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ZnS:Mn?* nano-phosphors are synthesized via a microwave irradiation technique using zinc 2-
ethylhexanoate as a novel zinc precursor. The developed process produces ZnS:Mn?* 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
in the carboxylate are coordinated symmetrically to the Zn atoms, leading to the formation of the cova-

fg; vg(-);i?ticles lent Zn-0 bond. The anion bound onto the nano-particle surface prevents particle agglomeration due to
ZnS:Mn2* electrostatic repulsion between two adjacent particles. Electron spin resonance (ESR) spectrum showed

a hyperfine sextet revealing the fact that Mn?* in ZnS was present as dispersed Mn?* impurities rather
than Mn?2* clusters, which would produce broad resonance without splitting. The samples showed bright
yellow-orange luminescence at about 585 nm, characteristic of *T; (excited) — ®A; (ground) transition of

Luminescence
Microwave synthesis

Mn?* ion at Tq symmetry in ZnS.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Semiconductor nano-particles have been emerged as an attrac-
tive field of theoretical as well as applied research of late and
investigated extensively in recent years [1-6]. Nano-materials can
be described as the intermediate state of matter between individ-
ual molecule and bulk materials [1]. Transition from bulk materials
to nano-particles results the size-dependent material properties
as a consequence of quantum size effect [2]. The small size and
controllable optical property of certain semiconductors make them
interesting for applications in the fields of optoelectronics [4] catal-
ysis [5] and fluorescence microscopy [6]. Particles of very small
sizes show unique physical properties. With a decrease in parti-
cle size, an extremely high surface to volume ratio is obtained.
This leads to an increase in surface specific active sites for chem-
ical reactions and photon absorption to enhance the reaction and
absorption efficiency. The enhanced surface area increases surface
states, which changes electron and hole activities and affects the
chemical reaction dynamics. Nano-particles can also induce the
possibility of indirect electron transitions at the crystal boundaries,
realizing essential light absorption enhancement.
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ZnS nano-particles are used as phosphors for display devices.
ZnS doped with manganese-ions (yellow-orange emission at
around 590nm) [7,8], copper-ions (green emission at around
510nm) [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
have been described by Bhargava et al. [7] and Gallagher et al.
[13] Yuetal.[14] synthesized ZnS:Mn2* nano-particles in methanol
using sodium polyphosphate as the capping agent. Recently, sono-
chemical synthesis [15] of ZnS:Mn2* nano-particles has also been
reported. Precipitations from homogeneous solutions have been
reported, where it was found that the particle size was a function
of the nature of the associated anions [16,17].

Although ZnS:Mn2* nano-particles have been prepared via dif-
ferent processes in the past few years, the used synthesis and
capping processes usually require complicated procedures. In order
to simplify the process, we adopted the microwave process for
preparing ZnS:Mn2*. This process can synthesize ZnS:Mn2* and
form the capped layer in one step. In addition, in the con-
ventional synthesis and drying processes, the formed ZnS:Mn2*
nano-particles tend to agglomerate together. For solving this prob-
lem, we used zinc 2-ethylhexanoate as a new zinc precursor. This
precursor can produce in situ capping of 2-ethylhexanoic acid on
the surface, thereby preventing particle agglomeration due to elec-
trostatic repulsion, and resulting in improvement in luminescent
properties. The chemical interaction of the carboxylic acid group
with the ZnS:Mn2* nano-particle was investigated using Fourier
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transform infrared spectroscopy (FTIR) and X-ray photoelectron
spectroscopy (XPS). The luminescent properties of the prepared
nano-particles were also studied in details.

2. Experimental

Zinc  2-ethylhexanoate  [CH3(CH;)3;CH(C,Hs5)COO],Zn] and  thiourea
(NH2CSNH,) 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
amount of sulfur was used to ensure the completion of reaction. One atomic %
Mn?* doping was carried out through dissolving manganese acetate in the solution.
After that, the solution was first stirred at room temperature for 15min and then
sonicated for 90 min. Ultrasonic irradiation was accomplished with a high-intensity
ultrasonic bath (Branson 3510). After sonication, the solution was transferred to
double walled microwave digestion vessel of volume 100 ml, filling up to 60% of its
volume. A high performance microwave digestion unit (MLS 1200 Mega) operated
at the frequency 2450 MHz was used for microwave synthesis. The microwave
power and synthesis temperature were set at 200W and 150°C, respectively.
The microwave generator was programmed to shut down for maintaining the
system at the set temperature. The pressure attained at the synthesis was 80.5 psi
as measured using a pressure sensor attached within the reference vessel. Once
the reaction was completed, the solution was cooled to room temperature. The
precipitates were centrifuged, washed with de-ionized water, ethanol and acetone
for several times and dried at 70°C in a vacuum oven for the characterization
process.

Transmission electron microscopy (TEM) was performed using a Hitachi H-
7100 microscope operated at the voltage of 100kV. Powder dispersed in ethanol
was carefully placed on the carbon coated Cu grid for TEM study. A particle size
analyzer (Nano-S, Malven, Worcedtershire, UK) was used to measure the size distri-
bution histogram using methanol as the solvent. An X-ray diffraction (XRD) study
was performed in a MAC M03 XHF diffractometer using Ni filtered Cu K« radia-
tion (A =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-
toelectron spectroscopic (XPS) measurements were performed on a VG Microtech
(MT-500) machine using Al Ka radiation. Diffuse reflectance spectra were recorded
using a spectrophotometer (Hitachi-U3410) at room temperature with a resolution
of A ~ 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.
The microwave frequency was 9.76 GHz and a 100 kHz field modulation was used.
The photoluminescence excitation (PLE) and photoluminescence emission (PL) mea-
surements were performed in a Hitachi F-4500 fluorescence spectrophotometer at
room temperature using a Xe lamp as the excitation source.

3. Results and discussion
3.1. Microstructures of ZnS:Mn?* nano-particles

Fig. 1(a) shows the TEM of ZnS:Mn?2* nano-particles with the cor-
responding diffraction pattern in inset. Presence of fine ZnS:Mn2*
nano-particles is clearly visible in the TEM picture (Fig. 1(a)). The
diffraction pattern of the sample consists of a central halo with
concentric broad rings. The rings correspond to the reflections
from (111), (220) and (311) planes confirming the cubic crys-
tallographic structure of the ZnS nano-particles. The average size
(Dav) of the nano-crystallites determined from TEM is around 3 nm
(£0.5nm). Particle size analysis (PSA) data shows (Fig. 1(b)) nar-
row size distribution of the particles with D,y 2.6 nm. This result is
consistent with the TEM result.

Fig. 1(c) illustrates the XRD pattern of ZnS:Mn2* nano-particles.
The pattern showed peak from (111), (220) and (311) planes,
indicating the formation of cubic phase, in agreement with the
electron diffraction results. Broadening of the XRD peaks can be
attributed to the small size of the ZnS:Mn?* nano-particles present
in the sample. The crystallite size was obtained as 3.02 nm from the
XRD data using the Debye equation. This value tallied well with the
TEM and PSA results as mentioned earlier.

3.2. Characterization of the surface of ZnS:Mn?* nano-particles
For understanding the adsorption mechanism of the 2-

ethylhexanoic acid on the surface, FTIR analysis of ZnS:Mn2*
nano-particles capped with 2-ethylhexanoic acid were carried out
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Fig. 1. (a) Transmission electron micrograph (TEM) with corresponding electron
diffraction pattern, (b) particle size analysis data and (c) powder X-ray diffraction
pattern of 2-ethylhexanoic acid coated ZnS:Mn?* nano-particles prepared using
200 W microwave power.

and the obtained data were compared to the IR spectrum of the
pure 2-ethylhexanoic acid (Fig. 2a). The peak assignments for 2-
ethylhexanoic acid are listed in Table 1 [18]. The broad feature
between 3500 and 2500cm~! were assigned to the O-H stretch
of the carboxylic acid. Two sharp bands at 2951 and 2868 cm™!,
which were superimposed on the O-H stretch, were attributed
to the asymmetric CH;, stretch and the symmetric CH, stretch,
respectively. The intense peak at 1697 cm~! was derived from the
existence of the C=0 stretch and the band at 1276cm~! 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™!, respectively.
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Fig. 2. FTIR spectra of (a) 2-ethylhexanoic acid and (b) 2-ethylhexanoic acid coated
ZnS:Mn?* nano-particles prepared using 200 W microwave power.
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Table 1 — @
Assignments of vibrational mode for 2-ethylhexanoic acid d"é-’
Peak (cm™') Assignment .
3400-2400 O-H stretch E
2951 Asymmetric CH; stretch =
2868 Symmetric CH, stretch w
1697 C=0 stretch S
1458 In plane O-H stretch =
1276 C-0 stretch -
938 Out-of-plane O-H stretch 1 1 L
776 CH, rocking 275 280 285 290 295
Binding Energy (eV)
Fig. 2(b) reveals the IR spectrum obtained from the ZnS:Mn?2* )
nano-particles coated with 2-ethylhexanoic acid. For the coated 2 O1s
samples, the asymmetric CH, stretch and the symmetric CH; S
stretch shifted to 2947 and 2864 cm™!, respectively. Shifting of g
these bands to the lower frequencies could be attributed to the £
partial bond formation with the surface Zn atoms which eventually 2
passivate the surface of ZnS:Mn2* nano-particles. It is worth noting §
that the C=0 stretch band of the carboxyl group, which is present £
at 1697 cm~! in the IR spectrum of pure 2-ethylhexanoic acid, is " g :
absent in the spectrum of the coated ZnS:Mn?2* nano-particles. 525.0 527.5 530.0 532.5 535.0

Instead, two new bands at 1561 and 1427 cm~! are characteristic
of the asymmetric v,5(COO~) and the symmetric vs(COO~) stretch
[18]. This reveals that 2-ethylhexanoic acid is chemisorbed as a car-
boxylate onto the ZnS:Mn2* nano-particles, and the two oxygen
atoms in the carboxylate are coordinated symmetrically to the Zn
atoms.

Based upon previous studies of carboxylates [19,20], the inter-
action between the carboxylate head and the metal atom is
categorized as four types: monodentate, bridging bidentate, chelat-
ing bidentate, and ionic interaction. The wave number separation,
A, between the v,5(CO0~) and vs(COO™) IR bands can be used to
diagnose the type of the interaction between the carboxylate head
and the metal atom. The largest A (200-320 cm~1) corresponds to
the monodentate interaction and the smallest A (<110 cm~1) for the
chelating bidentate. The medium range A (130-190 cm~1) is for the
bridging bidentate. In this work, the A (1561-1427=134cm™!) is
ascribed to the bridging bidentate, where the interaction between
the RCOO~ group and the Zn atom is covalent.

To further examine the chemical structure of the surface coated
ZnS:Mn2* nano-particles, the XPS spectra of C 1s, O 1s, and Zn 2p
core levels were obtained. Two C 1s peaks appearing at 284.7 and
288.2 eV (Fig. 3(a)) are ascribed to the carbon atoms in the aliphatic
chain (C-C) and the carboxylate (-COO~), respectively, which is
consistent with the data obtained from carboxylates in the previous
literature [21,22]. No C 1s peak corresponding to carboxylic carbon
(-COOH) appeared in the spectrum, indicating the absence of free
acid on the coated ZnS:Mn2* nano-particles. This is also confirmed
by the O 1s peak feature at 531.5 eV (Fig. 3(b)). A single and sym-
metrical O 1s peak reveals the presence of two symmetrical oxygen
atoms in the carboxylate (COO~) moiety and the absence of the C=0
bond in the coated nano-particles. The Zn 2p doublet was further
deconvoluted and the results are shown in Fig. 4. Peaks correspond-
ing to the binding energies of 1021.8 and 1045.1 eV imply the Zn-0
bond formation in the carboxylate, while the deconvoluted peaks
of the Zn 2p doublet with binding energies of 1022.2 and 1046.2 eV
correspond to the Zn-S bond in the ZnS:Mn?* nano-particles [23].

It is known [24-26] that bonding types of carboxylate groups
to the metal atoms may be either a bidentate bond through two
equivalent oxygen atoms or a monodentate bond with inequiva-
lent oxygen atoms. In the case of the monodentate bond, the C=0
bond is still present and the acid hydrogen is substituted by metal
atoms. In the above case, the IR spectrum should show a strong
band at 1700-1730cm~! and the O 1s XPS spectrum should display

Binding energy (eV)

Fig. 3. XPS spectra for C 1s (a) and O 1s (b) levels in 2-ethylhexanoic acid coated
ZnS:Mn?* nano-particles prepared using 200 W microwave power.

another peak at around 533 eV in addition to the first one around
531 eV. This study demonstrates that the IR band at 1697 cm~! dis-
appears after the 2-ethylhexanoic acid has been adsorbed on the
surface of the ZnS nano-particles. In addition, the O 1s XPS spectrum
that was obtained from the coated ZnS nano-particles illustrates a
single peak instead of two nonequivalent peaks. Therefore, it can
be inferred that carboxylate groups are bound to the Zn atoms
symmetrically through its two oxygen atoms at surface.

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
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Fig. 4. XPS spectra for Zn 2p levels in 2-ethylhexanoic acid coated ZnS:Mn?* nano-
particles prepared using 200 W microwave power. Inset shows the deconvulation of
each peak of the Zn 2p doublet.
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Fig. 5. Optical transmission spectrum of 2-ethylhexanoic acid coated ZnS:Mn?*
nano-particles prepared using 200 W microwave power. Inset shows the (ahv)? vs.
hv plot for determining the bandgap of the sample.

ZnS:Mn2* nano-particles and the two oxygen atoms in the car-
boxylate are coordinated symmetrically to the Zn atoms, leading
to the formation of the covalent Zn-0 bond. The anion bound onto
the nano-particle surface prevents particle agglomeration due to
electrostatic repulsion between two adjacent particles.

3.3. Optical and photoluminescence study of ZnS:Mn2*
nano-particles

Fig. 5 shows the transmittance (T) as a function of the wave-
length (A) recorded in the A region, ranging from 200 to 600 nm.
The sharp fall in the T value at lower wavelengths is associated with
the excitonic optical transition in ZnS:Mn?* nano-crystallites. The
exact band gap value was obtained using the conventional method,
extrapolating the straight line portion of the (ahv)? vs. hv plot to
a=0. The Eg value obtained (4.23 eV) for the sample synthesized
at a microwave power of 200W was greater than that of the Eg
value of the bulk ZnS (3.68eV) [27]. The blue shift in the band
gap is attributed to the quantum size effect due to smaller crystal-
lite size. The nano-crystalline material properties show a deviation
from the corresponding bulk properties when the crystallite sizes
become comparable to the Bohr excitonic radius (ag), 2.5nm for
ZnS. The particle radius value in the nano-crystalline ZnS:Mn?*, as
determined from TEM studies, is smaller than ag supporting the
strong quantum-size effect in the ZnS:Mn?* powder. Further, the
blue shift in the band gap (AEg) could also be utilized to determine
the crystallite radius (r) using the following relation [28]:

h2m? 1.8¢2
AEg = Eg(powder) — Eg(bulk) = {Zlﬂz} - { o } (1)

where p is the reduced electron-hole effective mass. Using the
£=8.76, mj = 0.34mg and mj, = 0.23mq values, assuming spheri-
cal crystallites, the particle size was determined as 2.87 nm. This

particles prepared using 200 W microwave power. Inset shows the fine structure
in the spectrum at the wavelength region 400-550 nm.

value is comparable to those obtained from TEM, PSA or XRD
studies.

The d-d transitions of MnZ* ions in ZnS nano-particles are
observed in the PLE spectrum for the sample synthesized with
200 W microwave power. The spectrum shows fine structure hav-
ing five absorption peaks in the wave length region of 400-550 nm
(Fig. 6 (inset)). These peaks occurred at 453, 474, 485, 495 and
517 nm in addition to the main peak at 324nm. Chen et al. [29]
also reported similar observation of the existence of five absorption
bands in the PLE spectra of ZnS:Mn?2* nano-particles in the cavities
of zeolite-Y, prepared by solid state diffusion at high temperature.
Compared to the Mn?* PLE spectra of bulk ZnS:Mn?* [30-32] it is
known that the five absorption bands are due to the 5A;(S)— “E
(D), 6A1(S)— 4T, (D), ®A1(S)— *Aq, “E (*G), 5A1(S)— *T; (*G),
and 5A{(S)— 4T; (*G) transitions, respectively.

The excitation spectra of Mn2* in ZnS:Mn?* nano-particles were
reported by Tanaka et al. [33] observing bands at 465, 497 and
529 nm, respectively. In the present study, the observed five excita-
tion bands and the wavelengths of the corresponding three bands
[6A1 (S) — 4A1 , 4E (4G), 6A1 (S) = 4T2 (4G) and 6A1 (S) — 4T] (4G)] dare
a few nanometers shifted from the reported observations [33]. This
observation can be attributed to the difference in the local struc-
tures around Mn%* luminescent centers in ZnS:Mn2* nano-particles
prepared using different synthesis techniques. These additional
excitation peaks, other than the broad excitonic transition of ZnS,
are related to Mn2* ions and can be attributed to the high-lying
excited states of Mn2* [31]. The energy levels of these higher-
excited states of Mn2* in Zn$S have been calculated [31] and reported
by measuring the transitions from the emitting state 4T;{(*G) of
Mn?2* [31]. The absorption coefficients of the d—d transitions are rel-
atively small, since they are forbidden transitions [31]. As a result,
it is tough to measure the absorption of the transitions from the
ground state to these high-lying states of Mn2* in bulk ZnS:Mn2*as
they are masked by the strong excitonic absorption of ZnS host [31].
In nano-particles, the absorption of the direct transitions from the
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Fig. 7. PL emission spectrum of 2-ethylhexanoic acid coated ZnS:Mn?* nano-
particles prepared using 200W microwave power. Inset shows the bright
yellow-orange luminescence coming from the sample.

ground state to these high-lying states of MnZ* is observed. This
indicates that the d-d transitions become allowed or partly allowed
in case of nano-particles.

PL spectrum is recorded at room temperature and the result
is shown in Fig. 7. The sample exhibits very bright yellow-orange
luminescence at 585 nm, characteristic of the 4Ty (excited) — 6A;
(ground) transition of Mn?* ion at Ty symmetry in ZnS host. A weak
and broad blue emission centered at about 440 nm also observed
in addition to this bright yellow-orange emission. The weak peak
at blue region can be attributed to the S2~ vacancies in the ZnS host
[5]. Low intensity of this emission indicates better surface passi-
vation of the ZnS:Mn2* nano-particles in the present study. It is
found that the emission peak at 585 nm is broad in nature. The
broadness of this emission band occurs due to the combination of
inhomogeneous broadening and phonon assisted transition [34].
Longitudinal (LO and LA) and transverse (TO and TA) optical and
acoustic phonons are not resolvable at room temperature [35].

It was reported [36] that in Mn2* activated ZnS nano-crystals in
which the Mn?2* ions are distributed outside the ZnS nano-crystals,
the PL emission is totally different from that of Mn2*-doped ZnS
nano-crystals in which the Mn2* is incorporated within the nano-
crystals. When the Mn2* is incorporated within the crystals, both
the 435 nm blue emission of ZnS and the orange Mn2* emission at
590nm are observed. However, in the Mn?* activated ZnS nano-
crystals in which the Mn?* ions are distributed outside the ZnS
crystals, no orange emission at 590 nm is observed, a new peak
at 350 nm appears, and the blue 435 nm emission in ZnS is con-
siderably quenched and shifted to 390 nm. Comparison of these
observations with the results of the present study suggests that
in this case, the Mn2* ions are incorporated within the ZnS nano-
particles. The bright yellow orange emission from the sample is
shown in the inset of Fig. 7.

3.4. ESR study of ZnS:Mn2* nano-particles

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

ESR intensity (arb. units)

" 1 Y 1 i 1 i L i 1 A 1 A
2500 2750 3000 3250 3500 3750 4000 4250
Magpnetic field (mT)

Fig. 8. ESR spectrum of 2-ethylhexanoic acid coated ZnS:Mn?* nano-particles pre-
pared using 200 W microwave power.

ied by different workers [37,38] using ESR. The 2+ charge state
of Mn has a half-filled d-shell (3d®) with angular momentum
L=0 and spin S=5/2. The hyperfine structure results from the
interaction between the nuclear spin of °>Mn and its electronic
spin. At low manganese-ion concentrations, a characteristic six
line pattern of Mn2* in the cubic ZnS lattice appears. In a cubic
ZnS lattice containing substitutional Mn2*, hyperfine transitions
are due to AM; =0, which gives rise to the characteristic six line
spectrum.

Fig. 8 shows the ESR spectrum of ZnS:Mn2* nano-particles
recorded using microwave power of 10 mW and modulation ampli-
tude of 0.5 mT. The ESR parameters associated with the signal are
£=2.0009 and hyperfine constant |A|=88.9 x 10~*cm~!. Similar
parameters were deduced by Kennedy et al. [37] for nano-sized
Mn-doped ZnS powder (g=2.001 and |A|=89 x 10~*cm™1). The
well-resolved resonance spectra consisting of six hyperfine lines
revealed the fact that Mn%* in ZnS was present as dispersed
Mn?2* impurities rather than Mn2* clusters, which would pro-
duce broad resonance without splitting. The ESR parameter values
indicate that Mn2* ions have replaced the Zn sites in the ZnS
lattice [38].

4. Conclusions

Highly luminescent ZnS:Mn2* nano-particles were synthesized
via a microwave irradiation technique using zinc 2-ethylhexanoate
as a novel zinc precursor. This method was found to be an efficient
technique for producing in situ capping of 2-ethylhexanoic acid
on the surface of the ZnS:Mn2* nano-particles resulting enhanced
luminescence intensity due to effective passivation. The anions
bound on the surface of the nano-particles prevented particle
agglomeration due to electrostatic repulsion between two adjacent
particles. The nano-particles showed bright yellow-orange lumi-
nescence at about 585nm, characteristic of 4T; (excited)— 6A;
(ground) transition of Mn2* ion at T4 symmetry in ZnS crystals.
ESR study showed a hyperfine sextet indicating the fact that Mn2*
in ZnS was present as dispersed Mn2* impurities rather than Mn2*
clusters.
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