MSC
seeds.

preserving the cluster configuration. The (Zn,Cd)Te MSCs
self-organize into strings, which subsequently undergo fusion-
forming segmented nanowires. Considering that both (Zn,Cd)
Te and (Zn,Cd)Te/CdSe heteronanowires are obtained, it is
clear that Se is not required for the nanowire formation. This
implies that the ability to self-organize into nanowires is
inherent to the (Zn,Cd)Te MSCs. The driving force for this
self-organization process remains to be elucidated. It is
generally accepted that self-organization by oriented attach-
ment is driven by dipolar interactions between the parent units,
even though in most cases the origin of these putative dipole
moments remains unclear.' In the present case, the dipolar
interactions could be the result of an asymmetry in the
distribution of disparate ligands (long and neutral HDA versus
small and charged acetate molecules) among the binding sites
in the (Zn,Cd)Te MSCs. It is also possible that the linear HDA
molecules have an adjuvant role, facilitating the self-assembly
into strings. Further growth of the nanowire occurs by
incorporation of CdSe, which can occur both by growth of
collinear domains inserted between adjoining segments (since
the junctions between segments should be highly dynamic) and
by overcoating of sections of the nanowire. This process results
into segmented nanowires, in which the segments are
heterostructured on short length scales with (Zn,Cd)Te and
CdSe domains of the order of 2—10 nm.

The heterostructured nature of the colloidal heteronanowires
prepared in this work is clearly reflected in their optical
properties. The (Zn,Cd)Te/CdSe (Figures 1—3) and (Zn,Cd)
Te (Figure 7) nanowires are both highly luminescent, in
striking contrast to the parent ZnTe MSCs. Reports on the

dx.doi.org/10.1021/n1203695m | Nano Lett. 2012, 12, 749-757


http://pubs.acs.org/action/showImage?doi=10.1021/nl203695m&iName=master.img-007.jpg&w=178&h=259

Nano Letters

luminescence of colloidal ZnTe NCs are scarce, possibly
because the high-energy position of the band edges of ZnTe
makes it difficult to efficiently passivate the surface atoms, since
most ligands have energy levels below the band edges of (bulk)
ZnTe”” This explains why in the present case PL appears
immediately after the first Cd addition, reflecting the
transformation from a Zn-terminated to a primarily Cd-
terminated surface. The PL QYs of the heteronanowires are
remarkably high (viz.,, 20—60%), especially considering their
large surface to volume ratio and heterostructured nature. Such
high PL QYs indicate relatively slow nonradiative recombina-
tion rates, implying low defect concentrations and attesting the
high-quality of the heteronanowires prepared by the presently
reported method.

The PL of the (Zn,Cd)Te/CdSe heteronanowires can be
tuned from 530 to 760 nm by increasing the CdSe volume
fraction (Figures 1 and 2). The shift of the emission transition
to lower energies is accompanied by an increase of the exciton
lifetimes (viz., from ~20 to 700 ns). The PL decay curves are
multiexponential (see, for example, Figure 2) and can be
adequately described by a three-exponential fit (Supporting
Information, Figures S6 and S7). The exciton radiative lifetime
(Wgap) is taken to be equal to the longest component. The
multiexponential character of the PL decay can be ascribed to a
combination of factors. First, nonradiative recombination
probably contributes to the decay rates at early times, since
the PL QYs are nonunity, albeit high. Second, the segmented
and heterostructured nature of the nanowires gives rise to an
intrananowire energy transfer (ET) process, through which the
exciton is transferred from segments with larger energy gaps to
segments with smaller energy gaps. At earlier times the decay
transients are thus dominated by the donor segments of the
nanowires, which decay with a faster rate (viz., Wrap + Wgr).
At longer times, only the acceptor nanowire segments with
efficient PL (that is, negligible Wygap) are observed.

In this context, it is interesting to note that the PL
wavelength and the exciton radiative lifetimes of the differently
shaped (Zn,Cd)Te/CdSe HNCs obtained in the synthesis
using mixed ZnTe MSCs and NCs as seeds (viz., hetero-
nanowires and “nearly isotropic” HNCs, see above) are the
same, despite the differences in shape and crystal structure
(Supporting Information, Figure S8). This observation strongly
supports the occurrence of intrananowire ET processes in the
(Zn,Cd)Te/CdSe heteronanowires investigated here. As
discussed above, nearly isotropic HNCs are incorporated in
the heteronanowires during their assembly process when mixed
ZnTe MSCs and NCs are used as seeds. Since the nearly
isotropic HNCs are larger than the adjoining heteronanowire
segments, they will function as energy acceptor segments after
the photoexcitation, thereby dominating the exciton radiative
recombination. This intrananowire ET process is expected to
occur also in regular heteronanowires, such as those shown in
Figure 1, since they consist of random assemblies of
heterostructured segments. Segments that are richer in CdSe
(for being slightly longer and/or thicker) will have smaller
energy gaps (see discussion below) and will thus function as
acceptor segments. ET processes have been extensively
investigated in QD solids and are usually assumed to be
mediated by dipole—dipole interactions.”*** ET by exchange
interaction is usually neglected for QD solids since it requires
very small donor—acceptor distances.** In the present case,
both mechanisms may be active, since the heteronanowire
segments are in direct contact.
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The evolution of the optical properties of the (Zn,Cd)Te/
CdSe heteronanowires as a function of their composition
follows the same overall trend previously observed for CdTe/
CdSe HNCs.” The increase in the CdSe volume fraction results
in a progressive shift of all optical transitions to lower energies,
accompanied by a decrease of the oscillator strengths at
emission energies and an increase of the exciton radiative
lifetimes. The radiative exciton lifetimes become longer than
those of CdTe or CdSe QDs emitting at similar wavelengths
(viz., 15—60 ns in the 2.3—1.75 eV range“). For example, the
exciton radiative lifetime observed for the (Zn,Cd)Te/CdSe
heteronanowire sample shown in Figure 2 with PL peak at 750
nm is 1 order of magnitude longer than that of a CdTe QD
emitting at similar energies (Supporting Information, Figure
S7). These observations indicate that the overlap between the
electron and hole wave functions decreases as the CdSe volume
fraction in the (Zn,Cd)Te/CdSe heteronanowires increases, as
a result of an increasingly larger spatial separation. In the
CdTe/CdSe system, it has been demonstrated that the hole
localizes in the CdTe part of the HNC already for small CdSe
volume fractions, so that the evolution of the optical properties
is primarily determined by the localization regime of the
electron.” The electron wave function is initially delocalized
over the whole HNC and gradually localizes in the CdSe part as
its volume fraction increases. In the present system, a similar
situation is expected with the hole localized in the (Zn,Cd)Te
domains because the bulk valence band potentials of ZnTe and
CdTe are essentially the same.' (Zn,Cd)Te homogeneous
alloys behave as single composition materials with band
potentials intermediate to those of ZnTe and CdTe, while
the offset between the conduction bands of bulk ZnTe and
CdTe is such that the electron localizes in CdTe." Therefore, it
can be expected that the electron localization in the CdSe
domains of the heteronanowires will be facilitated in the
(Zn,Cd)Te/CdSe system, regardless of whether the (Zn,Cd)Te
domains behave electronically as ZnTe/CdTe core/shell or
(Zn,Cd)Te alloy NCs.

The onset of the type-II localization regime has been shown
to be characterized by the loss of structure of the lowest energy
absorption band, accompanied by a simultaneous increase in
the Stokes shift values and transition linewidths.” On the basis
of these spectral signatures, we can conclude that in the present
system the type-II regime is achieved only for the final samples
of the synthesis using mixed ZnTe MSCs and NCs as seeds
(see, for example, Figure 3). The (Zn,Cd)Te/CdSe hetero-
nanowires obtained by using only ZnTe MSCs as seeds (see,
for example, Figure 1) are still in the Type-I'’? localization
regime, as clearly evidenced by the narrow peaks, absence of
Stokes shift and reasonably short exciton lifetime (viz., 46 ns,
Supporting Information, Figure S6a). The emission spectrum
of this sample consists of a combination of narrow peaks and a
broad band (Figure 1). The narrow peaks are resonant with the
lowest two peaks in the absorption spectrum and can thus be
ascribed to the recombination of a direct exciton (type-I'/>
regime) in two types of heteronanowires (or segments thereof)
that differ slightly in composition and/or diameter. The
excitation spectra of the broad PL band and of the lowest
energy narrow PL peak are the same, indicating that the two
emitting states share a common excitation channel. This may be
attributed to an intrananowire energy transfer process involving
segments with different degrees of electron—hole overlap with
the broad band originating from the segment with the larger
degree of spatial separation.
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Figure 8. (A) PL microscopy image of a diluted ensemble of (Zn,Cd)Te/CdSe heteronanocrystals spin-coated on a glass surface (128 X 128 pixels,
1 pixel = 182 nm). The image is an integrated stack of 1000 single frames (10 ms exposure/frame). A stream of 200 frames is shown in the
Supporting Information (Movie S1). The heteronanocrystals clearly display fluorescence intermittency. Representative PL time traces for selected
regions are depicted in (B) and (C). (D) PL spectra of selected regions.

Interestingly, the absorption spectrum of the heteronano-
wires obtained by using only ZnTe MSCs as seeds (Figure 1A)
is very similar to that of the parent MSCs, despite a ~750 meV
shift to lower energies. As discussed above, this large shift in the
transition energies is due to the dramatic change in
composition that results from the conversion of ZnTe MSCs
to (Zny,Cdys)Te/(CdSe), s heteronanowires. The bandwidth
of the absorption peaks is even narrower (95 meV) than that of
the parent ZnTe MSCs (150 meV). Considering that the
exciton transition energies in quantum confined systems are
strongly dependent on the composition and size of the
nanostructure,’ the observation of such narrow linewidths for
an ensemble of nanowires in the strong quantum confinement
regime (exciton Bohr radii are 7.3 and 4.9 nm for CdTe and
CdSe, respectively™) implies a narrow distribution in the
diameter and composition of the heteronanowire segments.
The observation of three narrow peaks is consistent with the
fact that the parent ZnTe MSCs consisted of three different
families, implying that only three well-defined families of
(Zn,Cd)Te MSCs were obtained after the Zn>* for Cd** place
exchange reaction.

To further investigate the degree of compositional
homogeneity within an ensemble of (Zn,Cd)Te/CdSe
heteronanowires, the PL spectra of a number of individual
nanowires were measured at room temperature (Supporting
Information, Methods). A detailed discussion of the single
heteronanowire PL spectra lies beyond the scope of this Letter
and will be presented elsewhere. Here we will focus on the
extent to which these measurements provide information over
the compositional distribution within the HNC ensemble. The
heteronanowires clearly display fluorescence intermittency
(“on—off” behavior or blinking) (Figure 8 and Supporting
Information, Figure S9 and Movie S1). Although the
fluorescence intermittency mechanism is still not fully under-
stood, it is well established that blinking provides unequivocal
evidence that the observed emission originates from a single
fluorophore.**™* The PL spectra of a number of single
heteronanowires are shown in Figure 8. It is clear that the
spectral distributions for all the observed heteronanowires are
similar. This is remarkable and can be understood by
considering that each nanowire consists of a large number of
(Zn,Cd)Te/CdSe heterostructured segments. Given that the
segments are not identical, each nanowire can be seen as a
collection of single fluorophores. Because the number of
segments per nanowire is large in comparison to the
distribution of energy gaps of the available building segments,
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each heteronanowire will likely contain a sufficiently large
diversity of emitting domains to reflect the ensemble
distribution. Therefore, the time-integrated PL peak of a single
heteronanowire will be close to the ensemble average.

In conclusion, we presented a facile synthetic approach to
prepare ultranarrow (Zn,Cd)Te/CdSe and (Zn,Cd)Te colloi-
dal segmented heteronanowires with ~2 nm in diameter and up
to 100 nm long. The utilization of ZnTe MSCs as seeds is
shown to be essential for the heteronanowire formation. The
first step in the formation mechanism consists of a fast cation
exchange, through which Zn atoms are partially replaced by Cd.
In the second step, the resulting (Zn,Cd)Te MSCs self-
organize into segmented nanowires. Further growth of the
heteronanowire occurs by inclusion and/or deposition of CdSe.
The wires are highly luminescent and emit in the 530 to 760
nm range. The optical properties can be controlled by adjusting
the nanowire composition. The results show that by increasing
the CdSe volume fraction of the heteronanowires the electron—
hole overlap is reduced, leading to longer exciton lifetimes and
smaller spectral overlaps between PL and absorption, and
shifting all exciton transitions to lower energies. Semiconductor
nanowires hold great promise for applications in photovoltaics,
solid-state lighting, solar energy conversion, and pho-
tonics.** ™" The colloidal heteronanowires reported here are
potentially interesting as active elements in light harvesting and
photovoltaic devices, since the combination of large surface to
volume ratio and partial electron—hole spatial separation may
greatly facilitate carrier extraction. In addition, this work raises a
number of interesting issues that merit further investigation.
First, the exact compositional and structural profiles of the
heteronanowires have yet to be unraveled. Further, the extent
to which the different nanowire segments are electronically
coupled remains to be elucidated. Moreover, the impact of the
combined effects of shape anisotropy, wire segmentation,
strong quantum confinement, and (partial) carrier separation
on a number of properties (for example, Auger recombination,
carrier and spin relaxation rates, emission polarization, and so
forth) has yet to be evaluated.

B ASSOCIATED CONTENT

© Supporting Information

Detailed experimental methods and figures showing HR-TEM
images, XRD diagrams, and PL spectra of differently shaped
heteronanocrystals, Cryo-TEM images, degradation of hetero-
nanowires due to electron beam irradiation, TEM-EDS
analyses, and PL decay curves of the heteronanowires. A
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movie showing the photoluminescence intermittency of single
heteronanowires is also provided. This material is available free
of charge via the Internet at http://pubs.acs.org.
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