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Abstract

images.

Zinc sulfide (ZnS) semiconductor nanocrystals with mercaptoethanol (ME) as a stabilizer (capping agent) were
synthesized by coprecipitation method in room temperature using the solution of zinc chloride (ZnCl;) and sodium
sulfide (Na5S) as starting material. The effect of ME and Na,S dropwise addition rate on the preparation of these
samples was measured using UV-vis absorption and X-ray diffraction (XRD). The ultraviolet—visible (UV-vis)
absorption and XRD of the prepared ZnS nanoparticles show increase of band gap and decrease of particle size
with decrease in ME and Na,S dropwise addition rate to the reaction medium. This behavior is related to the size
quantization effect due to the small size of the particles. The photoluminescence emission peak positions exhibit
obvious blue shift from 510 to 455 nm. The particle sizes were obtained from transmission electron microscopy
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Background

Nanocrystalline semiconductor particles have attracted
considerable interest in recent years because of their
novel properties, such as large surface-to-volume ratio
and the three-dimensional confinement of the electrons
[1-7]. Interest in semiconductor nanoparticles is justified
by the fact that their fundamental physical and chemical
properties can be very different from those of the bulk
materials. Their reduced dimensions enable one to
reduce the size of electronic circuitry. They are expected
to have higher quantum efficiencies due to increased
oscillator strengths as a result of quantum confinement.
A threshold for the occurrence of quantum effects is
given by the value for the Bohr radius of exciton in the
bulk material [8]. As a representative of wide band gap
I1-VI semiconductor nanocrystals, zinc sulfide (ZnS) has
been synthesized by different methods [9-14]. ZnS has a
band gap of 3.66 eV at the temperature of 300 K. This
corresponds to ultraviolet (UV) radiation for optical
interband transitions. It is an important inorganic material
for a variety of applications including photoconductors,
solar cells, field effect transistors, sensors, transducers,
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optical coatings, and light-emitting materials [15-18]. It
has been investigated extensively because of its potential
optical applications [19-26]. The systematic exploration of
growing inorganic nanocolloids is an increasingly popular
research subject. Physical methods such as X-ray or elec-
tron beam lithography [27], which are commonly used for
the production of low-dimensional solids, have inherent
resolution limits that restrict their use at the nanometer
scale. On the other hand, the colloid chemistry route
offers a simple means to synthesize such particles with
good control of the size and, more importantly, the size
distribution. There have been extensive reports in the past
few years [28,29] demonstrating that by changing the reac-
tion conditions (i.e., the concentration of the starting ma-
terials, the nature of the solvents, and the suitable
capping/stabilizing agents), it is possible to synthesize a
variety of nanoparticles with different sizes. In this paper,
we report the synthesis of ZnS quantum dots by the che-
mical coprecipitation method at room temperature and in
aqueous solutions with zinc chloride (ZnCl,), sodium
sulfide (Na,S) as starting materials, and mercaptoethanol
(ME) as a capping agent for controlling particles size and
double-distilled water as dispersing solvent. The effect of
ME and Na,S dropwise addition rate to the reaction
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medium on the preparation of these samples has been
studied.

Results and discussion
Figure 1 shows the X-ray diffraction (XRD) pattern of
the ZnS nanoparticles with different dropwise addition
rates at room temperature. Three different peaks are
obtained at 26 values of 29.0°, 48.1°, and 57.0° for the
ZnS nanoparticles, which indicate that the samples have
face centered cubic structure and the peaks correspond
to diffraction at (111), (220), and (311) planes, respec-
tively. Peaks related to high angles have submerged in
the background due to the large line broadening, which
is attributed to the nanoscale size of the particles.

The peak broadening at the lower angle is more mea-
ningful for the calculation of particle size. Using the
(111) reflection from the XRD pattern, the mean
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Figure 1 XRD patterns of ZnS nanoparticles at different
dropwise addition rates. (A) 2t0 35, (B)4to5s,and (C)6t0 7 s
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crystallite size (D) of nanoparticles was also estimated
using the Scherrer formula [30] as follows:

0.91
b= Bcosf’ )
where A, B, and O are the X-ray wavelength of the
radiation used (Ka(Cu) = 0.154056 nm), the full width at
half maximum of the diffraction peak, and the Bragg
diffraction angle (with 26 ranging from 10° to 100°), re-
spectively. The lattice parameter has been computed to be
6.29 A, which is close to the standard value (5.42 A) [31].
The optical absorption spectra of the nanoparticles
were measured using a USB-2000 UV-VIS spectropho-
tometer (Ocean Optics, Dunedin, FL, USA). The absorp-
tion edge is observed in the range of 290 to 320 nm.
The band gap of nanoparticles was also calculated using
the formula as follows:

hc
E;=hv= T (2)
where 7, ¢, A, and E, are the Planck’s constant, the speed
of light in vacuum, the optical absorption wavelength
(range of 290 to 320 nm), and the band gap, respectively.
This blue shift of the absorption edges for different
nanocrystals is related to the size decrease of the parti-
cles and is attributed to the quantum confinement effect
of nanoparticles. A threshold for the occurrence of
quantum effects is given by the value for the Bohr radius
of exciton in the bulk material. The absorption spectrum
of B sample nanoparticles synthesized at 4 to 5 rates is
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Figure 2 Absorption spectra of B sample ZnS nanoparticle.
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shown in Figure 2. It shows an excitonic absorption
peak at 300 nm (4.13 eV). There is a clear blue shift of
band gap with respect to bulk ZnS, since band gap of
bulk ZnS with cubic structure is 3.6 eV (345 nm). This
is due to the modification of valence and conduction
bands by quantum confinement effects. Even though
the nanocrystallites exhibit bulk-like crystal structure,
they are too small to have bulk-like electronic wave
functions. Applying the confinement effects, the optical
band gap energy of nanocrystallites is given by Brus
equation [32] as follows:

(3)

E =F 1k - | — -
«(nano) ¢(bulk) + o2’ | R

mh [ 11 ] 1.8¢
where Eg(bulk) in eV is the band gap energy of bulk, m.
and m, are electron and hole effective masses, and R in
nanometers is the particle size. For cubic ZnS, E; = 3.6
eV, m, = 0.34 m,, and my, = 0.23 m,; m, is the free elec-
tron rest mass and & = 8.76 is the permittivity of the
sample [33]. Taking the band gap of synthesized
nanoparticles as 4.13 eV with substitution in Equation 4
gives the particle optical size as 2.69 nm. Table 1 shows
the calculated size of ZnS nanoparticles from Scherrer
formula and Brus equation. The band gap of a particle
can be tuned by changing the size of nanocrystals below
Bohr radius of exciton in the bulk material. Table 1 shows
the variation of the optical band gaps, particle sizes, and
absorption edges at different dropwise addition rates.
These semiconductor nanocrystals were then character-
ized using transmission electron microscopy (TEM, JEOL
JEM3010; JEOL Ltd., Tokyo, Japan). Figures 3 and 4 show
the TEM image of the ZnS semiconductor nanocrystals.
According to the TEM images, the agglomeration oc-
curred in the ZnS semiconductor nanocrystals. The ag-
glomeration is due to van der Waals force between
particles [34]. The TEM image shows clearly that the
particles are not spherical.

Conclusions

The nanoparticles of zinc sulfide have been successfully
synthesized using a simple chemical method. It is also
observed that the decrease in size of the particle and the
increase of band gap occur with the decrease in ME and
Na,S dropwise addition rates to the reaction medium.
The XRD analysis shows that the samples prepared are
in a cubical phase. The broad peak of the XRD pattern
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Figure 3 TEM image of ZnS semiconductor nanocrystals at the
dropwise addition rate of B (6 to 7 s).

indicates the nanocrystalline behavior of the particles.
The absorption peak appears at around 290 to 320 nm,
which is fairly blue-shifted from the absorption edge of
the bulk (345 nm).

The solid-state theory based on the delocalized elec-
tron and hole within the confined volume can explain
the blue-shifted optical absorption spectra [35,36].

Experimental procedure

First, 0.01 M of ZnCl,, Na,S, and ME as capping agent
was dissolved in double-distilled water for 30 min at
room temperature, and the obtained solution was mag-
netically stirred for 30 min at room temperature. After-
wards, the capping agent solution was added drop by
drop at different rates of 2 to 3, 4 to 5, and 6 to 7 per
second to the ZnCl, solution under vigorous stirring in
N, atmosphere. After 10 min, the solution of Na,S was
poured drop by drop at different rates of 2 to 3, 4 to 5,
and 6 to 7 per second to the solution containing ZnCl,
and ME under vigorous stirring in N, atmosphere.

Table 1 Absorption edge and optical band gap of the ZnS nanoparticles with different dropwise addition rate

Optical size (nm)

Average crystallite size (hnm)  Optical band gap (eV)

Sample Dropwise addition rate (s) Absorption edge (nm)
A 2t03 290
B 4t05 300

@ 6to7 320

240 2.38 427
269 2.60 4.13
292 282 387
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Figure 4 TEM image of ZnS semiconductor nanocrystals at the
dropwise addition rate of C (6 to 7 s).
A

Nanoparticles of ZnS were fabricated by chemical reaction
by Ying Wang [37] as follows:

ZnCl, + Nay$ 5> ZnS + 2NaCl (4)

The nanoparticles were collected by centrifugation at
2,000 rpm for 15 min. In the final step, the obtained pre-
cipitate was filtered and dried at room temperature to re-
move water, organic cappings, and other by products
formed during the reaction process. After sufficient dry-
ing, the precipitate was crushed to fine powder using
mortar and pestle. The three samples, called A (2 to 3 s),
B (4 to 5s), and C (6 to 7 s) with different dropwise
addition rates, were obtained.
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