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Synthesis of PbS/EuS Core/Shell Nanocrystals
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The synthesis of nonmagnetic/magnetic PbS/EuS core/
shell nanocrystals (NCs) has been demonstrated. PbS NCs were
deposited by EuS layer via thermal decomposition of the single-
source precursor, Eu(IlT)-dithiocarbamate complex, giving PbS/
EuS core/shell NCs.

Semiconductor nanocrystals (NCs) have been attracting
much attention for their optical, electric, and magnetic properties
which can be modulated by a diverse and growing range of
parameters such as size, shape, and composition unlike bulk
semiconductors.! Recent interests focus on the preparation of
semiconductor NCs with magnetic properties in anticipation of
the use for spintronics as well as bioimaging. EuS NCs have
been studied as a promising material because of the ferromag-
netic Curie temperature, 7., of 16.6K, and -characteristic
magneto-optic properties in visible region.> Magnetic interac-
tions in the self-assembling structures’ or electron doping* have
been reported to further enhance the magnetic properties of EuS
NCs.

Another approach to enhance or modulate electric, optical,
and magnetic properties of NCs may include the formation of
hetero-nanostructures composed of multiple materials.'> Re-
cently, Scholes and co-workers have reported the integration of
the magnetic semiconductor EuS NC with CdS NC to explore a
bifunctional nanocomposite with a broken band alignment.®
EuS-CdS heterostructures were synthesized via the selective
deposition of EuS tips on cadmium chalcogenide NCs by the
thermal decomposition of a single-source lanthanoid precursor.
Our use of a heterostructure also aims to regulate and integrate
the optical, magnetic, and magneto-optic properties of PbS/EuS
heterostructure by means of the formation of a core/shell
configuration. Since PbS has a rock-salt crystal structure whose
lattice constant is very close to that of EuS with the lattice
mismatch as low as 0.5%, PbS/EuS heterostructure has been
studied as a nonmagnetic/magnetic all-semiconductor multi-
layers.”® In PbS—-EuS multilayers, wide-energy-gap EuS (Eg =
1.65 eV) form electron barriers, whereas narrow-energy-gap PbS
(Eg = 0.3eV) constitutes quantum wells for both electrons and
holes.® Due to the relatively small energy difference in the
valence band between PbS and EuS, 0.15¢V for bulk, together
with the strong quantum confinement in PbS NCs® and the bulk
properties of EuS NCs? with Bohr radii of 20nm and below
1 nm, respectively, there might be a possibility for the tuning of
band offset through type I to type II by the size control of each
component.” Given the type-II configuration, photogenerated
electron and hole are expected to be localized separately in PbS
and EuS, respectively. The spatially separated photocarriers lead
to the long-lived exciton state, which might contribute to the
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Figure 1. XRD profiles of (a) PbS NCs and (b) PbS/EuS
core/shell NCs. The calculated peaks for PbS and EuS bulk
crystals are indicated by lines at the bottom and the top,
respectively.

enhancement of magneto-optic properties derived from magnetic
exciton or magnetic polaron.'*-12

PbS/EuS core/shell NCs were prepared by the deposition of
EuS layer on PbS core NCs via the thermal decomposition of
single-source Eu(Ill) precursor (see Supporting Information'7).
The powder X-ray diffraction (XRD) pattern for PbS core NCs
suggested that the PbS crystallized in its typical rock-salt
structure, cubic Fm3m phase (a = 5.924A) (Figure la). The
peak positions 26 of the diffraction pattern after the thermal
decomposition of the single-source precursor of EuS were
identical with those for PbS core NCs (Figure 1b) because the
typical crystal structure of EuS is also cubic Fm3m phase with
the lattice constant of a = 5.957 A. The width of each peak
sharpened after the deposition of EuS shell even though there
is a nonzero lattice mismatch between these components. The
single-crystal domain size of NCs calculated using Scherrer’s
equation from a diffraction peak (200) plane were found to be
about 9 and 12nm for PbS and PbS/EuS core/shell NCs,
respectively, suggesting the epitaxial growth of EuS shell on the
PbS core. Rounded cube-shaped NCs were observed in TEM
image (Figure 2a), whose average size increased from 9.7 nm of
PbS core NCs to 16.1 nm with a particle size distribution of 7%.
The difference between the size of PbS/EuS core/shell NCs
estimated by XRD and TEM might be attributed to the nonzero
lattice mismatch which broadens the peaks and to the less
crystalline oxidized layer of EuS surface, Eu,03, as discussed
later in detail. Elemental distribution was investigated for lead

www.csj.jp/journals/chem-lett/


http://dx.doi.org/10.1246/cl.2012.412
http://www.csj.jp/journals/chem-lett/

Figure 2. (a) TEM image and (b) HAADF-STEM image with
an EDS-line analysis of PbS/EuS core/shell NCs.

and europium by high-angle annular dark-field scanning TEM
energy-dispersive X-ray spectroscopy (HAADF-STEM-EDS).
An EDS-line scan for a row of three horizontal NCs clearly
shows that these elements are heterogeneously distributed. The
peaks for Pb correspond to the center of NCs, while those for Eu
are located on the outer part of NCs (Figure 2b). The result
strongly supports that the NCs are composed of core/shell
heterostructure with the Pb-rich central part and the Eu-rich
outer layer.

The presence of Eu, Pb, and S was also confirmed by X-ray
photoelectron spectroscopy (XPS). The selected regions for
Eu 3d, 4d, O 1s, S 2p, and Pb 4f were measured in detail to
evaluate the valence of europium ion. Only weak signals were
observed for Eu?* (3d and 4d), while strong peaks were found
for Eu’™ (3d) as well as O Is for as-prepared sample
(Figure 3a). The peak positions for Eu’* are well coincident
with those observed for Eu,0s,'* clearly indicating that the
surface of NC was spontaneously oxidized upon exposure to air
to form Eu,0;. The formation of amorphous Eu,O; layer with
the surface oxidation of EuS NCs was also reported by Gao and
co-workers?¢ (also see Supporting Information'”). To confirm the
formation of EuS (Eu”*), the oxidized surface Eu,0; layer was
removed by Ar-ion sputtering for a certain period. The peaks for
Eu’*t (3d and 4d) became prominent as the specimen was
subjected to the Ar-ion etching for several minutes, which was
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Figure 3. Core level spectra of Eu 3d, O 1s, S 2p, Eu 4d, and
Pb 4f for PbS/EuS core/shell NCs. As-prepared sample (a) was
subjected to Ar-ion etching for (b) 3 and (c) 6 min.

associated with the apparent decrease of the signal from O 1s
(Figures 3b and 3c). Based on the size of NCs measured by
TEM observation and the single-crystal domain size estimated
from the XRD peak width, the PbS core (9 nm) was surrounded
by the shell composed of 1.5-nm-thick crystalline EuS layer
with the less crystalline Eu,O3 outer layer about 2-nm-thick. The
element ratio of Pb/Eu determined by microwave-induced
plasma mass spectrometer (MIP-MS) was 1/1, which is almost
consistent with the model described above.

Absorption and magnetic circular dicroism (MCD) spectra
of PbS core and PbS/EuS core/shell NCs are shown in Figure 4
together with those of EuS NCs with a diameter of 15nm as
reference. The PbS core NCs gave an absorption spectrum
extended to near-infrared region with the weak first exciton peak
at around 2000 nm in CDCls, which is well accorded with the
calculated value for PbS NC with the size of 9nm (Figure 4A,
line a).'* Because of the narrow band gap and consequent
enhanced multiphonon nonradiative relaxation,'> the PbS NCs
exhibited no photoluminescence at room temperature. The
absorption spectrum for PbS/EuS core/shell NCs seems mostly
unchanged from that of PbS core NCs due to the small
proportion of EuS layer only 1.5-nm-thick, while the f-d
electronic transition band of Eu?* should appear at around
500nm as observed for 15-nm EuS NCs (Figure 4A, line c).
Meanwhile the Eu,Oj3 shell, which accounts for the large portion
of NC, had no impact on the absorption profile due to the
markedly forbidden nature of the f—f transition of Eu’* in
Ell203.

Although there was little change in the absorption profile,
the magnetic circular dichroism (MCD) spectrum clearly
confirmed the formation and the spin-polarized semiconducting
band of EuS shell. The peaks observed for MCD spectrum
of PbS/EuS NCs (Figure 4B, line b) are corresponding to
the electronic transition of 4f7(%S;,,) — 41°('F))5d(ty)! (J =
0,...,6) in the EuS component. Meanwhile, no obvious MCD
signal was observed for PbS core-only NCs (Figure 4B, line a).
The splitting of MCD signals with different directions corre-
sponds to the difference in the transition probability for left- and
right-hand circularly polarized light in the external magnetic
field with 0.85 T. The MCD profile for PbS/EuS core/shell NCs
showed a spin imbalance similar to that of EuS NCs (Figure 4B,
line c), which is accompanied by substantial blue shift due to the
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Figure 4. (A) Absorption (in CDCl;) and (B) MCD (in
CHCI3) spectra of (a) PbS NCs, (b) PbS/EuS core/shell, and
(c) EuS (size: 15nm) NCs. In the MCD measurements, 0.85 T of
magnetic field was applied statically in parallel to the optical
axis.

size effect of EuS.'"® Thus the EuS component demonstrated
magneto-optic properties of PbS/EuS core/shell NCs.

In summary, PbS/EuS core/shell NCs were synthesized via
the thermal decomposition of single-source precursor of EuS on
the core PbS NCs. The EDS-line scan of the NCs clearly
demonstrated the core/shell configuration of the heterostructure,
and XRD study indicated the epitaxial growth of EuS layer on
the PbS core. Even though the EuS layer is 1.5-nm-thick due to
the spontaneous surface oxidation, clear magneto-optical proper-
ties were demonstrated. The systematic study in terms of precise
size control of the PbS core or the position and the width of band
gap would give a great potential to modulate or enhance the
magneto-optical properties of the PbS/EuS heterostructure.
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