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R
ecent advances in the development
of nanomaterials for device fabrication
technology,1�3 biological markers4

and sensing technology5 have encouraged
the search for synthetic methodologies that
could offer better control over thesematerial
properties.6 Therefore, it remains a main
objective to develop efficient routes for
the synthesis of high-quality, monodisperse,
crystalline nanomaterials. Semiconductor
hetero-nanostructures (SHNS) provide an al-
ternativeopportunity toengineer the required
nanocrystal properties, by tailoring not only
the size but also their composition.7�11 They
are therefore an important group of semicon-
ducting materials for use in further advance-
ments in the field of light emitting devices,2

photovoltaics1 and sensors.12

On the basis of relative alignment of
the conduction band (CB) and valence band
(VB) edges of the materials of the semicon-
ductors, heterostructures are classified as
Type-I or Type-II.7 In the Type-I structures,
both the CB and the VB edges of one

semiconductor are situated within the en-
ergy gap of the other semiconductor,
localizing the electron�hole pair in one
semiconductor. These structures, particu-
larly those with a direct band gap, as a result
have an efficient radiative recombination,
which makes them useful in biological
labeling and LEDs.2,4 In the Type-II situation,
the lowest energy states, CB and VB for
electrons and holes, respectively, reside
on different semiconductors. The electrons
and holes are spatially separated in different
regions of the heterojunction. These struc-
tures are useful in applications such as
photovoltaic devices,8,11,13,14 where it is
necessary to separate the charge carriers
before they can recombine.
By the use of core/shell design, it has been

possible to synthesize both Type-I and Type-II
systems.8,13,15�21 Further addition of a shell,
thereby fabricating a core/intermediate/shell
(C/I/S) system, has been possible by the
successive ion layer adsorption and reaction
(SILAR) technique reported by Peng et al.22
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ABSTRACT Core/intermediate/shell (C/I/S) structures with Type-I emis-

sion are well-known and are gaining immense importance due to their

superior luminescence properties. Here, we report a unique C/I/S structure

composed of CdSe/CdS/ZnSe that exhibits both Type-I and Type-II phenom-

ena. The structures have been well characterized using a combination of

optical and structural techniques. The photoluminescence (PL) and photo-

luminescence excitation (PLE) data indicate the formation of a combined

Type-I and Type-II structure in one material, results supported by simple

theoretical calculations. Single particle fluorescence reveals colocalization of

both the emissions. The X-ray diffraction (XRD) and transmission electron microscopy (TEM) results confirm the structure of these particles. The time-resolved

fluorescence studies show the possibility of tuning the lifetime of these materials by changing the Type-I/Type-II thickness ratios. It is possible to form these two

separate excitons in the same system separated by a CdS intermediate layer that acts both as a barrier and an activemember of the Type-II system allowing the

generation and recombination of two excitons, in violation of Kasha's rule.
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Following this, they also published a report on the
synthesis of dual emitters via successive injection of
air stable precursors, where they synthesized core/
barrier/shell type nanocrystals of CdSe/ZnS/CdSe,
which is a Type-I/Type-I emitter from the CdSe core
and a thinner CdSe shell separated by a ZnS barrier
layer.22,23 Other reports have also been published on
similar systems.18,24�28 Despite well-established syn-
thesis routes for Type-I/Type-I nanocrystals,18,23 only a
few reports exist on the formation of Type-II/Type-I,9,15

and of Type-I/Type-II11 heterostructures. To the best of
our knowledge, only one report is available on SHNS
based on CdSeTe/CdS/ZnCdSe having a Type-I/Type-II
structural arrangement with distinguishable optical
properties from both domains.29

Here, we report the colloidal synthesis of CdSe/CdS/
ZnSe Type-I/Type-II system in a single nanocrystal (NC)
showing dual emission from both systems, a fact also
verified using single particle fluorescence measure-
ments. The emissions from CdSe/CdS and CdS/ZnSe
in the CdSe/CdS/ZnSe nanocrystals are termed as core
and shell emissions, respectively, in the following
discussion. A simple theoretical model based on the
effective mass approximation shows the core emission
arising from the electrons and holes localized in the
CdSe layer, whereas the shell emission is a result of
recombination from the electrons localized on the
CdSe and CdS layers and the hole residing on the outer
ZnSe layer.

RESULTS AND DISCUSSION

The bulk band edge alignments of the three materi-
als used in this work, namely, CdSe, CdS, and ZnSe, are
shown in Figure 1. The band-gaps and band edge
locations of CdSe, CdS, and ZnSe have been taken
from previous reports.7,30,31 Such a system has been
chosen to ensure a Type-I heterostructure composed
of CdSe/CdS and a Type-II heterostructure due to CdS/
ZnSe. The synthesis of this C/I/S system starts with the
synthesis of CdSe nanocrystals followed by overcoat-
ing the intermediate CdS shells of various thicknesses.
The procedure is mentioned in the section on meth-
ods, while the absorption and photoluminescence
(PL) spectra of CdSe core and CdSe/CdS nanocrystals
are shown in Figure S1 (see Supporting Information).
The CdSe/CdS core nanocrystals were named as CdSe/
mCdS, where m is the number of monolayers. A signi-
ficant red-shift was observed in the absorption and
PL spectra of the CdSe/mCdS nanocrystals with increas-
ing shell thickness, i.e.,m varying from 1 to 6, indicating
substantial delocalization of the charge carrier wave
functions into the CdS layers, a well-established
fact22,32,33 and also supported by the theoretical calcula-
tions reported below showing mainly the delocalization
of the first electronic wave function in the CdS layers.
For coating the outer ZnSe layer, the systemwith the

largest CdS intermediate shell, CdSe/6CdS, was chosen.

It is known that large separations between the inner
core material and the outermost shell enable a decou-
pling of the electronic shell in such C/I/S systems.23 The
UV�visible absorption and fluorescence (λex = 377 nm)
spectra of the CdSe/6CdS/nZnSe are shown in Figure 2,
panels a and b, respectively. As the thickness of the
ZnSe shell was increased from n = 1 to n = 5, no shift
was observed in the first excitonic absorption peak
of the CdSe/6CdS core nanocrystals, which remains at
608 nm, but there was some increase in the absorption
value at the higher energy side of the absorption
spectra of the CdSe/6CdS/nZnSe nanocrystals, which
developed with the growth of the ZnSe shell as seen
in Figure 2a. The PL spectra of CdSe/6CdS/nZnSe C/I/S
heterostructures differ considerably from those of
CdSe/6CdS nanocrystals. There are two gross aspects
that are seen: (a) the appearance of another feature at
higher energy and (b) the change in the fluorescence
intensity from the core CdSe/6CdS system. The growth
of ZnSe shells on CdSe/6CdS nanocrystals results in
two peaks in the PL spectra, both of which are sharp
and distinguishable. This implies that two separate
excitons are formed: one in the CdSe/6CdS and an-
other due to CdS/nZnSe. The peak at lower energy is
assigned to the core emission and the new peak at
higher energy arises upon addition of the ZnSe shell
and is therefore assigned to the shell emission. PL
intensities are normalized to the absorption value at
the first excitonic peak from CdSe/6CdS, essentially
normalizing with the concentration of the CdSe/6CdS
QDs as the first excitonic peak intensity is related
to the concentration of the nanocrystals,35 so as
to obtain a quantitative estimate of the emission
intensities with varying thickness of the ZnSe shells.
For the CdSe/6CdS/nZnSe system, the data indi-
cate that the core emission always has higher
quantum efficiency than the shell emission. The
electron�hole interaction seems to be much stron-
ger in core-localized excitons than that in the shell-
localized excitons, as has been shown earlier for the

Figure 1. Relative band alignment of bulk CdSe, CdS and
ZnSe.
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case of CdSe/ZnS/CdSe, a core/barrier/shell system
exhibiting Type-I/Type-I dual emission.36

To assign the two emissions observed in Figure 1b,
we carried out simple calculations based on the
effective mass approximation, explained in details
previously.18,25,26,36�40 For our theoretical calculations,
we consider our system as spherically symmetrical,
having CdSe core, enclosed by CdS and ZnSe layers.
All the parameters used for the simulations are listed in
Table 1 and have been adopted from literature.31,40

Figure 3a(i) and 3a(ii) show the first and second
excited state probabilities for the electron and the
hole, respectively. For n = 1 state most of the hole is
localized in CdSe core, but the electron is distributed
mainly in CdSe and a portion tunnels into the CdS layer.
The n=2 is a charge separated statewhere the electron
is distributed in CdSe/CdS and the hole is distributed in
ZnSe shell. Emission is expected from regions where
the electron�hole overlap is the maximum. This, as
shown in Figure 3a(iii), suggests the emission from the
first excited state occurs largely within the CdSe core,
while the emission from the second excited state
occurs in the CdS/ZnSe shell, the electron coming from
CdS and the hole residing in the ZnSe layer. Thus, we

can assign the core emission as Type-I while the shell
emission as Type-II. It must be noted that such simple
calculations cannot exactly pinpoint the exact emis-
sion centers, but they do grossly tell us the regions

Figure 2. (a) UV�vis and (b) fluorescence spectra of CdSe/6CdS and CdSe/6CdS/nZnSe (n = 1�5), (c) change in integrated
fluorescence intensity of core and shell emission, and (d) change in fluorescence peak position of core and shell emissions.
Note that the absorption spectra have been vertically shifted for clarity. Conversion from wavelength to energy scale has
been carried out using a Jacobian transformation.34

TABLE 1. List of Material Parameter for Calculations

thickness (nm) band gap (eV) CBO with respect to CdSe (eV) VBO with respect to CdSe (eV) effective mass of electron me
*/me effective mass of hole mh

*/me

CdSe 1.75 1.74 - - 0.13 0.5
CdS 2.10 2.40 0.24 0.42 0.21 0.7
ZnSe 1.33 2.70 0.89 0.07 0.17 0.6

Figure 3. (a) Radial probability distribution functions for
(i) electrons, (ii) holes and (iii) electron�hole overlap. Dark
black line in panels I and ii represents bulk band alignment
for hole and electron, respectively. (b) Evolution of the
electron�hole wave function overlap as a function of the
ZnSe shell thickness, (i) 1ML, (ii) 2ML, (iii) 3ML, (iv) 4ML and
(v) 5 ML ZnSe shells. Red and blue color coding of wave
functions is for n = 1, l = 0, m = 0 and n = 2, l = 0, m = 0,
respectively.
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involved in the two emissions. Further, as we observe
emission from the second excitonic peak, it is evident
from the above calculations that this higher energy
emission observed here is a violation of Kasha's rule, as
has been observed for the CdSe/ZnS/CdSe dual emitter
earlier.29,41 However, we do not claim direct emission
from the higher energy states. Rather it is most likely
mediated via the traps, since it is well-known that
carrier cooling is a rather fast process, which gets
slowed-down in these systems.25,36,38,39,41 Another
striking feature is the fact that upon ZnSe overcoating,
the core emission energy does not change at all. This
implies the outer ZnSe layer is not affecting the
electronic gap of the inner CdSe/CdS core. The results
in Figure 3b show the electron�hole wave function
overlaps for varying ZnSe shell thickness. As seen in the
figure, the first excited state overlap function does not
change at all upon changing the ZnSe shell thickness.
In fact, the energy values for the electron and hole in
the first excited state remain constant for any ZnSe
thickness at 0.25 eV above the bottom of the conduc-
tion band and 0.14 eV below the top of the valence
band, respectively.
As a direct evidence of dual emission, single particle

fluorescence spectroscopy for our model system is
carried out. All the experiments were conducted in
air by spreading a very dilute solution of nanocrystal
on to a freshly cleaned glass slide. The experimental
details are given below in the Methods section. The
right panel in Figure 4 shows the blinking traces for
core and shell emission from a single nanocrystal; this
blinking phenomenon is characteristic of single dot
as reported previously.25,42,43 A video of the blinking
particles is also shown as part of Supporting Informa-
tion. A statistical analysis to calculate the exact number
of dual emitting particles was performed. Particles
exhibiting complete on/off fluorescence intensity
relative to background are considered as a single
nanocrystal and are used in our statistical analysis,
i.e., particles that do not comedown to the background

level are not sampled as they are probably not single
particles. In all, 157 particles were analyzed. The results
are presented in the left panel of Figure 4 as histograms
with intensity bin of 5000 counts. The inset also shows
the intensity from individual blinking nanostructures.
Among all the analyzed particles, about 28% of them
are dual emitting, while 56% of them are emitting only
as core and rest of them 16% are emitting only as shell.
A considerable fraction are dual emitters and there is a
large fraction that does not get overcoated by the shell.
Also, separate nuclei of CdS yield CdS/ZnSe islands
that emit only in the green channel. Although the
red emission intensities are almost the same for all
the single particles, the green intensities do have a
large spread and this could perhaps be attributed to
the partial coverage of the surfaces instead of com-
plete monolayer coverage, which is also evident in the
transmission electron microscopy (TEM) results shown
below. Taking average of the emission intensities,
one can calculate the red/green emission ratio to be
2.8, very close to the ensemble measured value of 3.3.
The values are pretty close and the differences are
due to the finite sample size and the use of filters that
cut off certain emission wavelengths. Thus, one can be
certain that the dual emitters are formed.
The reason we chose to work with six monolayers

of CdS is to provide a large insulation barrier between
the CdSe core and ZnSe shell. To examine the effect
of thickness of CdS layers between CdSe core and
ZnSe shell, C/I/S heterostructures with varying num-
bers of monolayers of CdS were synthesized. The plot
in Supporting Information Figure S2 reveals that with
two monolayers of CdS no emission from the shell is
observed, but when the thickness of CdS is more than
two monolayers, some feature of the shell emission
appeared at the higher energy side. These results are
consistent with earlier reports for the core/barrier/shell
systems, stating that the degree of interaction of two
quantum systems depends on the thickness of barrier
layer and the barrier layer should be more than two

Figure 4. Left panel shows the number of particles histogram that show background subtracted only red, only green, and
dual emission out of a total of 157 particles sampled. The inset shows the background subtracted emission counts for
individual particles. Representative blinking traces (on/off states) for a single SHNS selected from the images shown in the
middle panel are plotted in the right most panels, upper panel for core emission and lower panel for shell emission.
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monolayers to observe emission from two quantum
systems.23,36,44,45 In the present system, the CdS layer
between CdSe and ZnSe is not only working as barrier
but also participating in the formation of Type-II system
with outer ZnSe shell within the heterostructures. The
position of the core peak remains unaltered on addi-
tion of ZnSe onto CdSe/6CdS. This is observed for all
the CdSe/mCdS/nZnSe systems where m ranges be-
tween 2 and 6 and n from 1 to 5 (Supporting Informa-
tion Figure S2). These results also confirm that the
appearance of shell emission does not affect the core
emission. Due to the well separated core and shell
emissions, we have chosen CdSe/6CdS/nZnSe as a
model system for our studies here: the core emission
is of Type-I, while the shell emission is of Type-II.
The intensity of emission from the CdSe/6CdS core

was observed to vary nonmonotonously with the
addition of ZnSe shell as seen in Figure 2c. The changes
in the intensity can be divided into two regions: region
I shows an increase in intensity brought about after
addition of one ZnSe shell, whereas region II exhibits a
diminished intensity upon addition of more ZnSe
shells. The increase of the emission intensity in region
I could be attributed to the formation of a quasi-Type-II
structure of CdS/ZnSe which is essentially similar to the
Type-I electronic structure because of the large band
gap of the thin ZnSe shell.8 The subsequent decrease
in the emission intensity with the growth of the shell
is due to the formation of pure Type-II system of
CdS/ZnSe. These results are in agreement with the
report by Klimov and co-workers who reported the
switchover from quasi Type-II to pure Type-II structures
in the case of CdS/ZnSe nanocrystals.8 If the ZnSe shell
of CdS/ZnSe system is thin, the hole wave function is
delocalized over the entire nanocrystal. This situation
leads to partial charge separation (quasi Type-II regime)
in which the electron is confined to the CdS layer.8

This gives a scenario where the exciton generated in
the CdS/ZnSe part can also go over to CdSe as CdS/ZnSe
effectively forms a large bandgapouter-layer. This is also

evident from the calculations seen in Figure 3b(i).
So, in region I, both shells, CdS as well as ZnSe, help in
confining the excitons into the CdSe core, resulting in
a higher intensity from the core. However, with thicker
ZnSe shell, the system moves into a true Type-II regime,
where the hole wave function is confined into the ZnSe
shell. The excitons created in the shells are now far
separated from those of the core, resulting in the reduc-
tion of core emission and an increment as well as red-
shift in the shell emission with the growth of ZnSe shell,
seen in Figure 2d. Thus, regions I and II in our system are
the result of transition from an initial quasi Type-II to
a Type-II arrangement. Another possibility that could
be responsible for this two-region behavior is the lattice
mismatch between the CdS and ZnSe layers which
would increase as the ZnSe shell thickness increases.
Photoluminescence excitation (PLE) technique is

used to distinguish between several emitting species
that might have separated emission wavelengths but
whose absorption features overlap with each other.
Figure 5 shows the PLE spectra of the C/I/S SHNS
for both the core and shell emissions. The PLE spectra
of the core emission peak for all CdSe/6CdS/nZnSe
samples, including CdSe/6CdS, are shown in Figure 5a.
The PLE spectra of core emissions follow the
same trends like the absorption spectra exhibiting
the first and second excitonic peaks without any shifts.
In Figure 5b, the PLE spectra (shifted for clarity) of
the high energy shell emission show a distinguishable
feature at a higher energy for a new excitation channel,
which corresponds to the typical CdS/ZnSe system;
the spectral features for such a system are presented
in Supporting Information Figure S3. This feature is
present in all CdSe/6CdS/nZnSe systems and is gradu-
ally red-shifted and gets broadened with increasing
thickness of ZnSe as seen in Figure 5b. So the absorp-
tion spectrum of the CdSe/6CdS/nZnSe system is the
sumof the two excitation channels present in the same
entity. The PLE-PL shifts for core and shell emissions
were calculated from the difference between the

Figure 5. (a) PLE spectra of core emission, (b) PLE spectra of shell emission, and (c) variation in PLE�PL shifts for the core and
the shell emissions. The same color codes are used for the three panels.
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excitation and emission peaks46,47 and are plotted in
Figure 5c. The shifts for core emission remains almost
constant (≈ 0.04 eV) with increasing shell thickness.
These low values are typical for the Type-I systems.48

But the difference in the PLE peak and PL peak values
for shell emissions is much higher (between 0.38 to
0.49 eV), typical for a Type-II system.19 The steady
increase of these PLE-PL shifts upon shell growth of
ZnSe is also observed, reaching up to 0.49 eV for thick
ZnSe shells. These results also support that the core
exhibits Type-I nature while shell has Type-II nature.
The origin of the Type-II emission from the CdS/ZnSe
shells of CdSe/CdS/ZnSe is the radiative recombination
of the electron�hole pair across their interface. Here,
the energy of Type-II emission depends on the band
offsets of the CdS and ZnSe. Type-II systems can thus
emit at energies that are smaller than the band gap
of either material, CdS and ZnSe in the present case.
Hence, the Type-II system shows higher values of the
PLE-PL shifts.19

Further support of the fact that we have formed the
heterostructures comes from the structural character-
izations. Figure 6 shows powder X-ray diffraction (XRD)
patterns of representative samples of CdSe, CdSe/6CdS
and CdSe/6CdS/5ZnSe systems together with their
diffraction patterns of the bulkmaterials obtained from
the JCPDS database. Figure 6 shows that the crystal
structure of the prepared CdSe seeds can be assigned
to a typical wurtzite structure with the presence
of its characteristic reflections and the experimental
diffraction patterns of the CdSe are well matched
with broadened pattern obtained using the Scherrer
equation49 shown as the red line in the Figure 6.
The best fit gives an estimate of 3 nm CdSe nanocryst-
als which is in good agreement with the size obtained
from the absorption spectrum. The addition of CdS
shell caused a small shift in the diffraction peak of

nanocrystals to the higher reflection angles due to its
smaller lattice constant compared towurtzite CdSe17,33

which indicates a presence of both CdSe and CdS in
the structure.17,50 As expected from the bulk diffrac-
tion pattern, the deposition of ZnSe causes diffraction
peaks to shift toward higher angles with respect to
those in CdSe/CdS due to smaller lattice parameters
of the ZnSe. The peaks corresponding to CdSe/CdS
and ZnSe, however, cannot be well distinguished and
separated. Instead the observed pattern is character-
ized by a rather uniform broadening of diffraction
features. Three peaks should appear at around 29�,
45.34� and 53.5� 2θ values for ZnSe. Thus, the broa-
dened diffraction was observed at those positions
which is described by the deposition of ZnSe as was
previously reported for CdS/ZnSe nanoparticles.8,15

Careful observation of this XRD pattern reveals that
the peaks corresponding to (100) and (002) planes
show a higher intensity compared to the other planes
indicating that growth of ZnSe is not uniform but it is
greater in particular directions which is further con-
firmed by TEM images discussed below. The ZnSe
crystal phase could as well be zinc blende. It is rather
certain that the ZnSe phase is WZ and not ZB by noting
the XRD pattern at the (103) peak position. The (103)
peak is characteristic of the WZ phase and absent in
the ZB phase. The relative intensity of this peak with
respect to (110) and (112) increases when ZnSe is
added on top of CdSe/6CdS. If ZnSe had been in the
ZB structure, the intensity of this part should have
decreased instead.
Figure 7 shows representative TEM images of CdSe,

CdSe/6CdS and resulting CdSe/6CdS/5ZnSe structures
synthesized by overcoating with five monolayers of
ZnSe. CdSe nanocrystals are nearly spherical with a
narrow size distribution (core diameters d = 3.5 nm).
The CdSe/6CdS have almost spherical as well as a

Figure 6. Powder XRD patterns of CdSe, CdSe/6CdS and CdSe/6CdS/5ZnSe. The red line shows the bulk-broadened pattern
for wurtzite CdSe.
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narrow size distribution with an increased average size
(d = 7.1 ( 0.5 nm). No small particles were observed
indicating the deposition of CdS on CdSe is homoge-
neous, which implies very small particles of CdS, not
detectable here, may be present. Further overcoating
of CdSe/6CdS with ZnSe makes these nanocrystals
slightly irregularly spherical in shape and the size
distribution broadens too. A similar irregularity in
shape of ZnSe coated CdS nanocrystals has also been
reported earlier.8 An increase in the size (d = 8.3 (
0.8 nm, l = 6 ( 0.6 nm) confirms the deposition of
ZnSe. The origin of these irregular shapes is due to the
preferential growth of particular planes of ZnSe; here
the (100) and (002) planes of ZnSe are more elongated
than the other planes. This could perhaps be the
reason for the spread in intensity from the green
emitting channel. A few very small particles are also
observed in TEM of CdSe/6CdS/5ZnSe samples; the
presence of these small particles indicate formation
of islands of CdSe/CdS or ZnSe or CdS/ZnSe particles.
These free CdS/ZnSe particles are responsible for the
only green emitting particles. Some free ZnSe particles
are also possible but their sizes should be much
smaller than what we observe here. High-resolution
TEM images on the right panels in Figure 7 of CdSe,
CdSe/6CdS, and CdSe/6CdS/5ZnSe nanocrystals show
lattice planes. Lattice planes for CdSe extend across the
full particle length. HRTEM image of CdSe/6CdS show

no clear evidence of an interface between CdSe and
CdS, but a close investigation of edges of particles
gives excellent information about the shell, which
shows a diminished contrast compared to the core.
In case of CdSe/6CdS/5ZnSe, crossed planes suggest
an overcoating of a material on top the CdSe/6CdS
structures indicating coverage by ZnSe. Even the
extension of ZnSe along one direction confirms the
anisotropic growth of ZnSe. The presence of the shell
materials is further confirmed by the energy disper-
sive X-ray (EDX) analysis (see Supporting Information
Figure S4). CdSe nanocrystals show the existence
of Cd and Se and the appearance of strong signal
for S in CdSe/6CdS confirms the presence of Cd and S.
EDX spectrum of CdSe/6CdS/5ZnSe C/I/S nanocrystals
shows characteristic peaks of Cd, Se, S and Zn.
The two emissions from the CdSe/CdS core and

CdS/ZnSe shell decay through different channels. Life-
time measurements were carried out to investigate
the fluorescence dynamics of the charge carriers of
the dual emission from the core, core/shell and C/I/S
systems. Previous reports51 are available on the life-
time studies of Type-II nanostructures, which show
that the lifetime of Type-II nanostructures is noticeably
higher compared to that of Type-I systems due to
separated charges. The decays measured here were
all found to be multiexponential and could be ade-
quately fit to a sum of two or three exponentials.
The decay times with percentage contributions are
listed in Supporting Information Table S1. Figure 8
shows typical decay curves for CdSe, CdSe/6CdS and
CdSe/6CdS/nZnSe heterostructures recorded at room
temperature. A general trend to be noted is that the
average lifetime of the shell emission is higher than
that of the core emission and increasing the shell
thickness decreases the average shell lifetime, while
it hardly affects the average core lifetime. These are
discussed in detail here.
Decay trace of CdSe is fitted with three lifetime

components of 0.69, 5.21, and 21.42 ns that have been
assigned to deep traps, band edge recombination, and
shallow trap assisted recombination, respectively.52�54

After addition of CdS layers, the resulting measured
decays are fitted with two lifetime components �3.54
and 17.78 ns, assigned to band edge and shallow trap
state mediated processes, respectively. The excited
electron shuttles between the band edge and these
shallow trap states, and finally decays through the
band edge, thereby increasing the lifetime to about
tens of nanoseconds. The disappearance of shortest
lifetime component from CdSe by the addition of
CdS is known to be due to elimination of surface
dangling bonds.52,53 For CdSe/6CdS/nZnSe samples,
the lifetime decays were collected for core and shell
peaks. The two lifetime components (3.85 ((0.5) and
18.58 ((0.7) ns) of decay remain almost constant in
core emission for all the CdSe/6CdS/nZnSe samples.

Figure 7. TEM (left) and HRTEM (right) images of represen-
tative CdSe, CdSe/6CdS and CdSe/6CdS/5ZnSe.
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Thus, the outer ZnSe shell does not affect the dynamics
of the core emission.
Decay for shell emission of CdSe/6CdS/nZnSe can also

be fitted with the sum of three lifetimes. In analogy to
the case of bare nanocrystals,52�54 the slowest lifetime
component (∼50 ns) is assigned to shallow trap states,
the medium lifetime component (∼13 ns) is ascribed to
bandedgedecay, and the fastest component (∼1.4 ns) is
again attributed to the appearance of surface dangling
bonds on the surface of outermost ZnSe layer, though
more work needs to be carried out in order to con-
firm these assignments. We observed longer average
lifetimes for these shell emissions compared to core
emission for respective nanocrystals (see Supporting
Information Table S1). The very short lifetime compo-
nent of the higher emission from the shell decay might
be an indication of some sort of energy transfer process
occurring from the shell to the core as hasbeen reported
earlier in a similar system by Deutsch et al.29 These
exciton dynamic results are further supported by pre-
vious reports stating that for Type-II systems the wave
function overlap between the excitons decreases be-
cause of spatial charge separation,55 which results in
longer radiative lifetimes. It is expected from literature
that for each addition of ZnSe the lifetime of shell
emission should increase,51 but a surprising result found
in our study is that by addition of one and two mono-
layer of ZnSe, the average lifetime of the shell emission
increases from 24.67 to 27.70 ns as expected,51 but
further addition of ZnSemonolayer results in a consider-
able reduction of average lifetime of shell emission and
finally it reached 17.36 ns for CdSe/6CdS/5ZnSe. Looking
at the lifetime Table S1, the main contribution for this
reductions is the long-lived component (τ3 > 50 ns). This
reduction of lifetime indicates a new structural insight

toward the CdS/ZnSe interface in the CdSe/6CdS/nZnSe
(n > 2) systems. According to Eychmüller and co-
workers, reduction of lifetime of CdS/ZnSe system is
due to the alloying at the interface of CdS/ZnSe.56 So in
the present system, the interface of CdS/nZnSe (when
ne 2) is initially well separated, but with the addition of
more ZnSemonolayers, an increase in the size, as well as
an alloying of the interface, is observed.Whenwe closely
investigated the lifetime component of shell decay with
each addition of ZnSe, lifetime of fastest componentwas
observed to remain almost same for all the samples
because the nature of the outermost surface remained
unchanged, whereas the lifetime for the slowest and
medium components gradually decreased, which indi-
cates the partial removal of shallow traps due to the
alloying at the interface of CdS and ZnSe. This further
confirms the proposed lifetime assignments. These re-
sults are also supported by excitation spectra of shell
emission shown in Figure 5b. A close investigationof PLE
spectra of shell emission reveals that the PLE spectral
features are sharper in systems with one or two mono-
layers of ZnSe. One reason is the increase in polydisper-
sity of the samples as more ZnSe layers are added.
However, this cannotbe the sole reasonas thePL spectra
are not so broad for these thicker ZnSe shell emissions.
This smearing of the PLE peaks could also be due to
excitation across the CdS/ZnSe band edges. After addi-
tion of more ZnSe monolayers, alloying occurs at the
interface and these band edges get more diffused.
Therefore, the PLE spectral features broaden due to
the softening of a confinement at the interface.57

CONCLUSIONS

In summary, we have synthesized dual emitting C/I/S
semiconductor nanocrystals consisting of a CdSe core

Figure 8. (a) Decay profiles for CdSe and CdSe/6CdS and (b�f) decay profiles for core and shell emissions from C/I/S systems.
Red lines on each decay profile are the fitted curves.
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and a ZnSe outer shell separated by a CdS layer. The
origin of the two emissions was investigated and it was
found that they are from two different channels: one
from the CdSe/CdS core which is a Type-I system and
the other from CdS/ZnSe shell which is a Type-II
system. These assignments are in agreement with
simple theoretical calculations. Our results confirm that

the CdS layer between the CdSe and ZnSe not only
serves as a barrier for the Type-I and Type-II systems
but also participates in forming the Type-II systemwith
the outer ZnSe shell. These nanocrystals provide a
single unit having charge separated as well as charge
confined domains and are suitable candidates for
multiexciton generation and single photon sources.

METHODS

Chemicals. Cadmium oxide (CdO, 99.5%), zinc oxide (ZnO,
99.5%), trioctylphosphine oxide (TOPO, 99%), trioctylphosphine
(TOP, 99%), 1-octadecene (ODE, 90%), oleic acid (OA, 90%),
sulfur powder (99.9%) and selenium powder mesh (99.99%)
were purchased from Sigma-Aldrich. Octadecylamine (ODA,
97%) was purchased from Merck Chemicals. All the solvents
were anhydrous and were purchased from Merck chemicals.

Characterization. UV�vis absorption spectra were acquired
on Perkin-Elmer Lambda 1050 spectrophotometer. Dilute solu-
tions of NCs in hexane were placed in four window 1 cm quartz
cuvettes, and their absorption and corresponding fluorescence
were measured. The fluorescence spectra were recorded
on Perkin-Elmer LS-55 spectrometer with constant 5 nm excita-
tion and emission slit width with an excitation wavelength of
377 nm. Transmission electron microscopy (TEM) and EDX were
performed using Tecnai G2 20 TEMwith an accelerating voltage
of 200 kV equipped with an EDX detector. EDX elemental
analysis was analyzed with TEM Image and ES Vision V4.1
analysis software and the data was averaged over at least
3 locations. The nanocrystals solvated in toluene were drop
cast directly onto a carbon coated copper TEM grid and allowed
to dry. Powder X-ray diffraction (PXRD) patterns were collected
on a Bruker D8 Advance diffractometer with Ni-filtered Cu KR
radiation and further analysis was done using JCPDS database.
The sample was drop cast and allowed to dry directly on a
glass slide as the amount being used was minute. Lumines-
cence lifetime decays were collected using time correlated
single photon counting (TCSPC) using Edinburgh Instruments
FLSP920. A pulsed laser diode (377 nm) with a pulse repetition
rate of 500 kHz was employed for the lifetime measurements.
The photoluminescence (PL) emission decay was collected
at the PL peak maximum for each sample. The instrument
response function was measured using a Ludox scattering
solution in water. All the decay profiles were fitted by using
the software EI F900 V7.2.1 with a sum of two/three exponen-
tials shown by eq 1, where the number of components n = 2/3
and Ri and τi are the amplitude and the decay time of the ith
component, respectively.58

I(t) ¼ ∑
n

i¼ 1
Riexp( �t=τi) (1)

Mean fluorescence lifetimes Æτæ were calculated from the
decay time and the pre-exponential factors using eq 2.

Æτæ ¼ ΣRiτi
ΣRi

(2)

Single Particle Imaging. Nanocrystals were diluted in toluene
and immobilized on a glass coverslip by smearing and drying
before imaging. Imaging is done using custom built TIRF
microscope on Olympus IX71 inverted microscope equipped
with Fianium super continuum laser and Andor Neo sCMOS
camera. Total internal reflection excitation is done through 60�,
1.4 NA objective with beam exiting at greater than critical
angle.59 Excitation light is selected though bandpass filter of
460�495 nm, shell emission is collected with bandpass filter
510�550 nm (shown as green colored particles in the images),
and core emission is collected through 575�675 nm (shown as
red colored particles in the images). Colocalization imaging is
done at the same position by changing filters manually. Images
were acquired with 50 ms exposure for 5�28 s and further

analyzed. In total, 157 blinking particles from 10 videos were
analyzed.

CdSe Synthesis. CdSe nanocrystals were synthesized by pre-
viously reported methods in the literature.54 A total of 0.1 mmol
of CdO and 0.4 mmol of oleic acid (OA) were added to 10 mL
of 1-octadecene (ODE) and heated to 280 �C with continuous
stirring until a clear colorless solution was obtained. The
temperature was lowered to 80 �C, and 4 g of ODA and 2 g of
TOPO were added to the solution and heated again to 280 �C
with continuous stirring. Subsequently, 0.1 mmol Se was dis-
solved in 3.5 mL of TOP at room temperature in a glovebox.
This TOP-Se solution was injected swiftly into the above hot
Cd solution. The temperature of the solution dropped down
to 260 �C and the reaction was allowed to proceed until the
desired size of the nanoparticles was achieved. The reactionwas
quenched by lowering the temperature with addition of room
temperature toluene. The nanocrystals were purified by phase
separation with a 1:1 mixture of hexane�methanol, precipi-
tated by adding ethanol and finally redispersed in toluene. The
concentration of the nanoparticles was determined by UV�vis
absorption spectroscopy as described in literature.35,60

Stock Solutions. The Cd�oleate stock solution (0.2 M) was
prepared by dissolving 0.3 mmol CdO and 2.4 mmol OA in ODE
at 270 �C. A 0.2 M zinc injection solution was prepared
by dissolving ZnO in 1:1 (v/v) mixture of oleic acid and TOP at
250 �C until the solution was clear. Selenium injection solution
(0.2 M) was prepared by dissolving Se powder in TOP at 100 �C.
Sulfur stock solution (0.2 M) was prepared by dissolving S
powder in ODE at 100 �C. All the above solutions were prepared
in Ar atmosphere and heated at 60 �C prior to injection.

CdSe/CdS Synthesis. A total of 2.5� 10�7 mol of the previously
prepared CdSe nanocrystals was dissolved in 3 mL of ODE and
2 g of ODA and the solution was heated to 200 �C to coat
CdSe nanocrystals with a CdS shell followed by addition of
required amount of Cd:S stock solutions alternately, adding
enough amounts of each to cover the underlying atomic layer.
The thickness of the CdS shell depends on the number of
additions of Cd:S stock solutions. After completion of the CdS
shell growth, the temperature of reactionmixturewas increased
to 250 �C and annealed for 30 min at this temperature to
improve the crystallinity of the shell. The solution was cooled
down to room temperature andwashed twice using 1:1mixture
of hexane�methanol to remove unreacted precursors from the
sample. The nanoparticles were precipitated by adding metha-
nol, redispersed in toluene, and used for further coating of ZnSe
layer over them. CdSe/CdS/ZnSe nanocrystals were synthesized
by depositing a ZnSe shell around these CdSe/CdS nanocrystals.

CdSe/CdS/ZnSe Synthesis. A total of 1 �10�7 mol of CdSe/CdS
nanocrystals was dissolved in 2 mL of ODE containing 1.5 g of
ODA and the solution was heated to 210 �C. The growth of the
ZnSe shell is carried out by the addition of Zn:Se precursors
alternately. The synthesized nanocrystals, purified by repeated
washing with hexane and methanol, were redispersed in to-
luene and stored under an argon atmosphere.
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