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a b s t r a c t

Undoped and Mn-doped ZnS nanoclusters have been synthesized by a hydrothermal approach. Various
samples of the ZnS:Mn with 0.5, 1, 3, 10 and 20 at.% Mn dopant have been prepared and characterized
using X-ray diffraction, energy-dispersive analysis of X-ray, high resolution electron microscopy, UV–
vis diffusion reflection, photoluminescence (PL) and photoluminescence excitation (PLE) measurements.
All the prepared ZnS nanoclusters possess cubic sphalerite crystal structure with lattice constant
a = 5.408 ± 0.011 ÅA

0

. The PL spectra of Mn-doped ZnS nanoclusters at room temperature exhibit both
the 495 nm blue defect-related emission and the 587 nm orange Mn2+ emission. Furthermore, the blue
emission is dominant at low temperatures; meanwhile the orange emission is dominant at room temper-
ature. The Mn2+ ion-related PL can be excited both at energies near the band-edge of ZnS host (the UV
region) and at energies corresponding to the Mn2+ ion own excited states (the visible region). An energy
schema for the Mn-doped ZnS nanoclusters is proposed to interpret the photoluminescence behaviour.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction excitation occurs mostly by the energy transfer from the elec-
Since the first report of Mn-doped ZnS semiconductor nanocrys-
tals [1,2], many studies on doped semiconductor nanoparticles ap-
peared. Among them, doped II-VI semiconductor nanocrystals have
attracted a great deal of attention, including CdS:Mn [3–5], CdS:Eu
[6], ZnO:Co,Ni [7], ZnSe:Mn [8], ZnS:Cu [9,10], ZnS:Pb,Cu [11] and
ZnS:Mn [12–20]. ZnS, an important II-VI semiconductor, has at-
tracted enormous attention because it has been commercially used
for a variety of applications such as electroluminescent devices, so-
lar cells and other optoelectronic devices. In addition, ZnS is suit-
able for use as a host material for a variety of dopants because of
its wide band gap. It was reported by Bhargava et al. [1] that the
doping with Mn into ZnS nanocrystals results in the luminescent
efficiency enhancement and the lifetime shorting in comparison
with that of the bulk material. These results were explained on
the basis of the interaction of the sp electron hole of the host
(ZnS) and the 3d electrons of the impurity (Mn) under condition
of the quantum confinement for the sp states. Analysing photolu-
minescence excitation (PLE) spectra in the ultraviolet- and visi-
ble-regions for the ZnS:Mn nanoparticle samples with different
sizes, Tanaka [5] and Chen et al. [20] proposed a model for the en-
ergy transfer from the host ZnS lattice to Mn2+ d levels. It was con-
cluded [5] that the Mn2+ luminescence under the interband
ll rights reserved.
tron–hole pairs delocalized inside the ZnS host nanocrystals.
In this work we synthesized Mn-doped ZnS nanoclusters with

different Mn concentrations using a hydrothermal approach. Low
temperature hydrothermal synthesis (between 150–250 �C) is
becoming popular because of low-cost facility, capability of
large-scale preparation of materials and environmental friendli-
ness. On the other hand, by controlling temperature, pressure,
reaction time, precursor chemicals and solvent, one can get various
morphology, dimensions and structure of the final products.

In order to find out about the emission behaviour of the
Mn-doped ZnS nanoclusters, photoluminescence (PL) and photolu-
minescence excitation (PLE) spectra were investigated in wide
temperature range from 10 to 300 K. The Mn2+ ion-related photolu-
minescence can be excited both at energies near the band-edge of
ZnS host (the UV region) and at energies corresponding to the
Mn2+ ion own excited states (the visible region). These results
allowed clearing up the mechanism of energy transfer to the Mn2+

ion. A model of emission centers in the Mn-doped ZnS nanoclusters
was proposed to explain the observed luminescence behaviour.

2. Experimental

2.1. Synthesis of Mn-doped ZnS nanoclusters

All the chemicals used in our experiment, including zinc acetate
Zn(CH3COO)2�2H2O, manganese acetate Mn(CH3COO)2�2H2O and
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Fig. 1. Typical XRD patterns for the samples of the undoped ZnS and the Mn-doped
ZnS with various Mn contents.
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thiourea NH2CSNH2 are of analytic grade without further purifica-
tion. The nanoclusters of ZnS:Mn have been synthesized under
hydrothermal conditions. The procedure was as follows: first,
16.46 g Zn(CH3COO)2�2H2O and 1.34 g Mn(CH3COO)2�2H2O were
completely dissolved into de-ionized water to obtain 0.25 M aque-
ous solutions, respectively. 19.98 g NH2CSNH2 was dissolved into
de-ionized water, forming 0.75 M aqueous solution. Second, appro-
priate amounts of 0.25 M solution of zinc acetate and 0.25 M solu-
tion of manganese acetate were mixed to get 50 mL of the mixture
solution. Then 50 mL of 0.75 M solution of thiourea was added into
the above mixture solution, followed by steady stirring for 30 min.
The last mixture solution was placed in sealed Teflon-lined auto-
clave with 120 mL capacity. The closed autoclave was placed inside
a box furnace at a preset temperature of 200 �C for 24 h and then
cooled to room temperature naturally. The resulting precipitate
was filtered off and washed 10 times in water. The final product
was dried in air at 60 �C for 12 h. The Mn doping ratio in the syn-
thesized ZnS samples was 0, 0.5, 1, 3, 10 and 20 at.%.

2.2. Characterization of the samples

Crystal structure of the nanoclusters was analysed by using an
X-ray diffractometer (SIEMENS D5005, Bruker, Germany) with
Cu–Ka1 (k = 1.54056 ÅA

0

) irradiation. The composition of the samples
was determined by an energy-dispersive X-ray (EDX) spectrometer
(EDS, OXFORD ISIS 300) attached to the JEOL-JSM 5410 LV scanning
electron microscope. The morphology of the samples was charac-
terized by using a high resolution transmission electron micro-
scope (HRTEM) (FEI Tecnai TF20 FEG TEM). Diffuse reflection
spectroscopy measurements were carried out on a UV–VIS-NIR
Cary-5G spectrophotometer. The spectra were recorded at room
temperature in the wavelength region of 200–900 nm. Absorption
spectra of the samples were obtained from the diffuse reflectance
values by using the Kubelka–Munk function [21]:

FðRÞ ¼ ð1� RÞ2

2R
¼ K

S
ð1Þ

where R, K and S are the reflection, the absorption and the scattering
coefficient, respectively. The PL and the PLE spectra were measured
in the range of temperatures from 10 up to 300 K were carried out
on a spectrofluorometer (Fluorolog FL 3-22 Jobin Yvon Spex, USA)
with a 450 W xenon lamp as an excitation source.
Fig. 2. Typical EDX spectra of the undoped ZnS and the ZnS nanoclusters doped
with 1 and 10 at.% Mn.
3. Results and discussion

3.1. Structure characterization and morphology

Typical X-ray diffraction (XRD) patterns for the undoped ZnS
nanoclusters and the ZnS:Mn nanoclusters doped with various
Mn contents (0.5, 1, 3, 10 and 20 at.%) are shown in Fig. 1, where
the diffraction peaks at 2h values of 28.5�, 33.1�, 47.5� and 56.4�
correspond to the (1 1 1), (2 0 0), (2 2 0) and (3 1 1) diffraction
planes. All the peaks in the XRD patterns clearly indicate that the
undoped ZnS and Mn-doped ZnS nanoclusters possess cubic sphal-
erite crystal structure. No other diffraction peaks are detected ex-
cept for the ZnS related peaks. These results are in agreement
with those of other authors [13,16].

The lattice constant determined from the XRD patterns is
a = 5.408 ± 0.011 Å, which is close to the reported value of cubic
ZnS (JCPDS card, No. 05-0566, a = 5.4060 Å). The average sizes of
the ZnS nanocrystals were estimated by Debye–Scherrer’s formula
[22]:

L ¼ 0:9k
b cos h

ð2Þ
where b is the full width at half maximum (FWHM) in radians of the
diffraction peaks, h is the Bragg’s diffraction angle and k is the wave-
length for the Ka1 component of the employed copper radiation
(1.54056 Å). The calculated sizes of the ZnS nanocrystals were
found to be 13.8, 13.8, 14.4, 18.3, 18.6 and 21.7 nm for the samples
with Mn contents of 0, 0.5, 1, 3, 10 and 20 at.%, respectively.

The EDX spectrum measurements showed that EDX spectra of
all the Mn-doped ZnS samples exhibit the peaks related to elemen-
tal Mn. Representative EDX spectra of the undoped ZnS and the ZnS
nanoclusters doped with 0.5 and 10 at.% Mn are shown in Fig. 2. In
pure ZnS, elemental Zn and S were found in a near-stoichiometric
ratio with little sulfur deficiency (Zn: 51.7, S: 48.3 at.%). In the Mn-
doped ZnS nanoclusters, the peaks related to elemental Mn can be
seen already in 0.5 at.% Mn-doped sample as seen from Fig. 2. The
amount of Mn obtained by EDX analysis in 0.5 and 10 at.% doped
ZnS samples was 0.59 and 2.06 at.%, respectively. It is noted that
a small amount of oxygen was still observed in the EDX spectra.
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Fig. 3(a) shows a typical HRTEM image of the 1 at.% Mn-doped
ZnS nanoclusters. The selected area electron diffraction (SAED) pat-
tern of this sample is shown in the inset of Fig. 3(a). As seen from
the picture, the SAED pattern shows a set of rings corresponding to
diffraction from different planes of the nanocrystallites instead of
spots due to the random orientation of the crystallites. It is evi-
dently observed three rings corresponding to the (1 1 1), (2 2 0)
and (3 1 1) lattice planes of the cubic phase of ZnS, which is in good
agreement with the above XRD patterns. Fig. 3(b) represents a
magnified HRTEM image of the 1 at.% Mn-doped ZnS with the
(1 1 1) lattice planes. The spacing of the lattice fringes in the
HRTEM image is found to be 3.12 Å, which corresponds to the
(1 1 1) plane of the cubic phase of ZnS. This is also confirmed from
the fast Fourier transform (FFT) pattern of the HRTEM image, as
shown in the inset of Fig. 3(b).
Fig. 3. (a) Typical HRTEM image of the 1 at.% Mn-doped ZnS nanoclusters, (b)
magnified HRTEM image of the 1 at.% Mn-doped ZnS with the (1 1 1) lattice planes.
SAED and FFT patterns are shown in the insets of figures (a) and (b), respectively.
3.2. Absorption and photoluminescence properties

Fig. 4 depicts reflection spectra of the undoped ZnS and the Mn-
doped ZnS nanoclusters measured at room temperature by a dif-
fuse reflection technique. It is noted that the absorption edges of
the ZnS:Mn nanoclusters show a minor shift with increasing the
Mn concentration. Additionally, it is interesting to note that five
absorption bands located at 3.171, 2.898, 2.668, 2.504 and
2.318 eV were first time clearly observed from the reflection spec-
tra of the 3, 10 and 20 at.% Mn-doped ZnS samples. These five
absorption bands can be assigned to the transitions from the
6A1(6S) ground state to the 4E2(4D); 4T2(4D); 4E(4G), 4A1(4G);
4T2(4G) and 4T1(4G) excited states of the Mn2+ ion, respectively, be-
cause their energies are in good agreement with those of the ex-
cited states of the Mn2+ ion in ZnS:Mn bulk crystal [19,23].

Room temperature absorption spectra of the ZnS samples ob-
tained from the diffuse reflectance values by using the Kubelka–
Munk function F(R) are shown in Fig. 5. All the spectra exhibit a
sharp absorption edge and an onset of absorption at 3.5–3.6 eV.
The inset of Fig. 5 obviously shows five absorption bands related
to the optical transitions within Mn2+ ion in the spectra of the 3,
10 and 20 at.% Mn-doped ZnS samples.

It is well known that cubic ZnS is a direct-gap semiconductor
[24]. The relation between the absorption coefficients (a) and the
incident photon energy (hm) for the case of allowed direct transi-
tion is written as follows [25]:

ahm ¼ Aðhm� EgÞ1=2 ð3Þ

where A is a constant and Eg is the bandgap of the material. The
plots of [F(R) � hm]2 versus hm for the undoped ZnS and the Mn-
doped ZnS nanoclusters are represented in Fig. 6. By extrapolating
the straight portion of the graph on hm axis at a = 0 we found the
bandgaps of the undoped ZnS and the Mn-doped ZnS nanoclusters
with the concentration of 0.5, 1, 3, 10 and 20 at.% to be 3.578,
3.588, 3.598, 3.544, 3.512 and 3.503 eV, respectively. These values
can be compared with the bandgap values of 3.5–3.7 eV at room
temperature for the sphalerite bulk ZnS [26]. From Fig. 6, it is noted
that the absorption edge is slightly shifted toward the high energy
side with increasing the Mn concentration up to 1 at.%. Then the
band gap is found to decrease for increased Mn concentrations of
3, 10, and 20 at.% as seen from the inset of Fig. 6.
Fig. 4. Diffuse reflection spectra at room temperature of the undoped ZnS and the
Mn-doped ZnS nanoclusters. Five absorption bands related to the optical transitions
within Mn2+ ion are clearly observed in the spectra of the 3, 10 and 20 at.% Mn-
doped ZnS samples.



Fig. 5. Plots of F(R) versus photon energy for the undoped ZnS and the Mn-doped
ZnS nanoclusters. The inset shows five absorption bands related to the optical
transitions within Mn2+ ion in the spectra of the 3, 10 and 20 at.% Mn.
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The the same shifts of the absorption edge with increasing the
Mn concentration from 0 to 9 at.% at a fixed size of ZnS nanoclus-
ters were reported in references [16,17]. Interestingly, this varia-
tion of the band gap with Mn concentration is the opposite of
what is observed in the case of Mn-doped CdS nanoclusters [27],
where it was reported that a minimum in the band-gap energy
was observed for about 5–8% Mn concentration. These changes of
the band gap with Mn concentration have been ascribed to the
sp-3d exchange interaction in a confined regime.

In our case, the sizes of the ZnS nanocrystals were found to be in
the range of 13.8–21.7 nm which are larger than the exciton Bohr
radius (�2.1 nm) in a cubic ZnS. Hence the slight shrinkage of band
gap may be assigned to the weak quantum confinement effect in
our ZnS clusters.

We have measured PL spectra of the ZnS samples at room tem-
perature under the 250, 325, 355, 362, 432 and 469 nm excitation
wavelengths.

Fig. 7 shows the PL spectra at room temperature excited with
the wavelength of 362 nm (3.425 eV) for the undoped ZnS nanocl-
usters and the ZnS nanoclusters doped with various Mn dopant
Fig. 6. The plots of ½FðRÞ � hm�2 versus hm for the undoped ZnS and the Mn-doped
ZnS nanoclusters. The shift of absorption edge of the ZnS nanoclusters as a function
of Mn concentration is shown in the inset.
concentrations. It is found that the PL spectra of the undoped sam-
ples show only one blue emission band centered at 490 nm, which
could be usually assigned to radiative recombination involving de-
fect states in the ZnS nanocrystals [28,29]. For all the doped sam-
ples, two emission bands are observed in the PL spectra. One is a
weak blue emission band located at 490 nm and another is a dom-
inant orange emission band peaked at 588 nm. The 588 nm emis-
sion band was attributed to the 4T1(4G) ? 6A1(6S) transition
within the 3d shell of Mn2+ ion [1]. Additionally, it is found from
Fig. 7 that the 4T1(4G) ? 6A1(6S) emission intensity shows a maxi-
mum when the Mn doping content is 1 at.%, which is in good
agreement with previous reports [30–32]. It is noticed that the area
under the luminescence spectra reaches to a maximum at Mn2+

concentrations of 0.5 and 1 at.%, which demonstrates indirectly
that the luminescence quantum efficiency of our samples increases
to a maximum when doping the samples with these concentration
of Mn.

The sharp fall in intensity of the Mn2+ emission for the 3, 10 and
20 at.% Mn-doped ZnS samples can be attributed to the concentra-
tion quenching effect due to the pairing or coagulation of the Mn
ions.

It must be noted that the PL spectra at room temperature under
the 250, 325 and 355 nm excitations (not shown here) have the
same form as the PL spectrum excited with the 362 nm wave-
length. On the contrary, the PL spectra at room temperature under
the 432 and 469 nm excitations exhibit only the Mn2+ ion emis-
sion. The fact that both the 490 nm blue and the 588 nm orange
emission bands are simultaneously observed in the PL spectra of
the Mn-doped ZnS nanoclusters proves that the Mn2+ ions were in-
deed incorporated within the ZnS nanocrystals as noted in previ-
ous report [33].

In order to clear the nature of the emission bands, we have re-
corded PLE spectra at room temperature. The PLE spectra moni-
tored at the 495 nm emission band at room temperature for all
the ZnS samples are depicted in Fig. 8(a). From this figure, it is pos-
sible to infer that the 495 nm emission band related to the defect
states can be excited by the near-band-edge energies (the UV re-
gion). The PLE spectra monitored at the 587 nm emission band at
room temperature for the ZnS samples are illustrated in Fig. 8(b).
For the undoped ZnS nanoclusters, the PLE spectra monitored at
the 587 nm emission band involve only one near-band-edge
absorption band centered at 363 nm (line 1 in Fig. 8(b)). On the
contrary, for all the Mn-doped ZnS nanoclusters, the PLE spectra
monitored at the 587 nm wavelength exhibit both the near-
band-edge absorption band and five absorption bands peaked at
Fig. 7. PL spectra at room temperature under the 362 nm excitation wavelength for
the undoped ZnS nanoclusters and the ZnS nanoclusters doped with different Mn
dopant concentrations.



Fig. 9. PL spectra of the 1 at.% Mn-doped ZnS sample at some temperatures under
the 362 nm excitation.
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391 nm (3.17 eV), 432 nm (2.87 eV), 467 nm (2.65 eV), 500 nm
(2.48 eV) and 532 nm (2.33 eV).

The PLE spectra for the 1 at.% Mn-doped ZnS nanoclusters have
been measured in the temperature range of 10–300 K. It was no-
ticed that the PLE spectra monitored at the 495 nm and the
587 nm emission bands at low temperatures (not shown here)
exhibited the same shape as those at room temperature (Fig. 8).

The energy positions of the above mentioned five bands are in
good agreement with the energies of the excited states of the
Mn2+ ion in ZnS:Mn bulk crystal [19,23]. Therefore, the five absorp-
tion bands at 391, 432, 467, 500 and 532 nm are attributed to the
6A1(6S) ? 4E2(4D); 6A1(6S) ? 4T2(4D); 6A1(6S) ? 4E(4G), 4A1(4G);
6A1(6S) ? 4T2(4G) and 6A1(6S) ? 4T1(4G) transitions within Mn2+

ion, respectively. The doublet at 467 nm in the PLE spectra shown
in Fig. 8(b) may be attributed to the other excitation mechanism
related to stacking faults.

The PL spectra of the 1 at.% Mn-doped ZnS sample have been
measured in the range of temperatures from 10 K to room temper-
ature. In Fig. 9 are shown the PL spectra of this sample at some
temperatures under the 362 nm excitation. The PL spectra exhibit
two emission bands: the blue band attributed to the defect states
and the orange band assigned to Mn2+ ion. In addition, the blue
band is dominant at low temperatures, the orange band is domi-
nant at high temperatures. Like the PL spectra at room tempera-
ture, those at low temperatures under the 432 and 469 nm
excitations exhibit only the orange emission relating to Mn2+ ion.

Temperature dependence of the peak position and the peak
intensity for the defect-related blue and Mn2+ emissions in the
Fig. 8. PLE spectra monitored at (a) the 495 nm and (b) the 587 nm emission peaks
at room temperature of the ZnS samples.

Fig. 10. Temperature dependence of (a) peak position and (b) peak intensity for the
defect-related blue and Mn2+ emissions in the 1 at.% Mn-doped ZnS nanoclusters.
Intensity ratio of the orange and the blue peaks IO/IB as a function of temperature is
shown in the inset.
1 at.% Mn-doped ZnS nanoclusters is displayed in Fig. 10. As the
temperature increases in the range from 10 to 300 K, the blue
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emission band shifts by 19 nm to the longer wavelength. On the
contrary, the Mn2+ emission band shifts by 7 nm to the shorter
wavelength with increasing temperature as seen from Fig. 10(a).

The blue emission band shows a strong decrease in intensity
with increasing temperature (Fig. 10(b)). According to the theory
of thermal quenching, the temperature dependence of the emis-
sion intensity, I(T), can be described by the following expression
[20]:

IðTÞ ¼ I0

1þ A exp � E
kT

� � ð4Þ

where E is the activation energy, k is the Boltzmann’s constant, A is
a constant and I0 is the emission intensity at 0 K. The solid line in
Fig. 10(b) shows the calculated result using the above formula with
the following parameters: I0 ¼ ð1:39� 0:03Þ � 107 (arb. units),
A ¼ ð170� 75Þ (arb. units) and E ¼ ð90� 7Þ meV. These values are
in agreement with those from previous report [20] for the 430 nm
emission peak in ZnS:Mn nanoparticles. The blue luminescence
band is shifted to the low-energy side with increasing temperature.
This emission band can be interpreted as a donor–acceptor pair
(DAP) emission. Indeed, it is known that the DAP emission energy
is described as follows [34]:

hmDA ¼ Eg � ðED þ EAÞ þ
q2

er
ð5Þ

where q is the electrical charge of the acceptor and the donor ions, e
is the dielectric constant, r is the distance between the donor and
the acceptor, Eg is the band gap and ED and EA are the donor and
the acceptor binding energies when r ¼ 1, respectively.

The photon energy hmDA emitted from DAPs is demonstrated in
Fig. 11. As seen from this figure, the DAPs with small distance r are
responsible for the high-energy part of the DAP emission band.
With increasing temperature, carriers on the DAPs with small dis-
tance r are thermally released into the bands, which results in
extinguishing the high-energy part of the DAP emission band,
therefore the band peak is shifted to the low-energy side and its
intensity decreases as observed in our experiment.

As mentioned above, the intensity of the DAP emission was
remarkably reduced with increasing temperature, whereas the
intensity of Mn2+ emission was weakly dependent on temperature
in the range of 10–270 K, which is consistent with previous reports
[20,35] for the case of ZnS:Mn nanocrystals. However, unlike the
results reported in [20,35], where the intensity of the Mn2+ emis-
sion was slightly decreased as the temperature increased, in our
Fig. 11. Schematic representation of the proposed mechanism for the PL excitation,
the energy transfer and the PL in ZnS:Mn nanoclusters.
case the Mn2+ emission intensity kept constant in the temperature
range of 10–80 K, was somewhat increased in the range of 80–
140 K and then kept again constant in the range of 140–270 K
(Fig. 10(b)). The intensity ratio of the orange and the blue peaks
IO/IB shown in the inset of Fig. 10(b) remarkably increases when
the temperature is increased.

Based on the energy schema depicted in Fig. 11, the observed
photoluminescent behaviour of the Mn-doped ZnS nanoclusters
can be interpreted. On the one hand, the Mn2+ ion-related PL can
be excited at energies corresponding to the Mn2+ ion own excited
states. On the other hand, when the Mn-doped ZnS nanoclusters
are excited by UV light (interband transitions), electrons in the va-
lence band of the ZnS host absorb the photon energy and transfer
to the conduction band, generating free electrons in the conduction
band and free holes in the valence band. At low temperatures most
of these photogenerated electrons and holes are trapped on the
DAP states (transition (1)) and then recombine via these states,
exhibiting the dominant blue emission. A number of the photogen-
erated holes in the valence band are trapped by Mn2+ ions which
then become Mn3+ ions. Subsequent trapping of a number of the
photogenerated electrons in the conduction band results in Mn2+

ions in an excited state (Mn2+)* (transition (2)) and the following
transitions of Mn ions from the excited state (Mn2+)* to the basic
state Mn2+ accompany the orange emission. This process can be
described by the following equations [36]:

Mn2þ þ hþðVBÞ !Mn3þ

Mn3þ þ e�ðCBÞ ! ðMn2þÞ�

ðMn2þÞ� !Mn2þ þ hmMn

ð6Þ

With increasing temperature, electrons and holes on the DAPs
with smaller distance r are thermally released into the bands. A
part of the holes and the electrons just released from the DAPs
are retrapped by Mn2+ ions (transition (3) in Fig. 11), emitting
the orange photon. The result is that the blue emission strongly
quenches, on the contrary, the intensity of the Mn2+ emission not
only does not decrease, but even can somewhat increase with
increasing temperature as observed in our ZnS:Mn samples. It is
noted that in our ZnS:Mn samples, the Mn2+ ion is not excited
via the DAPs, because if this occurs, the intensity of both the blue
and the orange emissions will decrease with increasing tempera-
ture, which is not consistent with our experimental observation.
4. Conclusion

Undoped and Mn-doped ZnS nanoclusters with 0.5, 1, 3, 10 and
20 at.% Mn dopant have been prepared by a hydrothermal ap-
proach. All the prepared ZnS nanoclusters possessed cubic sphaler-
ite crystal structure with lattice constant a = 5.408 ± 0.011 Å. The
absorption bands corresponding to the transitions from the basic
state to the excited states of the Mn2+ ion were observed in both
the reflection, absorption spectra and the PLE spectra. The PL spec-
tra of Mn-doped ZnS nanoclusters exhibited both the blue defect-
related emission and the orange Mn2+ ion-related emission. Fur-
thermore, the blue emission was dominant at low temperatures;
meanwhile the orange emission was dominant at room tempera-
ture. The Mn2+ emission intensity showed a maximum when the
Mn doping content was 1 at.%. The Mn2+ ion-related PL can be ex-
cited both at energies near the band-edge of ZnS host (the UV re-
gion) and at energies corresponding to the Mn2+ ion own excited
states (the visible region). When the Mn-doped ZnS nanoclusters
are excited by the interband transitions, the energy transfer from
ZnS host to Mn2+ ion is carried out by the photogenerated carriers
in the bands or the carriers thermally released from the DAP states
into the bands.
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