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ZnS:Mn2+ nanocrystals (NCs) were synthesized by a simple solvothermal method at 180 �C in different
solvents. The NCs prepared in ethanol yielded cubic nanoparticles (NPs) with diameters of 10–15 nm.
The NCs prepared in ethylenediamine and water (1:1 in volume ratio) yielded hexagonal nanorods
(NRs) with diameters of 8–10 nm. X-ray absorption fine structure (XAFS) measurements were carried
out to probe the local environment surrounding the Mn ions in the NPs and the NRs. The results showed
that Mn ions were incorporated into the ZnS lattice substituting the Zn sites. The yellow–orange emission
from the Mn2+ 4T1–6A1 transition was observed, its intensity relative to the blue–green emission
increased from NPs to NRs. The surface effect was the main factor affecting the thermal and optical sta-
bility of NCs. The fluorescence lifetime of the Mn2+ emission for the NPs and NRs was 0.662 and 0.224 ms,
respectively.

Crown Copyright � 2010 Published by Elsevier B.V. All rights reserved.
1. Introduction

Zinc sulfide (ZnS) is an important II–VI semiconductor, which is
considered important for applications such as ultraviolet-light-
emitting diodes, electroluminescent devices, flat-panel displays,
sensors and injection lasers [1–5]. At ambient conditions, ZnS
shows two polymorphs, zinc blende (cubic) and wurtzite (hexago-
nal), which have wide band gaps of 3.72 eV and 3.77 eV, respec-
tively [6]. The cubic ZnS is stable at room temperature, whereas
the hexagonal ZnS is stable at temperatures higher than 1020 �C.
Owing to its large band gap, ZnS doped with some metal cations
(including transition metal ions and rare-earth elements) usually
exhibits a variety of luminescent properties, such as photolumines-
cence, electroluminescence, thermoluminescence and tribolumi-
nescence [7–10]. Among these materials, ZnS doped with
Mn2+ ions has been extensively investigated in the past few years
[11–14]. Since Mn doping cannot only enhance its optical transi-
tion efficiency and increase the number of luminescent centers,
but also determine the material to exhibit interesting magneto-
optical properties [15–17].
010 Published by Elsevier B.V. All

: +86 434 3294566.
Recently, the size and shape-controlled synthesis of various NCs
have attracted widespread attention because of their size and
shape-dependent properties and potential applications in various
fields. Zhonglin Wang [18] and colleagues reported that the meta-
stable wurtzite-ZnS nanobelts with thickness of �10 nm surpris-
ingly took an ultrastable wurtzite structure even at high pressure
possibly by the size and shape tuning. Alivisatos et al. [19] also
pointed out that the shape of semiconductor NCs determined the
distribution of the carrier state density and the transport proper-
ties of the carrier in crystals. All these investigations suggest that
the NCs with controlled properties can be obtained by controlling
their size and shape. In this paper, we synthesize ZnS:Mn2+ nano-
particles as well as nanorods with cubic and hexagonal structure,
respectively, by the solvothermal method. This method requires a
relatively low temperature, cheap precursors of low toxicity and
makes easy the introduction of transition metal ions such as
Mn2+, Cu2+ etc. into the ZnS lattice. Up to now, the issue about
how the structure and morphology affecting the luminescent prop-
erties of ZnS:Mn2+ NCs has been still blurry. Herein, we will inves-
tigate and compare the structure and luminescent properties of
ZnS:Mn2+ nanoparticles and nanorods, including the local environ-
ments surrounding the Mn ions, the optical band gap, photolumi-
nescence excition-emission, the spectra changes induced by the
UV light irradiation and the fluorescence decay dynamics.
rights reserved.
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2. Experimental

ZnS:Mn2+ (3%) NCs were prepared by the solvothermal tech-
nique. All chemicals (analytical reagents) were purchased from
Shanghai Chemical Reagents Co. and used without further purifica-
tion. Firstly, zinc nitrate [Zn(NO3)2�6H2O] (0.97 mmol) and manga-
nese nitrate [Mn(NO3)2] (0.03 mmol) were dissolved in 16 ml
ethylenediamine (EN) and water (1:1 in volume ratio); zinc acetate
[Zn(CH3COO)2�6H2O] (0.97 mmol) and manganese acetate
[Mn(CH3COO)2�4H2O] (0.03 mmol) were dissolved in 16 ml etha-
nol. After stirring for 1 h, thiourea (3 mmol) was put into the
resulting complex. After stirring for 2 h, the colloid solution was
transferred into two 20-ml Teflon-lined autoclaves and kept at
180 �C for 12 h. After the reaction, the autoclaves were taken out
and cooled to room temperature. The products were washed with
ethanol and deionized water for several times and separated by
centrifugation, and then dried at 80 �C for 1 h to get a white
powder.

X-ray diffraction (XRD) patterns were collected on MAC Science
MXP-18 X-ray diffractometer using a Cu target radiation source.
Transmission electron micrographs (TEMs) were taken with a
JEM-2100 electron microscope. The specimen was prepared by
depositing a drop of the dilute solution of the sample in 2-propanol
on a carbon-coated copper grid and drying at room temperature.
The Mn K-edge XAFS measurements were performed at room tem-
perature on beamline 1W1B at Beijing Synchrotron Radiation Facil-
ity, China. A double crystal Si (1 1 1) monochromator was used,
and the signal was collected in fluorescence yield mode with a Ly-
tle ion chamber detector. The data were collected in a mode of
sample drain current under a vacuum better than 5 � 10�7 Torr.
Thermogravimetric analysis (TGA) was performed on Perkin–El-
mer Pyris Diamond thermal analyzer under nitrogen atmosphere
at a heating rate of 10 �C/min. UV–vis absorption spectra were
measured on UV-3101PC UV spectrometer. The specimen was dis-
persed in ethanol and placed in a 1 cm quartz cell, and ethanol
served as the reference. Photoluminescence excitation and emis-
sion spectra were recorded at room temperature using Hitachi F-
4500 spectrophotometer equipped with a continuous 150-W Xe-
arc lamp. Luminescence lifetime was measured with 355 nm light
from an Nd3+:YAG (yttrium aluminum garnet) laser combined with
a third-harmonic generator used as the pump. An oscilloscope was
used to record the decay dynamics.
Table 1
The local structure around Mn ions in NPs and NRs by fitting EXAFS results. NX–S: the
number of the nearest S around X (X = Zn, Mn) ions; RX–S: the radial distance of X–S
(X = Zn, Mn).

Local center Zn Mn

Sample NZn–S RZn–S (Å) NMn–S RMn–S (Å)

Bulk 4 2.42 ± 0.01
NPs 3.79 ± 0.05 2.38 ± 0.01
NPs 3.82 ± 0.05 2.40 ± 0.01
3. Results and discussion

The X-ray diffraction patterns of ZnS:Mn2+ nanoparticles
(NPs) and nanorods (NRs) are shown in Fig. 1a. Three main
peaks at 28.45� (1 1 1), 47.41� (220) and 56.29� (311) for NPs
can be indexed as cubic zinc blende structure, which are in
good agreement with the standard card (JCPDS No. 05-0566).
Note that the weak peak centered at 26.95� corresponds to
the (1 0 0) diffraction of wurtzite. It shows that the NPs are
mainly in zinc blende structure containing a small amount of
NPs in wurtzite structure. For NRs, all the diffraction peaks
can be well indexed as hexagonal wurtzite structure, which
are consistent with the standard card (JCPDS No. 36-1450). Con-
sequently the growth direction could be predicted by comparing
the full width at half maximum (FWHM) of different XRD peaks
[20]. For NPs, the FWHM has no apparent change among all the
diffraction peaks, indicating no change in the structural orienta-
tion; For NRs, the (0 0 2) diffraction peak is stronger and nar-
rower than the other peaks, suggesting a preferential growth
direction along the c-axis. Moreover, the lattice constant ‘a’ for
cubic and ‘a’ and ‘c’ for hexagonal structure can be determined
from the relations:
Cubic : 1=d2
hkl ¼ ðh

2 þ k2 þ l2Þ=a2

Hexagonal : 1=d2
hkl ¼ 4=3fðh2 þ hkþ k2Þ=a2g þ ðI2=c2Þ

The average lattice constant ‘a’ for NPs was found to be 5.415 Å,
which is slightly larger than the standard value 5.406 Å, indicating
that the as-prepared NPs are under tensile strain. The average lat-
tice constants ‘a’ and ‘c’ for NRs were found to be a = 3.831 and
c = 6.268 and the corresponding c/a = 1.636, which is slightly less
than the standard value 1.638, indicating that the NRs are under
compressive strain.

The normalized Mn K-edge near-edge XAFS (XANES) patterns
for NPs and NRs are shown in Fig. 1b, which are in good agreement
with the Refs. [21,22]. These near edge features can be reproduced
by the FEFF8.2 simulation [23] and the first-principles spin-polar-
ized density functional theory calculation [24] when Mn ions occu-
py Zn sites in ZnS. These results confirm that Mn ions are
incorporated into the ZnS lattice and substitute for the Zn sites,
and no Mn-related secondary phase is formed. Note that the local
structure of the polymorph of ZnS is the same [22], with tetrahe-
dral coordination for both zinc and sulphur, but different stacking
order of {ZnS} layers: ABCA for sphalerite and ABA for wurtzite.
Fig. 1c shows the R-space extended XAFS (EXAFS) patterns of Mn
in NPs and NRs, which can be well compared with the Refs. [25–
27]. To interpret the results quantitatively, the curve fitting has
been performed. Table 1 lists the corresponding structural param-
eters. The amplitude of the first peak corresponds to the number of
nearest S neighbors around Mn ions. Assuming the standard of four
S ions around a Mn ion, the number of S ions in the NPs and NRs
were determined to be 3.79 and 3.82, respectively (see Table 1).
It is not determined whether the reduction of coordination number
is due to the vacancies in the lattice or to the proximity of the Mn
ions to the NCs surface. In addition, the width of the first peak cor-
responds to the Mn–S bond length, as compared with the bulk va-
lue of 2.42 Å, the NPs are more disordered than NRs in the first
neighbor shell (see Table 1).

Fig. 2 shows the TEM images of NPs and NRs. These NPs with
diameters of 10–15 nm (Fig. 2a) are agglomerated, while the NRs
are smooth and uniform over their entire lengths and their typical
widths are in the range of 8–10 nm (Fig. 2b). In sphalerite ZnS
[space group F-43hm (No. 216)], the S2� anions form a face-cen-
tered cubic arrangement with the Zn2+ cations occupying half the
tetrahedral holes (vice versa), while in wurtzite ZnS [space group
P63mc (No. 186)], the S2� anions form a hexagonal close-packed
lattice along the crystallographic c-direction with the Zn2+ cations
occupying half of the tetrahedral holes. The formation of the cubic
NPs is due to their inherent high symmetry in crystallographic
structure. The hexagonal NRs, exhibiting preferential growth direc-
tion along the c-axis, are consistent with their anisotropic wurtzite
structure because of the unique structural feature of the (001 h) fa-
cet and the existence of a 63-screw axis along the c-direction (Don-
nay–Harker law) [28,29].

The TGA curves of NPs and NRs are shown in Fig. 3. Both NPs
and NRs have an initial weight loss at 133 �C corresponding to
the weight loss of the adsorbent hydroxyl. At above 623 �C for



Fig. 1. (a) XRD patterns of NPs and NRs (b) Mn K-edge XANES patterns of NPs and NRs (c) R-space EXAFS patterns of Mn in NPs (red line) and NRs (black line). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. TEM images of (a) NPs (b) NRs.
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NRs and 654 �C for NPs, the weight loss may correspond to the
decomposition of the ZnS:Mn2+ NCs [30]. At 800 �C, there are more
residues in the NRs than in NPs. This may be due to the fact that
there exist more organic carbon residues trapped on the rod sur-
face. Consequently, during the reaction, the EN-mediated tem-
plates are formed on the rod surface by immobilizing of the NH2

containing biomolecules through covalent bonding [31,32].
The optical band gap ‘Eg’ can be calculated using the following

relation:

a ¼ Aðhm� EgÞn=hm

where A is a constant and n is a constant, equal to 1/2 for the direct
band gap semiconductor. The estimated band gaps from the plots of
(ahm)2 versus hm for the NPs and NRs are shown in Fig. 4. The linear
nature of the plots indicates the existence of a direct transition. The
band gap ‘Eg’ is determined by extrapolating the straight portion to
the energy axis at a = 0. It is found to be 3.83 eV for the NPs and
3.99 eV for the NRs, a ‘blueshift’ from the normal bulk value of
3.72 eV for cubic ZnS and 3.77 eV for hexagonal ZnS [6]. This may
be due to the nanocrystalline nature of the as-prepared NCs, which
has been reported in the literatures [33,34].

The photoluminescence excitation-emission spectra of the NPs
and NRs can be seen in Fig. 5. The emission spectra were recorded
at the excitation wavelength of 344 nm, with an emission filter at
400 nm. Both NPs and NRs show a broad blue–green emission band
between 400 and 500 nm, which can be attributed to the defect



Fig. 3. The TGA curves of NPs and NRs.

Fig. 4. Plots of (ahm)2 versus hm for NPs (open) and NRs (solid).

Fig. 5. Photoluminescence excitation (left) and emission (right) spectra of NPs and
NRs.

Fig. 6. The dependence of the intensity of Mn2+ emission on time exposed to the
weak UV irradiation (a) NPs and (b) NRs.
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states emission [35,36]. The yellow–orange emission centered at
579 nm is caused by the energy transfer of the electron–hole pair
excited across the band gap to the Mn d states, in consistent with
the previous report [17]. In the PL process, the electron may be
captured by the Mn2+ ions in the 4T1 level, from which it decays
radiatively to the 6A1 level [37]. It is apparent that the location of
these emission peaks does not change, but the relative intensity
of the yellow–orange emission to the defect states related emission
is increased from NPs to NRs. Consequently, the intensity of the
yellow–orange emission is decided by the energy transfer from
the host to Mn2+ ions, competing with that to the defect states (pri-
marily surface states) [17]. Wang et al. [18] have reported that the
wurtzite-ZnS nanobelts have lower surface energy than the sphal-
erite ZnS nanoparticles, because the lowest energy plane of the
wurtzite structure corresponds to the largest surface of the nano-
belts. So, the present results prove that the energy transfer from
the host to Mn2+ ions for NRs is more efficient than that for NPs
due to the lower surface energy of the NRs. In the excitation spec-
tra, the excitonic transition is at 343 nm for NPs and 342 nm for
NRs, i.e. at larger wavelengths compared with bulk ZnS (340 nm).
Since the diameters of the NPs and NRs are larger than the Bohr
exciton diameter of the bulk ZnS (5 nm) [38], the optical behavior
of NPs and NRs should be similar to that of the bulk.

The dependence of the intensity of Mn2+ emission in NPs and
NRs exposed to the weak UV irradiation on time are shown in
Fig. 6. The relative change of the intensity in NPs is much larger
than that in NRs. This could be explained by the solvents used dur-
ing the synthesis. Because EN is a very good capping agent that the
surface defects on the NRs such as S vacancies are well modified.
Under UV exposure, the locally disordered NRs surface becomes
relatively ordered, leading to the enhancement of the photolumi-
nescence. Whereas ethanol has no such a strong capping ability
as EN, there will be many defect states on the NPs surface [24],
which could be responsible for the decrease of the yellow–orange
emission.

Fig. 7 shows the fluorescence decay curves of the 4T1–6A1 tran-
sition at 579 nm for NPs and NRs under the 355 nm excitation at



Fig. 7. Fluorescence decay curves of the 4T1–6A1 transition at 579 nm for NPs and
NRs under the 355 nm excitation at room temperature.

Fig. 8. Time-resolved spectra of the 4T1–6A1 transition at 579 nm of NPs (black line)
and NRs (red line) recorded at 355 nm excitation, with delays at 5 ls, 50 ls, 250 ls.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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room temperature. By fitting, the fluorescence lifetime of the
4T1–6A1 transition was determined to be 0.662 ms for NPs,
0.224 ms for NRs, respectively. Since the lifetime s of the excited
state is given by the relation s = 1/(Kr + Kn), where Kr, Kn are the
radiative and nonradiative transition rates, respectively, the total
electronic transition rate (Kr + Kn) for NRs is faster than that for
NPs. To prove this result, we have studied the time behavior of
the fluorescence for the NPs and NRs with delays of 5 ls, 50 ls,
250 ls, respectively (Fig. 8). We can clearly observe that the peak
evolution of the yellow–orange emission for NRs is faster than that
for NPs. The possible explanation may originate in the small
change of the crystal field due to the distinct crystal lattice of the
NCs. Strains in the lattice or the breakdown of the regular Coulomb
potentials on the surface of the NCs may also be the possible rea-
sons [39].

4. Conclusions

ZnS:Mn2+ nanoparticles and nanorods with cubic and hexagonal
structure are successfully synthesized by the solvothermal meth-
od. The structure and morphology of the NCs strongly depend on
the solvents used during the reaction. The Mn2+ ions substitute
for the Zn sites in the host ZnS. The surface effect should be respon-
sible for the change of both the relative intensity of the yellow–or-
ange emission to the defect states related emission and the
intensity of the Mn2+ emission induced by the UV light irradiation.
The peak evolution of the yellow–orange emission for NRs is faster
than that for NPs, and the fluorescence decay time for the NPs and
NRs is 0.662 and 0.224 ms, respectively.
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