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Abstract Mn-doped ZnS nanoparticles are synthesized

by simple and cost effective chemical precipitation

method. This diluted magnetic semiconductor is charac-

terized by various techniques such as energy dispersive

X-ray analysis, scanning electron microscopy, X-ray dif-

fraction, photoluminescence and UV–Vis spectroscopy.

High purity of the sample is confirmed by energy disper-

sive X-ray analysis. Sub-micrometer nanocrystals are

observed using scanning electron microscope. Hexagonal

phase of the material is confirmed by X-ray diffraction

studies, and the micro-structural properties such as grain

size, strain, dislocation density and texture coefficient are

examined. High value of texture coefficient indicates the

well-crystalline nature of the material. The band gap, Ur-

bach energy and steepness parameter are calculated from

the absorption spectrum. The band gap is also calculated

from photoluminescence. The Stokes’s shift, Urbach

energy and steepness parameter are reported in the case of

Mn-doped ZnS for the first time.

Keywords Nanoparticles � Diluted magnetic

semiconductor � Micro-structural � Urbach energy

Introduction

Recent advances in nanotechnology and various quantum

size effects in nano-scale particles imply that many novel

devices of the future will be based on properties of

nanomaterials [1]. Among II-VI semiconductors, ZnS,

with unique optical properties and a direct band gap of

3.68 eV at room temperature, is one of the important

materials with wide range of applications such as light

emitting devices, laser devices, cathode ray tubes, non

linear optical devices and antireflecting coatings [2–5]. In

order to tune surface states, energy levels, electrical,

optical and magnetic properties of semiconductor mate-

rial, doping with proper element is widely used [6]. The

research about diluted magnetic semiconductor (DMS)

has attracted the attention of researchers since charge and

spin degrees of freedom can be accommodated into a

single material [6]. Transition metal-doped ZnS was

prepared by several groups [6–10]. Different synthesis

methods are available to prepare Mn-doped ZnS semi-

conductors such as chemical precipitation method, zeolite

and vapor phase condensation method [11]. In this work,

we report the micro-structural, morphological and optical

studies of Mn-doped ZnS nanoparticles prepared by

chemical precipitation method. The techniques such as

energy dispersive X-ray analysis (EDX), scanning elec-

tron microscopy (SEM), X-ray diffraction (XRD), pho-

toluminescence and UV–Vis spectroscopy are used to

study its properties. Lack of data on Stokes’s shift, Ur-

bach energy and steepness parameter of Mn-doped ZnS

has been the driving force behind this work.
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Experimental procedure

Mn-doped ZnS nanoparticles are prepared by chemical

precipitation method. All the chemicals used in the process

are analytical reagent (AR). A typical procedure for the

synthesis is as follows: Zn(NO3)2�6H2O and MnCl2�4H2O

are weighted as per the stoichiometric ratio and dissolved in

100 ml of Deionized water to make 0.2 M of solution.

Similarly, 0.2 M solution of Na2S is prepared. The solutions

are taken in conical flask and the solution is constantly stir-

red. The Na2S solution is taken in burette and added dropwise

to the mixture of Zn(NO3)2�6H2O and MnCl2�4H2O. The

resultant solution is stirred for about 15 h. After the com-

pletion of process, white color precipitate is obtained. The

precipitate is washed several times with the help of ethanol

and then dried at 250 �C for about 5 h. The dried Mn-doped

ZnS nanoparticles are used to study its micro-structural,

morphological and optical properties.

Results and discussion

Chemical compositional and morphological analysis

EDX is a very good tool to study the chemical composition

of the material. Figure 1 shows the EDX spectrum of Mn-

doped ZnS nanoparticles. The presence of Zn, Mn and S is

confirmed and no impurity is observed in the spectrum.

This indicates that the high purity of Mn-doped ZnS

nanoparticles can be prepared by chemical precipitation

method. Figure 2 shows the SEM image of the synthesized

nanoparticles. The images are recorded at 30 kV. The SEM

photograph clearly indicates the formation of sub-

micrometer crystallites and it shows the morphology of

nearly spherical in nature.

Micro-structural properties

XRD is a powerful tool to study the micro-structural

properties of the nanomaterial. Figure 3 shows the XRD

pattern of Mn-doped ZnS nanoparticles. The diffraction

peaks show hexagonal phase of ZnS (JCPDS: 89-2201:

Maximum intensity peak at 28.571�). No characteristic

peaks of impurities are observed. Maximum intensity peak

corresponds to the miller indices of (018). The deviation of

the maximum intensity peak of (018) from 28.571� is due

to Mn doping in Zn lattice.

The grain size of the material is found from Debye–

Scherrer’s formula [10],

D ¼ 0:9k
b cos h

where k is the wavelength of Cu-Ka line, b is full-width at

half-maximum in radians and h is Bragg’s angle. The

dislocation density d = 1/D2 is calculated [10]. bcosh is

plotted against 2sinh and the slope of the line gives the

strain e. The grain size of the material is also calculated

using Williamson-Hall equation [12],

b cos h ¼ kk
D

þ 2e sin h

Fig. 1 EDX spectrum

Fig. 2 SEM image

Fig. 3 XRD pattern
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The preferential crystal orientation is obtained from the

texture coefficient (TC) and it is defined as [12],

TC hklð Þ ¼ IðhklÞ=I0ðhklÞ
1=nð Þ

P
IðhklÞ=I0ðhklÞ

where n is the number of diffraction peaks considered,

I(hkl) is the XRD intensity and I0(hkl) is the intensity of the

XRD reference of the randomly oriented grains. The cal-

culated results are tabled in Table 1.

Grain size in the range of 20–30 nm is obtained by both

Debye–Scherrer’s formula and Williamson-Hall equation.

The texture coefficient indicates the crystalline nature of

the material. The high value of the texture coefficient

shows the well-crystalline nature of Mn-doped ZnS nano-

particles. The low value of grain size and high value of

texture coefficient are due to Mn addition in ZnS.

Optical properties

The recombination of surface states brings about the pho-

toluminescence (PL) of the materials [10]. The room

temperature photoluminescence of the prepared Mn-doped

ZnS nanoparticles is shown in Fig. 4. The maximum

intensity peak corresponds to the band gap of 3.50 eV.

The optical absorption as a function of wavelength is the

simplest way to study the size dependent optical properties

of the material [13, 14]. Figure 5 shows the absorption

spectrum of Mn-doped ZnS nanoparticles. The sharp

absorption edge indicates (i) the distribution of narrow

grain size and (ii) the low concentration of defects in the

material [15]. The maximum absorption is observed at the

wavelength of 304 nm.

The absorption coefficient is related to the incident photon

energy by the relation [12, 16] ahmð Þ1=n¼ A hm� Eg

� �
where

Eg is the band gap of the material andA is a constant. In order

to determine the band gap of the direct allowed transition, the

graph between ahmð Þ1=n
and hm is plotted by setting n = 1/2.

The plot between (ahm)2 and hm is shown in Fig. 6. Extrap-

olating the straight line portion of the graph to the horizontal

axis gives the value of the band gap and the calculated band

gap is 3.0 eV.

The difference in the band gap calculated from photolu-

minescence and absorption spectrum is known as Stokes’s

shift. In the case of 4 % Mn-doped ZnS nanoparticles, the

Table 1 Micro-structural properties of ZnS:Mn

Micro-structural properties ZnS:Mn (4 %)

Grain size (Debye–Scherrer’s Formula) 21 nm

Dislocation density 2.204 9 1015/m2

Strain 0.0028

Grain size (Williamson-Hall equation) 27 nm

Texture coefficient 3.61
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Fig. 4 Photoluminescence spectrum
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Stokes’s shift is 0.5 eV. The Stokes’s shift is also observed in

the case of Cr-doped ZnS nanoparticles [10].

The solution of the Schrödinger wave equation for an

electron and a hole is used to model the electronic prop-

erties of semiconductor. According to the effective mass

approximation with the Coulomb interaction term, the

radius of the nanoparticles can be calculated using the

relation,

EN
g � EB

g ¼ h2

8R2

� �
1

me

þ 1

mh

� �

� 1:8e2

4peR

where EN
g is the band gap of the nanoparticles, EB

g is band

gap of the bulk material, me is the effective mass of an

electron, mh is the effective mass of a hole and e is the

dielectric constant. The calculated grain size of the Mn-

doped ZnS nanoparticles is 17 nm which coincides with

the result obtained from XRD. The relationship between

the absorption coefficient and the photon energy is given

by [17],

a ¼ a0 exp
hm
EU

� �

where EU is the Urbach energy. The plot of ln(a) vs. hm is

shown in Fig. 7. The reciprocal gradient of the straight line

portion gives the value of Urbach energy [17] and the

calculated value is 121 meV.

The dependence of the optical absorption coefficient

with the energy of the photon may be due to the electronic

transition between localized states. The steepness param-

eter b can be calculated using the formula [17, 18], b ¼ kT
EU

where k is the extinction coefficient (k = ak/4p). The

calculated value of the steepness parameter is 0.29 at

300 K. The calculated optical properties of Mn-doped ZnS

are tabulated in Table 2. Since the Urbach energy and

steepness parameters are reported for the first time in the

case of Mn-doped ZnS nanoparticles, no results are avail-

able to compare our results.

Conclusion

The simple chemical precipitation is employed to prepare

high purity of Mn-doped ZnS nanoparticles. High purity of

the samples is confirmed by EDX. The morphological

studies are reported. The micro-structural and optical

properties are evaluated. Stokes’s shift, Urbach energy and

steepness parameter are reported for Mn-doped ZnS

nanoparticles for the first time. It is believed that this work

will trigger the researchers in the field of diluted magnetic

semiconductors.

Open Access This article is distributed under the terms of the

Creative Commons Attribution License which permits any use, dis-

tribution, and reproduction in any medium, provided the original

author(s) and the source are credited.
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Table 2 Optical properties of ZnS:Mn

Optical properties ZnS:Mn (4 %)

Band gap from PL 3.50 eV

Band gap from absorption spectrum 3.00 eV

Urbach energy 121 meV

Steepness parameter 0.29
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