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Abstract: Lead sulfide (PbS), due to its high performance, is an interesting semiconducting material for solar cell 
applications. In this study, the synthesis of PbS by the co-precipitation route was adopted due to a low-cost synthesis 
procedure. The powder X-ray diffraction (PXRD) technique and Rietveld refinement revealed PbS with a face-centered 
cubic structure. The optical properties are widely studied using absorption and photoluminescence studies. To check the 
stability of the sample under high-pressure conditions, acoustic shock waves are imposed on the PbS NPs, and their 
stability is analyzed under various shockwave-loaded conditions. The impact of acoustic shock waves upon the quantum 
dots (QDs) is one of the fascinating ideas for active research in material science. The stability of PbS QDs was examined 
through multiple characterization techniques such as PXRD, HRTEM, SAED, FESEM, EDAX, UV-Visible-NIR 
spectroscopy, and photoluminescence (PL) for shock-exposed conditions. Our findings reveal that PbS QDs show no 
significant changes in crystallographic structure and showcase the possibility of bandgap tuning under the high-pressure 
acoustic shockwaves of 0.59 MPa in the counts of 200 & 400 shock pulses with a 1.5 Mach number. PbS QDs show 
shockwaves under the impact of acoustic shockwaves, and it may pave the way for suitable applications in fabricating 
tandem heterojunction solar cells. 

Keywords: Lead sulfide QDs, Shock waves, Structural stability, Morphology, Tuneable band gap, 
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INTRODUCTION 

In the present era, rapid development has been 
spotted in manufacturing stable materials for device 
fabrication [1, 2], which is significant for withstanding 
efficiency in terms of performance with regard to its 
sensitiveness, durability, and mechanical stability 
under extreme environmental conditions in the 
leading-edge branches for aerospace, materials 
science, and defense applications. Because there is a 
tremendous possibility of being influenced by 
numerous factors, including gamma rays, X-rays, 
shockwaves, electromagnetic radiation, etc., which 
significantly affects the performance of optoelectronic 
devices. Over the last few decades, greater focus has 
been paid to investigating the materials under extreme 
conditions, which enable the suitability of materials in 
radar, thermal protection, space, and sensors for 
designing hypersonic vehicles under pressure-induced 
conditions [3]. Shockwaves are supersonic waves 
released suddenly within a limited area that possess 
high energy, stress, and extreme conditions of 
pressure and tension. It can also be referred to as the 
blend of both high-transient pressure and 
high-transient temperature that can exist for a very 
short duration, from a few milliseconds to 
microseconds. 
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Research groups studied solid-state materials 
under high-pressure and high-temperature 
atmospheres and found that there is the possibility of 
phase transitions switching from a crystalline nature to 
an amorphous state and vice versa, which reveals the 
material’s behavior and structural properties under 
extreme conditions [4, 5]. Among the various 
dynamic-pressure techniques, acoustic shock waves 
are among the most effective methods. When acoustic 
shock waves are generated using shock tubes, they 
produce transient pressure and temperature conditions 
capable of interacting with materials at the atomic scale. 
Consequently, acoustic-shock-wave-induced phase 
transitions are emerging concepts [6]. Metal oxides, 
including CuO [7], AgO [8], ZrO₂ [9], and NiO [10], have 
been studied under dynamic pressure for the 
determination of stability for suitable applications. 
Some metal oxides like TiO₂ [11] and Co₃O₄ [12] 
undergo the phase transitions and ensure the notable 
changes in the structural properties with the influence 
of shockwaves. Furthermore, Fe₂O₃ NPs under the 
impact of dynamic shockwave-loaded conditions reveal 
the loss in degree of crystallinity [13]. Only a few sulfide 
materials, such as molybdenum disulfide (MoS₂), 
tungsten disulfide (WS₂) [14], zinc sulfide (ZnS) [15], 
bismuth sulfide (Bi₂S₃) [16], cadmium sulfide (CdS) [17], 
etc., were investigated under dynamic shockwaves for 
determination of reversible phase transitions and the 
possibility of tuning the morphology and band gap. 
However, each and every material has its own 
threshold to withstand extreme pressure or transform 
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the characteristic nature depending on the structure of 
the materials. For the fabrication of real-time devices, it 
is essential that the materials used should have the 
capability to withstand their properties under extreme 
conditions.  

Lead sulfide (PbS), being a member of the IV-VI 
family of semiconductors, has potential applications in 
lasers and has a crucial role in photovoltaics and 
optoelectronic devices. It is a narrow band gap material, 
which makes PbS a perfect optoelectronic material 
having an exciton Bohr radius of 18 nm. The absorption 
edge of bulk PbS is associated with the regime of the 
near-infrared region (NIR) in the solar spectra, so this 
feature makes PbS a versatile material for 
photovoltaics [18]. However, long-term stability is a 
critical challenge for researchers, and it remains an 
issue because nanomaterials can undergo structural 
degradation and phase transformations over time. 
Many research groups studied PbS under various 
pressure conditions because the nature of PbS has a 
great influence under pressure. It has also been 
studied that at 23.0 GPa, lead sulfide gets crystallized 
from rock salt (B1) into a CsCl structure [19, 20]. The 
conclusion of many research groups confirms that the 
phase transformations with a reduction in grain size 
under high-pressure conditions lead to the 
enhancement of charge carrier transport behavior of 
PbS according to Heo et al. [21] and the occurrence of 
pressure-induced phase transitions under the influence 
of pressure created by diamond anvil cells (DACs) [22]. 
Moreover, the impact of acoustic shock waves on 
structural stability and tuning the optical and 
morphological properties of lead sulfide quantum dots 
(QDs) remains unrevealed. Therefore, it is essential to 
study the behavior of cubic-PbS QDs under acoustic 
pressure; henceforth, it could open the changes in 
properties, which could make it a promising material for 
shockwave-tolerant optoelectronic devices and 
sensors [23].  

Other research groups focused on the investigation 
of PbS NPs under the impact of acoustic shockwaves 
having a Mach number of 2.2 and found them to have a 
stable monoclinic structure [23], whereas limited 
attention has been given to quantum confinement of 
cubic PbS. To address this research gap, the present 
research systematically investigates PbS QDs under 
the effect of acoustic shockwaves having a 1.5 Mach 
number, 0.59 MPa transient pressure, and a transient 
temperature of 520 K. The aim is to determine whether 
the acoustic shockwaves could induce desirable 
modifications in the structural, optical, and luminescent 
properties and morphology of PbS QDs. This study 
demonstrates the shockwave-induced effects of PbS 
QDs for ensuring their applicability in harsh 
environmental conditions. The experiment with lead 
sulfide under the impact of shockwaves was 

investigated using different characterization 
techniques.  

EXPERIMENTAL SECTION 

Synthesis of Lead Sulfide (PbS) 

PbS was prepared by the co-precipitation route by 
using lead nitrate (Pb(NO₃)₂) and sodium sulfide (Na₂S) 
purchased from Sigma-Aldrich, which act as sources 
for Pb²⁺ and S²⁻ ions, respectively. 1M of Pb(NO₃)₂ was 
dissolved in 60 ml of deionized water (DW), which was 
stirred vigorously, and 1M of Na₂S was dissolved in 60 
ml of DW in a separate beaker. The solutions were 
mixed by adding Na₂S dropwise to the solution 
containing the lead (Pb²⁺) source. The stirrer rate was 
maintained at 500 rpm continuously for 3 hours. 
Ammonium hydroxide (NH₄OH) was added slowly to 
adjust the pH value to 8. The visible change in color of 
the mixture from milky white to black indicates the 
formation of PbS nanoparticles as shown in the 
following steps: 

Pb(NO₃)₂ (aq) + Na₂S (aq) à PbS (ppt) + 2NaNO₃ 
(aq) 

The impurities were removed by continuous 
washing and centrifugation at 3000 rpm with ethanol 
and acetone for 1 hr. Finally, the obtained precipitates 
were dried at 80°C for 2 hrs, and the precipitates were 
grinded into fine powders.  

Loading Shockwaves on PbS 

The as-prepared samples (P1) were divided into 2 
sets, namely P2 and P3. Approximately 0.5 g of each 
set of samples was packed in a specially designed 
pouch with a dimension of 10 x 10 x 1 mm³. The 
specimen (sample) pouch was steadily fixed on the 
stainless-steel specimen holder. Using the tabletop 
semi-automatic Reddy tube (Yelagiri Technologies, 
Model: ST2024YT02), the samples were subjected to 
acoustic shockwaves. Figure 1 depicts the schematic 
representation of the shockwave tube comprising the 
driven, driver, and diaphragm sections, respectively. 
These sections possess an inner diameter of about 1.5 
cm. The diaphragm section separates the other two 
sections, and it is fitted with an 80 GSM paper 
diaphragm, which is inserted into the diaphragm 
section manually. 

The compressed driver gas (air) is fed into the 
driven section, and thus shockwaves are produced by 
rupturing the diaphragm when the critical pressure is 
achieved. The blasting and propagation of shockwaves 
in a series of 200 and 400 shock pulses having the 
Mach number 1.5 each, with a transient pressure of 
0.59 MPa [24] and a transient temperature of 520 K 
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[25]. The strength of shock pulses was varied to 200 
pulses, and the next batch of samples was for 400 
shock pulses with a time interval of 5 seconds between 
each shock pulse. The Mach number, transient 
temperature and transient pressure for each shock 
pulse was estimated using piezoelectric PCB 
transducers (Model 113B26) fixed 39 cm away from the 
driven section, having a sensitivity of 1.465 mV kPa-1, 
and a linearity error of about 1%. To ensure accuracy, 
the calibration of transducers was performed under the 
identical high-pressure and high-temperature (520K) 
conditions [26]. The calibration procedure requires 
verification of the transducer’s response against a 
standard reference having a standard error persistently 
below 5%. This guarantees high reliability and 
repeatability of transient pressure estimation, 
contributing an explicit baseline for investigating the 
effects of acoustic shock pulses on the specimen. 
These shockwaves propagate through the driven 
section approaching the lead sulfide powder mounted 
on the sample holder. In the present work, shock 
waves were loaded to PbS manually by placing the 
samples on the sample holder 1cm away from an 
open-end (the specimen is fixed outside the shock tube 
from the open-end of the driver tube) to ensure uniform 
exposure of shock waves. To access the impact of 
shockwaves, PbS were characterized to systematically 
explore the structure using powder X-ray diffraction 
(PXRD) analysis, high-resolution transmission electron 
microscopy (HRTEM), selected area energy electron 
diffraction (SEAD), field emission scanning electron 
microscopy (FESEM), energy dispersive X-ray 
spectrum (EDAX), UV-DRS analysis, and 
photoluminescence (PL) spectroscopy to observe the 
changes that occurred in the optical behavior before 
compressing and after shockwave treatment. The 
results were elaborately discussed. 

RESULTS & DISCUSSIONS 

PXRD Analysis 

The crystalline structure of PbS was studied using a 
benchtop Bruker D2 Phaser powder X-ray 

diffractometer for the present study. Cu-Kα as the 
source having a wavelength of 1.5406Å. The PXRD 
pattern of unshocked (P1) PbS was compared with the 
standard reference pattern. The peaks appeared at 2θ 
values of 26.03°, 30.12°, 43.07°, 50.93°, 53.41°, 62.51°, 
68.81°, 70.82°, and 78.85° of unshocked PbS (P1), and 
the (hkl) values were indexed at (111), (200), (220), 
(311), (222), (400), (331), (420), and (422) planes, 
respectively. The PXRD pattern of P1 was in good 
accordance with JCPDS card no: 78-1900; the 
reference pattern matches well with the obtained 
pattern, and all the diffraction peaks correspond to the 
face-centered cubic crystal structure having the space 
group Fm-3m (225), where F denotes the 
face-centered cubic lattice and m-3m stands for the 
point group symmetry with mirror planes and a 
three-fold rotation axis. It also indicates the phase 
purity of the cubic-PbS without traces of another phase 
in as-synthesized PbS. It was further determined using 
High Score Plus software with a search and match 
facility, which was confirmed by comparing it with the 
standard reference pattern ICDD-00-005-0592 as 
shown in Figure (3). 

After that, PbS was subjected to shock pulses with 
magnitudes of 200 and 400 pulses. Once again, the 
samples underwent PXRD analysis to confirm the 
crystalline structure. PXRD profiles of 200 (P2) and 400 
(P3) shock pulses were represented in Figure 4, which 
were compared with unshocked (P1) PbS. The PXRD 
pattern of the samples P2 and P3 corresponds to a 
face-centered cubic crystal structure, which was 
corroborated by the standard reference pattern JCPDS 
card no: 78-1900. From the obtained PXRD profiles, 
under the influence of shockwaves, PbS showed 
neither the formation of new peaks nor the vanishing of 
peaks. In the obtained PXRD pattern of 
shockwave-loaded PbS of 200 and 400 shock pulses, 
the diffraction peak intensities decreased as compared 
to unshocked conditions, which shows that the periodic 
arrangement of atomic lattice planes of PbS is 
significantly affected due to the impact of shockwaves. 
It indicates the distortion in the lattice and formation of 

 

Figure 1: Schematic representation of tabletop semi-automated Reddy tube for loading shock pulses. 
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defect states because of sudden variation in pressure 
and temperature. For a better understanding of the 
crystallographic phase stability of PbS, the magnified 
version of the (220), (311), and (222) planes, which 
shows the PXRD pattern from 40° to 60°, was 
presented in Figure (5). Moreover, the PXRD peaks 
were shifted ~0.05° towards the lower angles for the 
planes (220), (311), and (322) that were observed in 
shock-loaded conditions, indicating the emergence of 
residual strain within the crystal lattice [26]. Such a 
shifting of diffraction peaks towards lower diffraction 
angles indicates the sudden fusion and fission of grain 
boundaries under the impact of acoustic shockwaves.  

The crystallite size was calculated for unshocked 
and shock-exposed PbS using the Debye-Scherrer 
relation. 

D=kλ/βcosθ 

Where D represents the crystallite size (nm), k is the 
Scherrer’s constant (0.9), λ denotes the wavelength of 
X-rays (1.5406 Å), θ represents the Bragg’s angle (in 
radians), and β is the full width at half maximum (in 

radians). The crystallite size of unshocked PbS is found 
to be 16.29 nm. The crystallite sizes of 200 & 400 
shock-treated PbS are 15.51 nm and 14.27 nm, 
respectively. The slight variation in crystallite size might 
be because of mechanical forces caused by 
shockwaves to break down some of the larger 
crystallites into smaller ones having more grain 
boundaries. The average crystallite size has decreased 
as compared to the unshocked PbS (P1) because of 
the dynamic interplay that led to fragmentation induced 
by shockwaves. When shockwaves propagate through 
materials, it induces strain in the lattice, which leads to 
grain fragmentation, the enhancement in defects or 
lattice imperfections, and the grain boundaries. 
Furthermore, the calculations of lattice strain 
(microstrain) (ε), dislocation density (δ), and cell 
volume for unshocked and shockwave-loaded 
samples.  

The average lattice strain was calculated using  

 ε = βhkl / 4tanθ, where ε denotes the average lattice 
strain, θ corresponds to the diffraction angle, and βhkl 

represents the full width at half maximum. 

 

Figure 2: Schematic illustration of shock-induced modifications in PbS QDs. 
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Dislocation density of PbS NPs before and after 
shock exposure was estimated by 

δ= 1/D² 

where D corresponds to crystallite size, which was 
derived from the Debye-Scherrer formula, 

 

Figure 3: PXRD pattern of unshocked PbS with the ICDD 
reference pattern of PbS. 

According to the literature, the cell volume tends to 
change when XRD peaks get shifted towards lower and 
higher angles [27], which was also obtained for PbS 
under the influence of acoustic shockwaves. The unit 
cell volume and d-spacing were evaluated using 
UNITCELL program software [28], in which PXRD data 
was used in the calculation. The lattice parameters, 
such as a, b, c, and unit cell volume (V), were detailed 
in Table 2. This shows that under the exposure of 
acoustic shock pulses, the lattice parameters and unit 
cell volume were increased due to lattice expansion 
induced by shockwaves, where high pressure has 
driven the atoms apart, thus increasing the unit cell 
volume [29]. The variations in lattice parameters of PbS 
might be because of compressive or tensile strain [30] 
when subjected to acoustic shockwaves. Generally, the 
exposure of shock pulses has the tendency to cause 
rapid deformation in the crystal lattice. It can induce 
either lattice contraction or lattice expansion that has a 
direct influence on the intrinsic structural properties and 
response of the materials when subjected to acoustic 
shockwaves [31]. Such dynamics can alter the 
arrangement of atoms within the crystal that 
contributes desirable information on the degree of 
deformations induced by acoustic shockwaves [32]. 
This trend implies a dynamic balance of expansion 
mechanism by shock-induced defect mobility and 
thermal effects [33]. 

The changes in unit cell volume and lattice 
parameters contribute to defects like interstitials and 
defects and also slight strain in the atomic lattice, which 
causes slight expansion where the atoms are being 
displaced from their equilibrium position, thereby 
stretching the lattice as illustrated in Figure (2). During 

 

Figure 4: PXRD pattern of PbS before and after shock wave-loaded conditions.  
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the shockwave exposure, a uniform tensile strain 
usually develops at the right angles to the direction of 
wave propagation [25]. The effects of shockwaves 
have resulted in an increase in lattice strain and FWHM 
values, which were reflected in the peak broadening of 
the PXRD pattern of 200 (P2) and 400 (P3) 
shock-loaded conditions, as reflected in the decrease 
in crystallite size. Also, an increase in lattice strain 
(microstrain) confirms the degradation of crystallinity 
and further indicates the existence of tensile strain in 
the lattice [25]. Figure (7) demonstrates the relationship 
between crystallite size and lattice strain is inversely 
proportional to the impact of shockwaves. In the 
present case, there is a slight increase in d-spacing at 
shock-treated conditions. Due to the existence of 
uniform strain, it led to an increment in d-spacing 
values, and this type of variation caused the diffraction 
peak positions to shift towards lower angles [33].  

Rietveld refinement was performed by utilizing the 
“Full Prof-suite” software [34] for PbS before and after 
shock exposure. This gives additional confirmation of 
the phase stability of the PbS, which also shows the 
high structural stability under dynamic shockwave 
conditions. The well-fitted refined PXRD profiles show 
a perfect match and confirm the cubic structure of PbS 
without any phase change even after exposure to 

acoustic shock pulses in the increasing counts of 200 & 
400 pulses. The residual factors such as Rwp, Rp, and 
X² are the refinement quality indicators of weighted 
profile R-factor, profile residual factor, and 
goodness-of-fit for unshocked and shock-treated PbS, 
which are converged, and the values are displayed in 
Table (2). It indicates the reliability of the cubic 
structure before and after exposure to acoustic shock 
pulses. The corresponding plot was presented in 
Figure (6); the refinement parameters were acquired by 
the pseudo-Voigt function [34], where the peaks were 
fitted in the cubic (Fm-3m) space group for unshocked, 
200, and 400 shockwave-loaded conditions that show 
the stability of the structure, and the refined plot shows 
the original phase preserved under high-pressure 
acoustic shockwaves, and the parameters were 
presented in Table (2). Therefore, the effects of 
pressure applied at 0.5 MPa might not be strong 
enough to trigger phase transformations and collapse 
the crystal structure. At 13.0 GPa, there is a gradual 
change in the diffraction peak intensities with 
increasing the pressure. Also, from 13.0 GPa to 29.4 
GPa, there was a mixture of orthorhombic structure 
and CsCl-type body-centered cubic structure, as 
reported in [35]. However, in the present study, with the 
experiment of PbS with shockwaves of 0.59 MPa, there 
was a stable face-centered cubic structure at 200 and 

Table 1: Crystallite siZe, FWHM, and Lattice Strain of Unshocked and Shock Wave-Loaded PbS  

Sample 
Codes 

No. of Shock 
Pulses 

FWHM 
(degrees) 

d-Spacing of 
(200) Plane (Å)  

Lattice Strain 
(%)  

Crystallite Size 
(nm) 

Dislocation Density 
(lines/m²) 

P1 0 0.5909 2.9215 0.001463 16.29 4.312 

P2 200 0.6321 2.9323 0.001583 15.51 5.082 

P3 400 0.7084 2.9405 0.001804 14.27 6.361 

 

 

Figure 5: Magnified version of PXRD planes of (220), (311), and (222). 
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400 shockwave-treated conditions. Hence, from the 
investigations, it is clear that PbS maintains structural 
integrity and did not undergo any crystallographic 
phase transformations. Considering the observations 
on shock resistance, PbS holds the crystallographic 
phase stability better than the lead nitrate crystals [5] 
under dynamic shockwaves, so PbS NPs can be a 
good option for utilization in high-performance devices. 

Transmission Electron Microscopy (TEM) Analysis 

Transmission electron microscopy (TEM) analysis 
was performed using JEOL JEM-2100 with an 
operating voltage of 200kV. For the specimen 
preparation, PbS was dispersed in ethanol and 

sonicated to achieve a homogeneous dispersion. A 
aliquot part of the dispersoid was seized using a 
hypodermic needle and sprayed on the top of a 
carbon-coated copper grid. The grid was carefully dried 
and loaded into the TEM vacuum chamber and the 
analysis was performed. In Figure (8), the TEM image 
of unshocked and shock-treated PbS exhibits a closely 
packed ultra-small particles embedded matrix and the 
corresponding electron diffraction patterns were 
presented. TEM micrographs shows that the particles 
are aggregated and are irregularly shaped where the 
estimation of particle size was quite difficult. Since, the 
unshocked and shock-exposed PbS exhibit the 
average crystallite size within the range of excitonic 
Bohr radii (rB=18nm), HRTEM analysis could confirm 

 
Figure 6: Rietveld Refinement Plots of (a) unshocked, (b) PbS-200, (c) PbS-400 shock pulses. 

Table 2: Lattice Parameters of Unshocked and Shock Wave-Treated Samples 

Test conditions Unshocked PbS 200 shocks 400 shocks 

Crystal structure Cubic Cubic Cubic 

Space group of PbS Fm-3m Fm-3m Fm-3m 

Lattice parameters 
(a=b=c) 
α = β = γ 

5.936±0.002Å 5.939±0.002Å 5.941±0.002Å 

90° 90° 90° 

 Volume of unit cell (Å)³ 209.24 209.57 209.73 

Goodness of fit (�2) 1.41 1.85 1.65 

Rwp (%) 11.90 13.52 12.36 

Rp (%) 8.34 9.87 8.85 
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the actual existence of ultra-fine sized particles. For 
clear understanding of the microstructure of PbS 
before and after loading shockwaves; the HRTEM 
micrographs are presented in Figure (8) The lattice 
fringe spacing (d-spacing) were 2.93Å which 
corresponds to d200 plane [36] of cubic PbS lattice (as 
presented in the inset of Figure (9)). The enlarged 
HRTEM images shows the shock-treated PbS QDs are 
highly crystalline indexed to cubic rock-salt structure, 
where the lattice fringe spacing for 200 shock-treated 
PbS 2.94Å and 2.97Å corresponding to the interplanar 
spacing of d200 crystal plane [37, 38]. The average 
particle size was calculated from the HRTEM images 
using ImageJ software and the corresponding 
histogram profiles were presented. It clearly shows that 
the size of particles is within the range of 18 to 20nm 
for unshocked PbS, 14 to 17nm for 200 shock pulses, 

and 10 to 15nm for 400 shocked PbS. Under the 
exposure of 200 and 400 shock pulse, the mean 
particle size of QDs were reduced as seen in Fig Figure 
(10). The average crystallite size calculated using the 
Scherrer equation in PXRD analysis corroborates with 
the particle size that calculated from HRTEM images. 
As per the literature, the particle and crystallite sizes 
are interrelated to each other [25]. These variations 
were attributed to shockwave exposure, which caused 
dynamic recrystallization, thereby altering the particle 
size of shock-treated samples. The fusion of grain 
boundaries was also noticed under the impact of 
shockwaves, which was also reported in our previous 
publication [17]. 

As shown in Figure (7), the ring-type selected area 
electron diffraction (SAED) pattern of unshocked and 

 

Figure 8: TEM micrograph and corresponding SAED patterns of (a) unshocked, (b) 200, and (c) 300 shock-treated PbS. 
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200 and 400 shock-treated PbS is indexed to families 
of planes (111), (200), (220), (222), and (400) of cubic 
structure, which is in good accordance with PXRD 
results and well matches with JCPDS card no. 78-1900. 
The interplanar distance of the (200) plane calculated 
from diffraction rings was well-matched with that 
calculated from PXRD analysis and the HRTEM image 
for unshocked and shock-treated conditions. It is 
evident that from SAED patterns, the crystallographic 
phase of PbS QDs belonging to the cubic crystal 
structure is retained even under 200 and 400 
shock-loaded conditions. Also, the obtained SAED 
pattern of unshocked PbS shows the formation of 
ultra-fine crystalline QDs revealed by the bright 
diffraction spots oriented randomly, indicating the 

nanoscopic particles in different directions. At 
shock-treated conditions, the appearance of 
diminished diffraction spots could be seen denoting the 
reduction in degree of crystallinity as corroborated with 
PXRD results, where the X-ray peak intensity reduced 
at shock-loaded conditions, but there were no signs of 
phase transformation under the influence of acoustic 
shockwaves. This gives direct evidence that PbS QDs 
have high shockwave resistance and have a stable 
cubic structure when exposed to acoustic shock 
pulses.  

Morphology of PbS QDs 

For morphological characterization, a scanning 
electron microscope (SEM) of model Carl Zeiss 

 

Figure 9: HRTEM micrographs of (a) unshocked, (b) 200 shock, and (c) 300 shock-treated PbS. 
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EVO-18 with a resolution of 3 nm for analyzing 
morphology at lower magnification and a field emission 
scanning electron microscope (FESEM) of model 
Apreo 2s HiVac were used for this experiment to 
characterize the morphology of shock-treated PbS at 
higher magnification with a resolution of 4 nm. The 
specimen was mounted on a double-sided conductive 
adhesive tape, carefully secured on a stub holder. The 
SEM equipment operates with an accelerating voltage 
ranging from 0.5 to 20 kV and has a magnification 
ranging between 1x and 100,000x. FESEM operates 
with an accelerating voltage range from 200 V to 30 kV 
and a magnification from 20x to 1,000,000x. Energy 
Dispersive X-ray Analysis (EDAX) was used to 
characterize the unshocked PbS NPs for examining the 
elemental composition of the specimen. A ZEISS 
scanning electron microscope coupled with the EDAX 
system was used to map the spectrum. Figure (11) 
shows the EDAX spectrum of unshocked PbS Both 
imaging and analysis were carried out at several 
locations of the specimen and unshocked sample is 
found to show the major presence of Pb and S in the 
as-prepared unshocked sample. Other signals noticed 
would have originated from the grid during data 
acquisition. As shown in the Figure (12, 13) which 
represents the SEM image unshocked PbS and 
FESEM images of 200, and 400 shock-loaded samples. 
SEM image of unshocked PbS QDs shows that the 
particles are clumped together. At 200 shocks, it can 
be seen that the particles begin of break apart which 
led to reduction in overall particle size indicating the 

shockwaves caused disruption to interparticle 
connections thereby resulting initial fragmentation. At 
400 shock pulses, particles show the continuous 
reduction in particle size as witnessed from HRTEM 
analysis, that might be because of the combined 
effects of fragmentation and compaction at higher 
shock levels which broke down the larger particles by 
compressing the particle’s surface. 

 

Figure 11: EDAX spectrum of PbS.  

This analysis shows that the shockwave treatment 
of PbS is accompanied by a reduction in agglomeration. 
Also, this shows that at shock-loaded conditions, the 
particles have broken into ultra-fine particles that 
caused a reduction in particle size distribution. It is 
evident from the SEM image of shock-untreated PbS 
that there are very minute-sized rice-like grains 
embedded by numerous crystallites, as reported in [39]. 
Interestingly, at shock-exposed conditions, sponge-like 

 

Figure 10: Average particle size distribution of (a) unshocked, (b) 200 shock, and (c) 400 shock-treated PbS QDs. 
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grains were observed. It also reveals that the rice-like 
grains have transformed into sponge-like structures 
due to dynamic recrystallization induced by acoustic 
shockwaves because it has a significant influence on 
the morphology of the test material because of its low 
thermal transport values. Consequently, the substantial 
reduction in particle size at shock-exposed conditions 
is because of the lower thermal conductivity of PbS 
(2.2 W/m K) [40], which limits the heat dissipation and 
leads to the accumulation of thermal energy, thereby 
promoting dynamic recrystallization. By the sudden 
impact of the acoustic shock pulse, PbS QDs 
experience a superheating effect within milliseconds. 
Due to the poor thermal conductivity of PbS, it couldn’t 
dissipate the shock-induced thermal energy 
immediately. This process could be understood as 
dynamic recrystallization, which is a combined effect of 
localized superheating followed by rapid cooling 
induced by shockwaves [41]. Upon the exposure of 
shock pulses, rapid cooling leads to the supercooling 
effect, where there is inadequate time for larger 
crystals to grow, leading to the formation of smaller 
grains. Despite the observed changes, the interplay of 
pressure and temperature did not modify the 
underlying cubic crystal structure. According to the 

literature, it is usual that, for face-centered cubic 
structure, PbS has thermodynamical stability [42]. The 
findings underscore the role of thermal effects induced 
by acoustic shockwaves, which led to variations in 
morphological aspects, and it also emphasizes the 
tuneable morphology through shockwave exposure by 
maintaining the structural stability of PbS. So, this may 
open new avenues for the betterment and designing of 
efficient real-time devices. 

Ultraviolet-visible Diffuse Reflectance (UV-DRS) 
Spectroscopy 

The understanding of the optical properties of 
unshocked and shock-influenced PbS was analyzed 
using a Jasco-UV-Vis-NIR (V-770, Serial No. 
A012061801) spectrophotometer in the range of 300 
and 800 nm. Figure (14) represents the UV-DRS 
spectra of the samples. The absorption edge of 
unshocked PbS was found to be at 498 nm. Still, when 
subjecting the sample to 200 and 400 shock pulses, 
the absorption cutoff region was shifted to 495 nm and 
492 nm, respectively. The impact of shockwaves onto 
the PbS QDs experiences extreme pressure and 
temperature, leading to fluctuation in the electronic 
band structure, which changes the absorption edge. 

 

Figure 12: SEM image of unshocked PbS NPs. 

 

Figure 13: FESEM images of (a) 200 and (b) 400 shockwave-loaded samples. 
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The subsequent electronic band structure changes 
were caused by shockwaves, which made the 
wavelengths shift towards shorter ones.  

 

Figure 14: UV-Vis DRS spectra of unshocked and 
shock-loaded PbS. 

The significant enhancement in unit cell volume is 
supported by a shift of absorption edges towards a 
higher wavelength at shock-treated conditions. The 
absorption wavelength (λmax) gets shifted to larger ones 
as the particle size decreases because the bandgap 
increases at nano dimensions [43]. Furthermore, it is 
essential to evaluate the optical band gap energy (Eg), 
illustrating the difference between the valence band 
and conduction band of PbS at shock-loaded 
conditions because the test sample is one of the 
potential materials for optoelectronic applications. 
Tauc’s plot relation was used to measure the band gap 

energy of unshocked and shock-loaded PbS QDs. By 
extrapolation of the linear region of the Tauc plot 
towards the x-axis by the following relation: αhν = A (hν 
- Eg) n. Figure (15) depicts the graph plotted between 
(αhν)² versus hν, and the obtained plots were 
presented. The direct band gap energy has been 
evaluated, and there is a noticeable change with the Eg 
values of 2.58 eV, 2.64 eV, and 2.68 eV for unshocked, 
200, and 400 shocked samples, respectively. 
According to the literature, PbS NPs have been 
reported to have a possible bandgap from 0.41 eV to 
5.2 eV by varying their size and shape compared to 
bulk PbS [44, 45]. The quantum confinement has 
occurred due to overlapping of energy levels, causing 
the blue-shift in the absorption spectrum [46] by slightly 
increasing the bandgap energy. This corroborates that 
the lattice expansion has occurred, which led to the 
gap between the valence band and the conduction 
band increasing considerably under the influence of 
shockwaves.  

For instance, defects such as interstitials, vacancies, 
stacking fault, grain boundaries could act as trapping 
centres thereby affecting the optical absorption. 
According to effective Brus’ model, the band gap 
energy is inversely proportional to the particle size [47], 
as displayed in Figure (16 a). The variation in the 
bandgap energies might be due to the structural 
disorders or defects induced by the impact of 
shockwaves leading to the Fermi energy level and 
thereby generating localized states within the bandgap 
energy further leading to alteration in electronic 
properties of the material and thus causing increase in 

 

Figure 15: (a) Bandgap energy plot of unshocked and shocked PbS NPs, (b) Energy-level diagram of unshocked and 
shock-treated PbS QDs. 
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bandgap [48] as shown in Figure (15 b), which energy 
level diagram representing the alignment of bandgap 
under the exposure of shockwaves. The unshocked 
PbS shows broader absorption because of wider 
distribution of localized energy states near the valence 
and conduction bands, referred as Urbach band (Band 
tail). Under shock-exposure, localized energy states 
are decreased because, acoustic shockwaves have 
annealed out valence and conduction bands and 
moved farther resulting in a wider band gap. Figure 
(16) shows the variation plot of crystallite size versus 
bandgap and unit cell volume versus bandgap as a 
function of number of shock pulses. Hence, this study 
demonstrates that extreme pressure caused by 
shockwaves has the capability to tune the bandgap by 
the formation of defects and strain in the lattice as 
evidenced in XRD analysis. And so, PbS NPs can be 
suggested as candidates for applications like 
photodetectors, sensors, optoelectronics, and 
photovoltaic cells [49] at extreme conditions of 
pressure and temperature. 

 

Figure 16: Variation plot of crystallite size versus bandgap of 
unshocked and shock-exposed PbS QDs. 

Photoluminescence Spectroscopy (PL) Analysis 

Photoluminescence (PL) spectra of unshocked and 
shock loaded-PbS QDs were recorded by using a 
fluorescence spectrophotometer, where the specimen 
absorbs light and emits the photons at a particular 
wavelength depending on the materials which give the 

information about the emission band for understanding 
the optical properties using Perkin Elmer Model -LS45 
within the range 500 to 900nm at room temperature 
with an excitation wavelength of 500nm Figure (17 a) 
demonstrates the PL spectra of PbS before and after 
loading the shock pulses. The obtained spectra reveal 
the variations in PL intensities. The shock-unexposed 
and shock-exposed PbS exhibited a strong emission 
peak centred at 792nm which was well matched with 
the previous reports [50]. It can be clearly seen that, at 
unshocked conditions, the PL intensity was moderately 
high due to reduced defect density. The subsequent 
drop in the in the PL intensity provides information 
about the shock response of PbS QDs are caused by 
increased molecular interactions because of sudden 
changes in pressure and temperature within the crystal 
structure. The temperature and pressure variation can 
change the recombination pathways leading the PL 
intensity to either increase or decrease depending on 
the variations that occur in the electronic band structure. 
Also, the PL intensity is often associated with the 
crystallinity of the materials. Smaller crystallites 
generally have higher values of strain and defect 
densities making them less favourable for radiative 
recombination process. Therefore, the relationship 
between crystallite size and PL intensity are twofold 
(i.e.)., For larger crystallites, the lattice defects and 
dislocation density reduce thus leading to lower 
defect-related scattering and simple electron-hole pair 
recombination routes. At shock-loaded conditions, the 
decrease in PL intensity indicates the appearance of 
non-radiative recombination centres caused by high 
energetic shockwaves due to the introduction of defect 
states that non-radiatively trap the energy [25]. 

Figure (17 b) displays the CIE chromaticity diagram 
of PbS, which is used to study the color perception 
before and after exposure to shock waves using CIE 
coordinates calculator software [51]. As per CIE, the 
color characteristics of any light source or materials 
could be described in terms of a two-dimensional x-y 
plot, which represents the amount of red and green, 
blue vertex regions and emission color coordinates of 
the luminescent materials respectively. The CIE 
coordinates are obtained at x = 0.554 and y = 0.448, 
which are denoted by black-coloured symbols. This 
reveals that the obtained emission spectra of 
unshocked and shock-treated PbS emit color near to 
orange-red region which is consistent with the previous 
reports [52]. The x-values consistently exceeded the 
y-values, indicating the prevalence of near-infrared 
emission, which is characteristic of quantum-confined 
PbS. The photoluminescence lifetime measurements 
were calculated using single exponential fitting with 
help of Sci-sim lifetime calculator and found to be 
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28.5ps, 33.6ps, 37.6ps for unshocked, 200 and 400 
shock-treated PbS which was well-matched with the 
previous reports [53]. Radiative and non-radiative 
recombination pathways plays are crucial role in 
governing the carrier dynamics of PbS before and after 
exposure of shock waves. 

Before exposure to shockwaves, a high PL intensity 
is observed where more energy is released as light 
during the electron-hole pair recombination, thereby 
enhancing the probability of radiative recombination as 
electrons return to the valence band (VB). In addition, 
reduced lattice defects such as lattice strain often lead 
to more efficient charge carrier recombination in 
unshocked conditions. In shock-treated PbS, the 
non-radiative recombination is predominantly governed 
by defect states and surface traps, which introduce the 

rapid decay channels, thereby significantly shortening 
the PL lifetime. Also, the decrease in PL intensity 
confirms the non-radiative recombination where the 
energy dissipates through phenomena such as defect 
states or phonon interactions instead of emission of 
photons and lattice vibrations that convert energy into 
heat. Defects produce trap states in the band gap, 
thereby allowing the excitons to recombine without 
emission of photons as shown in Figure (18). The 
effect of size is ascribed to the confinement of charge 
carriers, which are related to short PL lifetimes under 
the exposure of acoustic shockwaves. The shorter 
lifetime attributed to quenching of PL intensity under 
shockwaves was because of high conductivity that 
resulted from efficient carrier charge separation and 
lower recombination [54]. 

 

Figure 17: Photoluminescence spectra (PL) of unshocked and shock-loaded PbS NPs, (b) Chromaticity diagram of unshocked 
and shock-treated PbS QDs, 

 

Figure 18: Mechanism of recombination pathways of unshocked and shock-treated PbS QDs.  
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The correlation between luminescent properties and 
lattice defects, microstrain was reported in [55] as a 
function of thermal treatment which was further caused 
by dislocations and lattice distortions that influence 
bandgap which cause changes in absorption and 
luminescence properties by modifying the energy 
levels [56, 57]. A reduced PL intensity of shock-treated 
samples suggests the reduced radiative recombination 
due to increased charge carrier separation which is a 
crucial factor for enhancing the solar cell efficiency. 
These findings reveal that PL intensity is not only 
related defects but it is also influenced by electronic 
factors induced by the shock pulses. These insights of 
PbS QDs under the extreme conditions of temperature 
and pressure, demonstrate its suitability in the 
device-based applications and solar cell technology. 
These properties suggest that PbS QDs could be 
engineered to maintain efficiency under the 
shockwaves which can be used for fabrication of 
shockwave-tolerant solar cells for enhancing 
performance by improving charge carrier dynamics. 

CONCLUSION 

In summary, the present research has been 
focused on the experimental investigation of the 
structural, morphology and optical properties of 
unshocked and post-shock wave loaded PbS QDs. The 
powder XRD analysis distinctly shows that there were 
no crystallographic changes occurring at the 
shockwave-treated sample of 200 and 400 counts. PbS 
QDs have high phase stability, where the cubic phase 
was preserved when increasing the shock pulses of 
0.59 MPa transient pressure, and it was further verified 
using Rietveld refinement of PXRD data and 
HRTEM/SAED analysis. FESEM images show a 
consistent morphology transformation from rice-like 
grains into sponge-like grains without modifying the 
underlying cubic crystal structure PbS QDs. The 
profiles of the UV-Vis-DRS study and 
photoluminescence analysis provide the supporting 
shreds of evidence to justify the slight variation in 
electronic structures and thus widening the bandgap 
from 2.58 eV to 2.68 eV under the impact of acoustic 
shockwaves. These findings emphasize ongoing 
efforts for advanced materials with high performance 
and durability under extreme conditions of temperature 
and pressure, leading to innovation in solar energy 
harvesting technologies. Overall, PbS is emerging as a 
potential candidate for applications subjected to 
acoustic shockwaves in terms of stability and durability 
for optoelectronics and tandem heterojunction solar cell 
technologies. Such materials are crucial for maintaining 
the integrity and improving the performance of the 
devices when subjected to intense pressures, 
high-impact forces. The significance of shockwave- 

tolerant materials is the extended life span, thereby 
assuring safety and systematic operation of materials 
under extreme conditions.  
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