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Waurzite ZnS:Mn nanorods are synthesized via a solvothermal method by using ethylenediamine and water as mixed solvent.
The diameters of the nanorods increase and the lengths decrease with the Mn concentration. High resolution transmission elec-
tron microscopic images illustrate that a few cubic ZnS:Mn nanoparticles arise along with hexagonal nanorods on high Mn
concentration. The samples set off yellow-orange emission at 590 nm, characteristic of *T—%A; transition of Mn** at T, sym-
metry in ZnS. Electron spin resonance spectrum of the nanorods shows that high Mn concentrations produce a broad envelope,
whereas six-line hyperfine appears for lower Mn concentrations. These results together with the magnetization curves indicate
that all the ZnS:Mn samples are paramagnetic even down to 4 K, which suggests that the ZnS:Mn is not suitable for dilute

magnetic semiconductor.
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ZnS is an important II-VI group compound semiconductor
with the widest band gap (E,~3.7 eV) and is commercially
used as optoelectronic and electroluminescent devices. It is
suitable for use as host material for a variety of dopants,
such as copper-ions [1], manganese-ions [2], iron-ions [3]
and has potential application in field emission devices,
photoconductors, optical sensors, flat-panel displays and
thin film electroluminescence devices [4—8]. Manganese is
one of the most common dopants because: (1) it can be in-
corporated into a ZnS host in large proportions without al-
tering the crystal structure; (2) it has a relatively large mag-
netic moment and (3) it is electrically neutral in ZnS host,
thus avoiding the formation of any acceptor or donor impu-
rities in the crystal [9,10]. Diluted magnetic semiconductors
(DMS) are compounds in which magnetic ions (Mn**, Fe**,
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Co®") are diluted in nonmagnetic II-VI semiconductors
(such as ZnO, ZnS, CdS, CdTe, ZnSe, ...). Recently, many
efforts have been made for doping of Mn ions into semi-
conductor [11-13]. However, there are still arguments for
the magnetism of the Mn doped II-VI semiconductors. For
example, Yoshihiko Kanemitsu group proves that
CdS:Mn/ZnS core-shell nanoparticles show paramagnetic
behavior [14], while in other literature, ferromagnetic (FM)
and antiferromagnetic (AFM) behaviors were reported
[15,16].

In this paper, we report a novel solvothermal route to
synthesis of ZnS:Mn nanorods with various Mn concentra-
tions. Transmission electron microscopic (TEM) analysis
suggests that the crystal structure of ZnS:Mn transfers from
hexagonal to cubic at high Mn concentration. Electron spin
resonance (ESR) and the magnetization curve indicate that
as produced ZnS:Mn samples show paramagnetic behaviour
they are not suitable for DMS.
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1 Experiments

All of the employed reactants from commercial sources
were of analytical grade and were used as received without
further purification. An appropriate amount of zinc acetate
(Zn(CH3CO00), - 2.5H,0), manganese acetate (Mn(CH;-
COO0),-4H20), and thiourea (NH,CSNH,) powder were
placed in the telfon-lined steel autoclave (capacity, 40 mL),
which then was filled with ethylenediamine (en)-water
mixture (in 2:1 volume ratio). The autoclave was placed in
an electric oven at 180°C for 18 h and then cooled to room
temperature naturally. The precipitates were centrifuged,
washed with de-ionized water and ethanol several times,
and dried at 75°C in a vacuum oven for the characterization
process.

Power X-ray diffraction (XRD, TTR-III), and high-reso-
Iution transmission electron microscopy (HRTEM, JEOL
2010) were used to study the crystal structure and mor-
phology of the products. Photoluminescence (PL) meas-
urements were carried out on a Fluorolog-3-Tau steady-
state lifetime spectrophotometer from a Xe lamp at room
temperature. Electron paramagnetic resonance study of the
powder sample was done with JES-FA200. The magnetiza-
tion curve was recorded on a Quantium Design SQUID-
VSM.

2 Results and discussion

2.1 Structure

The XRD pattern shown in Figure 1 was obtained from the
samples with pure ZnS, 1%, 2.5%, 5%, 10%, 20% Mn**
incorporated in ZnS. The XRD spectra reveal that the un-
doped ZnS sample is crystallized with a pure hexagonal
structure. The sharp (002) peak indicates that the ZnS crys-
tal grows in the [001] direction. The crystal structure re-
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Figure 1 Powder X-ray diffraction pattern of ZnS:Mn nanorods.

Sci China-Phys Mech Astron

February (2012) Vol. 55 No.2

mains almost the same after Mn®* was doped in ZnS. For
the ZnS:Mn (20%) sample, only a tiny peak of cubic ZnS
(200) plane appears and this indicates that the sample is a
mixture of hexagonal and cubic structure. From this result,
it seems that the incorporated Mn** ions force the transition
of ZnS crystal structure.

In order to investigate the structure change with Mn**
incorporation, TEM and HRTEM experiments were per-
formed. Figure 2(a) shows the TEM image of pure ZnS
nanorods. The average diameters and length of undoped
ZnS nanorods vary within 10-20 nm and 300-400 nm, re-
spectively. Corresponding HREM image of a single ZnS
nanorod is shown in Figure 2(d). Measured lattice spacing is
of 0.62 nm and 0.331 nm corresponding to the (001) and
(100) plane of hexagonal structure, respectively. The nano-
rod grows along the [001] direction. With the increase of
the Mn concentration, the products are composed of most
nanorods and a few nanoparticles. The length of the nano-
rods decreases and the width increases, while nanoparticles
arise and grow much more numerous and bigger. Figure
2(b) and (c) shows the TEM image of ZnS:Mn (10%) and
ZnS:Mn (20%) nanocrystalline, respectively. The HRTEM
image of nanorods shows that the structure of the nanorods
remains the same as pure ZnS nanorod, while the structure
of the nanoparticles is quite different. From Figure 2(e), it
can be seen that the average diameter of the nanoparicles
varies from 5 nm to 10 nm. The lattice spacing of two
planes is 0.313 nm and the included angle is 70°. This indi-
cates that the lattice fringe is the (111) plane of cubic ZnS
structure with <110> orientation. In the ZnS:Mn (20%)
sample, some bigger nanoparticles with a diameter of 80 nm
are found and their HRTEM image is shown in Figure 2(f)
with select-area electron diffraction (SAED) in the inset.
The spots can be indexed to (111) and (200) of cubic struc-
ture with orientation <110>.

For a better understanding of the mechanism of these
changes, the energy-dispersive X-ray spectra (EDS) ex-
periments were performed. Atom percentage of Mn in ZnS
nanocrystalline is listed in Table 1. For pure ZnS, elemental
Zn and S are found in a near stoichiometric ratio with a little
Zn deficiency. Table 1 shows that Mn atomic percentage is
much less than those actually used during the synthesis
process, for example, Mn atom% is 2.08, 3.15 for ZnS:Mn
(5%) and ZnS:Mn (20%) nanorods. Mn content in the nano-
particles is found much higher than that in the nanorods.
The results indicate that Mn®* ions disperse non-uniformly
in ZnS nanocrystallin, a few Mn?* ions enter wurizite ZnS
nanorods, and more Mn”* ions intend to assemble together
forming a nanocluster in cubic ZnS nanoparticles and
therefore restrain the growth of nanorods. Although the ex-
act mechanism behind is not clear, it is supposed that the
anions associated with some organic compounds are capa-
ble of inducing a phase change from hexagonal to cubic
structures in the presence of the organic Mn salt [17].
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Figure 2 TEM images of the (a) pure ZnS, (b) ZnS:Mn (10%), (c) ZnS:Mn (20%) nanorods; HREM images of (d) ZnS nanorods, (e¢) ZnS:Mn (10%)
nanoparticles and (f) ZnS:Mn (20%) nanoparticles with the corresponding diffraction pattern in the inset.

Table 1 Mn content (atom-percentage) in ZnS nanocrystalline

Mn content ZnS:Mn (1%) ZnS:Mn (2.5%) ZnS:Mn (5%) ZnS:Mn (10%) ZnS:Mn (20%)
Nanorod 0.54 1.56 2.08 3.15 3.49
Nanoparticle - - - 7.58 9.19

2.2 Magnetism

ESR measurements were performed to investigate the mag-
netism of the ZnS:Mn systems. Figure 3(a) shows the ESR
spectrum of ZnS nanorods with different Mn infractions
recorded by using the microwave of 9000 MHz at room
temperature. The spectrum for ZnS:Mn samples is typical
for Mn** ions within II-VI semiconductor compounds
[18,19]. This sextet, which is centered at a g-value of g=2,
is associated with the allowed (Amg=+1, Am;=0) magnetic
dipolar transitions between the hyperfine-split Zeeman lev-
els of the °Ss; ground state of the Mn** 3d-electrons. The
hyperfine structure arises from the interaction between the
S=5/2 spin of the unpaired 3d-electrons and /= 5/2 spin of
the *Mn nucleus. A close inspection of Figure 3(a) reveals
that at low Mn concentration each hyperfine line exhibits
super hyperfine lines at the external magnetic field associ-
ated with the forbidden transitions. This is typical for Mn**
ions in the environment of a Zn-site in a wurtzite ZnS crys-

tal [20]. For higher Mn concentration, a single broad line is
obtained (shown in Figure 3(b)). This is because that the
Mn?* ions introduced into the hexagonal ZnS lattice in-
crease to saturation and intend to form Mn clusters in cubic
ZnS nanoparticles, causing Mn-Mn atomic distance shorter
and the dipole-dipole interaction much stronger, and merg-
ing the hyperfine structure into one broad resonance line
[21]. All of the ESR results at room temperature indicate
that the ZnS:Mn system is paramagnetic. For the sake of
investigating the magnetism of ZnS:Mn at lower tempera-
ture, ESR experiments at temperature from 5 K to 90 K and
M-H curves of ZnS:Mn (20%) were performed. The results
of ESR spectra show that the resonance field does not
change, suggesting that the system is still in the PM state.
With temperature decreasing, the six hyperfine lines reap-
pear, which can be attributed to the suppression of thermal
fluctuation. The missing super hyperfine line indicates that
the Mn®* ions are located in the cubic ZnS crystal structure
whose symmetry is better than the hexagonal structure. The
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Figure 3 (a) Room temperature ESR spectrum of ZnS:Mn; (b) low temperature ESR spectrum of ZnS:Mn (20%); (c) M-H curve of ZnS:Mn (20%) at

temperature 4 K.

M-H curve accords with the Langevin equation and no hys-
teresis is detected, which further confirms that the Mn
doped ZnS is paramagnetic even down to 4 K. All these
results suggest that the ZnS:Mn is not suitable for dilute
semiconductor.

2.3 Photoluminescence properties

Photoluminescence spectra of ZnS:Mn nanorods with a 270
nm excitation wavelength are recorded at room temperature
and the result is shown in Figure 4. PL spectrum of the un-
doped ZnS nanorods (plot a) exhibits one strong green
emission peak at 492 nm. The peak at 492 nm is most likely
due to the self-activated centers formed by a zinc vacancy in
the ZnS lattice [22]. With the increase of Mn concentration,
the intensity of green emission decreases. For ZnS:Mn
(5%), the green emission completely disappears. Meanwhile,
a small orange emission peak at 586 nm arises and becomes
dominant and more intense. The orange emission can be
attributed to the 4T1—>6A1 transition of Mn>" ions at Ty
symmetry in ZnS host [23]. The peak position shifts to a
lower energy with increasing Mn content, indicating that the
Mn?* concentration is sufficient to influence the crys-
tal-field splitting between the T, and °A, states. This
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Figure 4 Room temperature PL spectra of ZnS:Mn nanorods.

behavior indicates that Zinc vacancies are filled with Mn
atoms and generate Mn”* photoluminescence centers which
result in the quenching of the self-activated emission.

3 Conclusion

Manganese doped hexagonal ZnS nanorods were synthe-
sized by a solvothermal process. TEM results illuminate
that the crystal structure transfers from hexagonal to cubic
at high Mn”* concentration. The pure ZnS nanorods exhibit
green emissions due to zinc vacancies. Mn doped ZnS
nanorods exhibit both green and orange emission at low Mn
infraction. Quenching of the green emission at higher Mn
infractions is attributed to the vacancy occupation by Mn**
jons. ESR and M-H results indicate that Mn** doped ZnS is
paramagnetic and is not an ideal dilute magnetic semicon-
ductor material.

This work was supported by the National Natural Science Foundation of
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