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C
olloidal ZnSe nanocrystals have re-
ceived increasing attention during
the last several years as a potential

alternative to the more toxic Cd-based nano-
crystals.1�3 Research in this direction, besides
achieving nanocrystals with controllable size
andwith narrow size distributions, has tackled
various aspects, such as (i) doping, so as to
shift their emission in the visible range of the
spectrum,2,4�6 (ii) shape control,2,7 (iii) im-
proving stability against surface oxidation
and increasing at the same time the photo-
luminescence (PL) quantum yield (QY) by
growing a shell of a higher band gapmaterial
around the starting nanocrystals,8�14 (iv) in
some cases several issues at once have been
addressed, for example, doping and shell
growth.15 So far, stable blue-UVemission from
colloidal nanocrystals has been achieved
mainly via semiconductor alloy and/or core/
shell nanocrystals or even via magic size
clusters. However, in almost all cases, these
nanocrystals contained cadmium.16�23

In the last year, new developments in the
synthesis of ZnSe nanocrystals have come
from cation exchange (CE) reactions. CE in
nanocrystals of ionic materials has allowed
the development of new types of nano-
structures24,25 and new applications that
exploit this type of reaction in nano-
particles.26�29 Usually, in CE, the framework
of anions remains in place, while the cat-
ions can be partially or totally replaced by
cations of another element.24�27 One ele-
gant demonstration of the anion frame-
work conservation was recently given by
Jain et al. on the transformation of col-
loidal CdSe(spherical core)/CdS(rod shell)
nanorods (NRs) into the corresponding

Cu2Se(spherical core)/Cu2S(rod shell) parti-
cles,25 which proved that no interdiffusion
of S and Se species occurred during the
replacement of Cd2þ ions with Cuþ ions.
Jain et al. also reported sequential CE reac-
tions starting from CdSe/CdS NRs, involving
a Cd2þwCuþwPb2þ sequence of CE steps,
again proving anion framework conser-
vation.25 Also, in another work of Jain
et al., it was shown that a cyclic reaction,
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ABSTRACT Great control over size, shape and

optical properties is now possible in colloidal Cd-

based nanocrystals, which has paved the way for

many fundamental studies and applications. One

popular example of such class of nanocrystals is

represented by CdSe(spherical core)/CdS(rod shell) nanorods. These can be nearly monodisperse in size

and shape and have strong and stable photoluminescence that is tunable in the visible range (mainly

by varying the size of the CdSe core). The corresponding Zn-based core/shell nanorods would be good

candidates for tunable emission in the blue-UV region. However, while the synthesis of ZnS

nanocrystals with elongated shapes has been demonstrated based on the oriented-attachment

mechanism, elongated ZnS shells are difficult to fabricate because the more common cubic phase of

ZnS has a highly symmetric crystal structure. We report here a procedure based on a sequence of two

cation exchange reactions, namely, Cd2þwCuþ and then CuþwZn2þ, by which we transform

colloidal CdSe(core)/CdS(shell) nanorods first into into Cu2Se/Cu2S nanorods, which are then converted

into blue-UV fluorescent ZnSe(core)/ZnS(shell) nanorods. The procedure transfers the morphological

and structural information of the initial Cd-based nanorods to the Zn-based nanorods. Therefore, the

final nanoparticles are made by a ZnSe dot embedded in a rod-shaped shell of wurtzite ZnS. Since in

the starting Cd-based nanorods the size of the CdSe core and the length of the CdS shell can be well

controlled, the same holds for the final Zn-based rods. In the second step of the exchange reaction

(CuþwZn2þ), a large excess of Zn2þ ions added over the Cuþ ions present in the Cu2Se/Cu2S

nanorods is the key requisite to obtain bright, band-edge emission (with quantum yields approaching

15%) with narrow line widths (approaching 75 meV). In these ZnSe/ZnS nanorods, photogenerated

carriers appear to be more confined in the core region compared to their parent CdSe/CdS nanorods.
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which started from CdSe/CdS nanocrystals, converted
them into Cu2Se/Cu2S nanocrystals, and then back to
CdSe/CdS ones, resulted in particles with much lower
QY than in the starting sample.30 The reason for this
low QY was shown to be the residual presence of Cu
ions in the lattice (below the detection limit of standard
elemental analysis techniques), which the authors
were able to extract, so that the QY could be restored
to large values.
As another development in the field, our group

recently demonstrated the conversion of CdSe nano-
crystals of a given size, shape (either spherical or rod-
shaped), and crystal structure (either hexagonal wurt-
zite or cubic sphalerite) into ZnSe nanocrystals by
means of a sequence of two CE reactions: in the first
step Cd2þ was replaced by Cuþ, then in the second
step Cuþ was replaced by Zn2þ.31 A key aspect of the
work was that the intermediate copper selenide nano-
crystals were able to transfer all of the morphological
and structural information of the initial CdSe nano-
crystals to the final ZnSe ones.31 Size and shape con-
servation in CE reactions is therefore an aspect that has
beenwell-established and certainly can be exploited to
develop nanostructures that are presently inaccessible
by direct synthesis. Building on our previous work31

and on that of Jain et al.,25 we report here a procedure
based on two CE reactions, by which we convert
CdSe(spherical core)/CdS(rod shell) NRs into ZnSe-
(spherical core)/ZnS(rod shell) NRs, which likewise is
able to transfer all of the morphological and structural
information of the Cd-based NRs to the final Zn-based
NRs (see Scheme 1). These Zn-based NRs are made
therefore of awurtzite ZnSe spherical dot embedded in
a rod-shaped shell of wurtzite ZnS.
One important achievement of the present proce-

dure stands in the correct identification of a suitable set
of experimental conditions for the second CE step that
yield NRs emitting from ZnSe band-edge states, with
PL characterized by a narrow spectrum and apprecia-
ble QY (from 5 to 15%) and free from trap state
emission. The PL emission of these NRs is narrower
than that of other colloidal ZnSe and ZnSe/ZnS nano-
crystals reported so far, and practically equal to that of
the starting CdSe/CdS NRs. We studied the shifts of
absorption and PL peak positions of core/shell NRs
with respect to the same optical features of their
nanocrystal seeds for a series of CdSe/CdS NRs of
varying CdSe core sizes and for the corresponding
series of ZnSe/ZnS NRs. The comparison between the
two sets of data suggested that for the ZnSe/ZnS NRs
photogenerated carriers appear to bemore confined in
the core region than for their parent CdSe/CdS NRs. We
correlated these data with calculations based on the
effective mass approximation, by which we could
estimate a conduction band offset between ZnSe
and ZnS equal to �350 meV, corresponding to an
overall type I band alignment between ZnSe and ZnS.

RESULTS AND DISCUSSION

Synthesis and Steady-State Optical Characterization. The
starting CdSe/CdS NRs were prepared according to a
procedure developed by us some years ago, with
minor modifications.32,33 We synthesized NRs starting
from roughly spherical CdSe seeds of various dia-
meters on which we grew rod-shaped CdS shells of
various lengths. The first CE step (Cd2þwCuþ) was
performed according to the procedure described by
Jain et al.,25 while the second CE step (CuþwZn2þ) was
carried out following our recently reported approach
to convert CdSe nanocrystals into ZnSe ones, in both
cases with modifications.31 Worthy of note is that the
second step was carried out in the presence of trioc-
tylphosphine at high temperature (250 �C) and work-
ing with a large excess of Zn2þ ions added over the
total amount of Cuþ ions present in the Cu2Se/Cu2S
nanorods (over 100:1). These unique reaction condi-
tions allowed massive extraction of the Cuþ ions from
the lattice and their replacement with Zn2þ ions. For
both steps, the CE reactions were completed in a few
seconds.33 In Figure 1, the results of the exchange
reactions starting from a representative sample of
CdSe/CdS core/shell NRs are reported. For this sample,
the starting NRs had a spherical CdSe core of
5.4((0.5) nm in diameter that was covered with a
33((3) nm long rod-shaped CdS shell. As can be seen
from the sequence of transmission electron micro-
scopy (TEM) images in Figure 1a�c, the shapes and
sizes of the NRs were not changed after each CE reac-
tion. However, a 7�8% contraction in the overall size in
the final ZnSe/ZnS nanorods with respect to the parent
CdSe/CdS ones is expected due to the contraction in
the lattice parameters when going from CdS to ZnS
and from CdSe to ZnSe. This change in size was
generally not appreciable as it is smaller than the size
dispersion of the particles, but a ∼8% size contraction
could be estimated when the largest CdSe seeds
(8�9 nm in diameter) were converted into ZnSe seeds,
which is ascribable to contraction in lattice parameters.
This is an indication that there was no significant
etching of the nanocrystals surface upon CE, which
would have reduced their size further.

The optical features of the starting, intermediate,
and final samples are reported in Figure 1d�f. Worthy
of note is that the PL full width at half-maximum

Scheme 1. Sequence of two CE reactions starting from
CdSe(spherical core)/CdS(rod shell) NRs, going through
Cu2Se(spherical core)/Cu2S(rod shell) NRs (as already de-
scribed by Jain et al.25) and finally yielding ZnSe(spherical
core)/ZnS(rod shell) NRs.
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(FWHM) of the starting Cd-basedNRs (around 75meV in
this case) is conserved in the final Zn-based NRs, which
suggests that the sizemonodispersity of the CdSe cores
in the CdSe/CdS NRs is not altered when they are
converted into ZnSe in the ZnSe/ZnS NRs. Also, the
FWHMof the PL peak in these samples ismuchnarrower
than that of various colloidal ZnSe34 and ZnSe/ZnS
core/shell nanocrystals reported by other groups that
were obtained by direct synthesis: for example, a peak
FWHM of 162 meV (i.e., 20 nm) was measured by
Lomascolo et al. on colloidal spherical core/shell ZnSe/
ZnS nanocrystals.10 In the intermediate Cu2Se/Cu2SNRs,
no PL was observed, but on the other hand, the
optical absorption showed the emergence of a band
around 0.8 eV that is plasmonic in origin35�38 and that
might be ascribed to the transverse plasmon mode in
these NRs.

By increasing the temperature from 10 to 300 K, the
photoluminescence spectra collected for both CdSe/
CdS NRs and ZnSe/ZnS NRs exhibited a red shift of the
PL peaks that followed the Varshni equation describing
the temperature dependence of the semiconductor
band gap.39 Figure 1g,h displays such trends for one of
the CdSe/CdS NR samples and for the corresponding
ZnSe/ZnS sample obtained from it by CE (insets show
PL spectra recorded at a temperature of 10 K). The
Debye temperatures of the fits are characteristic of
bulk CdSe (150 K) for the CdSe/CdS NRs and of bulk
ZnSe (340 K) for the ZnSe/ZnS NRs, which indicates
that radiative recombination in both cases occurred

primarily from the core regions in the rods (the various
parameters are given in the Supporting Information).

Structural and Compositional Characterization. We carried
out extensive structural characterization of the ZnSe/
ZnS NRs. Their X-ray diffraction (XRD) pattern, reported
in Figure 2a for the sample shown in Figure 1c,matches
well with that of the hexagonal wurtzite phase of ZnS.
Clearly, as the volume fraction from the ZnSe cores in
this sample is 10% of that of the whole rod (or even
lower), the peaks from the wurtzite ZnSe phase are
practically undetected. High-resolution TEM (HRTEM)
confirms that in all of the NRs the ZnS shell is in the
wurtzite phase (Figure 2b). The preservation of the
wurtzite crystal phase of the shell of the initial CdSe/
CdS NRs, after the conversion to ZnSe/ZnS, is consis-
tent with our previous results on CE that started from
wurtzite CdSe nanocrystals (either spherical or rod-
shaped) and yielded wurtzite ZnSe nanocrystals.31 In
that case, as well as in the present case, the intermedi-
ate Cu-based rods have also hexagonal crystal struc-
ture, which ensures the transfer of phase information
from the Cd-based rods to the Zn-based ones.

The wurtzite phase for ZnS and for ZnSe is meta-
stable at room temperature (in ZnS, for example,
the phase transition temperature from fcc to hcp is
1296 K),40 and indeed in most cases, nanocrystals of
these materials have been grown in the cubic sphalerite
phase.41 Up to now, only in a few reports nanocrystals of
ZnSe and ZnS with hexagonal crystal structure were syn-
thesized at relatively low reaction temperature.3,40,42�47

Figure 1. TEM images (a�c) and corresponding room temperature optical absorption and PL spectra (d�f) of the starting core/
shell CdSe/CdSNRswith5.4nmCdSecoresand33nmlong rod-shapedCdSshell (a,d) andof the correspondingCu2Se/Cu2SNRs (b,
e) (only absorption) and ZnSe/ZnS NRs (c,f) obtained via the CE reactions. The optical spectra varied drastically after each CE step,
while the morphology and size of the NRs remained unchanged. The scale bars in the TEM images correspond to 50 nm. (g)
Temperature dependence of the PL peak position for the CdSe/CdS NR sample shown in (a), along with the Varshni fit. The inset
displays the PL peak at 10 K; (h) same optical data and fit as in (g) for the corresponding sample of ZnSe/ZnS NRs shown in (c).
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ZnS has been used extensively as a material for the
inorganic passivation shell in various type I core/shell
nanocrystals.42 Yet, while the synthesis of ZnS with elon-
gated shapes has been demonstrated based on the
oriented-attachmentmechanism,48,49 elongatedZnS shells
are difficult to fabricate because of the more stable cubic
phase of ZnS.

The analysis of HRTEM images of several ZnSe/ZnS
NRs using the peak pairs algorithm, which maps the
strain inside individual nanoparticles, allowed us to
distinguish a region with amean dilation of 3.9((0.9)%
with respect to the unstrained regions of the wurtzite
ZnS shell at the two ends of each particle (Figure 2c
and Figure S4 of the Supporting Information).50,51 This
strained region corresponds to the ZnSe core, as the
dilation is compatible with the 4% lattice mismatch
between bulk wurtzite ZnSe and wurtzite ZnS. At the
same time, a region with higher contrast is identified
roughly at the center of each rod by high-angle annular
dark-field scanning TEM (HAADF-STEM), due to the
atomic number contrast sensitivity (∼Z2) of this tech-
nique and to the higher atomic number of Se (Z = 34)
with respect to S (Z = 16) (Figure 2d). Compositional
mapping of individual rods, carried out via energy-
dispersive X-ray spectroscopy (EDS) line scans on
single rods, shows that the higher contrast regions in

the rods are indeed referable to the ZnSe cores buried
inside the ZnS shell (Figure 2e).

Several samples of ZnSe/ZnS NRs of varying core
size and shell length/thickness were prepared starting
from the appropriate CdSe/CdS NRs, and elemental
analysis on all of the samples by inductively coupled
plasma optical emission spectroscopy (ICP-OES) on
digested solutions supported a complete conversion
from CdSe/CdS NRs to Cu2Se/Cu2S NRs and from these
to ZnSe/ZnSNRs (the concentration of Znwas around a
few parts per million in our final ZnSe/ZnS NR samples
and that of Cu was often close to the detection limit,
which is around 10 ppb). We also performed elemental
analysis on many particles by EDS, and likewise, we
found a low content (comparable to or lower than the
noise level) of both Cu andCd in the final ZnSe/ZnSNRs
(see Figure S3). The conversion yield is consistent with
our former results on the synthesis of ZnSe nano-
crystals.31 Also, the S/Se molar ratio in the rods,
as determined by elemental analysis, remained con-
stant after each CE reaction and equal to that of the
starting CdSe/CdS NRs,33 indicating that no substantial
amounts of S ions, neither of Se ions, were expelled
from the particles.

A strong indication of the overall preservation of
the Se/S anion sublattice in the NRs following CE was

Figure 2. (a) XRDpattern of the ZnSe/ZnSNRs shown in Figure 1c; (b) HRTEM image and corresponding fast Fourier transform
of a ZnSe/ZnS NR of the same sample, with indication of the lattice planes of wurtzite ZnS (ZnSw); (c) mean dilation map of a
single ZnSe/ZnS NR obtained via peak pairs analysis (PPA). An area with a mean dilation of 3.6((0.9)% (red-yellow) with
respect to unstrained ZnS (green-blue) can be seen in the central region of the rod, which can be justified by the presence of
the ZnSe core; (d) false color image from a HAADF-STEM image of a group of ZnSe/ZnS NRs. Inset: Higher magnification of a
NR. The dashed line indicates the scan direction for the EDS profiles; (e) EDS profiles of Se (L edge), S (K edge), and Zn (K edge)
across theNR displayed in the inset in (d). The region of the particle showing the highest intensity (red) in HAADF-STEM is thus
referable to the ZnSe core (the 0 in the EDS line scan corresponds to the cross in the inset).
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given by the following experiment: we prepared first
ZnSe/ZnS NRs as described above. Then we recon-
verted this sample into CdSe/CdS NRs by two reverse
CE steps, namely, Zn2þwCuþ followed by Cuþw
Cd2þ.33 The morphology of these final rods was the
same as that of the initial sample. Also, the optical
absorption and emission spectra of the final CdSe/CdS
NRs were comparable to those of the initial CdSe/CdS
NRs (see Figure 3), with the PL of the final sample
exhibiting only a spectral shift in the blue of about
20 meV (and a 75% loss in QY) with respect to the PL of
the initial sample. If, in any of the four steps involved in
this cyclic process, the Se/S anion framework had been
disturbed considerably, this should have resulted in a
substantial alloying between core and shell. Then, we
should have observed a much stronger blue shift than
what we actually found experimentally.

Quantum Yield (QY) and Stability over Time. The QY of the
ZnSe/ZnS NRs was measured by using aminopyridine
as a reference dye.33 The highest QY (15%) was mea-
sured on a NR sample with a ZnSe core size of 5.0 nm.
Apparently, samples with core sizes either smaller or
larger than 5.0 nm had lower QYs. We measured for
example 12% in the case of 2.1 nm ZnSe core size and
6% in the case of 8.4 nmZnSe core size. For a given core
size, we found that two parameters play a key role in
determining the QY, namely, the ratio of Zn2þ ions
added to the total amount of Cuþ ions present in the
intermediate Cu2Se/Cu2S NRs and the temperature at
which the CuþwZn2þ exchange was carried out. The
highest values of QYs (i.e., those reported above) were
found for Zn/Cu ratios above 100 and temperatures
above 200 �C. With regard to the Zn/Cu ratio, large
excess of Zn2þ ions should ensure quantitative extrac-
tion of Cu ions from the lattice. Also, high temperatures
should help to extract Cu ions and in general to anneal
defects. Unfortunately, with the present synthesis
scheme, we could not go to temperatures beyond
250 �C as the NRs started undergoing a change in
shape.

Reactions carried out when either one or both
parameters (Zn/Cu ratios, temperature) were below
those thresholds yielded samples with much lower
QYs. When the Zn/Cu ratio was below 50, the samples
exhibited significant trap emission (Figure S1).33 One
possible source of defects in the NRs obtained at lower
Zn/Cu ratio could be the presence of residual copper in
the lattice. The concentration of copper in the final,
cleaned ZnSe/ZnS NRs, as assessed by elemental
analysis (via both ICP-OES and EDS; see above and
Figure S3), was close to the detection limit. However,
even a few Cu ions left per particle are expected to
influence considerably the optical behavior, as pointed
out in the recent work by Jain et al. on CdSe/CdS
nanocrystals.30 In addition to that, lattice vacancies
formed during the CE reactionmay also be responsible
for trap emission. In our case, we can rule out the strain

at the ZnSe/ZnS interface as a major cause of low QY
since such strain is comparable to that at the CdSe/CdS
interface in CdSe/CdS nanocrystals, yet in these latter
samples large QYs are usually observed.

The QYs from the present ZnSe/ZnS NRs are cer-
tainly lower than those of their parent CdSe/CdS NRs
(30�50%), but they are not too far from the values
reported on core/shell ZnSe/ZnS nanocrystals synthe-
sized using more traditional methods.45 For instance,
the bare ZnSe nanocrystals reported by Chen et al. had
QYs around 6�10%,45 which went up to 32% after
growth of a ZnS shell. The highest reported QY values
for core/shell ZnSe/ZnS nanocrystals are in any case
always lower than 50% (45% in Dong et al.,52 9% in
Aboulaich et al.53). On the other hand, up to now, only a
few synthesis routes have been able to produce highly
fluorescent nanocrystals using CE reactions, one nota-
ble example being the one related to the synthesis of
colloidal HgxCd1�xTe quantum dots,54 while in most
cases the QY of the nanocrystals was very low (i.e.,
below 1%). Possible reasons for such lowoptical quality
might be related to the fact that CE reactions can
induce as a side effect the formation of a large number
of crystal defects, including residual ions as stated
above.30 Another important example of particles ex-
hibiting strong fluorescence after CE is represented by
PbSe/CdSe nanocrystals.55 Here, the fluorescent PbSe
core is actually not affected by the CE reaction, which
only involves the formation of a CdSe shell. This,
together with other parameters (low lattice mismatch
at the interface, slow chemical reaction), is likely to be
responsible for the preservation (and actually improve-
ment) of the PL QY, compared to other nanocrystal
systems subjected to CE.

The optical stability of our ZnSe/ZnS NRs was
greatly enhanced with respect to that of the bare ZnSe
nanocrystals (which are strongly sensitive to oxygen
and lose their PL in a fewminutes) but was nonetheless

Figure 3. Optical absorption and emission spectra of an
initial sample of CdSe/CdS NRs (top) and corresponding
spectra after the sample was converted to ZnSe/ZnS NRs
and back to CdSe/CdS NRs (bottom). The PL of the final
sample was blue-shifted by about 20 meV (and had a 75%
loss in QY) with respect to the PL of the initial sample. The
data suggest an overall preservation of the Se/S anion
sublattice in the NRs following CE.
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lower than that of their parent CdSe/CdS NRs, which
are known to be very stable. As an example, we
monitored the QY of a sample of ZnSe/ZnS NRs left
under air at room temperature for 3 days (Figure S2 of
the Supporting Information). After exposure to air for
2 h, the QY dropped by about 35% (compared to the
starting value) and by 57% after 3 days. This drop in QY
was often accompanied by the emergence of a broad
band at lower energies, due to trap emission. It is also
likely that residual lattice defects (formed as a conse-
quence of CE) can play an important role in under-
mining the optical stability of these NRs.

Evolution of Optical Spectra with Varying Core Size and Rod
Length: Comparison of Zn-Based Nanocrystals with Their Parent
Cd-Based Nanocrystals. In one set of experiments, we
compared the optical properties of a series of ZnSe/
ZnS NRs, characterized by comparable lengths (around
28�33 nm) but different ZnSe core diameters, with
those of their parent CdSe/CdS NRs. As discussed
above, it appears that the anion framework in all of

the nanocrystals studied ensures that the size of the
particles does not change significantly upon CE, but on
the other hand, a 7�8% size reduction due to lattice
contractionmust be taken into account. Unfortunately,
this could be hardly appreciated even in the case of the
NRs with large seeds, due to their size dispersion. For
the smallest seeds too, clearly there must be lattice
contraction upon CE (for example, a 2.2 nm CdSe seed
should be reduced to a 2.0 nm ZnSe seed), but this
again could be hardly evaluated by TEM. In view of
these difficulties in assessing small size variations in
samples characterized by a non-negligible size distri-
bution, we therefore decided to consider the sizes of
the various ZnSe cores (or seeds) of all the Zn-based
nanocrystals in Figure 4b and in Table 1 (values in
parentheses) as simply equal to those of their parent
Cd-based nanocrystals but reduced in size by 7%.

For the sake of clarity, we summarize first the trends
related to the CdSe/CdS NRs and then we move on
describing the Zn-based NRs. Figure 4a reports the

Figure 4. (a) Energy of the lowest energy peak in the optical absorption (2) and of the PL peak (b) from samples of spherical
CdSe nanocrystals of various diameters (CdSe core size) and corresponding optical data (red triangle = absorption, red dot =
PL) from samples of core/shell CdSe/CdS NRs synthesized using those CdSe nanocrystals as seeds. (b) Optical data for the
corresponding samples of spherical ZnSe nanocrystals (black triangle = absorption, black dot = PL) and core/shell ZnSe/ZnS
NRs (blue triangle = absorption, blue dot = PL) obtained from the various samples of panel (a) by cation exchange. In the case
of the small spherical ZnSe nanocrystals (2.1 nm in diameter), their synthesis via cation exchange from CdSe yields unstable
seeds, which tend to cluster together; therefore, their PL tends to shift to lower energy than for well-dispersed nanoparticles.
For a comparison,we report thenwith the gray solid dot the PL of a sample of sphalerite ZnSe nanocrystals obtainedby direct
chemical synthesis (see ref 7) and whose lowest energy peak in the optical absorption matches that of the 2.1 nm ZnSe
nanoparticles obtained by CE; (c,d) display how the PL spectra evolve when transforming various samples of CdSe/CdS NRs to
ZnSe/ZnS NRs. In (c), a series of CdSe/CdS NRs with a different core diameter (D) and the same rod length (L = 33 nm) were
transformed into ZnSe/ZnS NRs; in (d), the transformation concerns a series of CdSe/CdS NRs with the same core diameter (D =
2.2 nm) but different length L. In both CdSe/CdS NRs and ZnSe/ZnS NRs, the PL peak position is basically dictated by the core size.
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spectral positions of the lowest energy absorption peak,
called henceforth “absorption peak” (black triangles), and
of the PL peak (black circles) for several samples of
spherical CdSe nanocrystals of various diameters and
for the CdSe/CdS NRs prepared from them, with 33 nm
long CdS shells. All of the Cd-based samples (both the
CdSe seeds and the CdSe/CdS NRs) were then cation-
exchanged to the corresponding Zn-based nanocrystals,
and their relevant optical data are reported in Figure 4b
(triangles mark absorption, circles mark PL).

For the Cd-based nanocrystals (Figure 4a), the en-
ergy difference between their absorption peak (black
triangles) and that of the CdSe/CdS NRs prepared from
them (red triangles) widens with decreasing size of the
CdSe seeds. A similar trend is observed for the PL peaks
(compare black circles with red circles in the same
figure). With decreasing seed size, both absorption and
PL features of the core/shell NRs are increasingly red-
shifted from those of their initial CdSe seeds. These
shifts exceed 100 meV for seeds of 3.8 nm diameter
and reach 300 meV for 2.2 nm seeds. This trend can be
explained by quantum confinement: with decreasing
CdSe seed size, there is a widening in the gap between
electron and hole states in CdSe (the equivalent of the
band gap in the bulk). Similar effects occur also for the
states of the CdS shell, whose diameter decreases, too,
but those are less striking. In addition, the band align-
ments for bulk CdSe and CdS are such that there is a
large offset in valence band maxima (VBM) but small
offsets between conduction bandminima (CBM). Then,
with decreasing size of the CdSe seed in core/shell NRs,
there is a concomitant decrease in the energy offset
between the lowest electron states in the CdSe core
and the lowest electron states in the CdS shell. This
causes an increasing delocalization of the electron
wave function over the CdSe core into the CdS shell,
even for the lowest exciton state, an aspect that was
already pointed out in previous works.32,56

In the Zn-based nanocrystals (Figure 4b), the shifts
between absorption peaks of the seeds (black tri-
angles) and of their corresponding core/shell NRs

(blue triangles) remained small, as they did not exceed
60 meV even for sizes down to 3.0 nm, which points in
this case to a weak delocalization of the photoexcited
carriers wave functions into the ZnS shell. Only for the
sample of NRs with ZnSe cores around 2.1 nm the shift
with respect to the seed was of 150 meV, indicating a
more significant carrier delocalization. Comparison of
the PL peaks (black and blue circles, respectively) for all
of the samples of ZnSe seeds and corresponding ZnSe/
ZnS NRs leads to similar conclusions. Here, however,
the ZnSe seeds obtained from the 2.2 nm CdSe seeds
were unstable and tended to cluster together, which is
probably the reason why their PL was at much lower
energy (3.28 eV) compared to that of their absorption
peak (3.48 eV). We therefore indicate with a gray circle
in Figure 4b the estimated PL peak position (3.35 eV) of
a sample of spherical ZnSe nanocrystals prepared by
direct chemical synthesis (see ref 7), whose absorption
peak matches that of these “unstable” 2.1 nm ZnSe
nanoparticles obtained via CE. These nanocrystals,
however, had cubic sphalerite structure and not hex-
agonal structure; therefore, this data point must be
considered with care. Summarizing, the overall data on
Zn-based nanocrystals point to a type I band alignment
between ZnSe and ZnS, hence to an almost complete
confinement of carriers in the ZnSe cores, at least for
core sizes down to 3 nm.

As one consideration on these optical data, it is clear
that the shifts in energy discussed above depend also
on the thickness of the CdS and ZnS shell in their
respective core/shell NRs. Although such thickness
remained more or less constant in the various core/
shell NRs that we synthesized, we should consider that
small variations in shell thickness from sample to
sample will slightly affect the above-described picture
on energy shifts for the two series of samples. The shifts
should not depend strongly on the length of the CdS
and ZnS shell. Panels c and d in Figure 4 show how the
PL spectra evolve when transforming various repre-
sentative samples of CdSe/CdSNRs to ZnSe/ZnSNRs. In
Figure 4c, samples of CdSe/CdS NRs with different core
size and the same length (33 nm) were transformed
into ZnSe/ZnS NRs; in Figure 4d, the transformation
concerns a series of CdSe/CdS NRs with the same core
size (2.2 nm) but different lengths. In both CdSe/CdS
NRs and ZnSe/ZnS NRs, the PL peak position is practi-
cally dictated only by the core size.

Theoretical Modeling and Comparison with Previous Works.
For CdSe/CdS NRs, it is quite established both from
experiments and from theoretical models that the
overall band alignment between CdSe and CdS goes
from type I to quasi-type II as the size of the CdSe cores
shrinks below 2.8�3 nm.56 For ZnSe/ZnS, this aspect
has not been approached in detail so far from a
theoretical point of view. Also, the comparison of
our results on the optical behavior of wurtzite
ZnSe/ZnS core/shell NRs with previous reports is not

TABLE 1. Calculated Energies of the Optical Transitions in

ZnSe Seeds and ZnSe/ZnS NRs as Functions of the Core

Size, Which Is the Same as the Size of the Seedsa

core size [nm] 2.0 (2.1) 3.0 (3.0) 3.6 (3.5) 4.8 (5.0)
ZnSe seed [eV] 3.51 (3.48) 3.22 (3.26) 3.13 (3.19) 3.02 (3.10)
ZnSe/ZnS NRs [eV] 3.25 (3.33) 3.11 (3.20) 3.05 (3.15) 2.98 (3.07)

a Experimental values are shown in parentheses. The core size was slightly reduced
in some of the calculations compared to the experimental values in order to better
match the measured transition energies for the seeds. This reduction is slightly
overvalued because we neglected the small hole confinement energy in the
calculation of the optical transitions. However, these adjustments are relatively
small, and their impact on the energy shifts is expected to be limited. In particular,
the trend of the red shifts due to shell overgrowth with core size is well-reproduced.
The transition energies of the NRs are systematically undervalued by about 80�
100 meV. This might be ascribed to strain effects, as discussed later in the text.
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straightforward since, in most of those works, the
ZnSe/ZnS nanocrystals were in the sphalerite structure,
while in the present case all domains are in thewurtzite
structure. The only obvious analogy of our findings
with previous reports is that a shell growth induces a
small red shift in both the optical absorption and
emission spectra.

One important question to start with is how the
relative band alignment between bulk ZnSe and bulk
ZnS changes when the phase of the two materials
is hexagonal instead of cubic. In this respect, self-
consistent pseudopotential calculations carried out by
Northrup et al.57 on the (111�0001) ZnS�ZnS and
(111�0001) ZnSe�ZnSe sphalerite�wurtzite bulk in-
terfaces can be instructive. It was found that the
upward shift in energy in the conduction band of
wurtzite ZnS for the (111�0001) ZnS�ZnS interface
is higher than that of wurtzite ZnSe for the (111�0001)
ZnSe�ZnSe interface. Then, from these calculations,
one can infer that the conduction band offset (CBO) at
a bulk wurtzite ZnSe/wurtzite ZnS interface is larger
than the CBO at a bulk sphalerite ZnSe/sphalerite ZnS
interface. Extrapolating to the present nanocrystal
case, in samples of core/shell ZnSe/ZnS nanocrystals
having the same core size and shell thickness but
different crystal phase, electrons should be more con-
fined in the core in the case of wurtzite core/shell
nanocrystals than in the case of sphalerite core/shell
nanocrystals.

In order to get more insight in the issue of the CBO
and possible electron delocalization in the ZnS shell for
ZnSe/ZnS NRs, we performed a calculation of the low-
est electron wave function and confinement energies
in ZnSe cores and ZnSe/ZnS NRs within the effective
mass approximation, using the CBO as a parameter.33

Transition energies were estimated by neglecting the
hole confinement energies, which should be consider-
ably smaller than electron confinement energies due
to the large valence band offset and large carrier
effective mass. The shell diameter was held fixed,
1 nm larger than the core, and the seed dimensions
were slightly reduced in some cases to better match
the experimental energies. A reasonable trend of the
energy shifts of absorption with shell overgrowth
could be obtained by considering a relatively large
CBO of about �350 meV, as shown in Table 1.

Even with the large CBO of�350 meV estimated by
us, in the case of small (around 2 nm) ZnSe cores, the
calculated shifts between optical features of the cores
and those of the core/shell NRs are larger thanwhat we
found experimentally. Such red shift of the electron
energy upon growth of the shell for a small ZnSe core,
even for relevant CBO, can be explained as due to the
small electron effective mass and to quantum confine-
ment. Indeed, the zero-point energy for strong con-
finement in the core becomes substantially larger than
any reasonable CBO for cores of small diameter. Also,

one important factor that we have neglected up to
now is strain. Given the 4% lattice mismatch between
ZnSe and ZnS, strain effects could additionally affect
the CBO in core/shell nanocrystals, as highlighted
recently by Smith et al.58 Ab initio all-electron calcula-
tions of absolute volume deformation potentials in
various semiconductors have shown that the shift of
the bands due to deformation of the lattice is generally
much stronger for the conduction bandminimum than
for the valence bandmaximum.59 In our core/shell NRs,
the ZnSe core is buried inside a rod-shaped ZnS shell
that should likewise induce a compressive strain on the
ZnSe cores, which is even larger than for the more
traditional ZnSe/ZnS core/shell nanocrystals character-
ized in general by a thinner ZnS shells. This compres-
sive strain on the ZnSe core increases the optical band
gap and CBM of ZnSe, whereas the tensile strain on the
ZnS shell should lower the gap and CBM of the shell, at
least in the vicinity of the ZnSe core. Summarizing,
both strain effects and quantum confinement should
contribute to “spilling” of the electron wave functions
in the ZnS shell, especially for ZnSe cores with diam-
eters smaller than 3 nm.

PL Lifetime Measurements. We carried out PL lifetime
measurements at room temperature for selected sam-
ples of both series of CdSe/CdS and ZnSe/ZnS NRs.
Representative decay signals are displayed in the
Supporting Information for ZnSe/ZnS NRs with small
(2.3 nm) and large (5.0 nm) ZnSe cores (Figure S6). The
PL decays could be fitted with a biexponential function
for ZnSe/ZnS NRs and with a single exponential func-
tion for CdSe/CdS NRs. In ZnSe/ZnS NRs, the long
(short) estimated decay times τl (τs) are around 3 (0.4)
ns for the smaller dots of 2.1 and 2.3 nm and around 3.8
(0.3) ns for dots of 3.0 and 5.0 nm diameter. In all cases,
the long time decay component yields a larger con-
tribution to the integrated PL and therefore to QY.
Given that the measured QYs are on the order of
12�15% for these samples, we may estimate the
radiative lifetimes τr = τ/QY as being around 25 ns.
These will be an overestimate as the short decay
contributions have been ignored. For CdSe/CdS NRs,
the lifetimes ranged from 15 to 30 ns, in accordance
with previous works.32,60�62 Taking into account the
estimated QYs, radiative lifetimes are of the order of 50
ns, which are longer than those of ZnSe/ZnS NRs.

The relatively short radiative lifetimes in the ZnSe/
ZnS NRs are consistent with good overlap of electron
and hole wave functions and are therefore consistent
with the considerations on the small red shifts by ZnS
shell overgrowth reported above. We note that, even
though the radiative lifetimes of CdSe/CdS NRs are
longer (as also reported by She et al.62), the emission
wavelength of these NRs is typically about 1.5 times
longer than that of the ZnSe/ZnS NRs. Therefore, a
radiative lifetime about 1.5 times larger is expected for
similar overlap of the electron and hole wave functions
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(as deduced from Fermi Golden Rule for radiative
decay) and almost constant momentum matrix ele-
ments in direct gap semiconductors.63,64 Thus, the
radiative lifetimes found for these CdSe/CdS NRs are
indicative only of rather mild electron wave function
delocalization over the CdS rod, as instead a full
delocalization would entail much longer radiative life-
times. This observation might also explain the rapid
saturation of the increase of radiative lifetime as a
function of rod length found by She et al.62

CONCLUSIONS

In conclusion, we have reported the synthesis of
ZnSe/ZnS NRs based on sequential cation exchange

reactions, starting from CdSe/CdS NRs. These ZnSe/
ZnS NRs preserve the morphological and structural
features of their parent CdSe/CdS NRs (overall shape,
anion Se/S framework, crystal structure) and in addi-
tion exhibit narrow PL spectra characterized by appre-
ciable QYs. By combining optical studies with calcu-
lations, we could identify a stronger localization of the
electron wave function in the ZnSe cores of the ZnSe/
ZnS NRs than in the CdSe cores of CdSe/CdS NRs. The
direct synthesis of anisotropic nanostructures based
on ZnSe and ZnS is not straightforward, and therefore,
our demonstration of rod-shaped ZnSe/ZnS nanocrys-
tals obtained by cation exchange offers a solution in
this direction.

EXPERIMENTAL SECTION
Synthesis of CdSe/CdS Core/Shell NRs. CdSe/CdS core/shell NRs

were synthesized according to a published method developed
by Carbone et al.32 First, the CdSe seedswith different sizeswere
prepared by varying the injection temperature and the growth
time. The obtained CdSe seeds were purified by repeated
cleaning and then dispersed in trioctylphosphine (TOP). Sec-
ond, the CdSe/CdS core/shell NRs were prepared via the seeded
growth method by using the obtained CdSe seeds. The length
of the final CdSe/CdSNRs could be tunedby varying the amount
of sulfur precursor and of CdSe seeds. Additional details about
the synthesis are reported in the Supporting Information. As
a note, in this work, we describe the seeds (i.e., the cores) in these
core/shell NRs as spherical for the sake of simplicity, despite their
real shape not being perfectly isotropic due to their crystalline
nature, which leads to faceting and/or might also have slight
elongations along certain crystallographic directions.

Synthesis of ZnSe/ZnS Core/Shell NRs via Cation Exchange Reactions.
ZnSe/ZnS core/shell NRs were prepared via a sequence of two
cation exchange reactions. In a standard procedure, the first
cation exchange reaction, that is, fromCdSe/CdS to Cu2Se/Cu2S,
was performed following the protocol of Jain et al.,25 which was
also followed by us in a recent work of ours.31 In a typical
synthesis, a solution of Cuþ cations was prepared by dissolving
10 mg (0.027 mmol) of [Cu(CH3CN)4]PF6 into 1 mL of methanol.
The CdSe/CdS NRs were dispersed in 5 mL of toluene (the
solution contained 1 mg of CdSe/CdS NRs based on ICP
data), and the resulting solution was mixed with the above
[Cu(CH3CN)4]PF6 solution. The atomic ratio of Cu/Cd was 3. The
resulting mixture was kept at room temperature for 5 min and
thenwas centrifuged at 3200 rpm to precipitate the Cu2Se/Cu2S
NRs. After washing the samples with methanol and toluene two
times, the obtained Cu2Se/Cu2S NRs were suspended in 2 mL of
TOP, and the resulting solution was used as “injection solution”
for the synthesis of ZnSe/ZnS NRs. The second cation exchange
reaction, that is, from Cu2Se/Cu2S NRs to ZnSe/ZnS NRs, was
performed as we described in our previous paper, with
modifications.31 A stock solution of Zn2þ cations was prepared
by dissolving 2 mmol ZnCl2 in a solution of 6 mL of degassed
octadecene and 4 mL of degassed oleylamine at 250 �C under N2

flow. The Cu2Se/Cu2S NRs obtained in the first step were injected
into the Zn solution and kept in the hot solution for 5 min to
complete the cation exchange reaction. After the synthesis, the
ZnSe/ZnSNRswereprecipitatedwithmethanol; theywerewashed
by repeated redissolution in toluene and precipitation with the
addition of methanol and were finally dissolved in toluene.

Structural and Compositional Characterization. Overview TEM
images were recorded on a JEOL JEM-1011 microscope operat-
ing at 100 kV. HRTEM, STEM-HAADF, and elemental analyses by
EDS were performed using an ultra-high-resolution microscope
(JEM-2200FS) with a field emission gun working at 200 kV,
equipped with a CEOS image aberration corrector and a Si(Li)

EDS detector. XRD measurements were performed with a
Rigaku SmartLab X-ray diffractometer operating at 40 kV and
150 mA. The elemental analysis of the obtained particles was
performed by using an ICP-OES spectrometer (iCAP 6500,
Thermo).

Optical Characterization and QY. Absorption spectra were re-
corded with a Varian Cary 5000 UV�vis�NIR absorption spec-
trophotometer. In the case of Cu2Se/Cu2S NRs, these were
dispersed in TCE, while toluene was used as solvent to disperse
the CdSe/CdS NRs and hexane was used for the ZnSe/ZnS NRs.
The fluorescence emission was collected using a CARY Eclipse
(Varian) photoluminescence spectrometer. The PL QY of the
ZnSe/ZnS NRs were measured by referencing to a standard
(aminopyridine in 0.1 M H2SO4, QY = 60%) following a proce-
dure reported in the literature.65

Temperature-Dependent PL Measurements. These were per-
formed under vacuum (10�5 mbar) on NR films that were
deposited onto Si substrates by drop-casting. The samples were
mounted onto the cold head of a Janis closed cycle cryocooler
coupled to a Lakeshore 336 temperature controller and illumi-
nated by a Spectra Physics diode laser emitting at 350 nm that
was coupled to an optical fiber. The pump power was of the
order of 500 μW/mm2. The signal was collected with a second
fiber and analyzed by a Horiba-Jobin iHR320 spectrometer
coupled to a Symphony CCD camera.

Time-Resolved PL (TRPL) Measurements. The TRPLmeasurements
were performed using a femtosecond laser source and streak
camera detection system. Pulses of approximately 140 fs in
durationwith central wavelengths around 740 nm for ZnSe/ZnS
NRs and around 880 nm for CdSe/CdS NRs with a maximum
energy of 50 nJ were produced by a tunable Ti:sapphire laser
(Coherent Chameleon Ultra II) at a repetition rate of 80 MHz.
A β-barium borate crystal was used for type I phase-matched
second harmonic generation, leading to pulses with central
wavelengths of 370 and 440 nm for ZnSe/ZnS and CdSe/CdS
NRs, respectively. The collected emission was analyzed by a
spectrograph (Princeton Instruments Acton SP2300) coupled to
a streak camera (Hamamatsu C5680) yielding spectral resolu-
tion around 1 nm and temporal resolution dependent on the
setup. In particular, for CdSe/CdS NRs, the repetition rate was
reduced to 2 MHz by the use of an acousto-optical modulating
pulse picker (APE Pulse Select), and the acquisition was ob-
tained with linear voltage sweeping, achieving a maximum
temporal resolution of about 50 ps. ZnSe/ZnS NRs were also
measured at the 80 MHz repetition rate, leading to a maximum
temporal resolution of ∼3.6 ps. The optical density of the
samples was checked to be well below 0.1 at the emission
wavelength, and the excitation power was reduced to avoid
saturation effects.

Calculations. The lowest electron wave functions and eigen-
values of a dot and a nanorod (NR) geometry were calculated
within the effective mass approximation, that is, solving the
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Schrödinger equation for the electron using a finite element
method and considering different effective masses for the
electron in the ZnSe seed (i.e., the core) (me = 0.13m0, with m0

being the free electron mass) and the ZnS rod (me = 0.21m0).
66

For the seed case, the external potential was taken at the
vacuum level, around 4 eV above the CBM for ZnSe. This reduces
the nonphysical increase of the confinement energy for the
smallest seeds below 3 nm in diameter. Transition energies
were calculated by adding the room temperature optical gap of
bulk wurtzite ZnSe, set equal to 2.83 eV,67 and neglecting the
smaller hole confinement energies.
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