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Abstract: Optoelectronics and optical filter applications require wide bandgap semiconductors as
photo-anode and surface passivation layers in sensitized solar cells and biomedical and biosensors fields
such as optical filters [1-4]. Selecting suitable wide bandgap semiconductors increases the valuable
implementation of desired devices. However, bulk semiconductors harvest only a particular spectrum,
QDs help in harvesting large radiation spectra because of the tunable bandgap. Also, aqueous-based
methods are eco-friendly, economical, biocompatible, and non-toxic. Therefore, in this study, ZnS
quantum dots (QDs) were synthesized at 9.5 pH and 70°C temperature using an aqueous-based chemical
route method. A comparative study was presented using hydrazine hydrate and ammonium chloride as
reducing agents for Zinc precursor and 3-mercaptopropionic acid (MPA) as capping agents.
Confinement was achieved in ZnS using MPA as a stabilizer. Optical properties were studied using a
photoluminescence (PL) spectrophotometer where photoluminescence (PL) shows emission behavior
and photoluminescence excitation (PLE) shows excitation behavior of ZnS. Emission peaks were
observed at 386 nm in as-prepared ZnS NPs and at 316 nm in confined QDs. Sharp band edge
luminescence and the possibility to confine ZnS NPs show its eligibility in optoelectronics and optical
filters in biological applications.

Keywords: wide band gap semiconductors; quantum dots; Bohr exciton radius; quantum dot sensitized
solar cell (QDSSC); zinc sulfide.
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1. Introduction

Wide bandgap (WBG) semiconductors (111-V, 11-VI, and IV group materials) are the
extensive research materials for major application fields like optical filters [1], solar cells [2,5—
8], UV sensors [4], light-emitting diodes (LED) [9,10] along with biomedical applications such
as optical imaging [3,11], bioelectronics [12] and as antibacterial agents [13]. The field of
application depends on these materials' size, properties, and behavior in different conditions
and at different parameters. The nanomaterial properties (optical, electrical, etc.) vary
drastically when the size of the particle approaches exciton Bohr diameter following quantum
confinement effect. Such nanomaterials are then called quantum dots (QDs) [14]. As compared
with bulk materials, these QDs have properties like tunable bandgap, multiple exciton
generation (MEG), high absorption coefficient and singlet-to-triplet exciton conversion, size-
dependent PL, narrow band-edge luminescence [15,16], which make them unique (in optical,
biomedical, etc.) to be used in above-mentioned applications[17,18]. Thus, choosing a suitable
WBG QD material for a particular application helps harvest all valuable characteristics.
https://biointerfaceresearch.com/ 10f91
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Among all WBG semiconductors, zinc sulfide (ZnS) is a promising candidate for
optical applications due to its unique properties. Being an I1-VI compound, it has a wide direct
bandgap, 2.5 nm exciton Bohr radius, exciton binding energy of 39 meV along with economic,
eco-friendly, and chemical stability status [19-21], which is suitable for optical applications
since the optical property of a material depends on the bandgap which can be tuned by varying
the particle size near to the exciton Bohr radius. Also, the ratio of reducing agent to precursor
salt decides the reaction mechanism of the solution, which alters the NPs properties [22]. Till
now, researchers used various methods along with different precursors, complexing agents, and
capping agents to synthesize ZnS QDs. Li et al. have reported an aqueous method using 3-
mercaptopropionic acid (MPA) and 3-mercaptopropyl (MPS) for ZnS QDs and resulted in
MPS-replaced ZnS QDs to give better chemical stability and excellent PL intensity with high
qguantum yield ( about 75%) when compared with MPA/ZnS QDs and MPS/ZnS QDs [23].
Mohammed and Salah used a chemical method to synthesize ZnS QDs using zinc chloride and
sodium sulfide for hybrid QDs-LED devices using different cathode materials and found that
lithium florid was better in the light enhancement process as compared to aluminum [24].
Karimi et al. studied the effect of capping agents (2-mercaptoethanol and 1-cysteine) using a
water-based precipitation method to synthesize ZnS QDs and reported the high photocatalytic
and chemically stable QDs [25]. Also, the last two years' research on ZnS QDs shows its
contribution as photocatalyst[26-28], optical sensors[29,30], LEDs[31-34], and also in
biological application[35-37].

To the best of our knowledge, no studies have been done on zinc chloride using
hydrazine hydrate and ammonium chloride collectively. Therefore, in this paper, we have
reported a cost-effective method (aqueous-based chemical route) to synthesize ZnS QDs using
zinc and sulfur precursor, hydrazine hydrate, and ammonium chloride as reducing agents 3-
mercaptopropionic acid (MPA) as a capping agent. Also, a comparative study has been done
for hydrazine hydrate and ammonium chloride as separate reducing agents without capping
agent and another sample of hydrazine hydrate with a capping agent to obtain better results for
ZnS QDs.

2. Materials and Methods

2.1. Materials.

Zinc Chloride dry >95% (ZnClz), Hydrazine Hydrate 80% (N2Hs), Ammonium
Chloride >99% (NH4Cl), Ammonia solution 25% (NHs), Thiourea >99% (SC(NH2)2), 3-
Mercaptopropionic acid >99% (MPA), Double distilled water. All chemicals used were of
analytical grade.

2.2.Synthesismethod &characterization.

ZnS QDs were synthesized using a one-step aqueous-based chemical route method. The
molar concentration of 0.0250:0.0285 M for zinc chloride and thiourea, respectively was taken
for the synthesis. Solution pH was set at 9.5, and the reaction proceeded at 70°C. Firstly, 50 ml
solution was prepared using zinc chloride salt and stirred well. The simultaneously reducing
agent was added in solution for all samples: ammonium chloride in Sample-A, hydrazine
hydrate in Sample-B, and Sample-C. Ammonia solution was then added to set the pH value at
9.5 for all three samples. At 70°C, thiourea was added as a precursor in all samples, and MPA
was added as a capping agent only in Sample-C. Sample-A and Sample-B were prepared
https://biointerfaceresearch.com/ 20f9
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without a capping agent. Then, the reaction proceeded for 3 hours. The obtained nanoparticles
were then washed by centrifugation, and samples were collected. As- prepared samples were
characterized by photoluminescence spectrophotometer (Perkin ElImer LS-55) for PL and PLE
measurements.

3. Results and Discussion

Characterization was done for optical properties (Photoluminescence and
Photoluminescence excitation) using PL spectrophotometer at room temperature. This
characterization gives detailed and precise information regarding the defects, surface traps
present in the system and band edge luminescence, emission peaks, and excitation peaks of the
prepared samples.

3.1. Photoluminescence (PL).

Figure 1-3 shows the PL spectra of as-synthesized ZnS nanoparticles. Peak positions,
peak intensity values, and full width at half maxima (FWHM) were determined for all the
samples using deconvolution of PL spectra and presented in Table 1-3. Figure 1(a) represents
PL spectra of Sample-A ZnS nanoparticles synthesized using zinc chloride and thiourea as
precursors and ammonium chloride as reducing agents. Five emission peaks were observed at
different positions. Positions of emission peaks were recorded at 386 nm, 426 nm, 444 nm, 489
nm, and 540 nm. The emission peak corresponding to 386 nm was observed for band edge
luminescence, and all other peaks represent zinc and sulfur defect states. Deconvolution was
done to interpret the correct peak position and FWHM, shown in Figures 1(b) & 1(c). Figure
1(b) was a cumulative fit for the observed PL spectra but unfit for peak intensity values (Peak
2, Peak 3, and Peak 4). Thus, Figure 1(b) was modified by not disturbing the emission peak
values, and the correct peak intensity value was calculated from Figure 1(c). Respective data
is presented in Table 1.

Similarly, Figure 2(a) represents Sample-B ZnS NPs prepared using hydrazine hydrate
as a complexing agent. Emissions peaks were observed at 426 nm, 447 nm, 489 nm, and 534
nm, along with the band edge emission at 392 nm. Figures 2(b) and 2(c) present deconvoluted
graphs for correct peak positions using cumulative fit PL spectra and correct peak intensity
value and respective FWHM, respectively. Corresponding data is presented in Table 2.

Emission peaks observed in both figures (Figure 1 and Figure 2) at 426 nm remain
fixed, while the peak at 444 nm has a redshift to 447 nm. These defects are accredited to the
defects for sulfur vacancies and interstitial zinc. Also, peak fixed at 489 nm was accredited to
zinc vacancy. The peak at 540 nm is blue-shifted to 534 nm and is accredited to the
recombination of electron-hole from energy levels of sulfur vacancy to zinc vacancy,
respectively [11,38,39].

We have also compared the PL spectra of Sample-A and Sample-B and observed that
the intensity of band edge luminescence and defects emission peaks of Sample-B get enhanced.
The surface defects in Sample-B get reduced. The surface defects reduction resulted from
hydrazine hydrate as a reducing agent. So we have used hydrazine hydrate to synthesize
Sample-C, and due to the quantum confinement effect, surface area and defects get enhanced.
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Figure 1. Sample-A:(a) PL spectra curve; (b) Deconvulated Graph for cumulative fit; (c) Deconvulated graph
for measurement of actual peak intensity values.

Table 1. Peak position, peak intensity, and FWHM of Sample-A.
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5
Peak positions (hm) | 386 426 444 489 540
Peak intensity (a.u.) | 71.15 91.61 72.91 31.47 19.05
FWHM value 26.34 25.09 27.19 27.14 27.15
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Figure 2. Sample-B:(a)PL spectra curve; (b) Deconvulated Graph for cumulative fit; (¢c) Deconvulated graph
for measurement of actual peak intensity values.

Table 2. Peak position, peak intensity, and FWHM of Sample-B.
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5
Peak positions (nm) | 392 426 447 489 534
Peak Intensity (a.u.) | 173.32 206.80 161.41 80.08 51.07
FWHM value 27.17 27.95 27.56 27.58 28.64
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Figure 3. Sample-C: (a) PL spectra curve; (b) Deconvulated Graph for cumulative fit; (c) Deconvulated graph
for measurement of actual peak intensity values.

Figure 3(a) represents the Sample-C ZnS QDs synthesized using hydrazine hydrate as
reducing agent and MPA as capping agent. The band-edge emission peak was recorded at 316
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nm along with the broad emission spectra from 346 nm to 480 nm containing multiple surface
defect peaks and a small peak at 487 nm. Figures 3(b) and 3(c) represent deconvolution of the
actual PL curve. Along with this, peak parameters are listed in Table 3.

Table 3. Peak position, peak intensity, and FWHM of Sample-C.

Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6
Peak positions (nm) | 316 390 407 423 457 487
Peak Intensity (a.u.) | 114.26 368.66 462.80 489.30 239.99 84.96
FWHM value 2143 23.07 21.84 22.24 22.96 20.13

The blue shift is observed here from 392 nm to 316 nm when the system was capped
with MPA exhibiting quantum confinement. Also, an increase in the emission peak intensity
and broadened emission spectrum for interstitial and vacancy defects represented an increase
in surface-to-volume ratio when the confinement was achieved.

3.2 Photoluminescence excitation (PLE).

PLE spectra of all the samples for ZnS were presented in Figures 4-6. Figure 4 and
Figure 5 represent PLE spectra of Sample-A and Sample-B of ZnS NPs, respectively. The
excitation peak observed at 384 nm in Figure 4 corresponds to Sample-A's band edge emission
peak at 386 nm. Similarly, Figure 5 excitation peak at 386 nm corresponds to the band edge
emission observed at 392 nm in PL of Sample-B. Excitation near the band edge luminescence
authenticates the observed values to be absorption peak values. Excitation peaks observed at
410 nm and 455 nm correspond to the defects observed between 400-450 nm and 489 nm,
respectively, in PL spectra.

200
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Figure 4. PLE spectra of Sample-A. Figure 5. PLE spectra of Sample-B.

Figure 6 contains the information of PLE spectra of Sample-C. Figure 6(a) represents
the recorded excitation from 200 nm up to 350 nm. Figure 6(b) represents the recorded
excitation from 300 nm to 500 nm, thus giving whole excitation spectra from 250 nm up to
500nm. Excitation peaks observed in Figure 6(a) show the surface states and absorption peaks
of ZnS QDs, while Figure 6(b) shows the absorption peak of ZnS QDs along with excitation
peaks of surface defects. Both figures show an absorption peak at 305 nm for ZnS QD (band
gap value of 4.05 eV). Along with this, excitation peaks at 377 nm and 412 nm were observed
for surface defects.
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Figure 6. PLE of Sample-C from: (a) 200 nm to 350 nm; (b) 250 nm to 500 nm.

ZnS QD size was calculated using the Brus equation:
1 1 1.786 €2
meg* + mh*) B 4meyeR2 (1)
whereEg (op) = band gap energy of QD material, Eg (ouik) = band gap of bulk material, R = radius
of quantum dot, h = Planck’s constant, me* = effective mass of excited electron, my* = effective
mass of excited hole, e = electronic charge, g, = vacuum permittivity, & = relative permittivity.
The first term on the right side of equation (1) represents the bandgap of bulk material,
the second term represents the addition of energy due to quantum confinement, and the third
term represents the Coulombic interaction term between excitons which can be neglected
because of R? and permittivity dependency. For ZnS material, bulk band gap value is 3.6 eV,
me* = 0.34 mo and my* = 0.23 mo where mo is the rest mass of electron [40]. ZnS QD radius
was calculated and found to be 2.47 nm which is less than its exciton Bohr radius (2.5 nm),
representing strong quantum confinement. For the other two samples (Sample-A and Sample-
B), the Brus equation cannot be applied as these samples are not showing a quantum
confinement effect.

_ h?
Eq @p) = Eg iy + 55 (

4. Conclusions

This paper studied comparative optical properties (photoluminescence and
photoluminescence excitation) for ZnS NPs using ammonium chloride and hydrazine hydrate
as reducing agents in zinc chloride and thiourea as precursors. Emission peaks were observed
at 386 nm and 392 nm, along with excitation peaks at 384 nm and 386 nm for ammonium
chloride and hydrazine hydrate, respectively. Also, defects emission peaks were observed at
426 nm, 444 nm, 489 nm, and 540 nm for Sample-A, while for Sample-B, peaks were observed
at 426 nm, 447 nm, 489 nm, and 534 nm. It was observed from PL spectra that different
reducing agent affects the bandgap emission. Hydrazine hydrate enhances the emission peak
intensity and reduces the surface traps.

Further, ZnS nanoparticles were capped using 3-mercaptopropionic acid (MPA),
showing a strong quantum confinement effect. The emission peak was blue-shifted from 392
nm to 316 nm, and the absorption peak was blue-shifted from 386 nm to 305 nm. The bandgap
value of ZnS QD was 4.05 eV, and QD size was found to be 4.94 nm using the Brus equation,
which is less than the exciton Bohr diameter of ZnS (5.0 nm). Such wide bandgap material can
be used in solar cells for surface passivation, for LEDs using band edge and fixed surface
defects luminescence, optical imaging, and UV filters in biomedical applications.
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