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Abstract In this paper we report the synthesis of highly

luminescent ZnS and Mn-doped ZnS nanoparticles with

uniform particle size distribution by liquid phase pulsed

laser ablation. The formation of nanosized ZnS crystallites

was confirmed by high-resolution transmission electron

microscopy (HRTEM) images. The optical properties of

these nanoparticles were studied by room temperature

photoluminescence (PL) spectra. The PL emission from the

ZnS nanoparticles shows a sharp peak in the UV region

(334 nm) corresponding to the band edge and a broad peak

in the visible region which can be attributed to the sulphur

vacancies, cation vacancies and surface states in the

nanocrystals. The yellow emission from the Mn-doped ZnS

nanoparticles can be attributed to the radiative transition

between 4T1 and 6A1 levels within the 3d5 orbital of Mn2?.

1 Introduction

Synthesis of nanoparticles has been the focus of an ever

increasing number of researchers worldwide, mainly due to

their unique optical and electronic properties [1–5], which

makes them ideal for a wide spectrum of applications

ranging from displays and lasers [6, 7] to in vivo biological

imaging. A variety of preparation methods have been

reported for the synthesis of nanoparticles, such as mag-

netic liquids [8], metal–polymer nanocomposites [9],

semiconductors [10], and colloidal systems [11]. Colloidal

nanoparticles have received considerable attention in

recent years because of their unique optical, electronic, and

magneto-optic properties and consequently their potential

applications as optoelectronic devices and biomedical tags.

The critical role of dopants in semiconductor devices has

stimulated research on the properties and the potential

applications of doped semiconductor nanocrystals. Over

the past decade, liquid phase pulsed laser ablation (LP-

PLA) technique has aroused immense interest [12, 13]. In

LP-PLA techniques, laser pulses fall on the target surface

through liquids transparent to that wavelength forming

cavitation bubbles. When the ablation plume interacts with

the surrounding liquid media, which upon their collapse,

give rise to extremely high pressure and temperature. These

conditions are, however, localized and exist across the

nanometer scale. LP-PLA has proven to be an effective

method for preparation of many nanostructured materials,

including nanocrystalline diamond [14], cubic boron

nitride [15], ZnO [16], Ti [17], Ag [18, 19], Au [19–21],

TiC [22], ZnO/Au nanocomposites [23], and hydroxyapa-

tite [24].

Efficient phosphors for lighting applications, flat panel

displays, sensors, etc,. have always been a goal for

researchers. Conventional phosphors are in micrometer

scale, so light scattering at grain boundaries is strong and

that decreases light output. Nanophosphors can be prepared

from tens to hundreds of nanometers that are smaller than

the visible wavelength and can reduce scattering, thereby

enhancing the luminescence efficiency. Zinc sulfide is a

wide band gap (Eg = 3.6 eV at 300 K) semiconductor,

which is considered important for applications such as

ultraviolet-light-emitting diodes, electroluminescent devi-

ces, flat panel displays, sensors, and injection lasers [25–

29]. Under ambient conditions, ZnS has two types of

polymorphs: zinc blende (cubic) and wurtzite (hexagonal).

The cubic ZnS is stable at room temperature, whereas the
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hexagonal ZnS is stable at temperatures higher than

1,020 �C. When doped with some metal cations (including

transition metal ions and rare-earth elements), ZnS is an

excellent phosphor exhibiting photoluminescence (PL),

electroluminescence (EL), thermoluminescence and tribo-

luminescence [30–34]. Among these elements, Mn doping

in ZnS attracts a great deal of interest since Mn doping not

only can enhance its optical transition efficiency, but also

induce the material to exhibit interesting optical properties

[35–38] which is obviously an effective way to enhance the

luminescent properties of ZnS for practical applications.

Manzoor et al. [39] reported the growth of Cu?–Al3?

and Cu?–Al3?–Mn2? doped ZnS nanoparticles by wet

chemical method for electroluminescent applications. The

high fluorescent efficiency and dispersion in water make

ZnS:Mn nanoparticles an ideal candidate for biological

labeling. Since ZnS is an environmentally friendly mate-

rial; it eliminates the potential toxicity problems. The

growth of doped systems of II–VI semiconductor by LP-

PLA is not yet reported to our knowledge. Here we report

the growth, structural and luminescent characteristics of

undoped and Mn-doped ZnS nanoparticles.

2 Experimental details

2.1 Target preparation

The ZnS target was prepared by firing ZnS (99.99 %, Alfa

Aesar) powder in H2S atmosphere at 550 �C for 6 h.

ZnS:Mn target with 2 at.% of Mn was synthesized in the

laboratory by high temperature (900 �C) solid-state reac-

tion between ZnS (99.99 %, Alfa Aesar) and MnO

(99.99 %, Alfa Aesar). ZnS:Mn target of 4-mm thick and

diameter 13 mm was obtained after sintering the pressed

ZnS:Mn pellet at 550 �C for 6 h in H2S atmosphere.

2.2 Liquid phase pulsed laser ablation (LP-PLA)

The sintered ZnS and ZnS:Mn target were used for the prep-

aration of nanoparticles by liquid phase pulsed laser ablation.

These targets, immersed in 15 mL of distilled water, were

ablated at room temperature by the fourth harmonics

(266 nm) of a Nd:YAG laser with repetition frequency of

10 Hz and pulse duration of 7 ns. The experimental

arrangement is shown in Fig. 1. The spot size of the laser beam

falling on the target surface after focusing by a lens of focal

length 20 cm was 2 mm and the ablation was carried out at

laser energy of 25 mJ/pulse for 1 h. This simple technique

produced doped and undoped ZnS nanoparticles, at room

temperature, well dispersed in liquid media.

The synthesized targets were characterized for their

structure by X-ray diffraction (XRD) (Rigaku D max-C)

with Cu Ka radiation. The particle size, distribution, and

crystallinity of synthesized nanoparticles were investigated

by transmission electron microscopy (JEOL, TEM) oper-

ating at an accelerating voltage of 200 kV. The sample for

TEM was prepared by placing a drop of the ZnS nano-

particle colloidal solution onto a carbon-coated copper

grid. The grids were dried before recording the micro-

graphs. The room temperature PL spectra were recorded

using Jobin-Yvon Fluoromax-3 spectrometer equipped

with 150 W Xenon lamp.

3 Results and discussion

The crystalline structure of the target was analyzed by XRD

with Cu Ka radiation (wavelength = 1.5418 Å). The XRD

pattern of undoped and doped ZnS pellet is shown in Fig. 2.

Fig. 1 Experimental setup for the growth of ZnS nanoparticles by

LP-PLA

Fig. 2 The XRD pattern of ZnS:Mn target synthesized by solid-state

reaction
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The XRD pattern shows the cubic structure of ZnS:Mn

(0 and 2 at.%) targets. It can be seen that the Mn incor-

poration has not changed the structure of ZnS. The lattice

constant is calculated and for pure ZnS, it is 5.345 nm and

for ZnS:Mn is 5.438 nm. The Mn2? ions may have

replaced the Zn2? considering the similar ionic radii of Zn

(74 pm) and Mn (67 pm) in the ZnS:Mn lattice without any

structural change. The successful incorporation of Mn in

ZnS host lattice is evident from the increase in lattice

constant.

The formation of nanoparticles of undoped ZnS was

confirmed by TEM. TEM analysis revealed that the

resulting product after laser ablation for 1 h with energy of

25 mJ/pulse in water is spherical in shape and particles are

in the nano regime, as shown in Fig. 3a. From TEM ana-

lysis, the formation of other molecules or core shell

structure was not observed.

Statistical size analysis (Fig. 3b) shows almost uniform

particle size distribution with a particle size of 7 nm for

ZnS nanoparticles grown at laser fluence 25 mJ/pulse

ablated for 1 h. Inset of Fig. 4 shows the high-resolution

TEM (HRTEM) images of ZnS nanoparticles showing

parallel lines of atoms. The interplanar spacing as obtained

from the HRTEM image is 0.26 nm which corresponds to

(200) plane of ZnS.

Room temperature PL emission and excitation spectra

(PLE) of ZnS and Mn-doped ZnS nanoparticles were

investigated in view of luminescent applications. Figure 4a

Fig. 3 a The TEM image of ZnS nanoparticles in water synthesized by LP-PLA technique. b The particle size distribution of ZnS nanoparticles

at laser fluence 25 mJ/pulse ablated for 1 h. Inset shows high-resolution TEM image of ZnS nanoparticles

Fig. 4 a Room temperature PL emission spectra of ZnS and ZnS:Mn nanoparticles ablated at 25 mJ/pulse for 1 h excited at 342 nm. b Room

temperature PLE spectra of ZnS:Mn nanoparticles
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shows the PL emission spectra (on excitation with 342 nm)

of ZnS and Mn-doped ZnS nanoparticles ablated at 25 mJ/

pulse for 1 h. The emission spectra of ZnS nanoparticles

shows a peak at 436 nm. The emission at 436 nm can be

attributed to the sulfur vacancy. This agrees with the

emission peak observed by Becker and Bard in ZnS

phosphor [40].

The ZnS:Mn nanoparticles showed yellow emission at

585 nm. The emission at 585 nm can be attributed to the

radiative transition between 4T1 and 6A1 levels within the

3d5 orbital of Mn2?, confirming the doping of Mn2? in the

ZnS nanostructures [41]. The PL emission spectra of

ZnS:Mn does not show any emission corresponding to

sulfur vacancy.

As previously discussed in the literature [42], during the

doping of Mn2? in the ZnS nanoparticles, Mn2? ions

replaces Zn2? in the lattice sites of ZnS host and it occu-

pies the tetrahedral cationic site with Td symmetry. Upon

photo illumination, excitation of electron from valance

band of ZnS to the conduction band takes place and it

subsequently decays to some surface and defect states by

normal recombination process. But during the doping of

Mn in ZnS nanoparticles, the electron may be captured by

Mn2? ion in the 4T1 level and subsequently decays to 6A1

level radiatively. Thus Mn doping favors the radiative

transition between 4T1 and 6A1 levels of manganese by

reducing the nonradiative recombinations.

The room temperature PLE spectra of Mn-doped ZnS

nanoparticles (kem = 585 nm) show the excitation wave-

length is 342 nm. Figure 5a shows the schematic repre-

sentation of the main energy levels identified in the

excitation and emission process.

Color characterization of a spectral distribution is done

to gauge the quality of its chromaticity. This is

accomplished using color coordinates [42]. The Commis-

sion Internationale de l’Eclairage (CIE) color coordinates

measured from the photoluminescent emission of undoped

and Mn-doped ZnS sample were found to be (0.169, 0.122)

and (0.544, 0.454), respectively. These coordinates can be

represented inside a gamut drawn from the standard x,

y values (Fig. 5b). This clearly indicates the purity of the

yellow color of the Mn-doped ZnS while the undoped

sample shows blue emission.

4 Conclusion

ZnS and ZnS:Mn nanoparticles were prepared by LP-PLA.

The targets for LP-PLA were synthesized by the solid-state

reaction. The cubic structure of ZnS:Mn (0, 2 at.%) targets

was confirmed by XRD. Mn has been successfully incor-

porated into the ZnS host lattice as evident from the

increase in lattice constant. The structural characterization

of laser ablated nanoparticles is obtained from the TEM

measurements. The TEM analysis confirms the average

particle size of the ZnS samples as 7 nm. The PL spectrum

of the pure sample shows an emission in the blue region

(436 nm) corresponding to the sulfur vacancy for an

excitation wavelength of 342 nm. The PL spectra of

ZnS:Mn shows a yellow emission at 585 nm under same

excitation. This can be attributed to the radiative transition

between 4T1 and 6A1 levels within the 3d5 orbital of Mn2?.

The CIE color coordinates calculated from the PL spectrum

confirms the yellow emission of ZnS:Mn nanoparticles.

The highly luminescent nature of nanoparticles shows that

these nanoparticles are ideal candidates for imaging of

tumor cells and living cells and for targeted drug delivery

applications.

Fig. 5 a Simplified energy level diagram of ZnS and Mn-doped ZnS nanoparticles. The energies of absorption and emission lines are also

shown. b CIE coordinates of PL emission of pure and Mn-doped ZnS nanoparticles
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