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a b s t r a c t

Nanocrystalline samples of ZnS and Zn1−xMnxS were synthesized by the solvothermal method without
any surface-active agents and characterized by X-ray diffraction (XRD), transmission electron microscopy
(TEM), high-resolution transmission electron microscopy (HRTEM), near-edge X-ray-absorption fine
structure technique (XANES), photoluminescence (PL) and UV–vis. The results showed that the Mn2+

ions were substitutionally incorporated into the ZnS host and the size of the particles was decreased
as the Mn doped-ratio increased. The yellow-orange emission from the Mn2+ 4T –6A transition was
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observed in the PL spectra, the peak intensity ratio of which to that of sulfur vacancies increased with the
increase of the Mn2+ concentration, and showed a maximum when the concentration of Mn2+ was kept
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hotoluminescence at 3%.

. Introduction

Nanocrystals have been extensively investigated during the
ast decade due to their unique properties and application
otential [1–4]. Luminescent semiconducting nanocrystals have
ttracted widespread attention for their practical applications:
ptical coatings, field effect transistors, photoconductors, optical
ensors, photocatalysts, electroluminescent materials and other
ight-emitting materials [5–8]. Zinc sulfide, a typical II–VI com-
ound semiconductor, with a direct band gap of 3.6 eV at room
emperature and 40 meV as exciton binding energy, is a very
ood luminescent material used in displays, sensors and lasers
9–11]. Owing to the large band gap of ZnS, it can easily host
ifferent transition metal ions as luminescent centers. Among
hese transition metal ions doped nanostructures, Mn2+ doped
nS exhibits its much more importance due to its attractive

ight-emitting properties for applications as efficient phosphors.

ccording to Bhargava and Gallagher [12], when Mn2+ ions are

ncorporated into the ZnS lattice and substitute for the cation
ites, the mixing between the sp electrons of host ZnS and the d
lectrons of Mn2+ occurs and makes the forbidden transition of
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4T1–6A1 partially allowed, resulting in the characteristic emission
of Mn2+.

In the past few years, a number of techniques have been
employed to synthesize ZnS:Mn2+ nanoparticles, such as precip-
itation, sol–gel, solvothermal and thermal coevaporation at high
temperature [13–19]. Among these methods, the solvothermal
method requires a relatively low temperature, cheap precursors of
low toxicity and makes easy the introduction of transition metal
ions such as Mn2+ and Cu2+ into the ZnS lattice. To the best of our
knowledge, few investigations have been reported on the optimized
doping concentration of manganese in zinc sulfide nanoparticles
via solvothermal method. Therefore, we are going to report a sim-
ple method for doping Mn2+ into ZnS nanoparticles and investigate
the effect of Mn2+ concentration on the structure and optical prop-
erties of ZnS:Mn2+ nanoparticles. We would like to show that the
solvothermal method is quite capable of addressing the doping
issue in semiconductor nanostructures without any major modi-
fication.

2. Experimental
2.1. Preparation

ZnS:Mn2+ nanoparticles were prepared by the solvothermal technique. The
analytical grade reagents of zinc acetate [Zn(CH3COO)2·6H2O], manganese acetate
[Mn(CH3COO)2·4H2O] and thiourea (NH2CSNH2) were used as the initial materials.
Appropriate amounts of [Zn(CH3COO)2·6H2O] and [Mn(CH3COO)2·4H2O] were dis-
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Fig. 1. XRD patterns of (a) ZnS, (b) ZnS:Mn2+ (3%), (c) ZnS:Mn2+ (11%) nanoparticles
with the inset showing the XRD patterns between 26◦ and 30◦ .

Fig. 2. (a) and (b) TEM and HRTEM images of ZnS nanoparticles, (c) and (d) TEM and H
nanoparticles.
pounds 486 (2009) 890–894 891

solved in 16 mL ethanol first. After being stirred for 1 h, thiourea was put into the
resulting solution (the ratio between the total amount of salt and sulfur was con-
trolled to be 1:3). After being stirred for 2 h, the colloid solution was transferred into
several 20-mL Teflon-lined autoclaves and kept at 180 ◦C for 12 h. After the reac-
tion, 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 white powder.

2.2. Characterization

The products were analyzed by X-ray diffractometer (MACScience, MXP18,
Japan) with Cu radiation, transmission electron microscopic (200 keV, JEM-2100HR,
Japan), scanning electron microscopy (Hitachi, S-570), photoluminescence (PL)
(Perkin-Elmer, LS55), UV (UV-3101PC) and near-edge X-ray-absorption fine struc-
ture technique (XANES). The specimens for the UV–vis absorption and transmittance
measurements were dissolved in ethanol and placed in a 1 cm quartz cell, and

ethanol served as the reference solvent. The specimens for the TEM measurements
were 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 EDAX micro-
analysis was performed at the SEM magnification. The samples for XRD, EDAX, PL
and XANES measurements were solid powder. The Mn K-edge XANES measurements
were performed at room temperature on beamline 1W1B at Beijing Synchrotron

RTEM images of ZnS:Mn2+ (3%) nanoparticles, (e) EDAX image of ZnS:Mn2+ (3%)
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spin-polarized density functional theory calculation [26] when Mn
ions occupy Zn sites in ZnS. These results have confirmed that
the Mn ions are substitutionally incorporated into the ZnS lattice,
and no Mn related secondary phase is formed. It should be noted
that the preedge peak centered at 6540 eV is associated with the
92 J. Cao et al. / Journal of Alloys a

adiation Facility, China. A double crystal Si (1 1 1) monochromator was used, and
he signal was collected in fluorescence yield mode with a Lytle ion chamber detec-
or. The data was collected in a mode of sample drain current under a vacuum better
han 5 × 10−7 Torr.

. Results and discussion

XRD patterns of the as-prepared Zn1−xMnxS (x = 0, 0.03, 0.11)
anoparticles are shown in Fig. 1. Three main peaks at 28.45◦ (1 1 1),
7.41◦ (2 2 0) and 56.29◦ (3 1 1) are observed, which are in good
greement with the standard card (JCPDS No. 05-0566). We can also
bserve a weak peak centered at 26.95◦, which can be indexed as the
1 0 0) diffraction of wurtzite (the polymorph of the zinc blende). It
ndicates that the samples are mainly in zinc blende structure con-
aining a small amount of ZnS in the hexagonal wurtzite structure.
n addition, the shift to the low angle in the peak position of the
RD patterns indicates that the lattice constant of the Zn1−xMnxS
anoparticles increases with the Mn doped-ratio increased (see

nset of Fig. 1). Since that the ionic radius of Mn2+ (0.83 nm) is
0% larger than that of Zn2+ (0.74 nm) [20]. According to the Bragg
quation [21], the lattice constant of ZnS nanoparticles is calcu-
ated to be 5.409 Å, and a slight increase is obtained in the lattice
onstant of ZnS:Mn2+ nanoparticles which can be seen in Table 1.
he average size estimated from the full width at half-maximum of
he three main peaks using Debye–Scherrer formula [22] is about
6.1 nm (ZnS), 15.5 nm (3% Mn), 11.8 nm (11% Mn). So, the particle
ize is decreased as the Mn doped-ratio increased which is further
emonstrated below by TEM and UV–vis studies. In addition, there

s no extra diffraction peak from manganese ions, which indicates
hat the Mn2+ ions may be incorporated into the ZnS nanoparticles.

Fig. 2a–d shows the TEM and HRTEM images of ZnS and
n0.97Mn0.03S nanoparticles. It is observed that these nanoparti-
les are agglomerated with diameters of 12–18 nm for ZnS (Fig. 2a),
0–16 nm for Zn0.97Mn0.03S (Fig. 2c), which is consistent with the
alue calculated from XRD. The HRTEM images (Fig. 2b and d)
xhibit a clear lattice spacing of 0.31 nm, which matches with the
istance of the (1 1 1) plane of the standard zinc blend ZnS [23].
he composition analysis by EDAX shown in Fig. 2e demonstrates
hat the sample contain Zn, S and Mn elements, and 1.9 at% Mn is
etected for 3 at% Mn doped ZnS nanoparticles.

The optical properties of the samples are investigated from
he absorption and transmittance measurements in the range of
80–700 nm. Fig. 3 shows the UV–vis absorption and transmittance
pectra of Zn1−xMnxS (x = 0, 0.03, 0.11) nanoparticles. The results
ndicate that the samples have a direct band gap as expected. The
ptical band gap ‘Eg’ can be calculated using the following relation:

= A(h� − Eg)n

h�

here A is a constant and n is a constant, equal to 1/2 for direct
and gap semiconductor. The estimated band gap from the plot of

2
˛h�) versus h� for Zn1−xMnxS (x = 0, 0.03, 0.11) nanoparticles can
e seen in Fig. 4. The band gap ‘Eg’ is determined by extrapolat-

ng the straight portion to the energy axis at ˛ = 0. It is found to be
.51 eV (x = 0), 3.67 eV (x = 0.03) and 3.77 eV (x = 0.11), respectively.

t indicates that the size of the particles is decreased as the Mn

Table 1
Dependence of the lattice constants of ZnS:Mn2+ on the
Mn2+ concentration.

Mn concentration (%) Lattice constant
(calculated) Å

0 5.409
3 5.416

11 5.419
Fig. 3. The UV–vis (a) absorption and (b) transmittance spectra of (A) ZnS, (B)
ZnS:Mn2+ (3%), (C) ZnS:Mn2+ (11%) nanoparticles.

doped-ratio increased. The normalized Mn K-edge XANES spectrum
for Zn0.97Mn0.03S nanoparticles (Fig. 5) shows two characteristic
peaks: A (6540 eV), B (6553 eV), which are in good agreement
with the result of Soo et al. [24]. These near-edge features can be
reproduced by the FEFF8.2 simulation [25] and the first-principles
Fig. 4. The plot of (˛h�)2 versus h� of (a) ZnS, (b) ZnS:Mn2+ (3%), (c) ZnS:Mn2+ (11%)
nanoparticles.
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Fig. 5. Mn K-edge XANES spectrum of Zn0.97Mn0.03S nanoparticles.

ransitions from 1s states to the unfilled, narrow 3d states. It is well
nown that the Mn2+ ions have unfilled 3d electron shell and filled
p electron shell. The 3d electrons do not normally participate in the
bsorption process unless there is a strong hybridization between
p hybrid orbital of ZnS and 3d orbital of Mn2+.

Photoluminescence spectra for ZnS and Zn1−xMnxS (x = 0.01,
.02, 0.03, 0.05, 0.11) nanoparticles can be seen in Fig. 6. The spec-

ra were recorded at the excitation wavelength of 330 nm, 320 nm,
00 nm, with an emission filter at 430 nm in the 400–700 nm range.
or all the samples, the blue-green emission ranging from 400 nm
o 500 nm can be ascribed to the defect states in the ZnS nanopar-
icles. The peaks centered at 440 nm and 485 nm are from the

Fig. 6. The PL spectra of (a) ZnS, (b) ZnS:Mn2+ (1%), (c) ZnS:Mn2+ (2%), (d)
pounds 486 (2009) 890–894 893

sulfur vacancies and zinc vacancies emission, respectively [27–29].
Note that the peak position of this emission band shifts to the
lower energy when different excitation wavelengths are employed
(330 nm, 320 nm, 300 nm). It has been reported that the red shift is
caused by the coupling action among the ZnS nanoparticles and the
interaction between the ZnS nanoparticles and their surrounding
environment [29]. For the samples doped with Mn2+, the yellow-
orange emission centered at ∼590 nm can be observed besides the
blue-green emission, which is associated with the 4T1–6A1 tran-
sition within the 3d shell of Mn2+. According to Bhargava and
Gallagher [12], the yellow-orange emission is attributed to an effi-
cient energy transfer from the ZnS host to Mn2+ ions facilitated
by the mixed electronic states. When Mn2+ ions are incorporated
into the ZnS lattice and substitute for the cation sites, the mixing
between the s–p electrons of the host ZnS and the d electrons of
Mn2+ occurs and makes the forbidden transition of 4T1–6A1 par-
tially allowed, resulting in the characteristic emission of Mn2+,
which is in coincidence with the XANES results.

Previously, Sooklal et al. [30] studied the effect of the location
of Mn2+ on the photophysics of ZnS nanoparticles. They found that
Mn2+ incorporation into the ZnS lattice lead to the orange emission
while ZnS with surface-bound Mn2+ yielded the ultraviolet emis-
sion. As a comparison with our own results, it can be suggested
that the Mn2+ ions are incorporated into the ZnS nanoparticles. To
find the optimal doping concentration of Mn, the relative inten-
sity ratio of the third PL peak (IMn) with respect to the first peak
(IZnS) is plotted against Mn2+ concentration, which can be seen

in Fig. 7. For different excitation wavelengths (330 nm, 320 nm,
300 nm), these spectra show the same variation: the relative peak
intensities keep increasing until the Mn2+ concentration is up to
3% and then slightly decrease when the Mn2+ concentration con-
tinually increase to 11%. The results of the increase part indicate

ZnS:Mn2+ (3%), (e) ZnS:Mn2+ (5%), (f) ZnS:Mn2+ (11%) nanoparticles.
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ig. 7. Dependence of the relative peak intensity of the PL peak (IMn) with respect
o the first peak (IZnS) on the Mn2+ concentration.

hat the doped Mn2+ ions are the major luminescent component in
nS nanoparticles, which have an optimal doping concentration of
n at 3%. The slight decrease part may be caused by the Mn–Mn

nteraction [23].
In comparison with the emission spectra of Zn1−xMnxS, a red

hift about 8 nm of the yellow-orange emission is clearly seen in
ig. 6b and f, which have been observed by many groups [15,31–34].
hree mechanisms can be used to explain the red shift: first,

t may be due to the high density of surface states or strong
lectron–phonon coupling effects [31,33,34]. In fact, the surface
rea per unit volume for nanoparticles is increased as the particle
ize decreased. So, it would bring more defects states on the surface
s the Mn doped-ratio increased. Second, when the Mn2+ concen-
ration in ZnS nanoparticles exceeds a critical limit, a MnS phase
ends to form. Manganese, the emitting center, sits in an octahedral
ite in the MnS phase instead of a tetrahedral site. In this case, the
nergy level of the d orbital of Mn is affected by the stronger crystal
eld in octahedral coordination than in tetrahedral coordination.
s a result, the energy difference between the 4T1 state and the 6A1
tate decreases. Therefore, PL emission will shift from yellow to
ed [32,35,30]. The third explanation is based on the nonradiation
nergy transfer in Mn clusters, an exchange mechanism leads to the
xcited Mn2+ ion resonantly transferring its energy to its neighbors,
ntil a red center is encountered [15,32]. The explanations men-
ioned above can enlighten us to clarify the underlying mechanism
f the red shift orange emission for the further detailed work.

. Conclusions

2+
In conclusion, ZnS nanoparticles doped with various Mn con-
entrations were successfully synthesized through the solvother-
al technique. There was a slight decrease in the particle size for the

amples as the Mn2+ content increased. The effect of Mn2+ concen-
ration on the optical properties of ZnS:Mn2+ has been investigated.

[
[
[
[
[
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The peak intensity ratio of Mn2+ 4T1–6A1 emission to sulfur vacan-
cies emission increased as the Mn2+ content increased, and showed
a maximum when the concentration of Mn2+ was kept at 3%, and
a further increase of the Mn2+ concentration would lead to the
decrease of the intensity ratio of the two peaks. A red shift about
8 nm of Mn2+ 4T1–6A1 emission is observed by comparing ZnS:Mn2+

(1%) with ZnS:Mn2+(11%).
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