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Zinc sulfide (ZnS) is a promising semiconducting material with its applications in optoelectronics and solar cell technologies. In this
research, ZnS QDs were synthesized by co-precipitation technique. The powder X-ray diffraction analysis and high-resolution transmission
electron microscopy (HRTEM) revealed that as-synthesized ZnS possess a cubic structure in the quantum dot (QD) regime. Furthermore,
the compositional purity of as-prepared sample were analyzed using energy dispersive X-ray Analysis (EDAX). The prepared material
was exposed to acoustic shockwaves in a series of 200 and 400 shock pulses using a semi-automatic Reddy tube, an instrument manufactured
indigenously to generate acoustic shockwaves having a Mach number of 1.5, a transient temperature and pressure of 520 K and 0.59 MPa.

conditions and the effect of high-pressure created on the structural parameters was systematically studied using the PXRD technique. The
optical properties were studied using UV-Vis DRS analysis shows a noticeable shift in the absorption wavelength along with the tunable
optical band gap energy (E,). The photoluminescence (PL) spectra showed an increase in the PL intensity at 400 shock-loaded conditions,
demonstrating the improved crystallinity and reduction in defects. Finally, the structure-property relationship of ZnS with respect to the
strength of shockwave exposure was discussed in detail. The obtained experimental results suggest that ZnS QDs can be suitable for

INTRODUCTION

In recent years, shockwave-influenced phase transitions
of nanomaterials have peaked as an outstanding field and obt-
ained such interest that it opens the pathways for discovering
many materials for potential applications, including piezo-
electric, dielectric and ferroelectric materials [1,2]. The impact
of shockwaves on materials has been performed by identifying
the properties of crystals under shock-loaded conditions. More-
over, the phase transitions such as crystalline to amorphous
transitions and vice-versa are well documented [3-6]. Acoustic-
shockwave influences reversible phase transitions and resear-
chers paid attention for achieving reversibility under dynamic
shock-loaded conditions. At high temperatures and high press-
ures, the switchable phase transitions of nanomaterials have
potential usage in sensor applications [7,8].

Tuning the physical properties of nanomaterials is a part
of shockwave research, which has gained interest globally in

The experimental findings of the present work state that ZnS QDs with a cubic structure are studied under the acoustic shockwave-treated |
optoelectronics, luminescent devices and durable shockwave-resistant solar energy harvesting systems. :
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the past few decades. It fulfills the requirement of stable nano-
materials, which is used in aerospace applications. Moreover,
engineering the properties of nanomaterials under the influence
of shockwaves would provide intense growth of promising
stable materials. At dynamic shock-loaded conditions, one can
understand the stability of materials that cannot be noticed in
ambient conditions. There is a huge demand for highly stable
materials but the nanomaterials at extreme conditions such as
high temperature, pressure, energy irradiations and shockwaves.
Most of the nanomaterials fail due to the instability of structures
even though they are deserved at ambient conditions. Hence,
shockwaves fulfill the requirement of potentially stable nano-
materials for electronic devices in aerospace applications. The
impact of bulk and nanocrystalline materials for studying the
structural dynamics under high pressure shockwaves has been
documented [9-14].

The transition of anatase-TiO, to rutile-TiO, under dynamic
shock-loading conditions using a free-piston powered shock
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tube was also reported in the literature [15,16]. The structural
stability of a-Fe,O3 nanoparticles, which resulted in the degrad-
ation of crystallinity concerning the number of shock pulses,
has been well documented [17]. Many materials such as CeO,
[18], ZnO [19], CoO NPs [20], NiO NPs [21] have exhibited
highly stable crystallographic structures under the dynamic
shockwaves. On those queues, ferrite materials and metal oxides
were investigated for the structural and magnetic properties
and exhibited interesting results under shock-loaded conditions
[21-24]. Based on the recent research, on metal sulfides with
the experiments obtained on dynamic shockwave impact are
reported with the layered materials such as tungsten disulfide
(WS,), molybdenum disulfide (MoS,) under the impact of
shockwaves showed the considerable reduction in inter-planar
spacing and increment in shear deformations concerning the
number of shock pulses [25] Acoustic shockwave on zinc
sulfide nanoparticles upto 150 shock pulses as reported by
Aswathappa et al. [26].

Over the past few decades, efforts have been made to syn-
thesize highly fluorescent quantum dot (QDs). The quantum
confinement effect results in the narrow emission spectra for
the excitation wavelengths in a wide range. Such properties have
attracted interest in the applications of imaging and biological
fluore-scence. In the past years, the ZnS QDs have attained
the spot-light significance for research in order to improve the
optical and structural properties [27-35]. Researchers reported
that ZnS QDs having a particle size of about 2.7 nm with zinc
blende have transformed into wurtzite structure at 400 °C [36].
In addition, irradiation of acoustic shockwaves can strongly
improve and affect the properties of ZnS QDs, such as displace-
ment of atoms and formation of defects or by restoring the
original crystal structure. Furthermore, optical properties can
be influenced by exposure to acoustic shockwaves. Therefore,
high pressure induced by acoustic shockwaves to the ZnS QDs
can play an important role in improving the quality of such
materials. Herein, a simple chemical precipitation method was
used to synthesize ZnS QDs and the experiment on the impact
of shockwaves of 200 and 400 shock pulses were carried out.
Interestingly, a stable cubic (B3) structure coexisted with a hexa-
gonal (B4) structure after the shockwave exposure was witne-
ssed, whereas the optical properties were altered, confirmed
through UV-visible DRS analysis and fluorescence spectro-
scopy for widening its applications in diverse fields. Therefore,

understanding the shockwave-induced tuning of optical
properties could lead to the evolution of efficient technological
solutions, since there were only a few reports on the systematic
examination of ZnS under extreme conditions. In this present
work, an acoustic shockwave-loaded experiment for cubic zinc
blende ZnS QDs was carried out. Surfing through the literature,
no experiment on ZnS QDs at extreme conditions with acoustic
shockwaves has been reported; hence, an acoustic shockwave-
loaded ZnS QDs experiment with a transient pressure of 0.59
MPa was undertaken and their impacts were also discussed.

EXPERIMENTAL

ZnS QDs synthesis procedure: In this experiment, all the
chemical agents were purchased from Merck and were used
without additional purification. Zinc acetate (Zn(CH,COO),)
and sodium sulfide nonahydrate were used as precursors for
zinc and sulfur sources. In order to prepare the solutions, deion-
ized water was used as solvent, to ensure the highest purity of
experimental procedures. The precipitation method was adopted
for synthesizing ZnS QDs. Initially, Zn(CH,COO), (1 M) and
Na,S-9H,0 (1 M) were dissolved separately in 50 mL deionized
water water at the ambient temperature. The solutions were
magnetically stirred for 1.5 h in order to get a homogenous
mixture, upon the dropwise addition of sodium sulfide and stirred
at 400 rpm for 6 h, which led to a pale-white colour solution.
The obtained solution was kept undisturbed until the occurrence
of precipitation. The resulting precipitates were washed and
centrifuged multiple times with water and ethanol. The collected
precipitates were air-dried at 80 °C for 2 h. Thereafter, the sample
was dried for 1 h at 120 °C to obtain a fine powder, which was
used for further characterization and also for acoustic shock-
wave loading experiments.

Acoustic shockwave loading approach: The acoustic
shockwaves were developed by a tabletop-pressure-driven
shock tube. Fig. 1 represents the automatic Reddy tube, which
is capable of producing supersonic shock waves. It comprises
three sections namely, the driven, driver and diaphragm sections.
Atmospheric air (O,) was used to generate shockwaves, which
was supplied by a tabletop air compressor with the capacity
of 8-bar pressure storage. The driven and driver sections are
segregated by the diaphragm section. A 180 GSM carbonless
paper was used as a diaphragm, which is ruptured at a critical
pressure and the shockwaves are generated with the help of

Fig. 1. Representation of acoustic shockloading technique set-up
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compressed air. The shockwaves travel along the driven section
and burst on the sample placed in the sample holder, which is
placed 1 cm away from the driven section.

The acoustic shockwaves of each have a Mach number of
1.5 with 0.59 MPa and 520 K as the transient pressure and
temperature [37], respectively. In this experiment, 3 samples
of the same proportions were selected and one sample among
them was kept as an unshocked sample and the other two
samples were fed with 200 and 400 doses of shock pulses in
regular time intervals.

Instrumentation: Powder X-ray diffraction (PXRD)
[benchtop Bruker D2 phaser powder X-ray diffractometer,
CuKo was used as a source of X-rays of wavelength 1.5406 A
with a step size of + 0.044°] analysis was carried out for both
unshocked and shockwave treated ZnS. High-resolution trans-
mission electron microscope (HRTEM) [JEOL-3010], selected
area electron diffraction (SAED) and energy dispersive X-ray
analysis (EDAX) analyses were performed to understand the
structural properties of as-prepared (unshocked) ZnS QDs. An
ultraviolet-visible diffuse reflectance [UV-Vis DRS using
JASCO UV-Vis-NIR (V-770, Serial No. A012061801) spectro-
photometer and a fluorescence spectrophotometer [Perkin-
Elmer Model-LS45] was used to study the optical properties.

RESULTS AND DISCUSSION

Structural analysis of unshocked ZnS QDs: The P-XRD
pattern of the as-synthesized zinc sulfide was recorded within
the range of 20° to 80° for 26 (°) as shown in Fig. 2. The obtained
PXRD pattern was analyzed and peaks for zinc sulfide (ZnS)
was cross-verified with JCPDS card no. 05-0566, which showed
a good agreement with face-centered cubic structure with single
phase ZnS without impurities. The major peaks were positioned
with corresponding Miller indices (hkl) of (111), (220) and
(311) planes, respectively. PXRD profiles of as-prepared ZnS
indicate a single phase with F'43m space group, which repre-
sents that the as-synthesized ZnS has a fcc structure and has
symmetry along axis rotation mirror plane and it is centrosym-
metric. For cubic structures, the lattice parameters area=b =
¢ = 5.345 A and the interfacial angles are oo = B =y = 90°,
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Fig. 2. PXRD pattern of unshocked ZnS QDs

respectively. On applying, the Debye-Scherrer’s formula, the
crystallite size of ZnS was found to be 2.38 nm, which was
within the excitonic Bohr radius (rz = 2.5 nm). The broadening
observed in the diffraction peaks indicates the formation of
ZnS of small-sized nanocrystals. The average crystallite size
and PXRD peak broadening correlate with each other and it
shows that the as-synthesized ZnS are within the quantum con-
finement regime, referred to as quantum dots (QDs).

HRTEM studies: The HRTEM images of as-prepared
ZnS QDs show the presence of agglomerates as shown in Fig.
3a. From Fig. 3b, it can be clearly seen that the as-prepared
sample consists of a large number of particles having an average
particle diameter ranging from 10 to 12 nm as represented in
Fig. 3c, which appeared due to the accumulation of QDs. The
average particle size of the as-prepared sample was calculated
using the ImagelJ software. It was noticed that the particle size
of ZnS observed from the HRTEM micrograph is larger than
the crystallite size of ZnS obtained from the Debye-Scherrer
formula. This is because each particle has ultra-fine crystallites
whose sizes were determined using the PXRD technique. Fig.
3d depicts the selected area electron diffraction (SAED) pattern
of ZnS QDs, which shows the formation of concentric rings
instead of spots due to the random orientation of the crystallites
related to diffraction from the planes of the ZnS crystallites.

Also, from the SAED pattern, the three strong rings are
indexed, which corresponds to (111), (220) and (311) planes
of the cubic structure of ZnS QDs. The obtained results suggest
that the as-synthesized ZnS QDs are polycrystalline and are
in good agreement and blended with the PXRD results. Fig. 3e
reveals the energy dispersive X-ray analysis (EDAX) of as-
synthesized ZnS QDs. The purity and composition of ZnS QDs
were confirmed and the existence of zinc (Zn) and sulfur (S)
in the proper ratio was observed. The other peaks in the EDAX
spectrum might have been originated during the data acqui-
sition, respectively.

PXRD analysis of shockwave-treated samples: Under
the ambient conditions, ZnS crystallizes into two crystal struct-
ures i.e., B3 and B4. However, the cubic crystal structure of
ZnS was obtained for unshocked sample. In addition, the PXRD
patterns of 200 and 400 shockwave loaded samples clearly
represents the formation of a cubic structure with an additional
tiny diffraction peak at 30.68° which matches with #JCPDS
card no. 89-2942 having a hexagonal structure with the space
group P6smc. The new peak appeared due to the shockwave
treatment (Fig. 4). Furthermore, leading to atomic rearrangement
in the crystal lattice by breaking of weaker bonds, causing the
lattice distortion, which was induced due to the impact of shock-
waves [38]. The lattice distortion has influenced the material’s
structure and thus led to variation in the lattice parameters [39].
The obtained results show that there was no peak vanishing
observed at shockloaded conditions. Remarkably, the cubic
phase remained stable at 200 and 400 shock pulses. The traces
of hexagonal structure started emerging at 200 shockwave-
treated conditions and found to be stable even up to 400 shocked
conditions. Similar kinds of high phase stability materials have
been found under the exposure of acoustic shockwaves [19,21].
To get the deep insights about the structural stability of cubic
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Fig. 3. (a) TEM image, (b) HRTEM micrograph, (c) average particle distribution histogram, (d) SAED pattern and (e) EDAX spectrum of
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Fig. 4. Powder X-ray diffraction pattern of unshocked and shockwave-
treated ZnS

phase of the unshocked and shocked ZnS, the magnified version
of the most prominent PXRD plane (111) and (101) are shown
in Fig. 5. The average crystallite size of the test samples was
determined to be 5.28 nm and 5.45 nm for the 200 and 400
shock-loaded samples, respectively.

The lattice strain (€) of ZnS before and after shockwave
exposure were calculated using the following relation:

€= P
4tan®
Dislocation density of ZnS before and after shockwave
exposure were estimated using the following equation:

(111)

Unshocked ZnS

| 200 shock]

X-ray intensity(a.u)

23 33
20 (°)
Fig. 5. PXRD pattern of zoomed-in (111), (101) planes for unshocked and
shocked ZnS
1
8 = F

where D denotes the crystallite size, which was derived using
the Debye-Scherrer formula.

Fig. 6 shows the variation plot of crystallite size and lattice
strain and versus number of shockpulses. It illustrates that an
increase in the crystallite size was noticed with the reduction
in lattice strain and dislocation density at the shock-loaded
conditions which are tabulated in Table-1. The decrease in lattice
strain and dislocation density with the increased crystallite
size shows the reduction in grain boundaries, crystal defects
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TABLE-1
PXRD PARAMETERS OF UNSHOCKED
AND SHOCK TREATED ZnS
Dislocation ~ Lattice d-spacing
Test conditions D (nm) density strain (A) of (111)
(m?) (%) plane
0 shock pulses 2.38 21.680 6.205 3.425
200 shock pulses 5.28 14.725 4.583 3.362
400 shock pulses 5.45 13.412 4.349 3.298

and lattice imperfections [40,41]. As observed in Fig. 5, the
appearance of a new peak at (101) is due to shockwave-induced
structural distortion and structural reorientation [42,43].
Consequently, the intensity of PXRD peaks sharpens in the
plane (101) leading to an increase in crystallite size which results
in the improvement of crystallinity of ZnS under the impact
of 200 and 400 shock pulses.

To investigate whether the lattice imperfections are present
in the shock-treated ZnS, the calculations of lattice parameters
and strain from PXRD pattern were performed. Moreover, unit
cell volume and lattice parameters were calculated before and
after shocked conditions using UNITCELL software [44]. More-
over, on the observations of PXRD of profiles of unshocked
and shockwave-loaded samples, it is clear that the volume of
the unit cell and the lattice parameters are slightly decreased
compared to the unshocked conditions, which is directly related
to lattice contraction due to the impact of shock pulses [45].

Furthermore, the decrease in unit cell volume and the values
of lattice parameters shows the compression caused by the
shockwaves, which made the bonds to compress and alter the
atomic positions and thus inducing phase transition in the
shockwave-treated samples. The variation plot clearly explains
the corresponding changes that occurred during the impact of
shockwaves which led to fluctuation in crystallite size [46],
which caused the breakage and fusion of grain boundaries acco-
mpanying the crystal lattice to experience dynamic recrystall-
ization process leading to rearrange the atoms within the crystal
lattice. Also, it was observed that at shocked conditions, the
B3-ZnS structure had tried to restructure itself with the hexa-
gonal (B4) pattern of ZnS, but the phase transition process
was incomplete at 200 and 400 shocked conditions. As reported

in the literature [47], the ZnS NPs can modify the crystallogra-
phic nature easily when compared to particles in the macroscale.
At 400 °C, ZnS NPs transform from zinc blende to hexagonal
(wurtzite) as reported in [47]. The cubic (B3) structure remained
unmodified at the shocked conditions which confirms the high
structural stability of cubic-ZnS under the acoustic shock-
waves. The demonstrated structural stability might be due to
the high bond strength of Zn and S, respectively. The B3 and B4
phases coexisted as a mixed phase at shock-loaded conditions.
In other studies, upon high pressure, the mixed phases of B3
and B4 were observed [48]. According to the static pressure
studies of ZnS, both phases retained their crystallographic
characteristics up to 11 GPa.

While comparing the crystallographic lattice parameters
of B3 and B4 structures, the hexagonal (B4) structure has an
axial length of the c-axis (6.188 A) that is longer than that of
the a-axis (3.777 A). According to the observations, compressi-
bility values and lattice parameters, the hexagonal (B4) crystal
structure could easily experience lattice deformations when
compared to the cubic (B3) structure under high-pressure cond-
itions [49,50] as illustrated in Table- 1. From Fig. 4, the PXRD
pattern, it is evident that FWHM values of the B4 structure
have undergone a considerable variation in FWHM and variation
in the peak shape under the shock-loaded conditions whereas
the cubic (B3) structure has sustained similar FWHM values
and also, no change in the shape of peaks was observed under
the shocked conditions. Fig. 7 shows the FWHM plots of hexa-
gonal and cubic structures versus the number of shock pulses.

4.0 . . . . — 1.0
0.9
A- [
s os
0.7
3.6 0.6
) 9 o T
m ol 05 M
- -
= i =
I 04 T
E 3.4 | E
A A A 03
0.2
3.2 L
0.1
) 0.0
3.0 T T T
0 200 400

No.of shockpulses

Fig. 7. FWHM values of B3 and B4 structures against the number of shock
pulses of 0.59 MPa

Optical properties of unshocked and shockwave-loaded
ZnS QDs

UV-Vis DRS studies: The UV-Vis- DRS spectra before
and after loading shock pulses are shown in Fig. 8, which were
recorded within the wavelength range between 200 to 800 nm,
respectively. Before being subjected to acoustic shock pulses,
ZnS QDs had an absorption at 301 nm, relatively a blue shift
as compared to bulk cubic ZnS (340 nm) [51]. The absorption
peak at a lower wavelength region can be related to the mean
diameter of the particles with the smaller size of unshocked
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Fig. 8. UV-Vis DRS spectra of unshocked and shock-loaded ZnS

ZnS QDs. The obtained results show the effect of quantum size
effect (QSE) i.e., quantum confinement effect. This effect deter-
mines the shift of optical absorption edge towards higher ener-
gies with decreasing particle size in the direct bandgap semi-
conductor nanoparticles; thus, explaining the UV-vis blue-shift
effect [52-54]. The findings also demonstrated that the electronic
properties significantly change as the dimension of particle
becomes either comparable to or less than that of the Bohr radius
of an exciton (rg) and so a blue shift in the absorption wavelength
can be observed. Analogous to the quantum confinement effect,
electrons and holes in the Fermi energy level are spatially con-
fined by the potential barrier of the surface. Appropriately to
confine the electrons and holes, the bandgap energy effectively
increases, thereby the energy required for the lowest-energy
optical transition from the valence band (VB) to conduction
band (CB) will increase [55]. It can be associated with self-
activated defect centers related to zinc vacancies [56]. After
loading 200 shock pulses, the absorption edge shifted to 314
nm and for 400 doses of shock pulses it further shifted to 323
nm, respectively.

From the obtained UV-Vis DRS spectra, the ZnS before
and after shocked conditions efficiently absorbs the UV radia-
tion in the lower wavelength range, which makes it a significant
choice for applications that require sensitivity to UV light [57].
From the optical absorption spectra, the bandgap energy of ZnS
before and after shockwave treatment was calculated using the
following relation:

E,=hv= he
A

where E, represents the optical bandgap energy; h is Planck’s
constant; ¢ denotes the velocity of light; and A corresponds to
the maximum absorption wavelength of unshocked and shocked
ZnS. The corresponding optical bandgap energy of unshocked
ZnS QDs was 3.98 eV, which is found to be higher than comp-
ared to bulk ZnS (3.70 eV). The Bohr excitonic radius (rg), is
about 2.5 nm for cubic ZnS [58]. The size of particles can be
estimated from the absorption peak using Brus’ effective model
[58,59] is given as follows:

2.2

Ap DT { L1 }
® 2R*|m,m, m,m,

where AE, represents the difference in the E, for ZnS QDs and
bulk ZnS; h denotes the reduced Planck’s constant; m. is the
effective mass of electron in the conduction band (CB); my, is
the hole in the valence band (VB); for ZnS (m. = 0.34, m, =
0.5), my corresponds to the rest mass of electron [60]. The calcu-
lated values are in good agreement with the obtained PXRD
results for unshocked and shocked conditions.

As aresult of acoustic shockwaves, ZnS experiences extr-
eme pressure and temperature due to rapid compression and
the atoms as well as the electronic states can be modified within
the material. The optical bandgap energy of 200 and 400 acou-
stic shock-treated ZnS is 3.94 eV and 3.83 eV, which clearly
indicates the red shift in absorption edges as compared to unsh-
ocked conditions. It was observed that the decrease in optical
band gap energy is explained by the rise in band tails energy
of localized states, as reported earlier [61]. As stated in the inves-
tigation of PXRD results, the observable shifting in absorption
edges which attributed to the lattice compression and also the
effects of the size of the nanoparticles [62-64]. Furthermore,
the Kubelka-Munk relation was used to calculate the direct
band gap for unshocked and shocked ZnS. Fig. 9 represents
the obtained band gap plots, whereby the estimated bandgap
energies were identified to be 3.98 eV, 3.94 eV and 3.83 eV
for 0, 200 and 400 shocked conditions, respectively. The impact
of shockwave alters the electronic structure and also enhances
the crystallinity and reduces the lattice defects, which causes
the variation in the light absorption properties and thus results
in a new absorption peak [65,66]. The optical properties could
be influenced by various imperfections like point dislocations,
distortions and point defects. In addition, the disordered arrange-
ment of the atoms of a crystal lattice could impact the optical
properties [67,68]. The energy bandgap between CB and VB
reduces due to decreased interatomic distance (d-spacing),
which leads to the modifications of Fermi energy levels and
thus results in reduced bandgap energies [69] at 200 and 400
shocked conditions as compared to unshocked conditions.

These circumstances also create the localized states within
the bandgap, which require higher energy for electron transi-

------ Unshocked
------ 200 shock
------ 400 shock

(F(R)hv)®

\

2 4

3
Photon energy (eV)

Fig. 9. Bandgap energy plot using Kubelka-Munk relation for unshocked
and shockwave-loaded ZnS
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tions from CB to VB, thereby causing changes in the electronic
properties and reducing the energy band gap [70,71] with respect
to the number of shock pulses of 0.59 MPa. When ZnS QDs
were subjected to the acoustic shock pulses, the red shift was
observed due to shockwave-induced lattice distortion [71-73],
which correlated with PXRD analysis. Furthermore, the band
gap of 200 and 400 shock-loaded ZnS is decreased as than
that of unshocked ZnS; the influence of shock pulses might
cause rapid compression, thus leading the crystal lattice to
expand or contract and thus rearranging the atoms from their
original positions within the crystal lattice [74]. Contraction
in the lattice brings the neighbouring atoms closer to each other.
This reduces the lattice parameters and spacing between the
atoms and thus leading to increased overlapping of the elect-
ronic orbitals. Thereby, the energy difference between CB and
VB decreases, since less energy is required for electronic transi-
tions, thus giving rise to reduced bandgap energy. Under the
impact of acoustic shockwaves, ZnS after shockwave exposure
was found to increase, the bandgap energy decreased with an
increase in crystallite size since the bandgap energy is dependent
on the crystallite size of the material [75]. Furthermore, from
the investigations, there was tunability in bandgap energy at
the shocked conditions, which further confirms the phase trans-
ition and so the decreased bandgap energy and therefore, it
can be used to improve the efficiency in energy conversion
devices. The acoustic shockwaves induce the defects or disorders
and the lattice contraction influences the absorbance rate, which
has a great impact in the optical properties and thus resulting
in the decreased bandgap energy [76]. Many researchers have
reported that the optical bandgap energy is mainly associated
with the size of the nanoparticles apart from the phase transfor-
mation process [77,78]. Therefore, under the shockwave expo-
sure, the present study tuning of the material’s bandgap energy
is achieved. Also, the obtained results from UV-DRS analysis
it validates that high pressure created by acoustic shock pulses
causes the narrowing of bandgap energy due to lattice contrac-
tion in the crystal lattice [69] of ZnS QDs. The tunability in the
bandgap of ZnS QDs under shocked conditions finds its usage
in the field of solar cells, optoelectronics, efc. [79-81]. The
variation plot of crystallite size and bandgap energy versus
the number of shock pulses is presented in Fig. 10.
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Fig. 10. Variation plot of crystallite size and bandgap versus number of shock
pulses

Photoluminescence: Fig. 11 shows the photoluminescence
(PL) spectra of unshocked and shocked ZnS were recorded
using 300 nm as excitation wavelength. The emission peak of
ZnS was positioned at 329 nm before the exposure to shock-
waves; this value was well-corroborated with the literature [82].
When ZnS was subjected to 200 and 400 shock pulses, there
was no alteration in the PL peak position. Remarkably, the inten-
sity of PL peaks tends to change when increasing the strength
of shockwaves. The change in PL intensity of shockwave-treated
ZnS corresponds to the improved crystallinity. This justifies
that the improvement in crystallinity increases the efficiency
of the radiative recombination rate, as corroborated by comb-
ining increased crystallinity with stronger emission character-
istics in semiconductors [83].

10000 H

—— 400 shock
= 200 shock
Unshocked ZnS

8000 -

6000 -

4000

PL intensity (a.u)

2000

T . . T . . T .
325 327 328 330 332 333 335 337
Wavelength (nm)

Fig. 11. Photoluminescence spectra of unshocked and shocked ZnS

Fig. 12 represents the PL spectra within the wavelength
region between 400 to 550 nm for shocked and unshocked
7ZnS. Itis visible that PL emission bands were obtained, which
are asymmetric and broadened with multiple emission peaks,
indicating the involvement of different luminescent centres in
the radiative process [84].

Unshocked ZnS
200 shock
400 shock

PL intensity a.u)

T T T T T T T T T T T T T T
400 420 440 460 480 500 520 540
Wavelength (nm)

Fig. 12. Magnified version of the PL spectrum of unshocked and shock-
treated ZnS
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Fig. 13. Gaussian fitting curves of PL spectra for (a)unshocked ZnS, (b) 200 shocked ZnS and (c) 400 shocked ZnS

Fig. 13 represents the Gaussian peak fittings of the PL
spectra of unshocked and shocked conditions, where the colour
dashed lines show the individual Gaussian curves and the
darkened black solid lines denotes the experimentally obtained
PL emission band. Clearly, it was found that the PL spectra of
all the samples have three emission peaks lying in the visible
region of the electromagnetic spectrum and are well-matched
with the literature [84]. The peaks were positioned at 445, 476
and 520 nm for all the samples, respectively. Many researchers
have claimed that ZnS has near band-edge emission at ~340
nm, a self-activated emission band at 420 nm and a green emis-
sion band at ~535 nm [85]. Furthermore, the emission peak
attributed at 445 nm; a blue emission peak which is associated
with defect related emission in the ZnS host, the peak situated
at 476 nm is corresponding to dangling sulfur bonds at the inter-
face of ZnS and the PL peak observed at 520 nm was assigned
to elemental sulfur species on the surface of ZnS [86,87].

The increase in the PL emission band intensities is due to
the impact of shockwaves, which caused excitation and recom-
bination of excitons as reported earlier [38]. The alteration in
the PL emission intensity could be due to shockwave-induced
increment in the molecular interactions, which modifies the
electron states and thus results in enhancement or reduction
in the PL intensity [88]. PL intensity is directly proportional
to the crystallite size as claimed by the other research groups.
As the crystallite size increases, defect density decreases which
leads to reduced lattice strain in the shockwave loaded condi-
tions. Furthermore, it results in more efficient recombination
rate of excitons, which ultimately increases the PL intensity
[89]. It could be demonstrated that PL intensity is not only
related to the concentration of defects but also it has a great
influence on structural and electronic factors induced by the
acoustic shockwaves. These findings highlight the potential
of ZnS for device-based applications under extreme-pressure
and temperature conditions which enable its suitability in solar
cell technologies and optoelectronics.

Conclusion

In summary, zinc sulfide (ZnS) QDs were synthesized
and subjected to acoustic shockwaves of 0.59 MPa in a series
of 200 and 400 shock pulses, which were compared with as-
prepared ZnS QDs for their structural, optical and luminescence
properties. Based on the structural analysis point of view, the
cubic (B3) structure of ZnS coexists with the hexagonal (B4)
structure, which confirms the structural stability of the cubic-

ZnS structure under extreme conditions. The optical properties
show that the reduction in optical bandgap energies as compared
to unshocked conditions enables the possibility of tuning the
bandgap from 3.98 eV to 3.83 eV under high pressure. The lumi-
nescence properties were analyzed by PL spectral analysis,
which shows broad emission in the ultraviolet and as well as
visible regions, respectively. Since ZnS is used in flat panel
displays, optoelectronics, as a window layer in thin-film photo-
voltaics and optical imaging. This study suggests that ZnS has
a high tendency to withstand extreme conditions. This research
thus opens a new pathway into optimizing and fine-tuning the
optoelectronic properties of ZnS QDs, for their usage in effic-
ient solar energy harvesting systems.
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