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Abstract We report of the synthesis and characterisation of
white emitting ZnS:Mn2+ nanoparticles. The spectroscopic
properties and the crystal structure of Mn doped ZnS nano-
particles are studied here to provide a better understanding on
how the luminescence emission and the crystalline composi-
tion are influenced by the synthesis temperature. The synthe-
sis of the samples were carried out by the simple wet chemical
precipitation method. The influence of synthesis temperature
on structure and optical properties were studied at constant
Mn concentration. The nanoparticles were structurally charac-
terized by X-Ray Diffraction (XRD) and Scanning Electron
Microscopy (SEM). The XRD studies show the phase singu-
larity of Mn doped ZnS particles having zinc-blende (cubic)
structure at all temperatures. The band gap of the doped sam-
ples are red shifted with temperature. Electron Paramagnetic
Resonance (EPR) spectra exhibited resonance signals, charac-
teristic of Mn2+. Incorporation of Mn in the ZnS nanoparticles
was confirmed by Inductively Coupled Plasma- Atomic Emis-
sion Spectroscopic studies (ICP-AES). The samples show an
efficient emission of yellow–orange light centred at 590 nm
which is characteristic of Mn2+ along with a blue emission at
435 nm due to sulfur vacancy. The overall emission is white at
all temperatures with CIE co-ordinates in close agreement
with achromatic white.
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Introduction

Semiconducting nano-materials have been the key drivers for
the swelling interest in nano-science and technology. Nano-
particles attracted considerable attention in recent years be-
cause of their special properties, such as quantum size effects
and unusual luminescence phenomenon. A reduction in the
particle size strongly influences the crystallinity, ionization
potential, mechanical strength, melting point and structural
stability etc. The size dependent optical properties have many
potential applications in the areas of solar energy conversion,
light emitting devices, chemical/biological sensors, photo ca-
talysis and optoelectronic devices [1–6]. ZnS is a II-VI com-
pound semiconductor with direct band gap of 3.65 eVat room
temperature and widely used as a phosphor in optical devices.
The luminescence properties can further be tuned by incorpo-
rations of impurity atoms into the pure semiconductor lattice.
This process, known as doping provides new states in the
band gap region of the semiconductor and hence alternative
pathways for recombination of the electron–hole pair giving
rise to emission energy different from that of host semicon-
ductors. ZnS with some impurities as activators, such as cer-
tain transition or rare-earth metals have been widely used as
luminescent materials owing to their luminescent characteris-
tics and thermal stability [7–11]. For instance, the ZnS can be
doped with manganese without changing the crystallinity of
the host lattice to give efficient yellow emission. To obtain
high quality nano phosphors, it is essential to understand the
role of both the temperature and the concentration of doping.
Numerous investigations have been done to understand the
effect of the concentration of Mn on the particle size and
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optical characteristics of ZnS nanoparticles [12–15]. For the
application of ZnS:Mn nanoparticles in visible LED, exten-
sive research work is going on to tune its dual emission by
varying the amount ofMn incorporated in ZnS, by varying the
synthesis temperature and by using different organic capping
agents. Hence, it is advantageous to obtain efficient, tunable
PL emission from uncapped ZnS:Mn nanoparticles. However
from our literature survey, it is recognized that no systematic
investigations of the effect of preparation temperature on the
structural and optical properties have been performed, consid-
ering the crystallinity for ZnS:Mn nanoparticles. Also reports
are not observed for white emitting ZnS:Mn nanoparticles.
Although various methods [16–20] are available for the syn-
thesis of Mn2+ doped ZnS nanoparticles, we preferred chem-
ical precipitation technique, to study the effect of the prepara-
tion temperature on the particle size, optical absorption and
photoluminescence keeping concentration constant.

Experimental

Chemical precipitation technique used in this study has
the distinct qualities such as low processing temperature
(<100 °C), simplicity of processing, low cost and high
rate of powder collection. Synthesis of pure ZnS nano-
particles by wet chemical method was reported by the
authors previously [21]. We followed the same proce-
dure in the synthesis of manganese doped ZnS nanopar-
ticles. Twenty five milliliter each of zinc acetate Zn
(CH3COO)2, MnCl2 and Na2S solutions in water were
used for the preparation of Mn2+ doped ZnS nanoparti-
cles. 0.001 M solution of MnCl2 was added drop wise
to 1 M zinc acetate Zn(CH3COO)2 solution. One molar
Na2S solution was added drop wise with continuous
stirring using magnetic stirrer. The solution was stirred
for 20 min keeping temperature constant. The resulting
white colloidal suspension was filtered, and the filtrate
was washed with de-ionized water and dried by keeping
in an oven at 70 °C for 1 day. Three samples were
prepared at room temperature, 50 and 70 °C. To deter-
mine crystallite size and phase of the samples, x-ray
diffraction spectra were obtained with Bruker AXS D8
Advance x-ray diffractometer with Cu (1.5405 A°) as
X-ray source at 40 kV and 35 mA under the same
conditions. The phase identification was carried out with
the help of standard JCPDS database. The diffuse re-
flection spectroscopy were carried out on a Varian Cary
5000 UV–VIS-NIR spectrophotometer with a spectral
bandwidth of 2 nm. The spectra were recorded at room
temperature in the wavelength range of 220 – 2000 nm.
The photoluminescence emission spectra were recorded
at room temperature using Horiba Fluromax 4C research
spectro fluorometer with a 150 W ozone free Xenon

lamp as an excitation source of range 200–900 nm.
The observation was done keeping the slit width at
5 nm and integration time 0.1 s Morphological study
was carried out using scanning electron microscopy
(SEM) using Jeol model JSM 6390 LV. Inductively
coupled plasma (ICP) (ICP-1000IV, Shimadzu) analysis
was performed to determine the chemical composition
of the samples. Electron paramagnetic resonance spectra
(EPR) were recorded at room temperature using a
JEOL-FE1X EPR spectrometer.

Results and Discussion

XRD Study

Figure 1 shows the XRD patterns of the ZnS:Mn2+ nanopar-
ticles prepared at room temperature, 50 °C &70 °C. The three
peaks in XRD pattern are at the same Braggs angle(2θ) which
could be indexed to scattering from (111), (220) and (311)
planes of the cubic phase ZnS nanoparticles corresponding
to JCPDS file No.80-0020. It indicates that structure and
phase of the host is not disturbed by doping and by the tem-
perature variation and hence structural parameters like lattice
parameter (a), micro strain (ε) and dislocation density are de-
termined. An unknown peak at 81.030 appears in the XRD

Fig. 1 XRD pattern of ZnS:Mn nanoparticles synthesized at (a) Room
Temp, (b) 50 °C and (c) 70 °C
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pattern of the sample prepared at room temp and at 50 °C
which may be due to impurities. The intensity of peak de-
creases at 50 °C and disappears in the XRD for 70 °C. The
intensity of XRD peaks slightly increases and the line-width
decreases with the increase of synthesis temperature, suggest-
ing the possibility of grain growth of ZnS:Mn2+ nanocyrstals.
Average grain size (D) was calculated using the Debye–
Scherer formula,

D ¼ 0:9λ
βcosθ

where β is the full width at half maximum (FWHM), θ is the
Bragg angle and λ is the X-ray wavelength (0.15405 nm).
Using above formula, the average grain size D of the
ZnS:Mn2+crystallites at room temperature, 50 and 70 °C are
found to be 2.44, 2.53 & 2.61 nm respectively. Using the
relation,

dhkl ¼ a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 þ l2
� �

q

the lattice parameters for prepared cubic ZnS: Mn2+ at the
three temperatures were obtained as a=b=c=5.34, 5.35 &
5.33 Å. The corrected values of lattice constant are calculated
from the Nelson–Riley plot. The N-R curve (Fig. 2) is plotted
between the calculated ‘a’ for different planes and the error
function (Nelson and Riley 1945).

f θð Þ ¼ 1

2
cos2θ=sinθþ cos2θ=θ
� �

Y interception for the value of f(θ)=0 gives the correct
value of ‘a’. The obtained values are 5.337, 5.34, &5.30 Å.
This value is nearly similar to that of bulk ZnS which is
5.34 Å. Since ionic radii of Zn (0.74 Å) and Mn2+

(0.67 Å) are approximately same, no significant change
in lattice parameter was seen due to the substitution of
Mn2+ ions in ZnS lattice. Broadening of the peaks in
the diffraction pattern indicates nano crystalline nature.
According to this method, the FWHM (β) may be
expressed as linear combination of lattice strain ξ and
particle size (D) by the equation [22]:

βcosθ ¼ 0:9λ
D

þ ξsinθ

Figure 3 shows the plot of β cos θ versus sin θ
which is a straight line with slope ξ and intercept kλ/
D. Putting the values of k and λ the crystallite size of
Zns:Mn2+ nanoparticles at the three temperature are cal-
culated as 2.47,2.52 &2.69 nm which are comparable to
the calculated values by Scherer’s equation. The strain
of as prepared ZnS:Mn2+ nanoparticles is obtained from
the slope and found to be 0.051, 0.021 & 0.017 at room
temperature, 50 and 70 °C. Dislocations are defects in a
crystal linked with disarray of the lattice in one part of
the crystal with respect to another part. Unlike vacan-
cies and interstitial atoms, dislocations are not equilibri-
um imperfections. In fact growth mechanism involving
dislocation is a matter of importance. The dislocation
density is given by the relation [23]

δ ¼ 15ξ
aD

The dislocation densities of the three samples were
estimated to be 5.8×1013, 2.8×1013 and 1.8×1013 cm−2.
In polycrystalline samples dislocated atoms occupy the
regions near the grain boundaries and their density is
found to decrease with temperature. Using The ICP
technique the actual Mn2+ concentration in the samples
was determined by ICP-AES. The actual Mn concentration

Fig. 3 β cos θ Vs sin θ of ZnS: Mn2+ nanoparticles synthesized at (a)
RT, (b) 50 °C and (c) 70 °C

Fig. 2 N-R Plot of ZnS:Mn2+ nanoparticles synthesised at (a) RT, (b)
50 °C and (c) 70 °C
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in the ZnS:Mn samples were different from the Mn-precursor
concentration (0.1 %M) being 0.05 %, 0.14 % and
0.17 % mol. % respectively for the samples at room tem-
perature, 50 and 70 °C showing an increase with synthe-
sis temperature which indicates better incorporation of
Mn2+ in the crystal lattice.

SEM Study

SEM is a powerful tool to study the surface morphology es-
pecially by observing the top and the cross-sectional views.

The morphological characterization (Fig. 4) revealed that the
preparation temperature has an important role on the growth
mechanism of the sample. The actual size of the nanoparticles
cannot be determined from the SEM images as it is limited by
the agglomeration of particles. The size of the building units
(grains and clusters) is found to be increasing with
temperature.

DRS and FTIR Studies

The diffuse reflectance spectra of ZnS:Mn2+ nanoparticles in
the visible region are given in Fig. 5. The diffuse reflectance
spectroscopy measurements confirm the blue shift in the
bandgap of ZnS:Mn nanoparticles with respect to bulk

Fig. 6 (αhν)2 versus (hν) of ZnS:Mn2+ at (a) RT, (b) 50 °C and (c) 70 °C

Fig. 4 SEM image ZnS: Mn2+

nanoparticles at (a) RT, (b) 50 °C
and (c) 70 °C

Fig. 5 Diffuse reflectance spectra of ZnS: Mn2+nanoparticles at (a) RT,
(b) 50 °C and (c) 70 °C
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(3.65 eV). The absorbance was calculated from the reflectance
using Kubelka-Munk equation [24, 25]. The bandgap, of the
ZnS samples are estimated from the plot of {(k/s) hν}2 vs hν
(Fig. 6) where k and s denote absorption and scattering coef-
ficients and hν is the photon energy. There is a red shift in the
band gap with temperature which is due to the increase in
particle size (Table 1).

Figure 7 shows room temperature FTIR spectra for the
samples. The FTIR absorption peaks are the same for the three
samples. The broad band between 2600 and 3700 cm−1 indi-
cates the O-H stretching vibration of water molecules in the
samples [26]. The peak at 1425 cm−1 is derived from the
existence of C-O-H bending [26]. Peak at 2370 cm−1 is due
to the C-O stretching mode [27]. Peaks at 664 and 447 cm−1

are due to the characteristic ZnS vibration [28]. The IR fre-
quency along with the vibrational assignments of ZnS:Mn
nanoparticles are given in Table 2.

Photoluminescence Study

We have measured room temperature PL spectra for the three
samples at the same excitation wavelength of 340 nm (Fig. 8).
It is found that the spectra consist of two broad bands with
peak at 435 and 590 nm. The blue emission centred at 435 nm

could be ascribed to a recombination of electrons at sulfur
vacancy donor level with holes trapped at the zinc vacancy
acceptor level [29]. The orange emission centred at 590 nm is
attributed to the 4T1–

6A1 transitionwithin 3d shell ofMn2+ ion
[30]. It is also observed that at room temperature ZnS: Mn2+

nanoparticles emit blue light efficiently in comparison with
orange emission. However, at 500C decrease in the intensity
of blue emission and a slight enhancement in intensity of the
yellow-orange emission are observed. But at 700C the blue
emission and orange emission takes place in same level which
demonstrates that the luminescence efficiency increases with
temperature. The presence of efficient orange emission indi-
cates that Mn2+ ions has been incorporated well into the ZnS
nanoparticles which is consistant with ICP analysis. On the
addition ofMn2+ ions in the ZnS lattice theMn2+ ions replaces
Zn2 +cation sites in ZnS lattice, hence the mixing of s–p elec-
trons of host ZnS into the 3d electrons of Mn2+causes power-
ful hybridization and the forbidden transition of 4T1–

6A1 be-
comes allowed, which yields orange emission at 590 nm [31,
32]. In order to realize the nature of the emission bands clearly,
we have recorded room temperature photoluminescence exci-
tation (PLE) spectra (Fig. 9) of ZnS: Mn2+ nanoparticles with
λem at 590 nm. The PLE spectra of all samples involve one
near band edge absorption centered at 340 nm (3.65 eV) and
another absorption around 390 nm arising from the excitation
to sublevels corresponding to intentionally incorperated
Mn2+. As dopant Mn ions create intermediate energy states
below the excitonic states of ZnS nanocrystals, it was decided
to assess the effect of synthesis temperature on the

Table 2 Positions and vibrational assignments of ZnS:Mn
nanoparticles

Wave number×102 m−1 Assignment

447 Asymmetric bending

664 Symmetric bending

935 Asymmetric stretching

1045 Shoulder with asymmetric stretching

1425 C-O -H bending

1615 O-H bending

2370 C-O stretching

2600–3700 O-H stretching
Fig. 7 FTIR Spectra ZnS:Mn nanoparticles (a) RT, (b) 50 °C (c) 70 °C

Table 1 Crystallite size, lattice parameter, strain, dislocation density & band gap of ZnS:Mn nanoparticles

Temperature Crystallite size from
Scherrer eqn. (nm)

Crystallite size from
(W-H) method (nm)

Lattice parameter
(Å)

Strain Dislocation
density×1013 cm−2

Band gap
(eV)

Room Temperature 2.44 2.47 5.337 0.051 5.8 3.79

50 °C 2.53 2.52 5.34 0.021 2.8 3.65

70 °C 2.61 2.69 5.30 0.017 1.8 3.64
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luminescence properties of the ZnS:Mn2+ nanoparticles. The
luminescence intensities were improved as the preparation
temperature was increased from room temperature to 70 °C
attributing enhanced crystallinity and better incorporation of
Mn2+ in the crystal lattice.

To evaluate the effectiveness of ZnS:Mn nanoparticles to
be used in light emitting devices, CIE (Commission Interna-
tional d’Eclairage 1931) chromaticity coordinates were calcu-
lated. The calculated colour coordinates are (0.30, 0.32),
(0.34, 0.32) and (0.34, 0.32) and they are represented by the
points (a), (b) & (c) in the chromaticity diagram (Fig. 10).
Therefore, it can be assured that the characteristics of light
emitted from all the three samples are in close agreement with
achromatic white (x=0.33, y=0.33).

EPR Study

To obtain the oxidation state of manganese ions over the
crystal lattice of the host, the synthesized sample at room
temperature was analyzed by the EPR method. Since the
host ZnS is not paramagnetic no EPR signal will be
exhibited in its spectra [33]. The EPR spectra of
ZnS:Mn2+ nanoparticles exhibited resonance signals at
g=2.00 T with a six line hyperfine structure (Fig. 11)
indicating the presence of the paramagnetic Mn2+ ions
in the lattice. The hyperfine structure originates from
the interaction between the Mn2+ electron clouds with
its nuclei. This confirms the successful doping of para-
magnetic Mn2+ ions in the ZnS crystal lattice.

Fig. 11 EPR Spectra of ZnS: Mn2+nanoparticles

Fig. 10 CIE chromaticity diagram

Fig. 9 Room Temp PLE Spectra of ZnS:Mn nanoparticles (a) RT, (b)
50 °C and (c) 70 °C

Fig. 8 Room Temp PL Spectra of ZnS: Mn2+ nanoparticles (a) RT (b)
50 °C (c) 70 °C
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Conclusion

Chemical Precipitation method was successfully used for
the preparation of ZnS: Mn2+ nanoparticles at different
temperatures. FTIR and X-ray diffraction can be used to
classify the chemical bonding and crystal structure. The
band gap of the ZnS:Mn2+ nanoparticles is red shifted
with temperature which is due to the increase in particle
size. The PL emission is white at all temperature with
CIE co-ordinates in close agreement with achromatic
white (x=0.33, y=0.33). EPR studies confirms the pres-
ence of Mn as Mn2+ in the ZnS lattice. Because of the
white light emission, Zns:Mn nanophosphors may sup-
port simple device implementation and hold great assur-
ance for the future of solid-state lighting.
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