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An intense red-green photoluminescence (PL) emission was observed, at room temperature, in a CdS@ZnS
core–shell system. The PL intensity emission of CdS@ZnS core–shell was strongly superior from that
observed in individual CdS and ZnS nanoparticles. In this sense, we reported a comprehensive experimen-
tal and theoretical study of the optical behavior of CdS and ZnS nanoparticles (NPs), and CdS@ZnS core–
shell system in the light the structural order–disorder conception. We also propose a model were the core
and shell interface leads to favorable condition that triggers PL emission in CdS@ZnS core–shell.

� 2012 Elsevier B.V. Open access under the Elsevier OA license.
1. Introduction

Wurtzite, CdS and ZnS, are a direct band gap semiconductors
with gap energy of 2.42 and 3.7 eV at 300 K, respectively. CdS and
ZnS, were one of the first discovered semiconductors [1] and has
promising applications in photochemical catalysis [2], gas sensor
[3], and optical material [4,5]. The synthesis of CdS and ZnS NPs
semiconductors has been the focus of recent scientific research
due to their important nonlinear optical properties, luminescent
properties, quantum size effect and other important physical and
chemical properties [6,7]. These NPs bridge the gap between CdS
and ZnS, there by offering the opportunity to study the evolution
of interface properties [8,9]. Continuous researches suggest that
semiconductor/semiconductor (called as heterostructures) nano-
crystals confer a noticeable enhancement in the luminescence and
conductive properties due to elimination of surface non-radiative
recombination defects [5,10]. Therefore, the design and preparation
of composite materials, such as CdSe/ZnS, CdSe/CdS, ZnO/ZnS and
CdS/ZnS have been attracted much more research interests [1,5,11].

The study of surfaces and interfaces are expanding areas of sci-
entific studies and technological innovations. In this sense, the
development of new heterostructures is still a challenging subject
[12]. In the case of this work, the modulation of the properties by
tailoring the nucleation of one phase on the surface of other is a
critical step. Studies in nanostructured materials indicate that the
photoluminescence (PL) property is not only derived from the bulk
structure but also controlled by the surface chemical bonds and
optical transition in the surface/interface region [13–15]. Several
studies performed by our group pointed out the effect of structural
ach).

sevier OA license.
order–disorder in the modulation of the PL emission [16–18]. The
surface modification of a wide band gap semiconducting shell
around a narrow band gap core can alter the charge, functionality,
and reactivity of the materials and consequently enhance the func-
tional properties due to localization of the electron–hole pairs
[1,19,20].

In this Letter, we report a comprehensive experimental and the-
oretical study of the PL emission of CdS or ZnS nanocrystals and
CdS@ZnS core–shell system. Experimentally, the samples were
characterized by X-ray Diffraction (XRD), UV–vis spectra, Trans-
mission Electron Microscopy (TEM) and PL spectroscopy. Theoret-
ically, first principle calculations were used in sense to investigate
the interface between CdS and ZnS that renders the enhanced PL
emission. In the light of these results a model of electronic charge
and whole transference between the interfaces of CdS@ZnS system
is proposed.
2. Methods

CdS and ZnS samples (denoted as SAM01 and SAM02, respec-
tively), were synthesized using microwave-assisted solvothermal
method, at 453 K during 32 min as described previously [20].
CdS@ZnS (SAM03) core–shell was synthesized using 0.017 mol of
CdS powders dispersed in 25 ml of Ethylene Glycol (EG) (solution
01). Separately 0.017 mol zinc ions and 0.03 mol of thiourea were
dissolved in 75 ml of EG (solution 02). Then solutions 01 and 02
were mixture in a 120 ml Teflon autoclave and put in the microwave
system during 32 min at 453 K. The resulting solution was washed
with ethanol several times to neutralize the solution pH (�7), and
the precipitates were finally collected, and dried at 373 K (5 h).
The powders obtained were characterized by XRD collected from
10� to 70� in the 2h range using Cu Ka radiation (Rigaku-DMax/
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2500PC) and TEM JEOL JEM 2100 microscopy, operating at 200 KV.
UV–vis spectra were taken using a spectrophotometer of Varian,
model Cary 5G (USA) in diffuse reflection mode. PL spectra were
collected with a Thermal Jarrel-Ash Monospec monochromator
and a Hamamatsu R446 Photomultiplier. The 350.7 nm (2.57 eV)
exciting wavelength of a krypton ion laser (Coherent Innova) was
used with the output of the laser kept at 200 mW. All measurements
were taken at room temperature.

3. Results and discussion

XRD patterns were collected for each sample to check the
crystalline phase. The XRD (see Supporting Information – S.I.) pat-
terns for the SAM01 could be indexed to CdS crystalline hexagonal
in agreement with the respective JCPDS card 65-3414. For the
SAM02, the crystalline phase of the as-obtained powder could be in-
dexed to ZnS crystalline hexagonal in agreement with the respective
JCPDS card 32-1450 [21], The existence of a cubic ZnS phase from
XRD patterns alone cannot be excluded due to the large similarity
between cubic and hexagonal ZnS structures. Thus, these results
indicate that ZnS powders processed in a microwave-solvothermal
system are crystalline, pure and ordered at long range. Interest to
note, that for the SAM03 the mainly peak diffractions observed
was related to CdS crystalline phase. Wurtzite has space group
P63mc, where each Zn or Cd atom is surrounded by four S atoms
at the corners of tetrahedron. Periodic DFT calculations with the
B3LYP hybrid functional [22], were performed using the CRYSTAL09
computer code [23]. The atomic centers have been described by an
all electron basis set Zn_86-411d31G [24], for Zn and S_86-311G⁄ S
[25]. For CdS, the atomic centers have been described by Gaussian
basis sets of double-zeta valence polarized (DZVP) [26]. It was mod-
ified to be used in CRYSTAL09 code (see S.I.).

As a first step, the optimization of the exponents for the outer-
most sp and d shells was carried out to minimize the total energy
of the structure at experimental parameters. The optimized exter-
nal exponents are asp(Zn) = 0.14349998, ad(Zn) = 0.73000001 and
asp(S) = 0.38000002. The Powel algorithm [27], method was used
to perform all basis sets of the optimization procedure. From these
optimized exponents, a new optimization procedure of lattice
parameters a, c and u = (1/3) ⁄ (a/c)2 + (1/4) was performed. The
calculated and experimental values (given in parentheses) are
a = 4.30 (4.14) Å, c = 6.96 (6.71) Å [28] and u = 0.377 (0.376) for
CdS and a = 3.84 (3.85) Å, c = 6.26 (6.29) Å and u = 0.379 (0.375)
for ZnS. Our results are in good agreement with other theoretical
and experimental data [29].

Two periodic models were built from these optimized parame-
ters to represent the ordered ZnS_o or CdS_o models and disor-
dered ZnS_d or CdS_d models, displacing the Zn or Cd atom,
0.3 Å, in the z-direction, respectively. These models can be useful
to represent different degrees of order–disorder in the material,
as well as structural defects resulting from Zn to Cd displacements.
Figure 1. (a) TEM image of SAM03 (CdS@ZnS); (b) HRTE
Figure 1 presents the TEM images of SAM03. In fact, an ex-
panded image of regions A, in Figure 1a, shows that the SAM03
was formed by a polycrystalline core, Figure 1b. Analyzing an ex-
panded view of region A, inset of Figure 1b, is possible to observe
the presence of lattice parameter with about 0.32 nm. This dis-
tance is consistent with the (101) plane of the CdS structure, in
good agreement with XRD patterns. Additionally, Figure 1c pre-
sents an expanded view of region B in Figure 1a suggesting that
the observed layer covering the polycrystalline core can be attrib-
uted to amorphous ZnS particles, since XRD for SAM03 presents
only the CdS crystalline phase (see S.I.).

PL spectra recorded with a 350.7 nm excitation wavelength for
the as-obtained samples are shown in Figure 2. The PL spectrum
of the SAM01 (CdS) shows a red maximum emission around
655 nm and a greenish maximum emission for SAM02 (ZnS) around
532 nm. The PL spectrum of for the SAM03 presents the maximum
emission around 590 nm. The blue-shift observed for the SAM03
compared to SAM01 could be explained for the possible presence
of the ZnS disordered shell coated on the surface CdS core, as
observed by XRD (see S.I.) and HRTEM images, Figure 1b and c.
[30] Another interesting effect in PL spectra is the enhancement in
the emission for the SAM03, that can be associated with an inter-
band connection between the interface of CdS core and ZnS disor-
dered shell, where ZnS confines the photogenerated electron–hole
pairs to the CdS core interface whose is modified by the quantum
confinement effect, leading to the passivation of non-radiative tran-
sitions, thus enhancing the luminescence intensity [13,19,31]. Thus,
the core–shell interface can be monitored directly by PL.

It is well known that the physical and chemical properties of
materials are strongly correlated with some structural factors,
mainly, the structural order (o)–disorder (d) in the lattice. The
materials can be described in terms of the packing of the constitu-
ent clusters of the atoms which can be considered the structural
motifs. In a typical semiconductor, the intercluster (intermediary
range) and intracluster (local range) interaction can occurs as a
consequence of tree different sources: orientation, induction and
dispersion interactions [32]. The orientation interaction results
from the correlation between the rotation motion of the perma-
nent moments in different [CdS4]o. . .[ZnS4]d clusters (intermediate
range). The induction interaction occurs due to the polarization of
[CdS4]o clusters by the permanent moment of another [ZnS4]d clus-
ter (short range). The dispersion interaction arises from the motion
correlation of electrons in neighboring of [CdS4]o and [ZnS4]d clus-
ters (long range). Breaking symmetry process of these clusters,
such as distortions, breathings and tilts, create a huge number of
different structures and subsequently different materials proper-
ties, and this phenomenon can be related to local (short), interme-
diate and long-range structural order–disorder [33].

Theoretical results point out that a breaking symmetry process in
the structure of various semiconductor, associated to order–disor-
der effects, is a necessary condition for the presence of intermediate
M image of region A; (c) HRTEM image of region B.



Figure 2. PL emission spectrum of ZnS, CdS and CdS@ZnS core–shell.
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levels in the forbidden band gap [34]. These structural changes can
be related to the charge polarization in different ranges that are, at
least, manifestations of quantum confinement, when they occurs
at short and intermediate range undependably of the particle size.
The main point for quantum confinement occurs is the presence of
discrete levels in the band gap, fact that are not possible with the
crystal ore defect are periodic (dispersion interaction) [32].

Table 1 depicts the experimental and theoretical calculated
band gap and Fermi energy for the CdS and ZnS ordered and disor-
dered models.

The optical experimental band gap is related to the absorbance
and the photon energy by the following Eq. (1) :

hma / ðhm� EgapÞ1=2 ð1Þ

where a is the absorbance, h is the Planck constant, m is the frequency
and Egap is the optical band gap [35]. The band gap values of CdS, ZnS
and CdS@ZnS were evaluated by extrapolating the linear portion of
the curve (Supplement material). The entire sample presents a
Table 1
Experimental and theoretical band gap energy and fermi energy of ordered (o) and disord

CdS_o CdS_d ZnS_o

Gap (C�C) (eV) 2.66 2.26 3.88
Fermi energy (eV) �6.31 �5.96 �5.84

Figure 3. (a) Electronic models of CdS@ZnS core–shell interface before th
well-defined inter-band transition with a quasi-vertical absorption
front which is typical of semiconductor crystalline materials. The
CdS@ZnS core–shell system has two absorption regions, 2.4 and
3.8 eV, which are linked to CdS core and ZnS shell, respectively.
The comparison with theoretical results shows a very good concor-
dance between experimental and theoretical results.

Based on both experimental and theoretical findings, we pro-
pose a model were the driving force of this dynamic process is
the order–disordered effects at intermediate range. In this way
we are considering that the core and the shell are neutral and they
have the same relevance in terms of electronic structure. This ef-
fect can only appears when the intermediate range order–disorder
between interfaces, as in this case, core and shell are present.

Figure 3 illustrates an electronic model of CdS ordered core and
ZnS disordered shell and CdS@ZnS core–shell interface before the
photon arrival.

The model is closely related to the alignment of energy levels of
CdS ordered core and ZnS disordered shell. In a first step, electrons
split from the electron shell Fermi level (EFe)S to the core electron
Fermi level (EFe)C and holes split from the core shell Fermi level
(EFh)C to the hole shell Fermi level (EFh)S. These can also be termed
dynamic Fermi levels and are a spontaneous process as the elec-
tronic core and shell structure has the electron and whole Fermi
energy locates at different Fermi energy but in the same Brillouin
zone. The consequence of this dynamic process is the electron pop-
ulation of the valence band (VB) of CdS ordered core and holes
migration to shell ZnS conduction band (CB). The final electronic
configuration between CdS and ZnS interfaces is interconnected
band structures were the core has more electrons and the shell
more holes (see S.I.).

During the excitation process, there is a cluster-to-cluster
charge transfer (CCCT) [32,33] of electrons from CdS electron pop-
ulated clusters to ZnS holes populated clusters. The structural and
electronic reconstruction of all the possible combinations of
clusters in a crystal are essential for the understanding the CCCT
process and at least the PL phenomenon. There exist such photoin-
duced electron-transfer processes where an electron is promoted
from an occupied level of the cluster donor to a vacant level of
ered (d) CdS and ZnS periodic models.

ZnS_d Experimental

CdS ZnS CdS@ZnS

3.42 2.4 3.8 2.4 and 3.8
�5.50

e photon arrival (b) illustration of the model of CdS@ZnS core–shell.
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the cluster acceptor. The formation of isolated energy levels and
the presence of ½CdS3 � V �� or ½ZnS3 � V �� disordered clusters leads
to a substantial recombination between the photoexited electron
and hole during the excitation process. Probably, the ordered
½ZnS4�x � ½CdS4�x cluster are activated during the excitation process
changing their symmetry going to singlet or triplet excited states,
as demonstrated by Gracia et al. [17,36] in perovskite and scheelite
structures. In this way, similarly studies have to be done for wurtz-
ite materials to confirm this fact.

4. Conclusions

In summary, CdS@ZnS core–shell system was prepared by an
efficient microwave-assisted solvothermal technique and their
optical properties were carefully investigated. The XRD patterns
and HRTEM images reveal a disordered ZnS layer in the shell and
the polycrystalline CdS core. In the light of first principle calcula-
tions we propose a model were the unfused layers between core
and shell interface renders the favorable condition that triggers
PL emission in CdS@ZnS core–shell.

It is clear that controlling the particle size and morphology pro-
motes modulation of advanced properties in heterostructureted
materials that can be used in future novel technologies. Such novel
technologies can in principle explore materials which are not avail-
able in the bulk single crystal form, but their figure-of-merit is dra-
matically dependent on the surface-interface defect states. We
believe that the strategy may also be applicable to other materials.
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Appendix A. Supplementary data

Supplementary data associated with this Letter can be found, in
the online version, at http://dx.doi.org/10.1016/j.cplett.2012.03.
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