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Zinc sulphide (ZnS) nanoparticles were synthesized via simple, rapid and energy efficient
microwave technique. The obtained nanoparticles were found to possess a cubic structure
with an average particle size of less than 5 nm. By changing the microwave irradiation
time from 5 to 30 min, the average size of nanoparticles increased and a broader size
distribution was obtained. The degree of crystallinity also increased with increasing
irradiation time and reached to maximum at 25 min and then fell by rising further the
irradiation time. The absorption spectra of prepared ZnS nanoparticles revealed a blue
shift in the band gap energy with respect to the bulk counterpart owing to the quantum
confinement effect. The photoluminescence study showed the emission intensity increased
with increasing the irradiation time up to 25 min due to the increment in crystallinity of the
obtained nanoparticles. Further study indicated that the microwave irradiation time has
also influenced the electrical properties of nanoparticles, so that the DC conductivity
increased from 1.08x10 to 1.67x10™ S/m for irradiation time of 5-25min and decreased
to 1.74x10° S/m for further irradiation time at 30 min. The dielectric constant showed a
power law dispersion with no observed peak for all samples with different irradiation
times.
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1. Introduction

In recent years, II-VI semiconductor nanoparticles (NPs) have drawn significant attention
in theoretical as well as in applied research due to their novel and unique optical, electrical and
chemical properties originating from size quantization and extremely high surface to volume ratio
which offer major advantages over their bulk counterparts [1-5].

As an important wide-gap 1I-VI compound semiconductor, zinc sulphide (ZnS)
nanoparticles have become one of the popular research pursuits owing to the richness of their
physical and chemical properties and wide range of potential applications. It is usually used in flat
panel displays, photoconductors, electroluminescent devices and solar cell infrared windows light-
emitting diodes (LEDs), sensors, lasers, and bio-devices [6-7]. ZnS nanocrystals are also ideally
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suited for applications in biological labelling and diagnostics, due to less toxicity as compared to
other II-VI semiconductor NPs [8].

As the properties of nanocrystals are highly dependent on their structure, particle size, size
distribution, and morphology, a burst of research activities has been emerged in the synthesis and
characterization of semiconductor NPs [7-8]. To synthesize ZnS nanocrystals, various techniques
have been employed, including the chemical methods [9], solid-state reactions [10], sol-gel
processes [11], sonochemical preparation [12], microwave [13-14] and y-irradiation route [15].
Among the aforementioned methods, the microwave assisted route is one of the more recent
methods and is a rapidly developing area of research. It is simple, rapid and energy efficient. A
major advantage of the microwave synthesis method is that it provides homogenous internal and
volumetric heating at rapid rates without sharp thermal gradient effects and thereby is capable of
producing small particles with a narrow particle size distribution and high purity [16-18].

In our previous work, the influence of irradiation time on microwave-hydrothermal and
microwave-polyol method for the synthesis of ZnS NPs was reported and compared together [13].
In this work, based on the previous knowledge of researches we try to give deeper view of the
structural, optical and electrical properties of ZnS NPs synthesized by polyol method in order to
improve prior achievements and lead for future research.

2. Experimental

In a typical synthesis, 5 mM of zinc acetate (Zn(CH;COO),.2H,0) and 6 mM of
Thioacetamide (CH;CSNH,) were dissolved completely in 20 ml of ethylene glycol (C,HgO»). The
mixture were placed in a high power microwave oven (1100W) operated using a pulse regime with
20% power. The reactions were carried out by changing irradiation time at 5, 10, 15, 20, 25 and 30
min. The white precipitate gradually appeared during the reaction. The precipitates were
centrifuged (3500 rpm, 10 min) and washed several times with distilled water and absolute ethanol
and dried in air at 60°C for 24 h under control environment.

The products were characterized by X-ray diffraction (XRD) at a scanning rate of 5°/min
in the 26range 20-70° using a Philips X-ray diffractometer (7602 EA Almelo) with Cu Ka
radiation (A = 0.1542 nm). The particle size and size distribution were determined from the
transmission electron microscopy (TEM) micrographs (HTACHI H-7100 TEM). The optical
properties of ZnS NPs were characterized using UV—visible absorption spectroscopy (UV-1650PC
SHIMADZU) and photoluminescence (PL) spectroscopy (Perkin Elmer, LS-55: fluorescence
spectrometer). The dielectric properties of the ZnS NPs were measured using Precision LRC meter
(Agilent-4284A) in the frequency range from 20 Hz to 1 MHz at room temperature. Samples were
characterized in shape of pellet with the dimension of 0.53 mm and 10.8 mm as thickness and
diameter respectively.

3. Results and discussions

XRD patterns of ZnS nanocrystalline synthesized at different irradiation times are shown
in Figure 1. All spectra have three major peaks, which are observed at 20 values of 28.5, 47.4, and
56.3° and matching perfectly with the (111), (220) and (311) crystalline planes of the face centred
cubic structure of ZnS reported in ICDD PDF 65-1691 with the lattice parameter of 5.41 A° and
cell volume of 158.4 A®. Increasing the irradiation time results the appearance of two low
intensity peaks at about 69.4°and 76.7° at 10 min exposure time and a shoulder around 33.1° at 15
min which correspond to (400), (331) and (200) crystalline planes of the reference pattern. No
extra peaks corresponding to any other crystallographic phase or unreacted ingredient was
detected, indicating the products at high purity.

The broadening of XRD peaks (FWHM) decreases with increasing irradiation time
indicates that the mean crystalline size of ZnS nanocrystalline is smaller for lower irradiation time
[13]. The crystalline size of the ZnS nanoparticles were calculated using (111) reflection of the
XRD patterns based on the Scherrer equation [16, 19]:
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where D is the average crystallite size, k is particle shape factor, A is the X-ray wavelength used
(0.1542 nm), P is the angular line width of half-maximum intensity and 6 is the Bragg’s angle in
degree. The estimated sizes are listed in Table 1.
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Fig. 1. XRD pattern of ZnS nanocrystals synthesized in different irradiation times.

The intensity of XRD peaks increases with increasing irradiation time and reaches the
maximum at 25 min and then decreases by increasing the irradiation time. These results indicate
the significant enhancement in the crystallinity of the ZnS nanocrystals synthesized at 25 min
irradiation time which confirmed by the calculated crystallinity of nanoparticles using Soltys
method as the ratio of area under the crystalline diffraction peaks to the total area, after removing
the linear background and scaling the amorphous sample spectrum (Figure 2) [20]. The
crystallinity is often preliminary to several material properties such as colour,
electricalconductivity, and luminescence, especially if an electron transport (e.g., excitation,
energy transfer, emission) is involved [21].
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Fig. 2. Degree of crystallinity of ZnS NPs synthesized in different irradiation times.
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Table 1. Optical band gap and particle size of ZnS NPs synthesized in different
irradiation time.

Sample Irradiation Band edge band gap Red shift Particle size (nm)
time (min) (nm) (eV) AE (eV) XRD UV-Vis TEM
1 5 317 441 0.71 32 3.7 3.2
2 10 320 4.40 0.70 3.9 3.7 3.8
3 15 326 4.39 0.69 5.0 3.8 4.1
4 20 329 4.38 0.68 5.4 3.8 4.2
5 25 332 4.36 0.66 6.6 3.9 4.3
6 30 334 4.35 0.65 6.6 3.9 4.8

The TEM images and related size distribution histogram of ZnS NPs synthesized in
different irradiation times were shown in Figure 3. It can be seen from the figures that the ZnS
nanoparticles are spherical in shape with a relatively narrow homogeneous distribution. In
synthesis process, ethylene glycol can act as a weak stabilizer that restricts the particle growth but
it will be removed from the particle surface during synthesis and purification process, so that the
final particles are aggregated. The average size and size distributions of nanoparticles were
evaluated from TEM images using UTHSCA Image Tool considering at least 200 nanoparticles
for each sample and the Gaussian fitting of size distribution histogram was achieved using
OriginPro software which describes the percentage of particle number (frequently%) versus
particle size. The size distributions notify that with increasing irradiation time, the average size
and dominate size of ZnS NPs increase and the range of particle sizes shift to larger sizes.

The UV-Vis absorption spectra of ZnS NPs prepared indifferent irradiation times are
shown in Figure 4 (a). The absorption edges are below 336 nm as compared to bulk ZnS (340 nm
[17]) which red shifted with increasing of irradiation time showing the evidence of quantum
confinement effect of ZnS NPs. It is clearly seen from the figures that with increasing irradiation
time the absorption edge moves to higher wavelength due to increase of particle size and
subsequently decrease the optical band gap (Table 1).

The optical band gap of ZnS NPs can be determined from the derivative of the UV-vis
absorption spectra of Figure 4 (b). In Tauc region (high absorption region) the absorption is due to
due to inter-band transition among extended states in both valence and conduction bands and the
absorption coefficient depends on optical band gap, given by:

hv.a(v) = K(hv — E)" )

where E, represents the optical band gap, K is a constant, and »n depends on the nature of the
transition which has values of 1/2, 3/2, 2, and 3 for allowed direct transitions, forbidden direct
transitions, allowed indirect transitions, and forbidden indirect transitions, respectively [22-23].
The energy of band gap (E;) can be evaluated from the UV-Vis spectra by plot of
d(Ln(ahv))/d(hv) versus (hv) which shows the discontinuity position assigned to the band gap

value (at hv- E; = 0) [24-25]:
d(Ln(ahv))/d(hv)=n/(hv-E,) 3)

The d(Ln(ahv))/d(hv) versus (hv) plots of ZnSNPs prepared in different irradiation
times are shown in Figure 4. Although the figures show peak instead discontinuity position due to
limitation range over the measured absorbance, but still the band gap energy can be evaluated
directly from the peak position. The values of estimated energy band gaps of ZnS NPs are listed in
Table 1.
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Fig. 3. TEM images and size distribution histograms of ZnS NPs synthesized in different irradiation times
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Fig. 4.UV-Visible spectra and d(Ln(ahv))/d(hv) vs. hvplots of the ZnSNPs synthesized in
(a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 min irradiation time

From the band gap values, the particle sizes could be calculated using Brus equation [26-
28]:

2_2 2
AE=h 7t2 L*+L* _ 1.8e @)
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e

where AE is the blue shift of the band gap, m.* is the effective mass of electron, my is the
effective mass of hole, r is the radius of the particle, €, is the dielectric constant and g, is the
permittivity of free space. The first term indicates the confinement effect and the second term
being the Coulomb term. In a strong confinement, as in the present case, the second term is small
and can be neglected. The computed particle sizes are listed in Table 1and compare with those
determined from TEM images.

Luminescence-based analytical techniques are very sensitive to detect discrete electronic
states and can provide experimental evidence of electronic defects. In this work, the evolution of
photoluminescence (PL) spectra was utilized for the characterization of defects and crystal quality
of ZnS NPs. In microcrystals charge carriers are trapped at defect sites. However, in nanoparticles,
these traps are most likely located at the surface because of an enhanced surface-to-volume ratio.
Therefore, the surface defect states play important roles in the luminescence properties of
nanoparticles, which act as radiative or nonradiative centres in nanoparticles. With the increase in
degree of crystallinity, the concentration of defects that act as sites for nonradiative recombination
of electron—hole pairs decreases and the emission intensity increases [8]. In semiconductors like
ZnS, there are several kinds of native electronic defects include zinc vacancies (Vz,) and
interstitials (Zn;), sulfur vacancies (Vs) and interstitials (S;), and anti-sites such as zinc atom in a
sulphur lattice site (Zns). Sulphur vacancies and zinc interstitials create donor levels close to the
conduction band and zinc vacancies and sulfur interstitials act as acceptors with defect levels close
to the valence band (Figure 5) [29].
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Fig. 5. Schematic energy level diagram showing the emission mechanism in the ZnS

The PL spectra of ZnS NPs synthesized in different irradiation time were recorded at the
room temperature under 270 nm excitation. As revealed in Figure 6, PL spectra for the ZnS
nanocrystals synthesized in 5 and 10 min shows a broad emission spreading from~370 nm to 500
nm essentially resulting from the compounded effect of ethylene glycol and the energy states
present between the valence and conduction bands. These broad peaks consist of three less
prominent sub bands at ~419, 445 and 485 nm. The first and third peaks are attributed to the
recombination of electron-hole pairs in sulphur and zinc vacancies respectively. These two
individual components (blue emissions centred at ~419 and 485 nm) are clearly observed in PL
spectra of ZnS nanocrystals synthesized at higher irradiation time. The second peak is probably
due to surface states arising from capping function of ethylene glycol. With increasing irradiation
time and reduce of ethylene glycol capping function on the surfaces of nanoparticles, the second
peak is disappeared. The PL intensities show an enhancement with increasing irradiation time and
reach to their maximum in 25 min irradiation time which correspond to the maximum degree of

crystallinity.
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Fig. 6. PL spectra of the ZnSNPs synthesized in (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and
(f) 30 min irradiation time
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Figure 7 shows frequency variation of general conductivity for ZnS NPs in different
irradiation times. General conductivity can be calculated by the following equation:

O'ZG% 5)

Where G is the conductance, d is the thickness and A4 is the surface area of the sample. It is
seen from Figure 7 that the conductivity increases with increasing irradiation times up to 25 min,
and then decreases with higher irradiation time up to 30 min. Increment of the general conductivity
for irradiation times up to 25 min can be explained by raising the crystallinity (Figure 2). In these
cases, conductivity decreases with decreasing frequency and becomes independent of frequency
after a certain frequency value. But for higher irradiation time (30 min), because of the
crystallinity degradation and higher agglomeration the general conductivity is decreased.

As it is also shown in Figure 7, the DC conductivity as a frequency independent plateau is
appeared at low frequencies after 20 min irradiation time, whereas AC conductivity increased with
increasing frequency for all the samples and may indicate hopping type conduction [30]. The
origin of DC conductivity appearance in our case can arise from the grain size. Higher crystallinity
provides grain enhancement, which leads to more DC conductivity due to increasing charge
carriers. The general conductivity shows dispersion around the frequency of 10* Hz which shifts to
higher frequency side with the increase irradiation time.
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Fig. 7. Variation of general conductivity with frequency of ZnS NPs prepared
at different irradiation times

The impedance of ZnS NPs at different irradiation times has been measured at room
temperature under zero bias with an applied small signal voltage in the frequency range of 20 Hz
tolMHz. In order to find the DC conductivity, Z’ vs. Z” is plotted (Figure 8) and Z, (resistance at
zero frequency) is extracted from the intercept for the best fitting experimental points, when Z” =
0 (Z’ and Z” are real and imaginary part of total impedance, respectively).

As the irradiation time is increased toward 25 min, the dispersion decreased and DC
conductivity increased from 1.08x10° to 1.67x10™ S/m. At 25 min irradiation time, the lowest
dispersion and highest DC behaviour is recognizable. At this rate, the conductivity is independent
of the frequency (up to 10° Hz), which means that the samples demonstrate overall DC behaviour,
which is expected for semiconductors. For higher irradiation time exposure (up to 30 min), the



35

crystallinity is degraded and DC conductivity is expected to decrease. The basic observation in
ZnS NPs is that the general conductivity is increasing function of frequency.

The complex impedance plot shown in Figure 8 is modeled by Cole-Cole modification of
Debye equation [31]. The variation of semi-circles radius can reflect the influence of crystalinity
due to different irradiation time as it is decreasing for increasing the irradiation time up to 25 min.
The lowest radius appears at the sample with 25 min irradiation time and then it increases for the
one with 30 min irradiation time. At the low frequency range, experimental and fitted curves
exhibit almost the same origin for the graph which can show no relaxation process at low
frequencies [32].
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Fig. 8. Cole-cole diagram of ZnS NPs prepared at different irradiation time (insert: for
three irradiation times for better description)

The dielectric response is defined by the complex permittivity, as € (0) = ¢ (o) - ie” (o),
which the real and imaginary components, ¢ (o) and €’ (o), are the storage and the loss energy
respectively. Figure 9a reveals the frequency dependence of the dielectric constant (& (©)) of ZnS
NPs for different irradiation times. A large dispersion is observed in the frequency range of 20 Hz
to 10 MHz, where the fractional power law (o-", n = fractional quantity) is followed by
Universal dielectric response” [33]. The dielectric constant of all the samples is high at low
frequencies then decreases at the applied frequency of 10° Hz and is almost independent of
frequency range of 10° -10° Hz with the same value for all irradiation times. The highest value in
low frequency range occurs for the sample prepared at 25 min irradiation time. At higher
frequencies, the dielectric constants of all the samples are much smaller and there is no appreciable
variation with different irradiation time.
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Fig. 9. Variation of dielectric constant (a) and dielectric loss (b) with frequency of ZnS NPs prepared at
different irradiation time

The high observed value of the dielectric constant at low frequency range can be due to
the interfacial effect of the electrodes and the sample [34]. It is seen that the dielectric constant
(¢), for the low frequency values of €, is increasing when the particle size increases due to rising
of the irradiation time (Table 1) and more crystalinity. It is worth noting that the interfacial
polarization in crystalline defects can be the origin of the dielectric constant variation for different
ZnS NPs samples. In the crystalline defects, charge carriers, such as the free charge, cavities and
polar groups can affect the dielectric constant [35].

The frequency dependence of the dielectric loss for prepared ZnS NPs in different
irradiation times (Figure9b), indicates a power law dispersion for €” (») with no observed peak. It
is found that the dielectric loss of the NPs sharply decreases with increasing frequency over a
range of 10 — 10° Hz and keeps stabilization over a range of 10° - 10° Hz. The high value of the
dielectric loss can be due to motion of free charge carriers in samples [34]. Moreover, the
dielectric loss increases with raising the irradiation time, which shows the highest value for the
sample with the best crystallinity at 25 min irradiation time. This may due to more charge carriers
and polar groups in this particular sample which can increase the dielectric loss.

4. Conclusions

This paper presented the influence of microwave irradiation time on structural, optical and
electrical properties of ZnS nanoparticles synthesized using microwave technique. The obtained
nanoparticles showed highly pure cubic structure of an average size of less than 5 nm with narrow
size distribution. It was found that an increment of the microwave irradiation time from 5 to 30
min results an increase in the average particle size and subsequently a decrease in the optical band
gap due to quantum confinement effect.

The PL intensity and DC conductivity of the synthesized ZnS nanoparticles were found to
increase with increasing irradiation time and reached the maximum values at 25 min of irradiation
time. We assign these observed effects to the crystallinity of the nanoparticles and a correlation
between the degrees of structural disorder. The crystallinity showed a dominant influence on
dielectric response of the ZnS NPs.
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