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Abstract Mn-doped ZnS nanorods synthesized by
solvothermal method were successfully coated with ZnS
shells of various thicknesses. The powder X-ray diffraction
(XRD) measurements showed the ZnS:Mn nanorods were
wurtzite structure with preferential orientation along c-axis.
Transmission electron microscopy images (TEM) revealed
that the ZnS shells formed from small particles, growing
along a-axis orientation, which was proved by the XRD
measurements. Room temperature photoluminescence (PL)
spectra showed that the intensity of Mn emission first
increased and then decreased with the thickening of the
ZnS shells. The effects of ZnS shells on the luminescence
properties of ZnS:Mn nanorods is discussed.

Introduction

Nanoscale semiconductor materials doped with impurities as
activators have been the subject of an extensive research
interest in recent years due to their applications for a variety of
commercial devices [1-5]. The doping ions act as recombi-
nation centers for the excited electron-hole pairs and play an
influential role in determining optical properties, resulting in
strong and characteristic luminescence. As one of well-known
II-VI compound semiconductors, ZnS is particularly suitable
for use as luminescent host materials for a variety of dopants
due to its wide band gap energy at room temperature. One can
easily achieve photoluminescence (PL) at different wave-
lengths by doping ZnS with different activating metal ions [6—
10]. Among them, Mn-doped ZnS nanocrystals have been
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given much more research attention, mainly because of their
promising applications. Unfortunately, a large portion of
atoms are located on or near surfaces because of their high
surface-to-volume ratio arising from the small particle size.
This causes the surface states to act as luminescent quenching
centers, resulting in low luminescence efficiency. In order to
conquer such serious shortcomings, accordingly, core/shell
structural nanomaterials have been developed and shown
dramatically enhanced properties. Enhanced luminescence has
been observed in ZnS:Mn/SiO, nanoparticles [11], ZnS:Mn/
ZnS nanocrystals [12], ZnS:Mn/ZnO nanoparticles [13], and
ZnS:Mn/Zn(OH), nanocrystals [14].

As mentioned above, a great deal of effort has been
devoted to the spherical core/shell structural nanocrystals,
and researches on one-dimensional nanostructures, such as
nanorods, nanotubes, nanowires, are infrequent. The PL
properties of nanorods differ significantly from those of
spherical nanocrystals. Compared with spherical nano-
crystals, nanorods feature higher PL quantum efficiency,
highly polarized PL, and significantly faster carrier relax-
ation [15]. One-dimensional nanostructures have also
become the focus of intensive research owing to their
unique applications in fabrication of nanoscale devices [16].

In this article a convenient route to fabricate core/shell
structural ZnS:Mn/ZnS nanorods is reported, and the
impact of ZnS shells on the luminescence properties of
Mn-doped ZnS nanorods is well studied.

Experimental details

Sample preparation

All the reactants and solvents used in this work were of
analytical grade and used without any further purification.
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In a typical synthesis process, 0.01 mol zinc acetate [Zn
(CH5COO), - 2H,0], 0.01 mol thioacetamide [CH3;CSNH,]
and 5 x 107> mol manganese acetate [Mn(CH;COO), -
4H,0] were put into a Teflon-lined stainless steel autoclave
of 72 mL capacity, and then the autoclave was filled with a
mixture solvent of ethylenediamine and deionized water (in
1:1 volume ratio) to 80% of its total volume. After being
sealed, the autoclave was maintained at 200 °C for 6 h and
then cooled down to room temperature naturally. The final
precipitates were separated by centrifugation at 5,000 rpm
and washed with deionized water and absolute ethanol three
times, respectively, to remove excessive ethylenediamine
and by-products. The samples were then dried in vacuum at
50 °C for 5 h and collected for further characterization and
treatment.

In order to make ZnS shells on the surface of ZnS:Mn
nanorods, the precipitation reaction of Zn(NOj3), and Na,S
was employed. Typically, 0.2 g previously prepared bare
ZnS:Mn nanorods powder was put into 200-mL deionized
water and ultrasonically dispersed for 1 h,followed by slow
dropping of appropriate amount of 0.02 M Zn(NOj),
aqueous solution into the ZnS:Mn nanorods suspension
under vigorous stirring. 10 min later, after the drop process
of Zn(NOj), aqueous solution, appropriate amount of
0.02 M Na,S aqueous solution was very slowly dropped
into the suspension to form stoichiometric ZnS. The
nucleation and growth of a separate ZnS particle were
suppressed by the very slow addition of the S*~ aqueous
solution. After 10 min of continuous stirring, the resulting
precipitates were treated in the same procedure as that for
ZnS:Mn nanorods. The thickness of ZnS shell was con-
trolled by varying the dosages of Zn(NOj3), and Na,S, as
indicated in Table 1.

Characterization

A D8 ADVANVCE X-Ray diffractometer was used to char-
acterize the crystal structure of samples. The morphologies

Table 1 Dosages of Zn(NO;), aqueous solution and Na,S aqueous
solution used in forming ZnS shells (In the parentheses, 0, 0.1, 0.2,
0.3, 0.4, 0.5, and 1 are set to be the mole ratios of Zn>* ions in shells
and cores.)

Samples Volume of Zn(NOs3), Volume of Na,S
aqueous solution (mL) aqueous solution (mL)
ZnS:Mn/ZnS(0) 0 0
ZnS:Mn/ZnS(0.1) 10 10
ZnS:Mn/ZnS(0.2) 20 20
ZnS:Mn/ZnS(0.3) 30 30
ZnS:Mn/ZnS(0.4) 40 40
ZnS:Mn/ZnS(0.5) 50 50
ZnS:Mn/ZnS(1) 100 100

(TEM) of samples were observed on a Hitachi H-7000
transmission electron microscope. The room temperature PL
spectra were achieved by a Flurolog-3p fluorescence
spectrophotometer.

Results and discussion
Morphology and structure

Figure 1 shows TEM images of two single ZnS:Mn nano-
rods. It can be seen from Fig. la that the nanorod used as
nucleation center for the growth of ZnS shell is 30-40 nm in
diameter and ~ 300 nm in length. Its surface is smooth, and
shape is regular. From Fig. 1b, it can be observed that the
ZnS shells grow on the surface of the ZnS:Mn nanorods in
the form of small particles.

Figure 2 shows some representative X-ray diffraction
(XRD) patterns of ZnS:Mn nanorods without or with ZnS
shells. In Fig. 2, all the diffraction peaks of the ZnS:Mn
nanorods without (Fig. 2a) and with (Fig. 2b—e) ZnS shells
can be indexed as (100), (002), (101), (102), (110), (103),
(112), and (201) planes, which match well with the stan-
dard card (JPCSD No. 05-0492), revealing both of the core
and shell possess the wurtzite phase of ZnS. The strong
(002) diffraction peak of bare ZnS:Mn nanorods indicates
that the preferential orientation of ZnS:Mn nanorods is
along the c-axis. The most interesting observation from
XRD spectra is that the diffraction peak from (100) planes
becomes gradually stronger with respect to (002) with the
shells thickening, which demonstrates that the ZnS shells
on the surface of ZnS:Mn nanorods grew along the a-axis.

Photoluminescence properties

The room temperature photoluminescence emission (PL)
and excitation (PLE) spectra are given in Figs. 3 and 4,
respectively. In Fig. 3, the PL spectra of all samples
present one emission band at ~ 580 nm, which differs from
the observation of three emission bands in Mn-doped ZnS
nanorods prepared by Chaudhuri et al. [17]. The distinction
is presumably due to the highly crystalline quality of
ZnS:Mn nanorods reported in this article, indicated by the
rather weak defect-related luminescence at ~500 nm. The
strong orange emission at ~580 nm is caused by the
transition from “T (excited) to °A; (ground) of Mn*" ions
[18], indicating that the Mn2" ions have been successfully
incorporated into the ZnS host lattice [19]. As the thickness
of ZnS shell increases, the emission intensity has an
increase followed by a steady decline, which attains its
maximum at 0.1 ZnS shell thickness. Usually, for the
uncoated ZnS:Mn nanorods, there are some non-radiative
recombination routes, which are related to Mn>* ions on
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Fig. 1 TEM images of two (a)
ZnS:Mn nanorods a without and

b with ZnS shell (a) ZnS:Mn/

ZnS(0); (b) ZnS:Mn/ZnS(1)
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Fig. 2 XRD patterns of ZnS:Mn nanorods (a) without and (b, c, d, e)
with ZnS shells of different thicknesses

the surface of the nanorods, giving rise to reduction in the
PL intensity. When the surface of ZnS:Mn nanorods is
coated by a thin ZnS shell, the number of the Mn”" ions on
the surface is reduced, resulting in blocking some non-
radiative recombination routes. Hence, the PL intensity of
Mn emission was enhanced through the increase of radia-
tive transition of Mn>" ions. However, the luminescence
enhancement effect of ZnS shells will be weaker as shell
thickening, because the Mn>" ions on the surface of the
nanorods have been annihilated progressively. On the other
hand, the concentration of luminescent center (Mn2+ ions)
was gradually reduced with increasing thickness of the
shell, which would therefore decrease the intensity of Mn
emission. Moreover, according to literature [20], the
growth of ZnS shells may begin with a large density of
nucleation sites producing many, small island-like ZnS

@ Springer
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Fig. 3 Room temperature photoluminescence (PL) spectra of
ZnS:Mn nanorods (a) without and (b—g) with ZnS shells of different
thicknesses

clusters with a structure locally coherent with the core
(ZnS:Mn nanorods). These islands then coalesce to form
small ZnS particles, and the formation of grain boundaries
could then be non-radiative recombination sites, which
may also be a possible reason for the reduction in PL
intensity. So the decreases of luminescent center concen-
tration and the potential increase of non-radiative
recombination sites will lead the steady reduction in PL
intensity as shell thickening. As the ZnS shells have the
two opposite effects on the luminescence properties of
ZnS:Mn nanorods as discussed above, the intensity of Mn
emission present the initial increase followed by the steady
decline.
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Fig. 4 Room temperature photoluminescence excitation (PLE) spec-
tra of ZnS:Mn nanorods (a) without and (b—g) with ZnS shells of
different thicknesses

The luminescence excitation in doped semiconductors
can be accomplished by two channels, i.e., indirect exci-
tation into the excited levels of the host, followed by
energy transfer from the host to the impurity ions inducing
the luminescence, and direct excitation of the impurity ions
[21]. In Fig. 4, the excitation spectra monitoring the
characteristic emission of Mn®" ions show a leading broad
band centering at ~ 340 nm, which is the indirect excita-
tion of ZnS host. There also exist four weaker spectral
peaks at the long wavelength from 394 nm to 491 nm.
These are direct excitation peaks of Mn>+ ions, whose
centers are at 394 nm, 429 nm, 466 nm, and 491 nm,
respectively. They should be attribute to intraconfigura-
tional transitions of the 3d° multiplet states of Mn*" ions,
corresponding to the °A;(°S)-*E(*D), °A,(°S)-*T,(‘D),
°A1(°S)-*A,(*G), “E(*G), and ®A;(°S)-*T»(*G) in the order
of decreasing energy [21, 22]. The contrast of the intensity
between the leading peak and the other four weaker peaks
is very prominent, demonstrating that the emission of
transition from “T; to ®A; of Mn*" ions takes place pre-
dominantly via the energy transfer from the excited ZnS
host lattice to Mn”" ions.

Conclusion
To summarize, Mn-doped ZnS nanorods have successfully

been coated with ZnS shells of different thicknesses. The
influence of ZnS shell thickness on the luminescence

properties of ZnS:Mn nanorods has been well studied.
TEM images and XRD measurements give evidence that
the ZnS shells grow on the surfaces of ZnS:Mn nanorods in
the form of small particles, with preferential orientation
along a-axis. The effects, i.e., blocking some non-radiative
recombination routes related to Mn>" ions on the surface of
the nanorods,decreasing the concentration of luminescent
center and increasing the non-radiative recombination sites
concerned with grain boundaries, are concurrent in the ZnS
shells, which result in an increase in Mn emission followed
by a steady decline in the PL spectra.
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