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Abstract

Cl�-doped ZnS (ZnS:Cl�) nanoparticles with strong blue emission were synthesized using a facile low temperature solid state reaction

method. X-ray powder diffraction, scanning electron microscopy, UV–vis absorption, and X-ray photoelectron spectroscopy were used

to characterize their crystal structures, microstructural characteristics, and chemical compositions, respectively. The ZnS:Cl�

nanoparticles were quasi-spherical in shape and had a cubic zincblende crystal structure. Cl� doping was found to lead to a reduction

in the crystallite size of the ZnS:Cl� nanoparticles. It showed that Cl� doping remarkably enhanced the luminescence properties of the

ZnS:Cl� nanoparticles, and an optimal Cl� doping condition was determined. Post annealing was found to further improve the

luminescence properties of the ZnS:Cl� nanoparticles. The effect of post annealing temperature on the luminescence properties of the

ZnS:Cl� nanoparticles was systematically studied and discussed.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In recent years, nanometer-sized materials have become
attractive because of their unique characteristics owing to
their quantum size confinement and surface effect, which
cannot be obtained from bulk materials [1–5]. Among
these nanomaterials, II–VI semiconductor materials have
received much attention because of their important appli-
cation prospects in many fields, such as optoelectronics,
catalysis and so on.

ZnS, a wide band-gap II–VI semiconductor, has recently
attracted a lot of interest due to its promising applications
in optoelectronics and catalysis. ZnS has two types of
crystal structures, zincblende and wurtzite. The former can
be synthesized at relatively low temperature. A lot of work
has been done to enhance the optical properties of
zincblende ZnS nanomaterials by doping different
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elements, which are mostly cation ions. Klausch et al. [6]
and Kuppayee et al. [7] used a co-precipitation route to
synthesize highly luminescent ZnS:Cu nanocrystals, and
they found that the emission colors could be adjusted in
the range of blue to green by varying the Cu-doping
concentration. Yang et al. [8] reported the synthesis of
ZnS:M (M¼Ag, Cu, Ce and Sn) nanocrystals via micro-
wave irradiation. Hoa et al. [9] employed a hydrothermal
method and a chemical solution method, to synthesize Mn-
doped ZnS nanoparticles, and they observed enhancement
luminescence at room temperature. Prathap et al. [10]
studied the Al-doped ZnS films deposited using a chemical
precipitation method, and they found that the optical
energy band gap decreased slightly with the increase of
dopant concentration without significantly affecting the
optical transmittance characteristics. Ummartyotin et al.
[11] studied the Mn, Cu-doped ZnS powder using a wet
chemical synthesis method, and they observed intense
tunable emission. Kim et al. [12] reported synthesis of
Te-doped ZnS nanowires (NWs) by a thermal chemical
vapor deposition method, and they observed blue emission
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with a maximum peak at 440 nm at room temperature.
Khani et al. [13] synthesized Fe-doped ZnS quantum dots
(QDs) and studied the effect of Fe3þ doping concentration
on the optical properties of ZnS QDs. Borse et al. [14] used
a chemical method to synthesize Pb-doped ZnS nanopar-
ticles and studied the effect of pH value on the photo-
luminescence (PL) properties of the Pb-doped ZnS
nanoparticles. Reddy et al. [15] and Chen et al. [16] used
a co-precipitation reaction method to prepare Cr-doped
and Mg-doped ZnS nanoparticles, respectively. Pathak
et al. [17] synthesized Ba2þ -doped ZnS nanoparticles using
a precipitation method and they observed an emission
redshift from the blue region toward the visible region
after Ba2þ doping.

Research work has also been devoted to the anion
doping for ZnS nanocrystals. Koda and Shionoya [18]
and Georgobiani et al. [19] prepared Cl�-doped ZnS single
crystals in the 70s and earlier. They found that Cl�

substitutes S2� and acts as an n-type dopant or donor.
Akimoto et al. [20] doped O2� into single-crystalline ZnS
using the molecular beam epitaxy method, and they found
that O2� dopants act as acceptors in ZnS. Manzoor et al.
[21] employed a wet-chemical precipitation method to
synthesize ZnS nanoparticles codoped with Cuþ and
halogen ions such as F�, Cl�, Br� or I�, which were
supplied by ammonium halogen salts. Shirata et al. [22]
synthesized Cl�-doped ZnS phosphors by firing powder
mixtures of ZnS with MgCl2 and NaCl at 1100 1C for 3 h.

In this work, instead of using the wet-chemical or the
high temperature synthesis methods, we employed a facile
low temperature solid state reaction method [23] to
synthesize Cl�-doped ZnS (ZnS:Cl�) nanoparticles, which
were found to exhibit a large luminescence enhancement
over the undoped ZnS nanoparticles. Recently, O2� and
Br� [24,25] dopants have been found to strongly enhance
the luminescence of ZnS nanoparticles synthesized using
this method.

2. Experimental

ZnS:Cl� nanoparticles were prepared by using analytical
grade TAA (CH3CSNH2), zinc acetate (C4H6O4Zn � 2H2O)
and ammonium chloride (NH4Cl) reagents as the starting
materials. TAA, zinc acetate, and NH4Cl were the source
materials for supplying S, Zn, and Cl, respectively, for the
ZnS:Cl� nanoparticles. Firstly, appropriate amounts of the
TAA, zinc acetate and NH4Cl starting materials were
weighed. The Cl� doping concentration x is based on the
molecular formula ZnS(1�x)Clx [25]. After intimately mixing
the starting materials with ethanol, the mixed materials were
put in a crucible and kept in an oven at 130 1C for 3 h for the
synthesis reaction. It should be noted that the reaction
conditions were chosen after a series of optimization for the
strongest luminescence of the as-prepared nanoparticles. The
product was then dispersed into deionized water, and some
precipitates were obtained. The precipitates were retrieved by
high-speed centrifugation and washed several times with
deionized water and acetone to remove the residues. The
washed precipitates were then dried under vacuum at 30 1C
for 10 h. Finally, the ZnS:Cl� nanoparticles were obtained as
confirmed by the XRD results in the following section. The
Cl� doping concentration x was chosen as x¼0, 0.01, 0.02,
0.03, 0.04, 0.05, 0.06, 0.07, and 0.08.
X-ray diffraction (XRD, Bruker D8 Focus) technique

was used to study the crystal structures of the ZnS:Cl
nanoparticles. The X-ray diffractometer with a graphite
monochromatized Cu Ka radiation (l¼0.15406 nm) was
operated at a step of 0.021 in the 2y from 101 to 801.
Microstructural characteristics were investigated using a
field emission scanning electron microscope (FESEM,
Hitachi S4800). Photoluminescence spectra were obtained
at room temperature using a Hitachi F-4600 fluorescence
spectrophotometer with a xenon lamp source.

3. Results and discussion

3.1. Crystal structures and microstructural characteristics

The XRD patterns of the as-synthesized ZnS:Cl�

nanoparticles are shown in Fig. 1a. All the XRD patterns
in Fig. 1a can be readily indexed to the cubic zincblende
ZnS crystal structure (JCPDS card, no. 77-2100, a¼5.4145
Å), and no diffraction peaks for any secondary phase were
present. It is noted in Fig. 1a that with the increase of Cl�

doping concentration x, the diffraction peaks (111), (220)
and (311) consistently shifted to higher angles until
x¼0.06, beyond which no more shift was observed. This
implies that there existed a doping limitation for Cl� ions
in ZnS, which is reasonable because Cl� and S2� ions
have different electrical charges and ionic radii. The
decrease of lattice constant with x (Fig. 1b) should be a
result of Cl� doping in the ZnS lattice, as Cl� ion has a
smaller radius than S2� ion [26].
It is also noted in Fig. 1b that the crystallinity of the

ZnS:Cl� nanoparticles became poorer with the Cl� dop-
ing concentration x. Two sources of contribution are
responsible for this behavior. The first one was originated
from the presence of Cl� dopants, which as impurities in
the ZnS lattice can weaken the diffraction peaks of the
ZnS:Cl� nanoparticles. The second one was due to the
extra Zn vacancies in the ZnS lattice generated by Cl�

dopants substituting S2� ions [25]. For the requirement of
charge neutrality in the ZnS lattice, every two substituting
Cl� ions will create a Zn2þ vacancy. This of course will
decrease the crystallinity of the ZnS nanocrystals to a
certain extent.
The XRD patterns in Fig. 1 can be used to estimate the

average crystallite size of the ZnS:Cl� nanoparticles by
using Scherrer’s formulae [27],

d ¼ 0:89l=bcos y ð1Þ

where d is the crystallite size, l is the X-ray wavelength
(1.54056 Å), b is the full width at half maximum of the
diffraction peak, and y is the Bragg angle. As shown



Fig. 1. XRD patterns of the as-synthesized undoped and Cl�-doped ZnS

nanoparticles (a), and the dependence of their lattice constant and

crystallite size on the Cl� doping concentration x (b).

Fig. 2. SEM images of the as-synthesized ZnS (a) and ZnS:Cl� (x¼0.06)

(b) nanoparticles. The insets show the XPS spectra.
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in Fig. 1b, with the increasing amount of Cl� doping,
the average crystallite size of the ZnS:Cl� nanoparticles
decreased consistently from 18.8 nm to 8.4 nm. Two
possible reasons can explain this behavior. First, the Cl�

dopants can introduce internal strains into the lattice of
ZnS:Cl� nanoparticles, and this will restrict their crystal
growth to a certain extent. Secondly, the addition of
NH4Cl in the synthesis reaction might have hindered the
diffusion of Zn2þ and S2� ions, and therefore restricted
the growth of ZnS:Cl� nuclei, resulting in a smaller
crystallite size for the ZnS:Cl� nanoparticles.

Fig. 2 shows the SEM images of the as-synthesized ZnS
and ZnS:Cl� nanoparticles (x¼0.06). The ZnS nanopar-
ticles were well dispersed (Fig. 2a), while the ZnS:Cl�

nanoparticles were agglomerated (Fig. 2b). Both the ZnS
and ZnS:Cl� nanoparticles are roughly spherical in shape.
As shown in Fig. 2a, the particle size of the ZnS nanoparticles
was about 20 nm, while the ZnS:Cl� nanoparticles were
about 11 nm in size (Fig. 2b). These measured particle sizes
are slightly larger than those estimated from the XRD
patterns by using Scherrer’s formula (Fig. 1b). This is a
result of the presence of crystal defects and internal strains in
these nanoparticles, which will slightly broaden XRD peaks
[27]. The X-ray photoelectron spectroscopy (XPS) spectra in
insets of Fig. 2 confirmed the presence of Cl� dopants in the
ZnS:Cl� nanoparticles, and the Cl� doping concentration in
the ZnS:Cl� nanoparticles was estimated to be about 5.6%,
which is in good agreement with the intended Cl� doping
concentration x¼0.06. Therefore, Cl� ions were effectively
doped into the ZnS nanoparticles.

3.2. Optical properties

Fig. 3 shows the optical absorption spectra of the ZnS
nanoparticles and the ZnS:Cl� nanoparticles with the Cl�

doping concentration at x¼0.06. The ZnS nanoparticles
showed a strong absorption edge at around 307 nm, and



Fig. 3. The UV–vis spectra of the as-synthesized ZnS (a) and ZnS:Cl�

(x¼0.06) (b) nanoparticles.

Fig. 4. The excitation (a) and emission (b) spectra of the as-synthesized

ZnS and ZnS:Cl� (x¼0.06) nanoparticles.
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this is shorter than the bulk ZnS materials having an
absorption edge at about 338 nm [28]. This blueshift in the
absorption edge for the ZnS nanoparticles is a result of the
quantum confinement effect [29]. It is also noted in Fig. 3
that the absorption edge of the ZnS:Cl� nanoparticles was
at about 293 nm, indicating a small blueshift from the ZnS
nanoparticles (307 nm). This can be explained by the fact
that the ZnS:Cl� nanoparticles had a smaller crystallite
size than the ZnS nanoparticles as shown in Fig. 1b and
Fig. 2 [30].

The excitation and emission spectra of the as-synthesized
ZnS and ZnS:Cl� nanoparticles are shown in Fig. 4. Two
distinct excitation peaks at around 276 nm and 323 nm can
be observed from the excitation spectra in Fig. 4a. The
intense excitation peak around 276 nm was due to the band
to band transition of electrons [31]. The excitation peak at
around 323 nm was believed to be originated from the optical
absorption by the electrons located at the vacancies V 00Zn and
the complexes ðVZnClÞ0 sites, both of which are acceptor-type
defects in the Cl�-doped ZnS [19]. This result is supported by
the fact that the intensity of the excitation peak at around
323 nm increased quickly with the Cl� doping concentration
when xr0.06 as shown in Fig. 4a. A larger number of Cl�

dopants indicates a higher concentration of Zn vacancies.
It can be seen in Fig. 4b that the intensity of the emission

band around 426 nm of the ZnS:Cl� nanoparticles was
significantly increased after doping Cl� ions, and it is blue
emission (see the inset in Fig. 4b). The emission intensity
for the ZnS:Cl� nanoparticles with x¼0.06 was calculated
to be 7 times stronger than the undoped ZnS nanoparticles
(Fig. 4b). The emission band around 426 nm was believed
to be generated by the defect emission from S2� vacancies
[32]. In this process, the photogenerated charge carriers
trapped in the shallow traps formed by S2� vacancies emit
photons after a radiative recombination with holes in the
valence band [33]. The emission enhancement by Cl�

doping in the ZnS nanoparticles can be explained by the
fact that Cl� dopants can create Zn vacancies. As stated in
the previous paragraph, these Zn vacancies can improve
the excitation intensity (Fig. 4a).
As shown in Fig. 4b, the emission intensity quickly

increased with the amount of Cl� sources in the synthesis
reaction until x¼0.06, and then decreased afterward. It is
noted in Fig. 1b that the particle size of the ZnS:Cl�

nanoparticles decreased steadily with the amount of Cl�

sources. For compound semiconductor nanocrystals, it has
been known that their luminescence emission intensity
strongly depends on their size [34], and it usually increases
with the decrease of their particle size [35]. For the
ZnS:Cl� nanoparticles in this work, when the source of
Cl� ions was oversupplied, some of them could form non-
radiative recombination centers. This is because, as stated
in the previous paragraphs, the doping concentration of
Cl� ions for substituting S2� ions in ZnS nanocrystals is
limited. These non-radiative recombination centers will
weaken the emission intensity of ZnS:Cl� nanoparticles
for x40.06 even though their particle sizes were smaller
(Fig. 1b).
3.3. Effects of post annealing on the luminescence properties

As stated in Section 3.2, the as-synthesized ZnS:Cl�

nanoparticles with x¼0.06 exhibited the strongest lunmines-
cence (Fig. 4). Here, we annealed these ZnS:Cl� nanoparti-
cles in air at different temperatures. Fig. 5 shows the XRD
patterns and luminescence spectra of the ZnS:Cl� nanopar-
ticles annealed for 30 min at different temperatures, 90 1C,
100 1C, 110 1C, 120 1C, and 130 1C. The XRD patterns in
Fig. 5a indicate that the annealed ZnS:Cl� nanoparticles
remained to be of cubic zincblende ZnS crystal structure. The
crystallinity of the annealed ZnS:Cl� nanoparticles increased
with the annealing temperature. The average particle sizes of
the annealed ZnS:Cl� nanoparticles were calculated by using
Scherrer’s formulae (Eq. (1)). It is not surprising that their



Fig. 5. XRD patterns (a), and excitation (b) and emission (c) spectra of

the ZnS:Cl� (x¼0.06) nanoparticles annealed for 30 min. The inset shows

the dependence of crystallite size on the annealing temperature.
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average particle sizes steadily increased after annealing (see
the inset of Fig. 5a).

After annealing, the lunminescence intensity of the annealed
ZnS:Cl� nanoparticles was much stronger than the as-
synthesized samples (Fig. 5b and c). This suggests that the
post annealing has a strong effect in improving the lumines-
cence properties of ZnS:Cl� nanoparticles. A redshift in the
emission spectra caused by the annealing can be clearly
observed in Fig. 5c. This is a result of the increased particle
size for the annealed ZnS:Cl� nanoparticles as shown in the
inset of Fig. 5a [24,36].

It is also noted in Fig. 5b and c that the lunminescence
intensity quickly increased with the annealing temperature
until 110 1C, and then decreased afterwards. The ZnS:Cl�

nanoparticles annealed at 110 1C had an emission intensity
about 3 times higher than the as-synthesized ZnS:Cl�

nanoparticles. During annealing, 2 factors are believed to
influence the luminescence of ZnS:Cl� nanoparticles. One
is the defect structures which will be changed during the
annealing process. Defects in ZnS nanoparticles play a key
role in their luminescence properties [37]. The other factor
is the particle size of the ZnS:Cl� nanoparticles, where the
quantum confinement effect and surface effect can largely
intensify their luminescence emission [31]. These two
factors compete with each other for the annealed ZnS:Cl�

nanoparticles. On one hand, some of the defects which act
as non-radiative recombination centers in the ZnS:Cl�

nanoparticles were eliminated by annealing, and this will
improve the emission intensity. One the other hand, the
particle size of the ZnS:Cl� nanoparticles will increase
after annealing, and the emission intensity will become
lower due to the larger particle size [37]. Because of these
two competing factors, an optimal annealing condition for
the strongest luminescence emission should therefore be
expected. This explains the dependence of the luminescence
properties of the ZnS:Cl� nanoparticles on the annealing
temperature as shown in Fig. 5b and c.
4. Conclusions

In summary, we successfully synthesized ZnS:Cl� nano-
particles with strong blue emission using the low temperature
solid state reaction method. The ZnS:Cl� nanoparticles were
quasi-spherical in shape and had a cubic zincblende crystal
structure. The crystallite size of the ZnS:Cl� nanoparticles
decreased with the Cl� doping concentration. It was shown
that Cl� doping remarkably enhanced the luminescence
properties of the ZnS:Cl�� nanoparticles. An optimal Cl�

doping condition was determined, and the emission intensity
of the ZnS:Cl� nanoparticles was enhanced by as much as 7
times. Post annealing was found to further improve the
luminescence properties of the ZnS:Cl nanoparticles. The
optimal annealing temperature was about 110 1C, and the
emission intensity was increased by 3 times after such
annealing. This work indicates that Cl�-doped ZnS nano-
particles with strong blue emission can be readily synthesized
using the low temperature solid state reaction method.
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