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Colloidal CdSe/CdS/ZnS core/multishell nanostructure with the different
thicknesses of CdS and ZnS shell was prepared by chemical method using CdO
and ZnO. The absorption, photoluminescence and Raman scattering spectra of
CdSe core, CdSe/CdS core/shell and CdSe/CdS/ZnS core/multishell structure
have been comparatively studied. The photoluminescence full width at half
maximum of CdSe core is less than 20 nm, indicating the monodisperse colloidal
CdSe nanocrystals. It was found that the reaction temperature needed for the
formation of ZnS shell is higher than that for the growth of CdS shell. The strong
increase in the emission intensity by successively coating the CdS and ZnS shell
around the CdSe core has been discussed. The effect of shell thickness on the
spectroscopic characteristics of CdSe/CdS/ZnS core/multishell nanostructure has
been investigated.

Keywords: core/multishell nanostructure; absorption; photoluminescence;
Raman scattering

1. Introduction

Colloidal semiconductor nanocrystals have attracted much attention due to their size
tunable optoelectronic properties. The application of the high quality nanocrystals to
bio-imaging, photovoltaic devices and multicolour light emitting diodes is important
technological issues at present [1-3]. Because of their size-dependent photoluminescence
(PL) tunable across the visible spectrum, CdSe nanocrystals have become the most
extensively investigated object. Besides the development of synthesis techniques to prepare
samples with narrow size distribution, much experimental work is devoted to molecular
surface modification to improve the luminescence efficiency and colloidal stability of the
particles or to develop a reliable processing chemistry. To suppress surface effects,
inorganic passivation with wide band gap material is a well developed solution to enhance
the quantum yield and stability of nanocrystals [4,5]. The CdSe/CdS core/shell nanocrystal
has less lattice mismatch (3.9%) between the core and shell than the CdSe/ZnS nanocrystal
(12%), so it can provide better stability by decreasing interfacial strain. However, the
energy levels of the valence band maximum and conduction band minimum of CdS are not
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sufficient to confine both electrons and holes in the CdSe core so that the CdSe/CdS
nanostructure exhibited less quantum yield compared to CdSe/ZnS [6]. In order to solve
above limitation the core/multishell structures such as CdSe/CdS/ZnS, CdSe/ZnSe/ZnS
[7], CdSe/CdS/Zn( sCdy sS/ZnS [1] have been prepared by inserting a interlayer between
the CdSe core and ZnS outermost shell.

In this work, the colloidal CdSe/CdS/ZnS core/multishell nanostructure was
synthesized in octadecene using CdO, ZnO. This core/multishell nanostructure is based
on engineering both energy band gap and lattice spacing to effectively confine the exciton
in the emitting core and reduce of the strain inside heterostructure. The preparation
condition and the effect of shell thickness on the PL intensity were investigated for
obtaining the core/multishell nanostructure with narrow size distribution, high quantum
yield and stable optical characteristics.

2. Experimental

Chemicals: Cadmi oxide (CdO), zinc oxide (ZnO), oleic acid (OA), sulfur (S), selenium
(Se), octadecene (ODE), tri-n-octylphosphine (TOP).
The CdSe/CdS/ZnS core/multishell nanostructure was prepared by three main steps:

Step A: Preparation of CdSe core. A mixture of CdO, OA and ODE was stirred and
heated to 190-200°C. At this temperature, a solution of TOPSe in ODE was rapidly
injected into this hot solution to grow CdSe core.

Step B: Preparation of CdS interlayer. A quantity of ODE was loaded into a reaction
flash and heated to various temperatures. Subsequently, the CdSe nanocrystals in toluene
were added, then the Cd*" injection solution (CdO dissolved with OA in ODE) and the
S*~ injection solution (S powder dissolved in ODE) were slowly injected into CdSe
solution.

Step C: Preparation of ZnS exterior shell was performed by a slow injection of Zn** and
S*~ precursor solution into the solution of CdSe/CdS in ODE at various temperatures.

The preparation of CdSe core, CdS and ZnS shell layer was performed under
nitrogen gas flow. The reaction mixture obtained after each step was allowed to cool to
room temperature, and a centrifugation procedure was used to purify the nanocrystals
from unreacted precursors and side products. After centrifugation, the nanocrystals
were dispersed in toluene for further processing. The CdSe core size was estimated
from the first exciton peak position of the absorption spectrum. The particle
concentration of the purified CdSe solution in toluene, as stock solution for core/shell
growth, was determined using Beer’s law with the reported extinction coefficient of
CdSe nanocrystals [8]. The quantity of precursors added into the growth solution for
each CdS and ZnS shell monolayer (ML) was based on the size of the nanocrystal
templates, the concentration of the nanocrystals in the solution, and the lattice
constants of the crystal system [9].

The optical absorption spectra were recorded using Jasco V670 UV-Vis-NIR
spectrometer. The PL and Raman scattering (RS) spectra were measured by
LABRAM-I1B spectrometer using 488 nm excitation line of Ar™ ion laser. All the optical
measurements were performed at room temperature.
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3. Results and discussion

The evolution of the absorption and PL spectra of colloidal CdSe nanocrystals during the
growth at 190-200°C (Figure 1(a) and 1(b), respectively) shows the rapid increase in their
size during first reaction minutes, and the CdSe nanocrystals grow more slowly in the next
time. Simultaneously, the full width at half maximum (FWHM) of the PL peak gradually
narrows and achieves the value of 19nm after 20 min of the reaction. Note that the
PL-FWHM observed by single dot spectroscopy is less than 20 nm [10], so the obtained
CdSe nanocrystals are monodisperse. In the next reaction time the PL-FWHM gradually
broadens to 25 nm after 180 min of the reaction because of the monomer concentration in
the solution is depleted during the growth [11]. By varying the Cd to Se molar ratio in the
stock solution we have obtained the colloidal CdSe nanocrystals with the PL-FWHM less
than 20 nm for 2 h before the size distribution is defocused.

The emission property of CdSe/CdS and CdSe/ZnS core/shell nanostructure with the
shells prepared during the same reaction time at the various temperatures was investigated
for determining the suitable reaction temperature. The PL spectra of CdSe core and
obtained core/shell nanocrystals are compared in Figure 2. All spectra are normalized in
the intensity. The CdS shell cannot provide potential barrier large enough to prevent the
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Figure 1. Evolution of the absorption (a) and PL (b) spectra in the growth process of
CdSe nanocrystals.
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Figure 2. Photoluminescence spectra of CdSe/CdS and CdSe/ZnS nanostructure with the shell
layers prepared at various temperatures. PL spectrum of CdSe core is inserted for comparison.
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leakage of the exciton. The increase of reaction temperature leads to strong redshift of the
short wavelength emission peak of CdSe/CdS nanostructure, reflecting an increased
leakage of the exciton into the thicker CdS shell [7]. In the case of CdSe/ZnS
nanostructure, due to the large band gap of ZnS the redshift in the PL spectra proves
the formation of an alloy layer between CdSe core and ZnS shell. Similarly, it is possible
that a CdSe;_,S, layer also was created between CdSe core and CdS shell of CdSe/CdS
nanostructure.

As the reaction temperature increases, the intensity of the surface emission band
decreases due to the increased passivation of CdSe core surface by the exterior shell layer.
Comparing the surface emission intensities of the obtained CdSe/CdS and CdSe/ZnS
nanostructure it is found that a higher reaction temperature was necessary for the formation
of the ZnS shell layer. The lattice mismatch between the core and the shell creates a barrier
for nucleation of the shell material [7]. Therefore, the reaction temperatures for growing the
CdS and ZnS shell layer were chosen at 250 and 260°C, respectively.

The PL spectra of the CdSe/CdS and CdSe/CdS/ZnS nanostructure with the different
thickness of CdS and ZnS shell are compared in Figure 3(a) and (b), respectively. All the
PL spectra are normalized in the intensity according to the absorbance at 488 nm
excitation wavelength. The CdS shell layer around the CdSe core results in an
improvement of PL intensity. However, the PL intensity of CdSe/CdS nanostructure
decreases when the CdS shell thickness exceeds two MLs, presumably as a result of the
higher concentration of structural defects created within the thicker CdS shell [12].

The ZnS shell created around CdSe/CdS nanocrystals results in a small blueshift of the
emission peak. The reason of this blueshift is the partial formation of a Zn;_,Cd,S alloy
layer between CdS and ZnS shell when the CdSe/CdS particles are covered with addition
ZnS. At high temperature the Zn-atoms might diffuse into the Cd-rich regions of the CdS
shell, thus increasing the band-offset of the shell and hence the effective confinement [1].
The highest emission intensity of CdSe/CdS/ZnS nanostructure with three MLs CdS shell
was obtained for the ZnS shell thickness of one ML. The further increase of the ZnS shell
thickness is accompanied with the decrease in the PL intensity. The dependence of PL
intensity on the thickness of CdS shell (Figure 3(a)) shows that the most suitable thickness
of CdS shell is about two MLs.

The emission peaks of CdSe core, CdSe/CdS and CdSe/CdS/ZnS nanostructure are
compared in Figure 4. The strong increase in PL intensity of core/multishell
nanostructre is due to two causes: (1) The CdS/ZnS multishell could passivate surface
defects of the CdSe core to enhance the emission intensity and (2) By investigating the
optical stability of CdSe core it was found that a thin disorder CdSe layer was formed
around the high quality CdSe core from unreacted precursors when the reaction
mixture was cooled to room temperature. The annealing of CdSe core in the growth
process of CdS and ZnS shell results in an improvement of its crystal quality and leads
to the increase in PL intensity.

The RS spectra of CdSe core and CdSe/CdS core/shell nanostructure with CdS shell
thickness of three MLs are presented in Figure 5. The strong scattering due to the
longitudinal optical (LO) phonon mode of the CdSe core was observed (Figure 5(a)).
The LOcq4se peak shifts to lower frequency side in comparison with that of bulk CdSe
crystal, and has the asymmetric shape due to the quantum confinement of phonons and
the contribution of the surface optical (SO) phonon mode [13].
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Figure 3. Absorption and PL spectra of CdSe/CdS (a) and CdSe/CdS/ZnS (b) nanostructure with
different shell thicknesses. (The thickness of CdS interior layer in CdSe/CdS/ZnS structure is
three MLs).
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Figure 4. The emission peaks of CdSe core (a), CdSe/CdS (b) and CdSe/CdS/ZnS (c) nanostructure.
The thicknesses of CdS and ZnS layer are three and one MLs, respectively.

In order to determine the size of CdSe core, the experimental RS spectrum was fitted
applying the phonon confinement model of Campbell and Fauchet [14] for LO¢cgs. mode
and using Lorentz function for SO¢cys. mode. The best fitting result is shown by the solid
line in Figure 5(a). The LO¢cg4se and SO¢yse phonon mode are shown by dashed and dotted
line, respectively. The obtained diameter of the CdSe core is 5.8 nm, in good agree with the
value of 5.9 nm determined from the absorption spectrum.
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Figure 5. Raman scattering spectra of CdSe core (a) and CdSe/CdS structure (b). The LO and SO
phonon mode are shown by dashed and dotted lines, respectively.

The RS spectrum of the CdSe/CdS structure is characterized by two strong peaks
(Figure 5(b)). The LO¢gse peak shifts to higher frequency side (211 cm™"), in comparison
with that of CdSe core (207 cm ™), and narrows. Moreover, the shoulder of LO¢gse peak
increases in the intensity. The appearance of other peak at 294 cm ™' indicates the presence
of a thin CdS shell around the CdSe core. The RS spectrum of CdSe/CdS structure can be
well described by the phonon confinement model with LOc¢gse.tikes LOcqgs-like confined
optical phonon mode, and SOcyse.iikes SOcds.like SUrface phonon mode as reported in [15].
The best fitting result is shown by the solid line, the LO and SO phonon components are
shown by dashed and dotted lines, respectively, in Figure 5b. It is possible that a thin
CdSe;_,S, layer was formed between the CdSe core and CdS shell as mentioned above.
However, the characteristic peaks of this alloy layer were not exhibited clearly in the
obtained RS spectrum.

4. Conclusion

The CdSe/CdS/ZnS core/multishell nanostructure with the CdS interlayer between CdSe
core and ZnS exterior shell was prepared by three separate steps. The PL-FWHM of CdSe
core is less than 20nm, indicating the monodisperse colloidal CdSe nanocrystals.
The emission intensity of core/multishell nanostructure is enhanced not only by
passivating the surface defects but also due to the improvement of the crystal quality of
CdSe core in the growth process of shell layers, and strongly depends on the shell
thickness. The highest PL efficiency of CdSe/CdS/ZnS core/multishell nanostructure can
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be obtained for the CdS and ZnS shell thickness of two MLs and about 1-2 MLs,
respectively. The formation of the alloy layer at the CdSe/CdS and CdS/ZnS interface
causes the change in the emission and vibrational characteristics of the core/multishell
nanostructure.
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