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Abstract

Diluted magnetic semiconducting (DMS) ZnS:Ni (Ni¼0, 1, 3 and 5 at%) nanoparticles were synthesized by the refluxing technique at 80 1C.
X-ray diffraction studies showed that undoped ZnS and Ni doped ZnS nanoparticles exhibited the expected zinc blende structure. X-ray
photoelectron spectroscopy results revealed that the Ni ions existed in a þ2 state in these nanoparticles. Reflectance measurements showed a
decrease in band gap with increasing Ni concentration. Room temperature photoluminescence (PL) studies indicated that all the samples exhibited
broad and asymmetric PL peaks covering a wide visible range. Gaussian fitting of PL data resulted in three deconvoluted peaks corresponding to
blue and green emissions. Dramatic enhancement in fluorescence efficiency was observed in the doped ZnS nanoparticles indicating their possible
applications in photoluminescent devices. Magnetic studies revealed that all the doped samples exhibited carrier mediated ferromagnetism at
room temperature. Saturation magnetization (Ms) increased with increasing Ni content reaching a maximum for 3 at% Ni and decreased for
samples of 5 at% Ni.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Recently, research on nanoscience has become quite popular in
various fields of chemistry and physics and the technology of
production of nanostructures and their use is rapidly growing into
a powerful industry. Among the various important categories of
functional materials, diluted magnetic semiconductors (DMS),
with the charge and spin degrees of freedom of the charge carriers
accommodated into a single material have emerged as novel
materials and have attracted considerable attention. Nanoscale
diluted magnetic semiconductors, displaying interesting magnetic,
magneto optical and magneto electrical properties [1,2] due to
large surface area to volume ratio referred to as specific surface
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area (SSA), form the main components of spintronic devices.
DMS are obtained by doping transition or rare earth metal ions
into non-magnetic semiconductors. These ions have partially
filled d and f shells which give rise to unpaired electrons leading
to magnetism in the DMS materials. In spite of a number of
papers published [3–6], the situation is far from being well
understood and there is no clear agreement about the origin of the
magnetic behavior observed in DMS materials. The ferromagnet-
ism detected in most cases was earlier attributed [7,8] to extrinsic
effects such as ferromagnetic precipitates and impurity phases.
The present day challenge is to look for modified semiconductors
which exhibit stable and intrinsic ferromagnetism at room
temperature for use in the new generation spintronic devices.
As an important II–VI semiconducting compound, ZnS is
chemically more stable, inexpensive, environmentally safe, tech-
nologically better than other chalcogenides and is a good host for
most of the transition or rare earth metal ion dopants and is
ghts reserved.
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Fig. 1. EDAX spectra of ZnS:Ni (3 at%) nanoparticles.
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known to exhibit remarkable optical and magnetic properties [9–
11]. ZnS based magnetic semiconductors with similar crystal
structure and matching lattice parameters [12] are the most
preferred candidates for investigation for application in the main
stream silicon technology. Remarkably, a number of investigators
have demonstrated ferromagnetism with Curie temperature above
room temperature in transition metal doped ZnS nanoparticles
[3,4,13,14]. Generally, the tunability of the properties of nano-
particles by controlling their size may provide an advantage in
formulating new composite materials with optimized properties
for various applications. However, these may be restricted by
different non-radiative relaxation path ways like surface related
defects. Such difficulties may be overcome by using organic or
inorganic stabilizers to passivate the free quantum dots. Polyvinyl
pyrrolidone (PVP), polyvinyl alcohol (PVA), polyethylene glycol
(PEG), ethylene diamine tetra acetic acid (EDTA), thioacetamide
(TAA) etc. are generally used as surfactants. Tunable optical and
magnetic properties may be achieved by judiciously choosing the
dopants and their concentrations. Earlier workers have reported
the effect of dopants like Mn [9], Cu [10], Cr [11], Fe [13] on the
optical and magnetic properties of ZnS nanoparticles. To the best
of our knowledge, there is only one report on the magnetic
properties of Ni doped ZnS [14]. Nickel is ferromagnetic, a
reasonable conductor of heat and electricity and is corrosion
resistant. Further, Ni2þ has an ionic radius of 0.69 Å which is
smaller than that of Zn2þ (0.74 Å) and hence Ni2þ can easily
replace Zn2þ in ZnS host lattice. This has motivated the present
authors to undertake this investigation. In the present study
systematic investigations, on the structural, optical and magnetic
properties of Ni doped ZnS nanoparticles synthesized by the
chemical route, have been carried out and the results are reported
in this paper.

2. Experimental

ZnS:Ni (Ni¼0, 1, 3 and 5 at%) nanoparticles were synthe-
sized by the refluxing method at 80 1C using PVP as capping
agent. Zinc acetate dehydrate, nickel chloride and sodium
sulfide were used as precursors. In a typical procedure, 0.2 M
zinc acetate and required amount of nickel chloride were
mixed with 50 ml of methanol and stirred for 30 min.
Separately prepared solution of sodium sulfide was added
drop by drop to this mixture. Finally, an appropriate amount of
PVP was added to the above solution as a capping agent. The
mixture was refluxed for 3 h at a temperature of 80 1C. The
solution obtained was filtered, washed with ethanol and water
many times to remove the impurities and was dried in an oven
at 80 1C for 8 h.
Chemical analysis was carried out using a CARL ZEISS

EVO MA15, Scanning Electron Microscope (SEM) with an
EDAX attachment. Structural studies on ZnS:Ni nanoparticles
were done using a ‘Seifert 3003TT X-ray diffractometer with
Cu-Kα radiation with a wavelength of 1.540 Å and the system
was operated at 30 KeV in the scan range of 20–701. The
particle size confirmation was done using a Phillips TECHNAI
FE 12, Transmission Electron Microscope (TEM). Diffuse
reflectance measurements were carried out on the synthesized
nanopowders using a Jasco V-670 double-beam spectrometer
for energy gap determination. PL emission spectra were
recorded using OBIN YUON Fluorolog-3 spectrometer with
a 450 W Xenon arc lamp as an excitation source. Magnetiza-
tion was studied at room temperature using a VSM 7410
Lakeshore Vibrating Sample Magnetometer. A SPECS GmbH
(Phoibos 100 MCD Energy Analyzer) X-ray Photon Spectro-
meter (XPS) with Al Kα radiation (1486.6 eV) with a residual
pressure of the order of 2� 10�8 Pa was used to check the
presence of impurity phases in the samples.

3. Results and discussion

3.1. Elemental analysis

Fig. 1 depicts typical EDAX spectra for the undoped and
nickel (3 at%) doped ZnS samples. The EDAX spectra exhibit
signals corresponding to Zn, S and Ni only indicating that the
nanoparticles are made up of zinc, sulfur and nickel only and
no other impurity atoms within the detection limit of the
instrument.

3.2. Structural analysis

The crystallinity and phase purity of the samples were
investigated by X-ray diffraction (XRD) and TEM analysis. As
shown in Fig. 2, the XRD patterns for Ni doped ZnS
nanoparticles exhibit peak positions that match well with the
standard pattern of zinc blende ZnS (JCPDS No. 05-0566).
Absence of extra peaks indicates that no secondary phases or
metal clusters are present in the samples within the detection
limit of the instrument. The mean particle sizes in the Ni doped
ZnS nanoparticles, estimated using the Debye–Scherrer
formula from the major diffraction peak (111), lie in the range
of 3–5 nm. The observed particle size decreases with increas-
ing dopant concentration. Further, the peak positions shift
towards higher 2θ values reflecting a decrease in lattice
parameter with increasing Ni concentration and the estimated
values of the lattice parameter are in the range of 5.42–5.39 Å.
This could be due to the above mentioned decrease in particle



Fig. 2. XRD pattern of ZnS:Ni (0, 1, 3 and 5 at%) nanoparticles.

Fig. 3. TEM image of the ZnS:Ni (3 at%) nanoparticles with the insets
showing the particle size distribution diagram (left) and SAED pattern (right).
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size and also due to the smaller ionic radius of the substituting
Ni2þ (0.69 Å) compared to that of Zn2þ (0.74 Å) of the host
lattice. The corresponding TEM image (Fig. 3) reveals that the
nickel doped ZnS nanoparticles are not ideally spherical. The
estimated average particle size in the present samples is in the
range of 5–10 nm. The values of the average particle size
estimated from the XRD patterns are in the range of 3–5 nm.
This disagreement between the TEM and XRD studies may be
due to the fact that the crystallite size in fact can be larger than
that predicted by the Scherrer formula with some extra peak
width coming from micro strains which are most common in
nanoparticles [15].

3.3. DRS analysis

Reflectance measurements on ZnS:Ni (Ni¼0, 1, 3 and 5
at%) nanoparticles were done in the UV–visible region, 200–
800 nm and the spectra are shown in Fig. 4(a). It may be
noticed that the absorption edge of the samples shifts slightly
to higher wavelengths with increasing dopant content. The
band gaps of the samples were estimated from the diffuse
reflectance spectra by plotting the square of the Kubelka–
Munk [16] function F(R) versus energy and extrapolating the
linear part of the curve F(R)2¼0 as shown in Fig. 4(b). The
values of band gap energy obtained for Ni doped ZnS are 3.92,
3.86, 3.80, and 3.76 eV for 0, 1, 3, and 5 at% Ni, respectively.
This decrease in band gap with increase in dopant concentra-
tion may be due to the sp–d exchange interaction between the
band electrons and the localized ‘d’ electrons of the Ni2þ ions
substituting for the divalent Zn2þ ions [17–19]. Although
some earlier researchers have reported [20–22] the optical
properties of Ni doped ZnS nanoparticles, no mention of the
band gap values has been made.

3.4. Photoluminescence studies

Fig. 5 illustrates the photoluminescence spectra of ZnS:Ni
(Ni¼0, 1, 3 and 5 at%) nanoparticles recorded at room
temperature (300 K) using an excitation wavelength of
344 nm. All the samples exhibited broad and asymmetric PL
peaks. The fluorescence efficiencies of the doped ZnS nano-
particles enhanced dramatically and are significantly higher
(10 times) than those of the undoped ZnS nanoparticles.
However, the intensity within the doped samples decreased
with increase in doping concentration, the samples with 1 at%
Ni exhibiting the maximum PL intensity. The PL intensity of
the 5 at% Ni doped samples dropped below that of the
undoped samples. The PL quenching may be due to increase
in the non-radiative transitions at higher concentrations of the
Ni2þ ions or due to concentration quenching effects [23]. This
result implies that the optimum doping level of Ni2þ in ZnS
for achieving maximum enhancement in PL intensity is around
1 at%. The present study indicates the possibility of application
of these nanoparticles in luminescent devices.
The PL peaks of the present ZnS:Ni nanoparticles (Fig.5)

are flat covering considerable wavelength region (390–
550 nm) and indicate that they comprise different emission
peaks. Gaussian fitting of PL data of undoped and doped
samples deconvoluted into three small emission peaks as
shown in Fig.6. In the undoped samples, these peaks are
around 402, 438 and 470 nm and are attributed to surface
defects. In the doped samples the first peak showed slight blue
shift whereas the second peak showed red shift which could be
attributed to small variations in the complex trap/defect
structures in nanoparticles. However, the third peak (470 nm)
showed considerable red shift which increased with increasing
Ni concentration extending up to 507 nm in the green region.
This shift is due to the incorporation of more Ni2þ ions into
the ZnS host lattice as the Ni2þ concentration increases. Song
et al. [24] reported that the Ni2þ ions in octahedral sites can
show three luminescence bands usually in the green, red and
near infrared region but no emission is expected from Ni2þ in
tetrahedral sites. Yang et al. [21] also reported a sharp strong
green (520 nm) emission, with two fold enhancement in
intensity from Ni2þ doped ZnS nanocrystals, which is
assigned to the d–d optical transitions of Ni2þ luminescent
center formed in ZnS. Murugadoss et al. [22] reported blue
(470 nm) and green (498 nm) emissions from Ni doped ZnS
nanoparticles and attributed these to the recombination
between shallow donor levels and to the 3T2-

3A2 transition



Fig. 4. (a) DRS spectra of ZnS:Ni (0, 1, 3 and 5 at%) nanoparticles and (b) Kubelka–Munk plots for band gap energy estimation of ZnS:Ni nanoparticles.

Fig. 5. PL spectra of ZnS:Ni (0, 1, 2, and 5 at%) nanoparticles.
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of Ni2þ ions, respectively. Others [25,26] have reported that
3T2-

3A2 transition in tetrahedral Ni2þ gives rise to emission
in the near infrared region. Bhorse et al. [20] observed only
blue emission (425 nm) from Ni doped ZnS nanoparticles and
reported PL quenching with increase in dopant concentration.
Recently, Kumar et al. [14] also reported blue and green
emissions in doped ZnS nanoparticles which were assigned to
recombination between the shallow donor level (S vacancy)
and the t2 level of Ni2þ ions that replaced Zn2þ in the ZnS
matrix. Thus the emission mechanism in tetrahedral Ni2þ

appears to be complex and the picture is very confusing.
Although the green emission observed in octahedral Ni2þ

[24], was attributed to 1T2 (
1D)-3A2 (

3F) transition, the green
emission observed by earlier authors [14,22,25,26], presumed
to be from tetrahedral Ni2þ , could not be convincingly
explained. On the other hand Balti et al. [23] assigned the
green emission observed from substitutional ZnNiO nanopar-
ticles to 3T2-

3A2 transition of Ni2þ ions in octahedral sites.
These authors [23] speculated that this could be possible because
some of the Ni2þ ions might have entered the octahedral
(interstitial) sites of the host lattice. In the present Ni2þ doped
ZnS nanoparticles, the Ni2þ ions have tetrahedral symmetry, since
Ni2þ has an ionic radius of 0.69 Å which is less than that of
Zn2þ (0.74 Å) and the XRD studies also indicate the formation of
substitutional ZnNiS. Thus to conclude, we strongly believe that
the broad emission band (covering blue to green) observed in the
present doped samples may in fact be only related to the emissions
from intrinsic ZnS nanoparticles and may not be from Ni2þ ions.
The shift in the emission wavelength from blue to green with
increasing Ni2þ doping may be attributed to modifications in the
surface defect structure and the positions of the traps, shifting from
shallow to deep levels below the edge of the conduction band,
brought about by the increase in dopant concentration.

3.5. XPS analysis

Fig.7 shows the representative XPS spectrum of ZnS:Ni
(5 at%) sample. The position of 2p3/2 and Zn 2p1/2 peak values
related to Zn are at 1022.0 eV and 1044.2 eV respectively. It is
obvious that the two spectra of Zn show symmetric single
peaks, confirming that Zn exists mainly in þ2 chemical state.
The binding energy of the S 2p is 161.7 eV. It should be noted
that the characteristic peak of Ni is not as strong as those of the
other elements, showing that Ni is doped into the interior of the
nanoparticles. Further, the peaks at 854.12 eV and 871.23 eV
correspond to the binding energies of Ni 2p3/2 and Ni 2p1/2,
respectively, illustrating that the valance state of Ni ion is þ2
in the nanoparticles and that Ni is successfully doped into the
ZnS nanoparticles without any impurity phases within the
detection limit of the instrument.

3.6. Magnetic studies

Magnetization was studied at room temperature by using a
vibrating sample magnetometer (VSM) and the results are
shown in Fig.8. The figure shows that ZnS (undoped) samples
are diamagnetic whereas all the doped samples are ferromag-
netic. It may be noted from the figure that all the Ni doped



Fig. 6. Gaussian fit of PL data of ZnS:Ni (0, 1, 3 and 5 at%) nanoparticles.

Fig. 7. XPS survey scan of ZnS:Ni (3 at%) nanoparticles.
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samples exhibit magnetic hysteresis loops (M–H curves)
indicating that all the doped samples are ferromagnetic with
Curie temperature above room temperature. In 1 at% Ni doped
samples, the magnetization curve indicates small hysteresis
with low magnetization and coericivity with no saturation
being observed. Also there appears to be a dominant diamag-
netic contribution. Samples with 3 at% Ni exhibit a distinct
hysteresis loop with magnetization attaining saturation. How-
ever, in samples doped with 5 at% Ni, although a distinct
magnetic hysteresis is observed, magnetization has not attained
saturation. Further, at higher applied fields the M–H curve
appears to be linear with a definite slope indicating the
presence of paramagnetic/superparamagnetic contributions to
the magnetization [27]. This could be due to the presence of
some nanoparticles of extremely small size [28] and also due
to the presence of some impurity phases. The origin of
ferromagnetism in DMS materials is still a subject of con-
troversies. The observed ferromagnetism in transition metal
doped ZnS has been attributed [29] to inclusion of impurity
phases related to the dopant ion, to imperfections like grain
boundaries. XRD patterns (Fig.2) and XPS (Fig.7) do not
indicate the presence of either Ni clusters or any other impurity
phases. This implies that either these are absent in the present
samples or if present they are not within the detection limit of
the instruments used. Formation of oxides and sulfides of Ni
might be ruled out in the present samples as the samples were
prepared at 80 1C. Even if they are present in minute
quantities, they are reported to be either super paramagnetic
or antiferromagnetic [30–32] and may not be responsible for the
observed ferromagnetism of the present samples. In view of the



Fig. 8. M–H curves of ZnS:Ni (0, 1, 3 and 5 at%) nanoparticles.

Table1
Magnetization, coericivity and retentivity values for the ZnS:Ni (1, 3 and 5
at%) nanoparticles.

Nickel concentration
(at%)

Magnetization
(emu/g)

Coericivity
(Gauss)

Retentivity
(emu)

1 0.009 1375 21.613 E-6
3 0.107 361 1.1979 E-3
5 0.085 439 674.46 E-6
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above factors, it is proposed that the ferromagnetism observed in
the present Ni doped ZnS nanoparticles may be dopant induced
and could originate from the long-range Ni2þ–Ni2þ ferromagnetic
coupling mediated by shallow donor electrons [33]. This suggests
that this could be carrier mediated ferromagnetism which is often
reported [34] in DMS. Carrier mediated ferromagnetism in
semiconductors depends on the magnetic dopant concentration as
well as on the carrier type and carrier density. The values of
magnetization, coericivity and retentivity for the present samples
are given in Table1. The table indicates that the magnetization
increases with increasing dopant concentration up to 3 at% of Ni.
However, it drops for 5 at% Ni doped samples. In samples with
lower concentration of Ni, the Ni ions are sufficiently far apart so
that the indirect ferromagnetic coupling through the conduction
electrons dominates over the direct antiferromagnetic coupling
[35]. Hence, in samples with Ni concentration of 5 at% the
magnetization decreases. This is because as the Ni doping
increases, the Ni ions come closer to each other, which implies
that Ni2þ ions have some Ni2þ ions as nearest neighbors. The
super exchange interaction between these neighboring Ni2þ ions is
antiferromagnetic in nature which brings down the magnetization.
Also this could be due to the presence of a paramagnetic
contribution to the magnetization as already mentioned. The
present study indicates that the optimum doping level of Ni2þ

in ZnS nanoparticles is around 3 at% for enhanced room
temperature ferromagnetism. However, recently Kumar et al. [14]
reported a continuous decreasing trend in the saturation magnetiza-
tion of Ni doped ZnS nanoparticles with increasing dopant
concentration in the entire range of composition [1–5 at%] studied.

4. Conclusions

In summary, the structural, optical and magnetic properties
of ZnS:Ni (Ni¼0, 1, 3 and 5 at%) nanoparticles synthesized
by refluxing technique at 80 1C were investigated. No second-
ary phase, apart from substitutional ZnNiS, was observed in
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the XRD patterns in the whole range of composition studied.
TEM studies suggest the formation of nanometric particles
with average particle sizes in the range of 5–10 nm. The Ni
dopant was well doped into the ZnS;Ni nanoparticles, as
confirmed by XPS. Reflectance measurements showed a red
shift in the optical absorption band edge indicating a decrease
in band gap with increasing Ni concentration. All the doped
samples showed broad and asymmetric PL peaks with
dramatic increase in intensity compared to undoped samples.
Gaussian fitting of the PL curves resulted in three deconvo-
luted peaks corresponding to blue and green emissions which
are attributed to Ni dopant induced modifications of emissions
characteristic of intrinsic ZnS nanoparticles. All the Ni doped
ZnS nanoparticles exhibited carrier mediated ferromagnetism
at room temperature. The present study indicates that the
optimum doping levels of Ni in ZnS nanoparticles to observe
enhanced PL intensity and enhanced room temperature ferro-
magnetism are 1 at% and 3 at%, respectively. The study
suggests the application of this system in luminescent and
new generation spintronic devices.
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