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Introduction

Acoustic shock wave-induced dynamic
recrystallization facilitating reconstructable phase
transition from zinc blende to rocksalt in
cadmium telluride

F. Irine Maria Bincy,? S. Oviya,® Raju Suresh Kumar, @©° P. Kannappan,?
Ikhyun Kim @*° and S. A. Martin Britto Dhas @ *2°

Cadmium telluride (CdTe) is a promising material for solar cells; however, its stability is compromised under
high pressure and temperature, leading to structural and electronic damage, including degradation. The
current study aims to investigate the behavior of CdTe under acoustic shock waves with 0.59 MPa
pressure, 529 K temperature, and 15 Mach number by focusing on its structural, optical, and
morphological properties. Techniques such as X-ray diffraction (XRD), Raman spectroscopy, UV-vis diffuse
reflectance spectroscopy (DRS), photoluminescence (PL) spectroscopy, and field emission scanning
electron microscopy (FE-SEM) were employed to analyze the material's response. The overall XRD and
Raman results reveal that CdTe undergoes a reconstructable phase transition from cubic-zincblende (ZB)
to cubic-rocksalt (RS) under shock wave exposure. Optical analysis revealed a reduction in the bandgap,
and a shift in PL emission was observed. Morphological changes observed due to shock waves induced by
dynamic recrystallization were noted after 300 shock pulses, followed by the restoration of the layered
structure at 400 shock pulses. These findings highlight the reconstructable nature of phase transitions and
emphasize the importance of addressing degradation pathways to improve CdTe's long-term stability and
efficiency in solar cells. The observed reconstructable phase transition offers a potential method for tuning
CdTe's properties under acoustic shock wave exposure.

traditional silicon-based solar cells in terms of cost-effectiveness
and performance. Although CdTe poses ecological concerns due

Over half a century ago, cadmium telluride (CdTe) significantly
emerged as a most promising material for solar cell
applications, largely due to its remarkable optical absorption
properties." CdTe, classified as an II-VI semiconducting
compound belonging to the chalcogenide group of the family,
exhibits exceptionally high optical absorption coefficients. This
characteristic enables it to efficiently capture a significant
portion of the solar spectrum, even when only a thin material
layer is used.” The ability to achieve such high absorption
efficiency with minimal material usage will significantly reduce
both material requirements and production costs. As a result,
CdTe has become a strong competitor compared to other
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to its toxicity, it remains a robust and chemically stable
semiconductor, and the material's compatibility with scalable
and industrial manufacturing techniques has established it as a
leading candidate for developing cost-effective solar energy
solutions on a large scale.>* Since CdTe is best known for its
role in photovoltaics, its utility extends well beyond this
domain. It has been extensively applied in technological areas
like sensors and detectors, demonstrating its versatility in
addressing various technological needs.® The material has
gained further attention in recent eras due to its potential
applications in advanced technological fields. Researchers have
explored its suitability as a functional component in
optoelectronic systems, where its unique properties enable the
design of efficient light-absorbing and energy-converting
devices. The application of CdTe in photovoltaic nanodevices
has also become a rapidly expanding area of research, reflecting
its adaptability and potential in upcoming energy systems for
next-generation.””® Within the realm of solar cells, CdTe plays a
critical role in enhancing energy conversion efficiency, further
solidifying its position as a pivotal material in the ongoing
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development of solar technology.”™" It is most valued for its
role in specialized applications such as electro-optics,
photorefractive devices, room-temperature radiation detectors,"”
solar panels,"® and gamma/X-ray detectors,"""> highlighting its
broad utility and technological significance.

Despite its potential, sometimes it can degrade under
ambient atmosphere due to moisture and oxygen exposure,
leading to forms of CdO and TeO,. This degradation is slower
at room temperature, which impacts the optical property.*
At high pressure and temperature exposure, the degradation
process accelerates with increased oxidation rates. The
elevated temperature promotes faster formation of CdO and
TeO,, leading to greater structural and electronic damage.
This results in a decline in CdTe's performance, particularly
in solar cell applications.'”” Other major drawbacks in
synthesizing high-quality, stoichiometric CdTe remain
challenging due to issues like imbalances in the Cd: Te ratio,
which can lead to intrinsic defects such as vacancies that
impair carrier mobility and increase leakage currents.
Achieving large, chemically homogeneous crystals with
precise stoichiometry and uniformity across various synthesis
methods adds to the complexity.'® Also, CdTe-based detector
has serious issues such as micro-crystallinity, where small
grains create grain boundaries that disrupt charge transport
and hinder detectors’ performance. High defect densities
introduce recombination centers that reduce carrier lifetimes
and sensitivity. More impurities will be introduced during
the synthesis process at localized energy levels, degrading the
material's electronic properties. Collectively, these factors
degrade the structural and electronic properties of CdTe,
limiting its effectiveness in high-performance applications.
These difficulties have slowed the advancement of CdTe-
based devices, particularly those requiring large-area or high-
performance materials. However, significant improvements
in conventional and unconventional methods over the past
decades have allowed for better control over the material's
properties, increasing its potential for broader use and
enhanced performance.'’

Numerous traditional and unconventional methods are
used to enhance the material's properties. The traditional
methods are the hot wall deposition technique,® spray
pyrolysis," cathodic electrodeposition,®* thermal evaporation
technique,”® chemical bath deposition,** and high pressure/
unconventional methods such as static high pressure,®® laser
shock waves,”® gamma irradiation,® acoustic shock
waves,”®?° etc. For instance, CdTe and Zn-doped CdTe
nanoparticles were synthesized by the chemical reduction
method. Comparing the two, Zn-doped CdTe exhibited
improved photosensitivity and reduced recombination
compared to undoped CdTe. Hibiscus mutabilis extract, used
as a natural dye, enhanced light absorption in dye-sensitized
solar cells (DSSCs). Zn doping further increases the efficiency
of the DSSCs, with better performance observed in the doped
samples.’* Dharmadasa et al reported that CdTe was
effectively synthesized by electrodeposition (ED) with a two-
electrode system to avoid reference electrode impurities. This
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method enables the growth of rod-type or columnar grains
that are beneficial for electronic devices. Also, PEC cell
studies showed that CdTe can be deposited in n-type, i-type,
and p-type forms by adjusting the growth voltage. CdCl, heat
treatment induced a transition from n-type to p-type CdTe,
enhancing conductivity. Structural changes at 385 °C led to
larger grains and an efficiency peak of 12%. Further
treatment improved crystallinity, achieving efficiencies of
over 15%. Photoluminescence studies confirmed defect
reduction, aligning with efficiency improvements. Over
results show that rod-shaped materials and graded bandgap
structures improve charge carrier generation, leading to
higher solar cell efficiencies in the future.®® CdTe bulk
material was grown using vapor deposition synthesis (VDS),
yielding a stoichiometric, single-phase cubic structure with a
smooth, void-free surface. Thin films, fabricated by thermal
evaporation, were uniform, polycrystalline with fine grains,
and showed semiconducting behavior in I-V studies,
highlighting their potential for biosensor applications.** Sn-
doped CdTe thin films were successfully produced using a
low-cost, homemade, close-spaced sublimation (CSS) system.
This process introduced sub-bandgap states and tuned
structural and morphological properties without altering the
CdTe phase, enhancing optical absorption for optoelectronic
and solar cell applications.*® Unconventional high-pressure
methods have also been explored. CdTe was examined under
high pressure using DFT, focusing on structural, electronic,
elastic, and phonon properties. CdTe transitions from a
semiconducting wurtzite structure (P63mc) to a stable
metallic cubic phase (Fm-3m) at 10 GPa and an unstable
orthorhombic phase (Cmmm) at 140 GPa. Phase
transformation paths were predicted for the first time. Above
all other phases, the cubic phase enhances electrical
conductivity, thereby improving electron mobility.** CdTe
structural property was studied using synchrotron radiation,
revealing structural transitions were observed near 3.5 GPa
from zinc-blende to cinnabar, then from cinnabar to NaCl.
The cinnabar phase features site ordering of Cd and Te
atoms with near fourfold coordination. This structural
change enhances the material's adaptability under pressure.
The discovery of this phase suggests the potential for
improved high-pressure applications.*”

In contrast to traditional methods, acoustic shock waves
have emerged as a prominent technique in solid-state
material research in the 21st century. Traditional synthesis
methods often take a long time, which can induce impurities
and extend processing durations. On the other hand, in
unconventional methods, laser shock wave compression
operates on a nanosecond time scale, offering a compression
rate several orders of magnitude higher than the static
method's rate. In comparison, acoustic shock waves offer a
compression time scale ranging from milliseconds to
microseconds. This shows that there has been a relentless
search for materials studied under acoustic shock waves, and
shock wave experiments have become a beacon of hope for
many researchers.*®®

This journal is © The Royal Society of Chemistry 2025
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There is a lack of research on the behavior of acoustic
shock waves on CdTe, highlighting a major research gap in
the current literature. In this work, we aim to bridge this gap
by conducting a detailed investigation into the structural,
optical, and morphological behavior of CdTe by exposing
acoustic shock waves. This research explores the material's
response to extreme conditions, providing insights into its
potential applications. CdTe was subjected to a series of
shock pulses (100, 200, 300, and 400), with a pressure of 0.59
MPa, a temperature of 520 K, and a Mach number of 1.5, to
evaluate how varying shock pulses affect the material's
properties.

Experimental section

Cadmium telluride (CdTe) was purchased commercially from
SRL with 99.9% purity and used as it is without further
purifications for investigation under acoustic shock wave
conditions. The acoustic shock waves were generated using a
tabletop semi-automatic Reddy tube, comprising three key
sections: the driven section, the diaphragm section, and the
driver section. An 80 GSM paper diaphragm served as the
rupture medium for this experiment. The CdTe sample was
placed 1 cm away from the drive section's open end in a
sample holder. When the pressure in the driver section
reached the critical threshold, the diaphragm ruptured,
producing shock waves. The CdTe sample was subjected to
four shock pulse sets, comprising 100, 200, 300, and 400
shock pulses. A transient pressure and temperature per shock
pulse were recorded using piezoelectric PCB transducers
(Model 113B26) with a sensitivity of 1.465 mV kPa™' and a
linearity error of 1%. To ensure measurement accuracy, the
transducers were calibrated under high transient pressure
and transient temperature. This calibration involved
comparing the transducer response with a standard
reference, maintaining a standard error below 5% for
consistency. These measures ensured high reliability and
repeatability in transient pressure measurements, providing a
precise reference for analyzing the effects of shock pulses on
the samples. The schematic representation of the
semiautomatic Reddy tube is shown in Fig. 1. To analyze the

Diaphragm Section

Driven Secti t
Sample holder CHER DESEan 1

Driver Section
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effects of shock waves, CdTe samples were characterized pre-
and post-shock wave exposure using techniques such as
powder X-ray diffraction (XRD), Raman spectroscopy, UV-vis
diffuse reflectance spectroscopy (DRS), photoluminescence
(PL) spectroscopy, and field-emission scanning electron
microscopy (FE-SEM).

Characterization technique details

Powder X-ray diffraction (XRD) pattern of CdTe pre- and post-
shock wave exposure is recorded using a Bruker D2 Phaser
X-ray powder diffractometer model with a CuKal source and
1.54 A wavelength, in the range of 20° to 80° and with a step
size of 0.02°. XRD techniques were used to analyze the
structure of CdTe pre- and post-shock wave exposure and
observe possible phase changes under shock wave exposure.
The XRD pattern of CdTe pre- and post-shock wave exposure
was refined wusing FullProf software. The refinement
incorporated two structural models: the cubic-zincblende
structure with the F-43m space group (Crystallography Open
Database ID 1010539) and the cubic-rocksalt structure with
the Fm-3m space group (COD ID 1010536).

Raman spectra of CdTe pre- and post-shock wave exposure
were acquired using a 532 nm (50 mW) laser source with
Renishaw confocal Raman microscopy. The system's axial
resolution was <1 um, and the lateral resolution was 0.5 nm.
Spectral data were recorded in the range of 100-1000 cm ™.
The Raman measurements were conducted to analyze the
structural changes, and this setup allowed detailed
observation of the material's vibrational modes of CdTe pre-
and post-shock wave exposure.

UV-vis diffuse reflectance spectroscopy (DRS) analysis of
CdTe pre- and post-shock wave exposure was conducted
using a SHIMADZU UV-5600 PLUS UV-vis NIR
spectrophotometer. The instrument measures across a wide
wavelength range of 185-3300 nm. For this study, spectral
data were recorded within the 300-800 cm™" range to assess
changes in the optical properties of CdTe pre- and post-shock
wave exposure.

Photoluminescence (PL) spectra of CdTe pre- and post-
shock wave exposure were recorded using a PERKIN ELMER

- T

Fig. 1 The schematic representation of the semiautomatic Reddy tube.
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PL 6500 with a wavelength range of 190-900 nm, accuracy of
0.5 nm, reproducibility of 0.2 nm, and a resolution of 1 nm.
Measurements were conducted in real time with a high scan
speed of up to 24000 nm min ‘. The spectra, recorded
between 400 and 800 nm, were analyzed to investigate atomic
defects. These results provided insights into how defects
influence the material's optical properties of CdTe pre- and
post-shock wave exposure.

Field emission scanning electron microscopy (FESEM) of
CdTe pre- and post-shock wave exposure was performed
using a SIGMA HV - Carl Zeiss system equipped with a
Bruker Quantax 200 - Z10 EDS detector. The instrument
operated at an accelerating voltage range of 200 V to 30 kV,
with magnifications from 20x to 1000000x. It provided a
resolution of 1.0 nm at 30 kv and 3 nm at 1 kV and a
maximum probe current exceeding 100 nA. The 2D surface
profile of CdTe pre- and post-shock wave exposure was
generated using mountainsLab software. FESEM analysis
aimed to examine CdTe's morphology and elemental
composition pre- and post-shock wave exposure, and to
observe the morphology changes due to shock wave
exposure.

Results and discussion
Structural analysis: X-ray diffraction (XRD)

Fig. 2 provides the XRD pattern of CdTe pre-shock wave
exposure with a standard pattern and the cubic-zincblende
(zB) structure of CdTe. The obtained XRD pattern is
compared with the standard JCPDS card number 75-2086; the
XRD pattern aligned well with the standard pattern. It
confirms that CdTe has a zincblende (ZB) crystal structure,
specifically a sphalerite structure, and crystallizes in the face-
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centered cubic (FCC) with an F-43m space group. The space
group F-43m says that ‘F’ represents a face-centered cubic
(FCC) lattice with tetrahedral symmetry, featuring four
threefold rotational axes aligned along three mirror planes
intersecting the body diagonals of the cube it is represented
by 43m.*° The lattice parameters are a = b = ¢ = 6.410 A and
the volume is 263.37 A®,

In this configuration, CdTe is covalently bonded in a
repeating sequence of Te-Cd-Te-Cd, held together by van
der Waals forces.*® Each Cd** ion is tetrahedrally coordinated
to four equivalent Te>” ions, forming CdTe, tetrahedra that
share corners. Similarly, each Te* ion is tetrahedrally
coordinated to four equivalent Cd** ions, forming TeCd,
tetrahedra, and the structure is less symmetric. The Te?”
anion forms covalent bonds with the Cd*" cations, where
each Cd** ion is equivalently bonded to four Te*” ions, and
each Te*” ion is equivalently bonded to four Cd*" ions.** The
shock loading tests examine how well it holds its structure
and properties under acoustic shock waves. This helps us
understand its response to extreme conditions. Fig. 3
illustrates the XRD pattern of CdTe pre- and post-shock wave
exposure with cubic-zincblende (ZB) and cubic-rocksalt (RS)
structure. A notable change in diffraction peak intensity was
observed after shock wave exposure, particularly in the (111),
(200), (311), (222), (331), (420), and (511) planes. Fig. 4 shows
the zoomed version of (111), (200), (311), (222), (331), (420),
and (511) planes. A significant reduction in diffraction
intensity occurred in the (111), (311), (331), and (511) planes.
Conversely, a markable increase in intensity was noted in the
(200), (222), and (420) planes. The diffraction peak intensity
varies due to shock wave-induced rapid compression, which
triggers dynamic recrystallization and results in the
reorganization of atoms within the crystal lattice,”* Fig. 5

—— CdTe
Standard pattern (b)
() O @ /‘ (o //0 ..... »Te
E °Te : :
< A oy A l - A d/ N\ % N\
= r S | & T
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[} |
z (3 ﬂ o //‘ ..... »Te
: s § & 3% g
g : T S N1 0 O 0 O
20 3.0 4.0 5.0 6.0 7.0 80
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Fig. 2 XRD pattern and structure of CdTe (a) pre-shock wave exposure with a standard pattern, and (b) cubic-zincblende (ZB) structure of CdTe.
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Fig. 5 Zoomed version of (111), (200), (311), (222), (331), (420) planes
of control CdTe (zincblende) and 300 shock pulses (rocksalt) with
standard patterns.

shows the zoomed version of (111), (200), (311), (222), (331),
(420), (511) planes of CdTe (zincblende) and 300 shock pulses
(rocksalt) with standard pattern. These variations became
more pronounced after exposure to 300 shock pulses. These
changes indicate that the acoustic shock waves affect the
crystallographic plane, leading to variations in their
structural properties. Generally, peak intensity in XRD
suggests the arrangement of atoms in the crystal lattice.*® A
change in peak intensity may signify a structural change,
such as an atomic rearrangement, without any appearance or
disappearance of new diffraction peaks. So, it confirms that
at 300 shock pulses, phase transitions were observed, and the
zincblende structure was transformed into a rocksalt

Cubic-F-43m

(b)

Zincblende(ZB)
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structure. The primary difference between the two structures
is the arrangement of atoms in the crystal lattice, although
both are cubic. The space group differs between the two
structures. The obtained diffraction peaks and their intensity
are well-matched with the JCPDS card number 75-2083. The
lattice parameters are a = b = ¢ = 6.410 A, and the volume is
263.37 A®. At 300 shock pulses, CdTe adopts a rock salt (RS)
crystal structure, crystallizing in a face-centered cubic (FCC)
arrangement with an Fm-3m space group, commonly
recognized as the rocksalt structure (RS).**** The Fm-3m
space group represents a face-centered cubic (FCC) lattice
with high symmetry. It includes mirror planes, threefold
rotational axes, and inversion centers, ensuring uniformity in
all directions. It contributes to isotropic properties and
structural stability. In this configuration, CdTe forms a
symmetrical rocksalt pattern arranged octahedrally. Six Te*"
ions surround each Cd*' ion in an octahedral geometry, and
similarly, each Te*” ion is surrounded by six Cd*" ions,
creating an alternating Cd-Te-Cd-Te arrangement. This
pattern forms a face-centered cubic (FCC) framework.***”
Fig. 6 shows the mechanism of reconstructable phase
transition induced by the acoustic shock wave from cubic-
zincblende (ZB) to cubic-rocksalt (RS). Fig. 6(a) shows the
cubic zincblende structure, where each Cd atom is
tetrahedrally bonded to four Te atoms. Shock wave-induced
rapid lattice compression causes thermal energy, which leads
to weak van der Waals forces between Cd and Te bonds
breaking, resulting in lattice distortion. This distortion
causes Cd atoms to shift from their original tetrahedral
positions to octahedral sites. In this new octahedral
arrangement, each Te atom is surrounded by six nearest Cd
atoms, leading to a structural transformation into the more
uniform rocksalt phase with octahedral coordination.
Additionally, a reduction in lattice parameters is observed.
Despite the change, the overall cubic crystallization remains
intact, as seen in Fig. 6(b) and (c). With 400 shock pulses, the
Cd atoms were restored from the octahedral to their original
tetrahedral positions. This restoration leads to a
reconstructable/reversible  structural transition, which
eventually reverts to the zincblende structure, which is shown
in Fig. 6(d). Acoustic shock wave-induced lattice compression
can cause lattice distortion and break weak bonds, allowing
the material to return to its original structure due to lattice

Cubic(Fm-3m) Cubic-F-43m

Rocksalt(RS) Zincblende(ZB)

Fig. 6 Mechanism of reconstructable phase transition induced by acoustic shock wave from cubic-zincblende (ZB) to cubic-rocksalt (RS).
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relaxation/expansion.*®**° The material undergoes a phase
transition due to rapid energy transfer induced by acoustic
shock waves, all occurring within milliseconds. When a
shock pulse is applied to the sample, it generates thermal
energy. As a result, the molecules absorb thermal energy,
leading to an increase in their vibrational energy, which, in
turn, causes some level of disorder in the crystal lattice. This
initial vibrational disorder lays the groundwork for more
significant structural responses, especially in materials with
low thermal conductivity and diffusivity.”® CdTe exhibits low
thermal conductivity (6.2 W m™" K ') and low thermal
diffusivity (1.4 x 10”7 m* s™'), and heat dissipation is limited.
This limitation causes thermal energy to cause localized heat
that facilitates dynamic recrystallization,
reorganization, and structural modification as shock waves
continue to propagate through the crystal lattice, and the
material attains a molten state. At 100 shock pulses, the
energy is insufficient to disturb the
significantly or excite the molecules to higher energy states.
As a result, the material remains in a lower energy state, and
only minor lattice strain and isolated point defects form at
the microstructural level. There is no notable phase
transitions observed at this stage. At 200 shock pulses, the
energy is sufficient to initiate early-stage atomic-level
instabilities. These changes mark the beginning of structural
evolution but remain below the threshold for dynamic
recrystallization or electron excitation. At 300 shock pulses,
the energy reaches a critical threshold. The rapid deposition
of energy, combined with CdTe's low thermal conductivity
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and diffusivity, prevents efficient heat dissipation. As a
result, superheating occurs, where the material's temperature
exceeds its equilibrium melting point without complete
melting, leading to a premelting state characterized by
significant atomic disorder. At this stage, the energy input is
sufficient to excite atoms and molecules to higher energy
states, destabilizing the original zincblende crystal structure.
As atomic order continues to break down, the material briefly
enters a transient molten state. Upon rapid cooling, the
atoms cannot return to their original positions and instead
undergo dynamic recrystallization, reorganizing into a new,
more stable configuration.”® This process drives the phase
transition to the rocksalt structure, which remains stable

defect under ambient conditions. Thus, the combined effects of
superheating, atomic excitation, partial melting, and

recrystallization ~ govern the complete structural

transformation observed. At 400 shock pulses, energy

atomic lattice  redistribution occurs, leading to a reversible phase

transition. Due to the material's low thermal conductivity
and diffusivity, heat dissipation remains gradual. This
facilitates complete defect reorganization and atomic
rearrangement, allowing the excited molecules to relax to
lower energy states. As a result, the crystal lattice regains its
original order, reverting to its initial phase. This sequence of
events explains the phase transition observed at 300 shock
pulses and also the reversion to the original phase at 400
shock pulses.

Fig. 7 shows Rietveld's refinement of CdTe pre- and post-
shock wave exposure. The XRD pattern of CdTe, pre- and
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Fig. 7 Rietveld refinement of CdTe pre- and post-shock wave exposure.
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Table 1 Lattice parameters of CdTe pre- and post-shock wave exposure

Number of Lattice constant Unit cell

shock pulses Structure Space group a=hb=c(A) volume (A®) GoF
0 Cubic-zincblende F-43m 6.410 263.37 1.70
100 Cubic-zincblende F-43m 6.407 263.21 1.65
200 Cubic-zincblende F-43m 6.404 263.12 1.54
300 Cubic-rocksalt Fm-3m 6.308 260.95 1.71
400 Cubic-zincblende F-43m 6.411 263.35 1.34

post-shock wave exposure, was refined using FullProf
software. Pre-shock, CdTe exhibits a cubic-zincblende
structure (F-43m space group), stable up to 200 shock waves.
At 300 shock pulses, the structure transforms into a cubic-
rocksalt structure (Fm-3m), which then reverts to the original
cubic-zincblende structure (F-43m), confirming structural and
reconstructable phase transitions. The calculated lattice
parameter and unit cell volume are shown in Table 1. Under
acoustic shock wave exposure, lattice parameters and unit
cell volume fluctuations were observed. At 100 and 200 shock
pulses, the lattice parameters (a, b, ¢) and volume (V) slightly
decreased. However, at 300 shock pulses, there was a
considerable decrease due to lattice contraction.’® This
reduction indicates that the material underwent lattice
contraction, causing lattice distortion and a phase transition.
At 400 shock pulses, the lattice parameters increased due to
shock wave-induced expansion,®® restoring the distorted
lattice and confirming the reconstructable phase transition.
The lattice parameter and unit cell volume are directly
proportional to each other; the variation plot against the
number of shock pulses is shown in Fig. 8. The percentage of
volume reduction between CdTe's zinc blende and rock salt
phases was calculated to be 4.65%, notably lower than the
10% reported for high-pressure compression-induced
transitions.”® In the present study, the material undergoes a
phase transition due to rapid energy transfer induced by
acoustic shock waves, which occurs within milliseconds.

I 6.38

9

0 100 200 300 400
Number of Shock pulses

Fig. 8 The variation plot of lattice constant a = b = ¢ (A) and unit cell
volume (A®) against the number of shock pulses.
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Unlike high-pressure experiments where lattice parameters
are measured using X-ray diffraction under sustained
compression at the transition point, our experiment
measures the lattice parameters after the application of
acoustic shock waves, once the pressure has been released.
Interestingly, even after the release of pressure, the sample
retains the structural changes induced by the acoustic shock
waves, indicating that the transition is effectively preserved.
In contrast, high-pressure studies capture the transition
under persistent compression, which may exaggerate the
observed volume change. Therefore, the structural changes
observed under ambient conditions in our study may differ
from those reported in high-pressure experiments.

The average crystallite sizes of CdTe pre- and post-shock
wave exposure were calculated using the Debye-Scherrer
formula,

D = KA/f cos O

whereas D stands for average crystallite size, K stands for
Scherrer constant A refers to the wavelength of the X-ray
radiation (Cu-Ka = 1.54060 nm), S is the full width at half
maximum (FWHM) of the diffraction peak with the highest
intensity and 6 is the Bragg angle corresponding to the
peak.’® Dislocation density values of CdTe pre- and post-
shock wave exposure were calculated using the following
equation,

5=1/D*

whereas, ¢ stands for dislocation density and D stands for
average crystallite size.>® The lattice strain (¢) values of CdTe
pre- and post-shock wave exposure were calculated using the
following equation,

&= /4 xtan @

whereas ¢ represents lattice strain, § represents the full width
at half maximum (FWHM), and @ is the Bragg's or diffraction
angle.”® Under shock wave exposure, variations in crystallite
size were observed. For pre-shock wave exposure, the average
crystallite size was 20 nm. After shock wave exposure, the
average crystallite size increased: at 100 shock pulses, it
increased to 22 nm; at 200 shock pulses, it further increased
to 23 nm; and at 300 shock pulses, it reached 24 nm.
However, at 400 shock pulses, the average crystallite size
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Fig. 9 The variation plots (a) crystallite size (nm) and dislocation density

number of shock pulses.

decreased to 21 nm. Dynamic recrystallization induced by
shock waves causes such a type of variation in average
crystallite size. The high strain rates and localized heating
from the shock waves drive grain refinement. This process
triggers recrystallization, leading to changes in the average
crystallite size.”” The dislocation density and lattice strain
indicate the number of crystal defects and the degree of
crystallinity. Variations in these parameters correspond to
fluctuations in the average crystallite size. As the average
crystallite size increased at 100, 200, and 300 shock pulses,
the dislocation density and lattice strain decreased. Larger
crystallite sizes have fewer grain boundaries, resulting in

reduced imperfections and improved  crystallinity.
Consequently, the decrease in lattice strain reflects a
reduction in crystal defects due to fewer lattice

imperfections®® and grain boundaries.’® Materials with larger
crystallite sizes typically exhibit better thermal stability under
extreme conditions, emphasizing the importance of
crystallite size in maintaining material stability.®® Conversely,
when the average crystallite size decreased at 400 shock
pulses, the dislocation density and lattice strain increased.
Smaller crystallite sizes are associated with a higher density
of grain boundaries, leading to increased defects and strain
within the material.*** Additionally, this may be influenced
by dynamic recrystallization, where shock wave treatment
promotes grain refinement and rearrangement, further
impacting the dislocation density and lattice strain. Fig. 9
shows the variation plots of crystallite size and dislocation.
Density, crystallite size, and lattice strain against the number
of shock pulses.

Vibrational mode analysis: Raman spectroscopy

Fig. 10 shows the Raman spectra of CdTe pre- and post-shock
wave exposure. In the pre-shock wave exposure, five distinct
vibrational modes are identified. The first mode, observed at
164 cm’', is attributed to the longitudinal optical (LO)

This journal is © The Royal Society of Chemistry 2025
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phonon mode.** Additional peaks are noted at 330, 502, 668,
and 832 cm . These peaks correspond to the LO phonon
mode's second, third, fourth, and fifth harmonics,
representing higher-order lattice vibrations. Each harmonic
signifies increased vibrational frequency within the crystal
lattice.®”®> This detailed observation highlights the role of
phonon harmonics in understanding CdTe's structural and
vibrational behavior. A variation in peak intensity and the
disappearance and appearance of existing peaks were
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Fig. 10 Raman spectra of CdTe pre- and post-shock wave exposure.
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observed after shock wave exposure. At 200 shock pulses, the
third harmonic of the LO phonon mode showed a decrease in
peak intensity, while the fourth harmonic increased. Shock
wave-induced reorientation in the crystal lattice is typically
associated with changes in the material's structural symmetry
and bonding, which in turn cause variations in Raman
intensity. These changes in atomic arrangement affect the
resonance conditions, leading to fluctuations in the intensity
of the Raman peaks.®® At 300 shock pulses, the LO mode did
not vanish completely but showed a marked reduction in
intensity, with LO peaks still discernible. In the rocksalt
structure, LO modes are typically forbidden by symmetry
because selection rules prevent phonons at the Brillouin zone
center from being Raman active. However, these LO modes can
still appear in Raman spectra due to local symmetry breaking
caused by defects, strain, or disorder. These effects relax the
selection rules, allowing otherwise forbidden LO modes to be
detected with weaker intensity. Therefore, the presence of weak
LO modes in the rocksalt phase is consistent with established
physical behavior under non-ideal conditions. While the
rocksalt phase is dominant, small zinc blende regions may
remain at grain boundaries due to stress release, contributing
to residual Raman activity. This indicates a nearly complete
phase transition, with only minor traces of the zinc blende
phase.®”°® This is consistent with previous reports where weak
LO modes were observed even after the ZB-to-RS transition.®’
The observed weakening of Raman peaks is primarily due to
lattice distortion induced by shock waves, where rapid
compression disrupts the crystal structure. This disruption
can break bonds, reduce symmetry, and modify vibrational
modes, leading to the suppression of Raman activity. A
diminished LO signal does not contradict the occurrence of a
phase transition; rather, it supports and confirms the
transformation from the zincblende to the rocksalt structure.”®
Furthermore, the disappearance of the 5LO peak at 300 shock
pulses, was observed indicates a significant breakdown of
long-range order characteristic of the zinc-blende structure.
This higher-order mode is particularly sensitive to structural
coherence, and its absence strongly supports the occurrence of
a phase transition to the rocksalt phase. Such phase transition
under high pressure is consistent with findings reported by
Saqib et al”' At 400 shock pulses, the LO phonon mode
reappeared, which had previously disappeared. This
reappearance of the 5LO peak and retention of Raman
intensity of LO modes indicates a recovery or alteration in the
material's vibrational structure, demonstrating that the
rocksalt structure reverted to the zincblende structure. The
observations highlight the reversible nature of structural
transitions under acoustic shock wave exposure.

Optical analysis

UV-vis diffuse reflectance spectroscopy (DRS). Fig. 11
represents the UV-vis DRS spectra of CdTe pre- and post-
shock wave exposure. The absorption edge for CdTe, pre-
shock wave exposure, was initially observed at 370.4 nm.
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Fig. 11 UV-vis DRS spectra of CdTe pre- and post-shock wave
exposure.

However, notable shifts in the absorption edge were detected
for post-shock wave exposure. At 100 shock pulses, the
absorption edge shifted slightly, moving to 371.1 nm. When
shock pulses increase to 200, the absorption edge undergoes
a further shift, reaching 374.1 nm. For 300 shock pulses, a
significant shift was observed, with the absorption edge
shifted to 391.2 nm, which indicates the changes in the
electronic structure. Interestingly, when the number of shock
pulses was increased to 400, the absorption edge shifted back
to 370.9 nm, which is almost close to the pre-shock wave
exposure, indicating a potential reconstructable or reversal of
optical behavior under acoustic shock waves. When CdTe is
subjected to shock waves, both redshift and blueshift in the
absorption edge were observed. A redshift occurs at 100, 200,
and 300 shock pulses. Blueshift was observed at 400 shock
pulses due to the changes in lattice structure caused by the
shock-induced distortions.”* These shifts in the absorption
edge highlight CdTe's acoustic shock wave response by
varying numbers of shock pulses, suggesting potential
alterations in its electronic structure.

The absorbance spectrum was analyzed, and a Tauc plot
was constructed to determine the bandgap, illustrating the
difference between the valence and conduction bands. The
bandgap of CdTe pre- and post-shock wave exposure was
calculated. This was achieved by extrapolating the linear
region of the Tauc plot to the x-axis. The energy bandgap of
pre- and post-shock wave exposure samples was then
obtained through the Tauc equation. The results reveal the
effect of shock wave exposure on CdTe electronic properties,
and the following equation was used to calculate the
bandgap,

ahv = A(hv - E)"
whereas “o” stands for the absorption coefficient, hv is the

photon energy, A is a constant, and ‘n’ takes values of 1/2 for
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Fig. 12 Tauc plot of CdTe pre- and post-shock wave exposure.

indirect and 2 for direct transitions. The observed linear
dependence between (ehv)" and hv was found to hold for n =
2, corresponding to direct transitions since CdTe is a
semiconducting material.”* This relationship was used to
extract the bandgap value from the Tauc plot. Fig. 12 shows
the Tauc plot of CdTe pre- and post-shock wave exposure.
The initial bandgap of CdTe pre-shock wave exposure was
3.31 eV. When CdTe was subjected to shock waves, the
bandgap progressively changed with the number of shock
pulses. After 100 shock pulses, the bandgap slightly
decreased to 3.28 eV. At 200 shock pulses, it further reduced
to 3.26 eV, gradually decreasing. A significant shift occurred
at 300 shock pulses, where the bandgap dropped to 3.16 eV,
supporting the phase transition from zinc blende to rock salt
structure. Surprisingly, at 400 shock pulses, the bandgap
increased to 3.30 eV and retained its initial pre-shock wave
exposure value. The bandgap gradually decreased at 100, 200,
and 300 shock pulses, with the most significant reduction
occurring at 300 shock pulses. The variation in bandgap is
attributed to shock wave-induced lattice compression, which
leads to either contraction or expansion in the lattice.”* As
the crystal lattice contracts, the atomic spacing is reduced,
enhancing the overlap between electronic orbitals. This
increased overlap facilitates electron transitions between the
valence and conduction bands. Shock wave-induced
compressive stress, which causes lattice contraction,

This journal is © The Royal Society of Chemistry 2025
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increases defect density and lattice distortions, generating
localized states near the band edges. These defects primarily
form band tails (Urbach tails) and significantly narrow the
band gap by enabling lower-energy electronic transitions.
Consequently, the localization of band tails forms between
the valence and conduction bands.”> These band tails are
localized electronic states resulting from structural disorder
and lattice defects, which reduce the energy gap by creating
intermediate states. This leads to a lower conduction band
and an upward shift of the valence band, causing the
bandgap to narrow. This narrowing of bandgap is directly
linked to a decrease in lattice parameters and unit cell
volume, confirmed through Rietveld's refinement of XRD
data, which provides precise insights into atomic
arrangements and lattice contractions.”*”’® The more
significant change observed at 300 shock pulses is a result of
the phase transition, which alters the material's electronic
structure. At 400 shock pulses, the bandgap increased due to
shock wave-induced lattice expansion. Shock wave-induced
lattice expansion introduces lattice distortion, increasing
atomic spacing and reducing orbital overlap. This reduction
narrows the bandwidth of electronic states, increasing the
energy difference between the valence and conduction bands
and resulting in a wider bandgap.”” These changes,
confirmed by increased lattice parameters and unit cell
volume through Rietveld refinement of XRD data, validate
the impact of lattice expansion on electronic properties.®’ ™
Shock waves reduce or delocalize the band tail by
restructuring the crystal lattice and decreasing defect density.
The intense pressure and temperature cause dynamic
recrystallization, which repairs disordered regions and
anneals out localized states near the band edges. This
process narrows the band tails, reduces electronic disorder,
and increases the band gap by restoring a more ordered
crystal structure.®*** Fig. 13 shows the mechanism of shock-
induced variation in bandgap in CdTe. Overall, these
observations indicate that the shock wave-induced changes
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Fig. 13 Mechanism of shock wave-induced variation in the bandgap.
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in the bandgap support the phase transition at 300 shock
pulses from the zinc blende to the rock salt structure. At 400
shock pulses, the initial bandgap value is almost close to the
pre-shock wave exposure value, confirming the restoration of
the rock salt structure to the zinc blende structure and the
reconstructable phase transition. These findings highlight
both the alteration and reversibility of optical properties,
which are crucial for tuning optical properties under acoustic
shock waves. Fig. 14 shows the variation plot of bandgap vs.
lattice parameters and bandgap vs. unit cell volume against
the number of shock pulses. Fig. 15 represents the bandgap
alignment of CdTe pre- and post-shock wave exposure.
Photoluminescence (PL) spectroscopy. Fig. 16(a) illustrates
the PL spectra of CdTe pre- and post-shock wave exposure.
The emission peak of CdTe was observed at 539 nm and
aligned well with reported literature values.®> The emission
peak remained unchanged for 100 and 200 shock pulses.
However, at 300 shock pulses, the peak shifted to a higher
wavelength of 541 nm, representing a redshift. For 400 shock
pulses, the peak returned to its original position at 539 nm,
represented as a blue shift. Fig. 16(b) shows the zoomed
version of the PL spectra. Both redshift and blueshift
phenomena were observed in the material's emission peak by
applying shock pulses to CdTe. When a shock wave is applied
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Fig. 15 Schematic representation of bandgap alignment of CdTe pre-
and post-shock wave exposure.
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to a material, it induces lattice contraction, which decreases
the atomic spacing and increases the orbital overlap within
the crystal structure. This deformation creates localized band
tails in the material's bandgap. The formation of these band
tails lowers the energy required for electron transitions,
facilitating non-radiative recombination. As a result, energy is
dissipated through phonon interactions rather than photon
emission. This process reduces the energy of the emitted
photons, causing the emission peak to shift to a longer
wavelength.®*®° Fig. 17 illustrates the mechanism of the
shock wave-induced emission peak shift. In contrast, the
blueshift occurs due to increased mobility of the exciton's
electron-hole pairs. When the material experiences strain
induced by shock waves, the mobility of these charge carriers
improves, making it easier for the electron and hole to
recombine. This enhanced mobility promotes exciton
recombination, which leads to the delocalization of the band
tails, reducing their binding energy. The delocalization of the
band tails leads to a shift in emission peak towards shorter
wavelengths, thus resulting in a blueshift in the emission
spectrum.’™®> The shift in emission peak further confirms
the phase transition from zinc blende to rocksalt structure at
300 shock pulses, and reversibility of the emission peak at
400 shock pulses confirms the reconstructable or reversible
phase transition from rocksalt to zinc blende structure.
Fig. 18 illustrates the CIE chromaticity diagram for CdTe pre-
and post-shock wave exposure. The CIE (x, y, z) chromaticity
diagram is used to study color perception, hue, saturation,
and color purity in light sources and materials. In contrast,
X, Y, and Z represent the amounts of red, green, and blue
primaries, respectively. The y-values (0.708) consistently
exceeded the x-values (0.243), indicating a predominance of
green color. For pre-shock wave exposure, the green color
purity was 87.86%. After 100 and 200 shock pulses, the color
purity remained at 87.86%. However, when the shock pulses
to 300, the color purity increased to 89.40%, attributed to a
shift in the emission peak. This shift enhanced the green

This journal is © The Royal Society of Chemistry 2025
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Fig. 16 PL spectrum (a) PL spectra of CdTe pre- and post-shock wave exposure (b) zoomed version of PL spectra.

color intensity. After exposure to 400 shock pulses, the
emission peak returned to its original position, and the color
purity reverted to 87.86%. High color purity is crucial in
solid-state lighting devices as it ensures high-quality color
rendering and efficiency. Improved color purity allows for
more precise and vibrant lighting, enhancing the
performance and application potential of solid-state lighting
technologies, such as LEDs.”

Morphological analysis

Field-emission scanning electron microscopy (FESEM).
Fig. 19 represents the FE-SEM image of CdTe pre- with EDX
spectrum and post-shock wave exposure. A layered morphology
was observed for CdTe pre-shock wave exposure. This
morphology remained intact at 100 and 200 shock pulses,
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Fig. 17 Mechanism of shock wave-induced emission peak shift.
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indicating that the material morphology was not significantly
affected by the shock waves at these levels of shock pulses. In
semiconductors, a layered morphology enhances charge
transport by facilitating carrier movement, reducing
recombination, and improving charge separation. It also
promotes directional charge transport, which is crucial for
efficient energy conversion in solar cells. The high surface area
and unique interlayer spacing benefit charge transfer, ion
diffusion, and electron mobility, contributing to more efficient
carrier movement and boosting solar cell performance.
However, when the number of shock pulses increased to
300, a noticeable morphological change was observed due to
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Fig. 18 CIE (x, y) chromaticity diagram of CdTe pre- and post-shock
wave exposure.
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Fig. 19 FE-SEM image of CdTe pre- and post-shock wave exposure with EDX spectrum.

shock wave-induced dynamic recrystallization.”® Shock waves
induce a molten state through rapid superheating above the
equilibrium melting point. This results in a premelting process
where the material enters an unstable molten-like phase,
followed by rapid cooling. During cooling, atoms crystallize at
higher energy sites due to insufficient time to reach lower-
energy configurations, initiating dynamic recrystallization and
structural transitions. CdTe has a lower thermal conductivity of
6.2 W mm~ K and diffusivity of 1.4 x 107" m? s *,°> making it
more susceptible to this process due to its slower heat
dissipation. Morphological changes occur as the material
transitions from a solid to a molten state and returns. This is
influenced by thermal conductivity; due to low thermal
conductivity prolongs local heating, facilitating premelting and
subsequent dynamic recrystallization. The transient pressure
and rapid thermal fluctuations play a crucial role in driving
these changes.” Interestingly, at 400 shock pulses, the
morphology reverted to its original layered form, indicating a
reconstructable phase transition driven by shock wave induced
dynamic recrystallization. These, enhanced by latent heat
absorption and release, stabilize the structure while modifying
predominant peak intensities, suggesting shifts in orientation
or crystallinity.””*® During this recovery, the rocksalt structure
reverts to the zincblende phase, and XRD results also show that
the peak intensities return to their original form, confirming

4662 | CrystEngComm, 2025, 27, 4649-4667

the restoration of the initial crystalline structure, which is the
zincblende structure. The morphology change at 300 shock
pulses further confirms the phase transition from zincblende to
rocksalt structure. At 400 shock pulses, the retained morphology
confirms the reconstructable phase transition from rocksalt to
the zincblende structure. Fig. 20 illustrates the 2D surface
profile of CdTe pre- and post-shock wave exposure. The 2D
surface profile images reveal that with CdTe, 100, and 200 shock
pulses, layer morphology with distinct sharp edges is visible.
However, at 300 shock pulses, the sharp edges disappear,
confirming the occurrence of dynamic recrystallization. By 400
shock pulses, the material's morphology shows signs of
recovery, with sharp edges reappearing, suggesting a regaining
of the original layered structure. The ability of shock-induced
dynamic recrystallization to restore the morphology suggests
that the shock wave treatment is an efficient method to tune
the material's properties. It is critical for its application, such as
in solar cells or other electronic devices.

Conclusion

This work provides valuable insights into the behavior of
structural, optical, and morphological properties of CdTe
under acoustic shock wave exposure. XRD and Raman
spectroscopy results reveal that CdTe undergoes a phase
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Fig. 20 2D surface profile of CdTe pre- and post-shock wave exposure.

transition from cubic-zincblende to cubic-rocksalt at 300
shock pulses, with a reconstructable nature of the phase
transition at 400 shock pulses, and cubic-rocksalt restored to
cubic-zincblende. This was further confirmed through
Rietveld refinement, which supported the shift in
crystallographic structure and enabled the calculation of
lattice constants and unit cell volume. The reconstructable
phase transition indicates the potential for tuning CdTe's
properties under controlled acoustic shock wave exposure.
Optical analysis showed a reduction in the bandgap at 300
shock pulses, indicating a change in CdTe's electronic
structure. However, after 400 shock pulses, the bandgap
returned to its original pre-shock wave value, highlighting
the material's ability to recover its original electronic
properties. PL emission also reflected this recovery, which
shifted at 300 shock pulses but returned to its original
position at 400 shock pulses, further supporting the
reconstructable phase transition. Additionally, the color
purity was calculated for CdTe pre- and post-shock wave
exposure; the color purity tends to increase at 300 shock
pulses and is reduced for 400 shock pulses, it returns to the
original value. It shows that acoustic shock waves are capable
of tuning the color purity of the sample. FE-SEM images
reveal that initially, CdTe obtained layered morphology, at
100 and 200 shock pulses, it remained the same, at 300

This journal is © The Royal Society of Chemistry 2025

shock pulses morphological changes were observed, which
were restored at 400 shock pulses, due to dynamic
recrystallization which reinforced the reconstructable phase
transition, overall, dynamic recrystallization plays a major
role in a reconstructable phase transition. These findings
highlight that acoustic shock waves can significantly induce
controlled structural modifications in CdTe, enhancing its
properties without permanent degradation. This approach
may improve the stability and efficiency of solar cells, with
the potential to reverse phase transitions and restore material
characteristics. Addressing degradation pathways is crucial
for ensuring long-term reliability in CdTe-based devices.
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