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Abstract

Br-doped ZnS nanoparticles were synthesized using a low temperature solid-state reaction method. Influence of Br doping

concentration on the crystal structures, crystallite sizes, and luminescence properties of the Br-doped ZnS nanoparticles was

investigated. The Br-doped ZnS nanoparticles had a cubic zincblende crystal structure, and had an average crystallite size of about

8.0–9.5 nm. Both the lattice constant and average crystallite size of the Br-doped ZnS nanoparticles decreased with Br doping

concentration. It was found that the luminescence intensity of the Br-doped ZnS nanoparticles remarkably increased with Br doping

concentration. The emission intensity of the 5% Br-doped ZnS nanoparticles was about 13 times stronger than the undoped ZnS

nanoparticles. Mechanism for the enhanced luminescence of the Br-doped ZnS nanoparticles was discussed. This work suggests that the

low temperature solid-state reaction method can be used to synthesize Br-doped ZnS nanoparticles with strong luminescence properties.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

It is well known that zinc sulfide (ZnS), a wide direct
band gap semiconductor, is one of the most typical and
important II–VI compound semiconductors with broad
applications in different fields such as optoelectronics,
catalysis, and so on [1–3]. In recent years, ZnS nanopar-
ticles have been gaining extensive attention for their
luminescence properties [4,5].

Many approaches have been employed to improve the
luminescence properties of ZnS nanoparticles. It has been
shown that doping can effectively enhance the lumines-
cence properties of ZnS nanoparticles [6–18]. Elements
such as Mn [6–8], Cu [9–11], Eu [12,13], Ag [14], Pb [15],
Mg [16], Co [17] and Ba [18] have been doped into ZnS
nanoparticles, and improved luminescence has been
observed. Pathak et al. [6] used a chemical method to
prepare Mn2þ -doped ZnS nanoparticles which were
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passivated by acrylic acid, and they observed enhanced
luminescence after surface passivation and Mn2þ -related
yellow emission at 574 nm at room temperature. Kuppayee
et al. [9] used a co-precipitation method to synthesize
Cu2þ -doped ZnS nanoparticles with PMMA and CTAB
surfactants, and they observed a 2-fold enhancement in the
luminescence after Cu2þ doping. In a recent work by
Pathak et al. [18], they employed a simple precipitation
method to synthesize Ba2þ -doped ZnS nanoparticles with-
out using any capping agents, and the emission was found
to be shifted from the blue region towards the visible
region after Ba2þ doping. These reported results suggest
that the luminescence properties of ZnS nanoparticles can
be largely improved by doping and they can be usually
synthesized by simple methods.
Although the previous studies on doped ZnS nanopar-

ticles were mostly focused on cation doping, anions have
also been found to be effective dopants for substituting S
ions in ZnS nanoparticles. Shirata et al. [19] synthesized
Cl-doped ZnS phosphors by firing powder mixtures of ZnS
with MgCl2 and NaCl at 1100 1C. Sharma et al. [20]
reported the synthesis of ZnS:Cu,Cl phosphors. Corrado
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Fig. 1. XRD patterns of the undoped and Br-doped (1%, 3%, 5%) ZnS

nanoparticles. Inset a shows the variation of the calculated crystallite size

with Br doping concentration, and inset b shows the TEM image of the

5% Br-doped ZnS nanoparticles.
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et al. [21] prepared Cu and Br co-doped ZnS nanocrystals
with enhanced luminescence via a hot-injection method.
Chander et al. [22] also prepared Cu and Br co-doped ZnS
phosphors by different routes. Manzoor et al. [23]
employed a wet-chemical precipitation method to synthe-
size ZnS nanoparticles co-doped with Cuþ and halogen
ions such as F, Cl, Br or I, and they observed a
luminescence enhancement. In their work [23], the F, Cl,
Br or I doping ions were supplied by ammonium
halogen salts.

Different synthesis methods for ZnS nanoparticles have
been reported in the literature [24]. The low temperature
solid-state reaction method has been shown to be one of
the simple, efficient and cost-effective methods for synthe-
sizing ZnS nanoparticles [25–28]. Pathak et al. [26] used
this method to prepare ZnS nanoparticles. Manam et al.
[27] and Yu et al. [28] used this method to prepare Cu-
doped and Mn-doped ZnS nanophosphors, respectively.
However, synthesis of ZnS nanoparticles doped with
anions using the low temperature solid-state reaction
method has hardly been reported in the literature. In this
work, we synthesized Br-doped ZnS nanoparticles using
the low temperature solid-state reaction method, and
studied their luminescence properties. A strong lumines-
cence enhancement in the Br-doped ZnS nanoparticles was
observed.

2. Experimental

Analytical-grade reagents Zn(CH3COO)2, C2H5NS
(TAA) and NH4Br were used without further purification.
Anhydrous ethanol was used as the dissolving and washing
solution, while TAA, Zn(CH3COO)2, and NH4Br were the
source materials for supplying S, Zn, and Br, respectively,
for the Br-doped ZnS nanoparticles. For the undoped ZnS
nanoparticles, no NH4Br was used. All samples were
synthesized using the low temperature solid-state reaction
method. Br doping concentration in the Br-doped ZnS
nanoparticles was set according to the molecular formulae
ZnS(1�x)Brx, where x¼1%, 3%, and 5%. The reason for
choosing these low doping concentrations in this work is
because the differences in the ion radii and electrical
charges between Br� and S2� were believed to limit the
doping concentration of Br for substituting S of ZnS.
However, work for higher Br doping concentrations is in
progress in our group. Undoped ZnS sample (0% Br) was
also synthesized for reference. First, source materials
according to a desired stoichiometric ratio were weighed,
and they were intimately mixed. The mixture was heated at
130 1C in an oven for 3 h. The products were washed with
alcohol and deionized water, and the precipitates were
retrieved by centrifugation. This procedure was repeated
for several times in order to remove the residues. Finally,
the precipitates were dried under vacuum at 80 1C for 1.5 h
to obtain the undoped and Br-doped ZnS nanoparticles.

X-ray diffraction (XRD, Bruker D8 Focus) technique
was used to study the crystal structures of the ZnS
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
transmission electron microscope (TEM, JEM 2010).
Luminescence properties were measured at room tempera-
ture using a Hitachi F-4600 fluorescence spectrophot-
ometer equipped with a xenon lamp source.
3. Results and discussion

Fig. 1 shows the XRD patterns of the undoped and Br-
doped ZnS nanoparticles. All the XRD peaks for these
nanoparticles can be readily indexed to be the (1 1 1),
(2 2 0) and (3 1 1) crystal planes of the cubic zincblende
ZnS crystal structure (JCPDS card, No. 05-0566), and no
impurity phases were observed. Hence, these Br-doped
ZnS nanoparticles synthesized by the low temperature
solid-state reaction method remained to have the cubic
zincblende ZnS crystal structure. This is consistent with the
results reported by others [28,29].
It is noted in Fig. 1 that the XRD peaks slightly shifted

towards larger angles after Br doping, indicating a smaller
lattice constant for the Br-doped ZnS nanoparticles. The
lattice constant a can be calculated using the Bragg
equation [30]:

a¼
l

2 siny

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2þk2þ l2

p
ð1Þ

where l is the X-ray wavelength (1.54056 Å), y is the Bragg
angle, and (hkl) is the Miller index of crystal plane. The
calculated lattice constant was 5.3861 Å for the undoped
ZnS nanoparticles, and 5.3817 Å, 5.3687 Å and 5.3579 Å
for the Br-doped ZnS nanoparticles with Br doping
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concentrations of 1%, 3% and 5% in order. Nevertheless,
it is known [31] that Br (182 pm) has a larger ionic radius
than S (170 pm). Thus, a larger lattice constant would be
expected for the Br-doped ZnS nanoparticles. With regard
to the reason for such a decrease of lattice constant with Br
doping concentration for the Br-doped ZnS nanoparticles,
we suppose that the generation of Zn vacancies should be
the cause. Br� and S2� have different electrical charges, so
every two substituting Br ions can generate an extra Zn
vacancy due to the requirement of electrical charge
neutrality within the ZnS host lattice. The generation of
extra Zn vacancies resulted in a contraction of lattice
constant for the Br-doped ZnS in spite of the larger ionic
radius for Br than S.

As shown in Fig. 1, these XRD peaks became broader
with the increase of Br doping concentration. The average
crystallite size of nanoparticles can be calculated from the
XRD patterns using the Debye–Scherrer equation [32]:

d ¼ 0:89l=b cosy ð2Þ

where d is the crystallite size, l is the X-ray wavelength,
b is the full width at half maximum of a XRD peak, and y
is the Bragg angle. The calculated average crystallite sizes
of the undoped ZnS and Br-doped nanoparticles were
shown in Fig. 1 (inset a). The crystallite size decreased
from about 10 nm for the undoped ZnS nanoparticles to
around 9.5, 8.2 and 8.0 nm for the Br-doped ZnS nano-
particles with Br doping concentrations of 1%, 3% and
5%, respectively. The inset b of Fig. 1 shows the TEM
image of the 5% Br-doped ZnS nanoparticles, and the
crystallite size was about 8–9 nm, which is approximately
in agreement with the calculated (Eq. (2)) crystallite sizes
(Fig. 1 inset a) based on the XRD pattern. This is also
consistent with the results reported by others [28] for the
Mn-doped ZnS nanoparticles synthesized by the low
temperature solid-state reaction method.

It is noted in Fig. 1 that the XRD peaks of these Br-
doped ZnS nanoparticles became weaker with the increase
of Br doping concentration. This suggests that the crystal-
linity of ZnS nanoparticles decreased with Br doping
concentration. Two sources of contribution are responsible
Fig. 2. XPS spectra of the undoped and 5% Br-doped ZnS nanoparticles: (a) t

Br-doped and undoped samples, (b) the chemical shift for the Zn 2p electron
for this behavior [16]. One is the distortion in the ZnS host
lattice caused by the Br dopants. Another source is the
generation of Zn vacancies in the ZnS host lattice as stated
in the previous paragraphs.
To further investigate the composition and chemical

state of these samples, we used the X-ray photoelectron
spectroscopy (XPS) to characterize the undoped and 5%
Br-doped ZnS nanoparticles. Their XPS spectra are shown
in Fig. 2. XPS peaks of Zn, S, C and O are observed in
Fig. 2a, where the presence of C and O was due to the
sample holder and surface absorption of oxygen when
exposed in air. The inset of Fig. 2a clearly shows the
presence of Br dopants for the 5% Br-doped ZnS nano-
particles [33]. However, no trace of Br was detected in the
undoped ZnS nanoparticles (Fig. 2a inset). It can be seen
in Fig. 2b that the binding energy of the Zn 2p electrons
became higher after Br doping. This suggests that Br ions
effectively doped into the ZnS lattice and chemically
interacted with Zn ions.
The excitation and emission spectra of the undoped and

Br-doped ZnS nanoparticles are shown in Fig. 3. Two
excitation bands in the UV range with their maxima at
about 277 nm and 322 nm can be clearly seen in Fig. 3a.
The first excitation band peaking at about 277 nm corre-
sponded to a band gap of 4.48 eV, which was related to the
band to band transition of electrons. As shown by the
schematic energy-level diagram in Fig. 4 [34–36], the
second excitation band peaking at about 322 nm
(3.85 eV) is believed to be a result of the combined effect
from (1) the transition of electrons from valence band to
the donor levels such as sulfur vacancy (VS) and bromine
defects (Br�S), and (2) the transition of electrons from the
Zn vacancy-related acceptor levels such as, V00Zn, ðVZnBrÞ

0

and V0Zn, to the conduction band. It is noted in Fig. 3a that
the excitation intensity quickly increased with Br doping
concentration. This suggests that Br doping had a strong
effect in improving the luminescence properties of ZnS
nanoparticles. For the undoped and 1% Br-doped ZnS
nanoparticles, the excitation band peaking at about
277 nm was relatively stronger than the one peaking at
322 nm (Fig. 3a). However, the 3% and 5% Br-doped ZnS
he full spectra with an inset showing the presence and absence of Br in the

s after Br doping.



Fig. 3. Luminescence spectra of the undoped and Br-doped ZnS nanoparticles for excitation (a) and emission (b).

Fig. 4. Schematic energy-level diagram for the Br-doped ZnS nanoparticles.
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nanoparticles exhibited quite different behavior as shown
in Fig. 3a, where one can see that their excitation band
peaking at about 322 nm was much stronger than the one
peaking at 277 nm. In fact, this result supports the point
that the excitation band peaking at about 322 nm was from
the Zn vacancy-related acceptor levels as stated earlier in
this paragraph. Higher Br doping concentration led to a
larger number of Zn vacancies in the ZnS host lattice, and
a luminescence enhancement is therefore expected for the
ZnS nanoparticles.

As shown in Fig. 3b, a single emission band was
observed for each of these samples, and it peaked at about
421–440 nm. Similar to the excitation spectra (Fig. 3a), the
emission intensity remarkably increased with Br doping
concentration (Fig. 3b). The emission intensity of the 5%
Br-doped ZnS nanoparticles was about 13 times stronger
than the undoped ZnS nanoparticles. Moreover, a blue
shift in the emission peak can be clearly observed for the
Br-doped ZnS nanoparticles as shown in Fig. 3b. This can
be attributed to the quantum size effect [37,38] caused by
the decrease of ZnS nanoparticle size as shown in Fig. 1
(inset a). When Br substitutes for S in the ZnS lattice, in
addition to the generation of extra Zn vacancies, a donor-
like BrS is formed. More importantly, the Zn vacancies
and donor-like BrS can easily form a large number of zinc
vacancy–bromine complexes ðVZnBrÞ

0. Due to the smaller
energy difference between the donor–acceptor pairs as
shown in Fig. 4 than the band gap, a higher chance of
radiative recombination from the donor–acceptor pairs is
resulted. Hence, a stronger emission is resulted in the Br-
doped ZnS nanoparticles.

4. Conclusions

In summary, we successfully synthesized Br-doped ZnS
nanoparticles with different Br doping concentrations
using the low temperature solid-state reaction method.
The influence of Br doping concentration on the crystal
structures, crystallite sizes, and luminescence properties of
the Br-doped ZnS nanoparticles was investigated. The Br-
doped ZnS nanoparticles had a cubic zincblende crystal
structure, and their average crystallite sizes was about 8.0–
9.5 nm. Both the lattice constant and the average crystallite
size of the Br-doped ZnS nanoparticles were found to
decrease with Br doping concentration. The reducing
lattice constant with Br doping was a result of the
generation of Zn vacancies. The luminescence intensity of
the Br-doped ZnS nanoparticles remarkably increased with
Br doping concentration. The 5% Br-doped ZnS nano-
particles was found to have an emission intensity about 13
times stronger than the undoped ZnS nanoparticles. The
enhanced luminescence of the Br-doped ZnS nanoparticles
was a result of radiative recombination from the defect
related donor–acceptor pairs. This work indicates that Br-
doped ZnS nanoparticles with strong luminescence proper-
ties can be synthesized using the facile low temperature
solid-state reaction method.
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