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a b s t r a c t

ZnS:Mn2+ nano-phosphors are synthesized via a microwave irradiation technique using zinc 2-
ethylhexanoate as a novel zinc precursor. The developed process produces ZnS:Mn2+ nano-particles having
in situ capping of 2-ethylhexanoic acid on the surface, resulting in high luminescence intensity due to
effective surface passivation. Surface characterization of the nano-particles indicates that 2-ethylhexanoic
acid is chemisorbed as carboxylate onto the surface of ZnS:Mn2+ nano-particles and the two oxygen atoms
eywords:
ano-particles
nS:Mn2+

uminescence
icrowave synthesis

in the carboxylate are coordinated symmetrically to the Zn atoms, leading to the formation of the cova-
lent Zn–O bond. The anion bound onto the nano-particle surface prevents particle agglomeration due to
electrostatic repulsion between two adjacent particles. Electron spin resonance (ESR) spectrum showed
a hyperfine sextet revealing the fact that Mn2+ in ZnS was present as dispersed Mn2+ impurities rather
than Mn2+ clusters, which would produce broad resonance without splitting. The samples showed bright
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. Introduction

Semiconductor nano-particles have been emerged as an attrac-
ive field of theoretical as well as applied research of late and
nvestigated extensively in recent years [1–6]. Nano-materials can
e described as the intermediate state of matter between individ-
al molecule and bulk materials [1]. Transition from bulk materials
o nano-particles results the size-dependent material properties
s a consequence of quantum size effect [2]. The small size and
ontrollable optical property of certain semiconductors make them
nteresting for applications in the fields of optoelectronics [4] catal-
sis [5] and fluorescence microscopy [6]. Particles of very small
izes show unique physical properties. With a decrease in parti-
le size, an extremely high surface to volume ratio is obtained.
his leads to an increase in surface specific active sites for chem-
cal reactions and photon absorption to enhance the reaction and
bsorption efficiency. The enhanced surface area increases surface
Please cite this article in press as: C.-H. Lu, et al., J. Alloys Compd. (2008), d

tates, which changes electron and hole activities and affects the
hemical reaction dynamics. Nano-particles can also induce the
ossibility of indirect electron transitions at the crystal boundaries,
ealizing essential light absorption enhancement.

∗ Corresponding author.
E-mail address: chlu@ntu.edu.tw (C.-H. Lu).
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about 585 nm, characteristic of T1 (excited) → A1 (ground) transition of
.

© 2008 Elsevier B.V. All rights reserved.

ZnS nano-particles are used as phosphors for display devices.
nS doped with manganese-ions (yellow-orange emission at
round 590 nm) [7,8], copper-ions (green emission at around
10 nm) [9,10] and silver-ions (blue emission at around 440 nm)
11] have a potential application in field emission devices (FED)
12]. Organometallic methods for the synthesis of nano-particles
ave been described by Bhargava et al. [7] and Gallagher et al.
13] Yu et al. [14] synthesized ZnS:Mn2+ nano-particles in methanol
sing sodium polyphosphate as the capping agent. Recently, sono-
hemical synthesis [15] of ZnS:Mn2+ nano-particles has also been
eported. Precipitations from homogeneous solutions have been
eported, where it was found that the particle size was a function
f the nature of the associated anions [16,17].

Although ZnS:Mn2+ nano-particles have been prepared via dif-
erent processes in the past few years, the used synthesis and
apping processes usually require complicated procedures. In order
o simplify the process, we adopted the microwave process for
reparing ZnS:Mn2+. This process can synthesize ZnS:Mn2+ and
orm the capped layer in one step. In addition, in the con-
entional synthesis and drying processes, the formed ZnS:Mn2+

ano-particles tend to agglomerate together. For solving this prob-
em, we used zinc 2-ethylhexanoate as a new zinc precursor. This
oi:10.1016/j.jallcom.2008.08.042

recursor can produce in situ capping of 2-ethylhexanoic acid on
he surface, thereby preventing particle agglomeration due to elec-
rostatic repulsion, and resulting in improvement in luminescent
roperties. The chemical interaction of the carboxylic acid group
ith the ZnS:Mn2+ nano-particle was investigated using Fourier

dx.doi.org/10.1016/j.jallcom.2008.08.042
http://www.sciencedirect.com/science/journal/09258388
mailto:chlu@ntu.edu.tw
dx.doi.org/10.1016/j.jallcom.2008.08.042
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respectively. The intense peak at 1697 cm−1 was derived from the
existence of the C O stretch and the band at 1276 cm−1 exhib-
ited the presence of the C–O stretch [18]. The O–H in-plane and
out-of-plane bands appeared at 1458 and 938 cm−1, respectively.
ARTICLEALCOM-18333; No. of Pages 6
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ransform infrared spectroscopy (FTIR) and X-ray photoelectron
pectroscopy (XPS). The luminescent properties of the prepared
ano-particles were also studied in details.

. Experimental

Zinc 2-ethylhexanoate [CH3(CH2)3CH(C2H5)COO]2Zn] and thiourea
NH2CSNH2) were dissolved in a mixture of methanol and de-ionized water
volume ratio 5:1) at a molar ratio of Zn/sulfur 1–10. Stoichiometrically excess
mount of sulfur was used to ensure the completion of reaction. One atomic %
n2+ doping was carried out through dissolving manganese acetate in the solution.

fter that, the solution was first stirred at room temperature for 15 min and then
onicated for 90 min. Ultrasonic irradiation was accomplished with a high-intensity
ltrasonic bath (Branson 3510). After sonication, the solution was transferred to
ouble walled microwave digestion vessel of volume 100 ml, filling up to 60% of its
olume. A high performance microwave digestion unit (MLS 1200 Mega) operated
t the frequency 2450 MHz was used for microwave synthesis. The microwave
ower and synthesis temperature were set at 200 W and 150 ◦C, respectively.
he microwave generator was programmed to shut down for maintaining the
ystem at the set temperature. The pressure attained at the synthesis was 80.5 psi
s measured using a pressure sensor attached within the reference vessel. Once
he reaction was completed, the solution was cooled to room temperature. The
recipitates were centrifuged, washed with de-ionized water, ethanol and acetone
or several times and dried at 70 ◦C in a vacuum oven for the characterization
rocess.

Transmission electron microscopy (TEM) was performed using a Hitachi H-
100 microscope operated at the voltage of 100 kV. Powder dispersed in ethanol
as carefully placed on the carbon coated Cu grid for TEM study. A particle size

nalyzer (Nano-S, Malven, Worcedtershire, UK) was used to measure the size distri-
ution histogram using methanol as the solvent. An X-ray diffraction (XRD) study
as performed in a MAC M03 XHF diffractometer using Ni filtered Cu K� radia-

ion (� = 0.154056 nm) as X-ray source at 40 kV, 30 mA. Fourier transformed infrared
FTIR) study was performed on Thermo Nicolet NEXUS 470 spectrometer. X-ray pho-
oelectron spectroscopic (XPS) measurements were performed on a VG Microtech
MT-500) machine using Al K� radiation. Diffuse reflectance spectra were recorded
sing a spectrophotometer (Hitachi-U3410) at room temperature with a resolution
f � ∼ 0.07 nm along with a photometric accuracy of ±0.3%. Electron spin resonance
ESR) resonance spectra were recorded using a Bruker EMX X band spectrometer.
he microwave frequency was 9.76 GHz and a 100 kHz field modulation was used.
he photoluminescence excitation (PLE) and photoluminescence emission (PL) mea-
urements were performed in a Hitachi F-4500 fluorescence spectrophotometer at
oom temperature using a Xe lamp as the excitation source.

. Results and discussion

.1. Microstructures of ZnS:Mn2+ nano-particles

Fig. 1(a) shows the TEM of ZnS:Mn2+ nano-particles with the cor-
esponding diffraction pattern in inset. Presence of fine ZnS:Mn2+

ano-particles is clearly visible in the TEM picture (Fig. 1(a)). The
iffraction pattern of the sample consists of a central halo with
oncentric broad rings. The rings correspond to the reflections
rom (1 1 1), (2 2 0) and (3 1 1) planes confirming the cubic crys-
allographic structure of the ZnS nano-particles. The average size
Dav) of the nano-crystallites determined from TEM is around 3 nm
±0.5 nm). Particle size analysis (PSA) data shows (Fig. 1(b)) nar-
ow size distribution of the particles with Dav 2.6 nm. This result is
onsistent with the TEM result.

Fig. 1(c) illustrates the XRD pattern of ZnS:Mn2+ nano-particles.
he pattern showed peak from (1 1 1), (2 2 0) and (3 1 1) planes,
ndicating the formation of cubic phase, in agreement with the
lectron diffraction results. Broadening of the XRD peaks can be
ttributed to the small size of the ZnS:Mn2+ nano-particles present
n the sample. The crystallite size was obtained as 3.02 nm from the
RD data using the Debye equation. This value tallied well with the
EM and PSA results as mentioned earlier.
Please cite this article in press as: C.-H. Lu, et al., J. Alloys Compd. (2008), d

.2. Characterization of the surface of ZnS:Mn2+ nano-particles

For understanding the adsorption mechanism of the 2-
thylhexanoic acid on the surface, FTIR analysis of ZnS:Mn2+

ano-particles capped with 2-ethylhexanoic acid were carried out
F
Z

ig. 1. (a) Transmission electron micrograph (TEM) with corresponding electron
iffraction pattern, (b) particle size analysis data and (c) powder X-ray diffraction
attern of 2-ethylhexanoic acid coated ZnS:Mn2+ nano-particles prepared using
00 W microwave power.

nd the obtained data were compared to the IR spectrum of the
ure 2-ethylhexanoic acid (Fig. 2a). The peak assignments for 2-
thylhexanoic acid are listed in Table 1 [18]. The broad feature
etween 3500 and 2500 cm−1 were assigned to the O–H stretch
f the carboxylic acid. Two sharp bands at 2951 and 2868 cm−1,
hich were superimposed on the O–H stretch, were attributed

o the asymmetric CH stretch and the symmetric CH stretch,
oi:10.1016/j.jallcom.2008.08.042

ig. 2. FTIR spectra of (a) 2-ethylhexanoic acid and (b) 2-ethylhexanoic acid coated
nS:Mn2+ nano-particles prepared using 200 W microwave power.

dx.doi.org/10.1016/j.jallcom.2008.08.042
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Table 1
Assignments of vibrational mode for 2-ethylhexanoic acid

Peak (cm−1) Assignment

3400–2400 O–H stretch
2951 Asymmetric CH2 stretch
2868 Symmetric CH2 stretch
1697 C O stretch
1458 In plane O–H stretch
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Based on the obtained results, it was found that the microwave
irradiation during the heating process provides energy to produce
free Zn2+ ions from zinc 2-ethylhhexanoate, required for ZnS syn-
thesis. From the rest part of the precursor, 2-ethylhexanoic acid
is produced and chemisorbed as carboxylate onto the surface of
1276 C–O stretch
938 Out-of-plane O–H stretch
776 CH2 rocking

Fig. 2(b) reveals the IR spectrum obtained from the ZnS:Mn2+

ano-particles coated with 2-ethylhexanoic acid. For the coated
amples, the asymmetric CH2 stretch and the symmetric CH2
tretch shifted to 2947 and 2864 cm−1, respectively. Shifting of
hese bands to the lower frequencies could be attributed to the
artial bond formation with the surface Zn atoms which eventually
assivate the surface of ZnS:Mn2+ nano-particles. It is worth noting
hat the C O stretch band of the carboxyl group, which is present
t 1697 cm−1 in the IR spectrum of pure 2-ethylhexanoic acid, is
bsent in the spectrum of the coated ZnS:Mn2+ nano-particles.
nstead, two new bands at 1561 and 1427 cm−1 are characteristic
f the asymmetric �as(COO−) and the symmetric �s(COO−) stretch
18]. This reveals that 2-ethylhexanoic acid is chemisorbed as a car-
oxylate onto the ZnS:Mn2+ nano-particles, and the two oxygen
toms in the carboxylate are coordinated symmetrically to the Zn
toms.

Based upon previous studies of carboxylates [19,20], the inter-
ction between the carboxylate head and the metal atom is
ategorized as four types: monodentate, bridging bidentate, chelat-
ng bidentate, and ionic interaction. The wave number separation,

, between the �as(COO−) and �s(COO−) IR bands can be used to
iagnose the type of the interaction between the carboxylate head
nd the metal atom. The largest � (200–320 cm−1) corresponds to
he monodentate interaction and the smallest � (<110 cm−1) for the
helating bidentate. The medium range � (130–190 cm−1) is for the
ridging bidentate. In this work, the � (1561–1427 = 134 cm−1) is
scribed to the bridging bidentate, where the interaction between
he RCOO− group and the Zn atom is covalent.

To further examine the chemical structure of the surface coated
nS:Mn2+ nano-particles, the XPS spectra of C 1s, O 1s, and Zn 2p
ore levels were obtained. Two C 1s peaks appearing at 284.7 and
88.2 eV (Fig. 3(a)) are ascribed to the carbon atoms in the aliphatic
hain (C–C) and the carboxylate (–COO−), respectively, which is
onsistent with the data obtained from carboxylates in the previous
iterature [21,22]. No C 1s peak corresponding to carboxylic carbon
–COOH) appeared in the spectrum, indicating the absence of free
cid on the coated ZnS:Mn2+ nano-particles. This is also confirmed
y the O 1s peak feature at 531.5 eV (Fig. 3(b)). A single and sym-
etrical O 1s peak reveals the presence of two symmetrical oxygen

toms in the carboxylate (COO−) moiety and the absence of the C O
ond in the coated nano-particles. The Zn 2p doublet was further
econvoluted and the results are shown in Fig. 4. Peaks correspond-

ng to the binding energies of 1021.8 and 1045.1 eV imply the Zn–O
ond formation in the carboxylate, while the deconvoluted peaks
f the Zn 2p doublet with binding energies of 1022.2 and 1046.2 eV
orrespond to the Zn–S bond in the ZnS:Mn2+ nano-particles [23].

It is known [24–26] that bonding types of carboxylate groups
o the metal atoms may be either a bidentate bond through two
Please cite this article in press as: C.-H. Lu, et al., J. Alloys Compd. (2008), d

quivalent oxygen atoms or a monodentate bond with inequiva-
ent oxygen atoms. In the case of the monodentate bond, the C O
ond is still present and the acid hydrogen is substituted by metal
toms. In the above case, the IR spectrum should show a strong
and at 1700–1730 cm−1 and the O 1s XPS spectrum should display

F
p
e

ig. 3. XPS spectra for C 1s (a) and O 1s (b) levels in 2-ethylhexanoic acid coated
nS:Mn2+ nano-particles prepared using 200 W microwave power.

nother peak at around 533 eV in addition to the first one around
31 eV. This study demonstrates that the IR band at 1697 cm−1 dis-
ppears after the 2-ethylhexanoic acid has been adsorbed on the
urface of the ZnS nano-particles. In addition, the O 1s XPS spectrum
hat was obtained from the coated ZnS nano-particles illustrates a
ingle peak instead of two nonequivalent peaks. Therefore, it can
e inferred that carboxylate groups are bound to the Zn atoms
ymmetrically through its two oxygen atoms at surface.
oi:10.1016/j.jallcom.2008.08.042

ig. 4. XPS spectra for Zn 2p levels in 2-ethylhexanoic acid coated ZnS:Mn2+ nano-
articles prepared using 200 W microwave power. Inset shows the deconvulation of
ach peak of the Zn 2p doublet.

dx.doi.org/10.1016/j.jallcom.2008.08.042
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ig. 5. Optical transmission spectrum of 2-ethylhexanoic acid coated ZnS:Mn2+

ano-particles prepared using 200 W microwave power. Inset shows the (˛h�)2 vs.
� plot for determining the bandgap of the sample.

nS:Mn2+ nano-particles and the two oxygen atoms in the car-
oxylate are coordinated symmetrically to the Zn atoms, leading
o the formation of the covalent Zn–O bond. The anion bound onto
he nano-particle surface prevents particle agglomeration due to
lectrostatic repulsion between two adjacent particles.

.3. Optical and photoluminescence study of ZnS:Mn2+

ano-particles

Fig. 5 shows the transmittance (T) as a function of the wave-
ength (�) recorded in the � region, ranging from 200 to 600 nm.
he sharp fall in the T value at lower wavelengths is associated with
he excitonic optical transition in ZnS:Mn2+ nano-crystallites. The
xact band gap value was obtained using the conventional method,
xtrapolating the straight line portion of the (˛h�)2 vs. h� plot to
= 0. The Eg value obtained (4.23 eV) for the sample synthesized

t a microwave power of 200 W was greater than that of the Eg

alue of the bulk ZnS (3.68 eV) [27]. The blue shift in the band
ap is attributed to the quantum size effect due to smaller crystal-
ite size. The nano-crystalline material properties show a deviation
rom the corresponding bulk properties when the crystallite sizes
ecome comparable to the Bohr excitonic radius (aB), 2.5 nm for
nS. The particle radius value in the nano-crystalline ZnS:Mn2+, as
etermined from TEM studies, is smaller than aB supporting the
trong quantum-size effect in the ZnS:Mn2+ powder. Further, the
lue shift in the band gap (�Eg) could also be utilized to determine
he crystallite radius (r) using the following relation [28]:[

h2�2
] [

1.8 e2
]

Please cite this article in press as: C.-H. Lu, et al., J. Alloys Compd. (2008), d

Eg = Eg(powder) − Eg(bulk) =
2 �r2

−
εr

(1)

here � is the reduced electron–hole effective mass. Using the
= 8.76, m∗

e = 0.34m0 and m∗
h

= 0.23m0 values, assuming spheri-
al crystallites, the particle size was determined as 2.87 nm. This

a
i
g
t
I

ig. 6. PL excitation spectrum of 2-ethylhexanoic acid coated ZnS:Mn2+ nano-
articles prepared using 200 W microwave power. Inset shows the fine structure

n the spectrum at the wavelength region 400–550 nm.

alue is comparable to those obtained from TEM, PSA or XRD
tudies.

The d–d transitions of Mn2+ ions in ZnS nano-particles are
bserved in the PLE spectrum for the sample synthesized with
00 W microwave power. The spectrum shows fine structure hav-

ng five absorption peaks in the wave length region of 400–550 nm
Fig. 6 (inset)). These peaks occurred at 453, 474, 485, 495 and
17 nm in addition to the main peak at 324 nm. Chen et al. [29]
lso reported similar observation of the existence of five absorption
ands in the PLE spectra of ZnS:Mn2+ nano-particles in the cavities
f zeolite-Y, prepared by solid state diffusion at high temperature.
ompared to the Mn2+ PLE spectra of bulk ZnS:Mn2+ [30–32] it is
nown that the five absorption bands are due to the 6A1(S) → 4E
4D), 6A1(S) → 4T2 (4D), 6A1(S) → 4A1, 4E (4G), 6A1(S) → 4T2 (4G),
nd 6A1(S) → 4T1 (4G) transitions, respectively.

The excitation spectra of Mn2+ in ZnS:Mn2+ nano-particles were
eported by Tanaka et al. [33] observing bands at 465, 497 and
29 nm, respectively. In the present study, the observed five excita-
ion bands and the wavelengths of the corresponding three bands
6A1(S) → 4A1, 4E (4G), 6A1(S) → 4T2 (4G) and 6A1(S) → 4T1 (4G)] are
few nanometers shifted from the reported observations [33]. This
bservation can be attributed to the difference in the local struc-
ures around Mn2+ luminescent centers in ZnS:Mn2+ nano-particles
repared using different synthesis techniques. These additional
xcitation peaks, other than the broad excitonic transition of ZnS,
re related to Mn2+ ions and can be attributed to the high-lying
xcited states of Mn2+ [31]. The energy levels of these higher-
xcited states of Mn2+ in ZnS have been calculated [31] and reported
y measuring the transitions from the emitting state 4T1(4G) of
n2+ [31]. The absorption coefficients of the d–d transitions are rel-
oi:10.1016/j.jallcom.2008.08.042

tively small, since they are forbidden transitions [31]. As a result,
t is tough to measure the absorption of the transitions from the
round state to these high-lying states of Mn2+ in bulk ZnS:Mn2+as
hey are masked by the strong excitonic absorption of ZnS host [31].
n nano-particles, the absorption of the direct transitions from the

dx.doi.org/10.1016/j.jallcom.2008.08.042
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ig. 7. PL emission spectrum of 2-ethylhexanoic acid coated ZnS:Mn2+ nano-
articles prepared using 200 W microwave power. Inset shows the bright
ellow-orange luminescence coming from the sample.

round state to these high-lying states of Mn2+ is observed. This
ndicates that the d–d transitions become allowed or partly allowed
n case of nano-particles.

PL spectrum is recorded at room temperature and the result
s shown in Fig. 7. The sample exhibits very bright yellow-orange
uminescence at 585 nm, characteristic of the 4T1 (excited) → 6A1
ground) transition of Mn2+ ion at Td symmetry in ZnS host. A weak
nd broad blue emission centered at about 440 nm also observed
n addition to this bright yellow-orange emission. The weak peak
t blue region can be attributed to the S2− vacancies in the ZnS host
5]. Low intensity of this emission indicates better surface passi-
ation of the ZnS:Mn2+ nano-particles in the present study. It is
ound that the emission peak at 585 nm is broad in nature. The
roadness of this emission band occurs due to the combination of

nhomogeneous broadening and phonon assisted transition [34].
ongitudinal (LO and LA) and transverse (TO and TA) optical and
coustic phonons are not resolvable at room temperature [35].

It was reported [36] that in Mn2+ activated ZnS nano-crystals in
hich the Mn2+ ions are distributed outside the ZnS nano-crystals,

he PL emission is totally different from that of Mn2+-doped ZnS
ano-crystals in which the Mn2+ is incorporated within the nano-
rystals. When the Mn2+ is incorporated within the crystals, both
he 435 nm blue emission of ZnS and the orange Mn2+ emission at
90 nm are observed. However, in the Mn2+ activated ZnS nano-
rystals in which the Mn2+ ions are distributed outside the ZnS
rystals, no orange emission at 590 nm is observed, a new peak
t 350 nm appears, and the blue 435 nm emission in ZnS is con-
iderably quenched and shifted to 390 nm. Comparison of these
bservations with the results of the present study suggests that
n this case, the Mn2+ ions are incorporated within the ZnS nano-
articles. The bright yellow orange emission from the sample is
hown in the inset of Fig. 7.
Please cite this article in press as: C.-H. Lu, et al., J. Alloys Compd. (2008), d

.4. ESR study of ZnS:Mn2+ nano-particles

The symmetry, electronic structure and coordination states of
n impurity in ZnS:Mn2+ powder and thin films have been stud-

(
E
i
c

ig. 8. ESR spectrum of 2-ethylhexanoic acid coated ZnS:Mn2+ nano-particles pre-
ared using 200 W microwave power.

ed by different workers [37,38] using ESR. The 2+ charge state
f Mn has a half-filled d-shell (3d5) with angular momentum
= 0 and spin S = 5/2. The hyperfine structure results from the

nteraction between the nuclear spin of 55Mn and its electronic
pin. At low manganese-ion concentrations, a characteristic six
ine pattern of Mn2+ in the cubic ZnS lattice appears. In a cubic
nS lattice containing substitutional Mn2+, hyperfine transitions
re due to �MI = 0, which gives rise to the characteristic six line
pectrum.

Fig. 8 shows the ESR spectrum of ZnS:Mn2+ nano-particles
ecorded using microwave power of 10 mW and modulation ampli-
ude of 0.5 mT. The ESR parameters associated with the signal are
= 2.0009 and hyperfine constant |A| = 88.9 × 10−4 cm−1. Similar
arameters were deduced by Kennedy et al. [37] for nano-sized
n-doped ZnS powder (g = 2.001 and |A| = 89 × 10−4 cm−1). The
ell-resolved resonance spectra consisting of six hyperfine lines

evealed the fact that Mn2+ in ZnS was present as dispersed
n2+ impurities rather than Mn2+ clusters, which would pro-

uce broad resonance without splitting. The ESR parameter values
ndicate that Mn2+ ions have replaced the Zn sites in the ZnS
attice [38].

. Conclusions

Highly luminescent ZnS:Mn2+ nano-particles were synthesized
ia a microwave irradiation technique using zinc 2-ethylhexanoate
s a novel zinc precursor. This method was found to be an efficient
echnique for producing in situ capping of 2-ethylhexanoic acid
n the surface of the ZnS:Mn2+ nano-particles resulting enhanced
uminescence intensity due to effective passivation. The anions
ound on the surface of the nano-particles prevented particle
gglomeration due to electrostatic repulsion between two adjacent
articles. The nano-particles showed bright yellow-orange lumi-
escence at about 585 nm, characteristic of 4T1 (excited) → 6A1
oi:10.1016/j.jallcom.2008.08.042

ground) transition of Mn2+ ion at Td symmetry in ZnS crystals.
SR study showed a hyperfine sextet indicating the fact that Mn2+

n ZnS was present as dispersed Mn2+ impurities rather than Mn2+

lusters.

dx.doi.org/10.1016/j.jallcom.2008.08.042
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