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Abstract ZnS:Mn** quantum dots (QDs)/SiO, nano-
composites were successfully synthesized by stdber
method. The results showed that the Mn®' ions were
substitutionally incorporated into the ZnS host and the
average size of the ZnS:Mn?+ (5 %) QDs was about
5.5 nm. The yellow—orange emission from the Mn>"
“T,~°A, transition was observed in the photoluminescence
spectra, the peak intensity increased as the Mn®" doped
ratio increased, and showed a maximum when the con-
centration of the Mn”" ions kept at 3 %. As the hydrolysis
time of tetraethyl orthosilicate increased, the intensity of
the yellow—orange emission reached the highest value
when t=4h for the ZnS:Mn** (5 %) QDs/SiO,
nanocomposites.
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1 Introduction

In the past decades, the monodispersed fluorescent semi-
conductor nanoparticles quantum dots (QDs) have attracted
much more attention in comparison with organic dyes
especially in bio-imaging fields due to their unique optical
and electronic properties, such as remarkable quantum
yield (quantum yield ~60-70 %), size tunable photolu-
minescence, broad excitation with narrow emission bands,
excellent photostability and highly photobleaching resis-
tance etc. [1-4]. Among the widely studied II-VI semi-
conductor nanomaterials, ZnS has great advantages as
follows: (1) low toxicity, (2) high photostability, (3) rela-
tive lower price, (4) simple synthesis procedure [S]. It is
well known that doping Mn*" ions into the ZnS lattice can
give rise to the strong yellow—orange light emission located
at about 583 nm (through the 4T1 to 6A1 internal transition)
with a high quantum yield, the luminescence lifetime of
which is about 1 ms [6]. Such a strong luminescence and
long lifetime can make the light penetrate into and out of
the tissues and distinguish the luminescence from the
background autofluorescence. These excellent optical
properties make the ZnS:Mn®" nanocrystals to be the
potential candidates as the fluorescent labeling agents.

To improve the reliability and stability of the ZnS:Mn**
QDs, the silica coating has been proved to be an ideal
protection method for nanocrystals because of the excellent
chemical stability, biocompatibility and easily furthered
conjugation with various functional groups [7]. In princi-
ple, ZnS:Mn** QDs/SiO, would exhibit good photosta-
bility and high luminescent efficiency.

In this paper, we present the fabrication of the mon-
odispersed ZnS:Mn*" QDs and ZnS:Mn*" QDs/SiO,
nanocomposites. We not only provide the simple prepara-
tion method but also investigate the photoluminescent (PL)
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properties of the ZnS:Mn*" QDs and ZnS:Mn*" QDs/SiO,
nanocomposites.

2 Experimental section
2.1 Materials

Zinc acetate, manganese acetate, sodium sulfide, oleic acid,
sodium oleate, ammonium bicarbonate, cetyltrimethylam-
monium bromide (CTAB), tetraethyl orthosilicate (TEOS),
cyclohexane and ethanol (98 %) are all analytical grade
(Shanghai Chemical Reagents Co.) and used without fur-
ther purification.

2.2 Synthesis of ZnS:Mn** QDs

Oleic acid stabilized Zn;_,Mn,S (x = 0.01, 0.03, 0.05,
0.07, 0.10) QDs were synthesized according to the reported
method [8]. In a typical process, 6 mmol of zinc acetate
and x mmol of manganese acetate (x = 0.06, 0.18, 0.30,
0.42, 0.60) were dissolved in 7 ml of deionized water to
form a transparent solution (solution A). Then, 6 mmol of
sodium sulfide were dissolved in 7 ml deionized water to
form a transparent solution (solution B). After stirring for
10 min, 9.75 ml of oleic acid, 1.3 g of sodium oleate and
16 ml of ethanol were put into solution A. After stirring for
1 h, solution B was added to solution A. After stirring for
2 h, the colloid solution was transferred into a 50 ml Tef-
lon-lined autoclave and kept at 190 °C for 12 h. After the
reaction, the autoclave was taken out and cooled down to
room temperature. The product was washed with ethanol/
cyclohexane mixture for several times and separated by
centrifugation, and then dried at 80 °C for 2 h.

2.3 Synthesis of ZnS:Mn*" QDs/SiO, nanocomposites

The ZnS:Mn** QDs/SiO, nanocomposites were synthe-
sized by stober method. In a typical process, 50 ml of
absolute alcohol, 1 ml of distilled water, 1.7 ml of aqueous
ammonia, and 200 pl of TEOS were injected into a 100 ml
conical flask; this solution was stirred for 10 min at room
temperature. After that, ZnS:Mn>" (5 %) QDs (0.008 2)
and CTAB (0.1 g) dispersed ultrasonically in distilled
water (10 ml) were added to the foregoing solution. To
investigate the effect of the SiO, thickness on the optical
properties of the samples, the mixture was continuously
stirred for 2, 4, 6 h at room temperature, respectively. The
resulting nanocomposites were then isolated by centrifu-
gation and washed with the hot deionized water to remove
excess QDs as well as CTAB as much as possible, which
could avoid the adverse effects of CTAB on the surface
property of the product. For each washing, the sonicator
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Fig. 1 XRD patterns of the Zn;_,Mn,S (x = 0.01, 0.03, 0.05, 0.07,
0.10) QDs

was used to completely disperse the nanoparticles in water
and drying in an oven for 4 h at 50 °C.

2.4 Characterization of products

X-ray diffraction (XRD) pattern was collected on a MAC
Science MXP-18 X-ray diffractometer using a Cu target
radiation Transmission electron micrographs
(TEM) and high-resolution transmission electron micros-
copy (HRTEM) images were taken on JEM-2100 electron
microscope. The specimen was prepared by depositing a
drop of the dilute solution of the sample in ethanol on a
carbon-coated copper grid and drying at room temperature.
UV-Vis absorption spectrum was measured on UV-
3101PC UV spectrometer. The specimen for the measure-
ment was dispersed in ethanol and placed in a 1 cm quartz
cell, and ethanol served as the reference. Photolumines-
cence (PL) measurement was carried out at room temper-
ature, using 325 nm as the excitation wavelength, He—Cd
Laser as the source of excitation.

source.

3 Results and discussion

Figure 1 displays the XRD patterns of the Zn; ,Mn,S
(x = 0.01, 0.03, 0.05, 0.07, 0.10) QDs. For the Zngo9
Mngy S QDs, three main peaks at 28.58° (111), 47.65°
(220) and 56.49° (311) can be observed, which are in good
agreement with the standard card (JCPDS No. 05-0566).
According to the Bragg’s equation [9], the lattice constant
of the ZngooMng oS QDs is calculated to be 5.3971 A
(x = 0.01), and a slight increase is obtained in the lattice
constant of the Zn;_,Mn,S QDs as the Mn2* doped ratio

@ Springer
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Table 1 Lattice constant and particle size of the Zn;_Mn,S
(x = 0.01, 0.03, 0.05, 0.07, 0.10) QDs calculated from XRD

Sample Lattice constant (A) Particle size (nm)
Zng 9oMng 1S a = 5.3971 551
Zng.97Mng 038 a = 5.3995 5.32
Zng 9sMng osS a = 5.4097 5.20
Zng 93Mng 7S a = 5.4097 5.11
Zng 9oMny ;oS a = 5.4099 5.07

Fig. 2 a, b TEM and HRTEM images of the Zng95Mng sS QDs

increased, which can be seen in Table 1. Since that the
jonic radius of the Mn*" ions (0.83 1&) is 10 % larger than
that of the Zn*" ions (0.74 A), the lattice expansion can be
observed if the Mn>" ions substituted for the Zn>" sites. In
addition, there is no extra diffraction peak from the man-
ganese ions, which indicates that the Mn®" ions may be
incorporated into the ZnS lattice. The average size esti-
mated from the full width at half-maximum of the three
main peaks using Debye—Scherrer formula [10] is about
55l nm (x =0.01), 532nm (x=0.03), 5.20 nm
(x = 0.05), 5.11 nm (x = 0.07) and 5.07 nm (x = 0.07,
Table 1). So, the particle size is decreased as the Mn>+
doped ratio increased.

@ Springer

Fig. 3 TEM and SAED images of the ZngosMngosS QDs/SiO,
nanocomposites when t = 4 h

Figure 2 shows the TEM and HRTEM images of the
synthesized ZngyosMngsS QDs. These QDs are uniform
and monodispersed, with the average diameter of about
5.5 nm, which is consistent with the value calculated from
XRD. The HRTEM image (Fig. 2b) exhibits a clear lattice
spacing of 3.1 A, which matches with the distance of the
(111) plane of the cubic ZnS [11].

Figure 3 displays the TEM and selected area electron
diffraction (SAED) images of the Zng 9sMng ¢sS QDs/SiO,
nanocomposites when t = 4 h. As can be seen from the
TEM image (Fig. 3a), the surface is not smooth, which
indicates that the ZngosMngosS QDs are successfully
embedded within the SiO, matrix. These QDs are well
crystallized, which are consistent with that of the QDs in
Fig. 2a. Considering our XRD study and close observation
of the SAED image (Fig. 3b), it can be concluded that the
diffraction rings represent the cubic structure of ZnS.

Figure 4 shows the UV—Vis spectra of the Zn;_,Mn,S
QDs. The absorption maxima for the Zn;_,Mn,S
(x =0.01, 0.03, 0.10) QDs is 321.06 nm (x = 0.01),
319.26 nm (x = 0.03) and 318.82 nm (x = 0.10), respec-
tively, which is blue shift as the Mn doped ratio increased.
It is well known that ZnS is a direct gap semiconductor.
The optical band gap ‘Eg’ can be calculated using the
following relation:
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Fig. 4 UV-Vis absorption spectra of the Zn;_,Mn,S (x = 0.01,
0.03, 0.10) QDs

o=A(hv — Eg)" /hv.

where A is a constant and n is a constant, equal to 1/2 for
the direct band gap semiconductor. We found that the band
gap of the Zn, ,Mn,S (x = 0.01, 0.03, 0.10) QDs is
3.86 eV (x =0.01), 3.88eV (x=0.03) and 3.89 eV
(x = 0.10), respectively, which indicates that the size of
the particles is decreased as the Mn doped ratio increased.

Figure 5 presents the PL spectra of the Zn;_,Mn,S
(x = 0.01, 0.03, 0.05, 0.10) QDs and Zng ¢sMng sS QDs/
SiO, nanocomposites. For all the samples in Fig. 5a, the
blue—green emission ranging from 400 to 520 nm can be
ascribed to the defect states in the ZnS QDs (S vacancy, Zn
vacancy and surface states [12-15]), the yellow—orange
emission centered at ~588 nm is associated with the
“T,~°A, transition within the 3d shell of the Mn>" ions.
According to Bhargava et al. [16], the yellow—orange
emission is attributed to the efficient energy transfer from
the ZnS host to the Mn®" ions facilitated by the mixed
electronic states. When the Mn> 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 the Mn®" ions occurs and makes the for-
bidden transition of “T;—°A partially allowed, resulting in
the characteristic emission of the Mn*" ions. Previously,
Sooklal et al. [17] studied the effect of the location of
Mn?" on the photophysics of ZnS nanoparticles. They
found that Mn>" incorporation into the ZnS lattice has led
to the orange emission while ZnS with surface-bound
Mn*" yielded the ultraviolet emission. As a comparison
with our own results, it can be suggested that the Mn>"
ions are incorporated into the ZnS QDs. As the Mn*" ions
doped ratio increased, the peak intensity of the
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Fig. 5 a PL spectra of the Zn;_,Mn,S (x = 0.01, 0.03, 0.05, 0.10)
QDs; b PL spectra of the ZngosMng osS QDs/SiO, nanocomposites
when t = 2, 4, 6 h; the inset images in a, b is the photographic
images of the water solution of the ZnS:Mn”*" QDs and ZnS:Mn*"
QDs/Si0, nanocomposites under UV illumination (A = 365 nm)

yellow—orange emission keep increasing until the concen-
tration of the Mn”>" ions is up to 3 % and then slightly
decrease when the concentration of the Mn”*" ions con-
tinually increase to 10 %. As the Mn®" doped ratio
increased, the concentration quenching effect can be
observed. It maybe due to that the inhomogeneous distri-
bution of the Mn*" ions, local Mn*"—Mn*" pairs or clus-
ters were formed in the ZnS crystals, which interacted each
with other and led to the nonradiative relaxation under
excitation [18].

Figure 5b show the PL spectra of the ZngosMnggsS
QDs/Si0, nanocomposites when t = 2, 4, 6 h. For the
yellow—orange emission, the luminescent intensity keeps
increasing until t = 4 h and then decreases gradually when
the time continually increase to 6 h. In fact, the intensity of
the emission is mainly determined by the degree of surface
passivation. At the early stage of the hydrolysis of TEOS,
only parts of ZnS:Mn*" QDs were encapsulated by the
silica shell, while the rest of QDs still remained in the

@ Springer
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solution, which can be removed in the experiment. So, the
surface of ZnS:Mn®" QDs can be passivated fully by
Si0,. With the increase in the hydrolysis time of TEOS,
the silica shell became thick and more ZnS:Mn*" QDs
would be encapsulated. But the thick SiO, coating would
induce strain at the interface caused by the lattice mis-
match between each other. It would result in new traps
for carriers, which are thought to be the main reason for
the decrease in the yellow—orange [19]. The photographic
images in the inset image of Fig. 5a, b shows that the
water solution of the as-synthesized nanocomposites is
orange and the brightness is increased after the SiO,
passivation.

4 Conclusion

In this paper, we have synthesized the ZnS:Mn>"
QDs/Si0, nanocomposites. The PL intensity of the yellow—
orange emission can be observed and tuned by regulating
the concentration of the Mn>" ions and the hydrolysis time
of TEOS. The results showed that the luminescence
intensity of the yellow—orange emission reached the high-
est value when t = 4 h for the Zng 9sMng o5S QDs/SiO».
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