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ABSTRACT: The two-dimensional IV-monochalcogenides, such as lead sulfide (PbS), lead selenide (PbSe), and lead tellu-
ride (PbTe), represent a promising class of materials known for their remarkable optoelectronic properties. The calcu-
lated binding energies for the puckered phase were -4.25 eV for PbS, -4.20 eV for PbSe, and -3.02 eV for PbTe, indicating
strong stability in PbS and PbSe compared to PbTe. The electronic analysis showed that PbS exhibited a band gap of 1.01
eV, while PbSe had a slightly lower band gap of 0.70 eV. Under applied pressure, both materials demonstrated an in-
crease in band gap, rising to 1.90 eV for PbS and 1.32 eV for PbSe, suggesting enhanced semiconducting behavior. In con-
trast, PbTe displayed non-monotonic behavior in its band gap variation with pressure, reflecting its complex electronic
structure. Overall, PbS showed excellent potential for boosting solar cell efficiency, while PbSe confirmed its promise for
advanced photovoltaic device applications.
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1 Introduction

Space exploration has been entered in a new phase, with emissions focusing on more hostile and
severe environmental conditions such as frozen moons, underground oceans, and planet depths [1].
A major challenge is ensuring a consistent energy source for long-term operations in these condi-
tions. Traditional photovoltaic systems, which operate well on Earth, are limited when used on plan-
ets with strong atmosphere pressure and geological forces, such as Mars, or frozen moons like Europa
[2]. Europa’s subsurface oceans, for example, experience pressures exceeding 100 mega Pascal
(MPa), about 1000 times Earth’s sea level pressure [3]. Under such conditions, traditional Silicon-
based solar cells [4], which are heavy and rigid, or organic solar cells [5], which suffer lower efficiency
and stability, perform poorly. Even high-efficiency perovskite solar cells [4] and copper indium gal-
lium selenide (CIGS) solar cells [6,7] face challenges, such as manufacturing scalability, fluctuating
efficiency, and durability concerns [4] under these intense conditions. As a result, there is a pressing
need for new solar materials that are affordable, lightweight, flexible, and highly efficient under high
pressure.

The IV-monochalcogenides have attracted strong attention for their application as for solar cells
materials, particular in space technology. Numerous theoretical studies [8-10] have demonstrated
that two-dimensional IV-monochalcogenides exhibit unique combination of properties, making them
attractive candidates for advanced solar cells and optoelectronic technologies in space. For instance,
Xu and colleagues [10] used density-functional theory and many-body perturbation theory to explore
the electronic and optical properties of monolayer group-IV monochalcogenides (MX), where M = Ge,
Sn and X =S, Se, Te. Their analysis revealed that the estimated carrier mobility, ranging from 103 to
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105 cm? V-1 s-1, rival those of phosphorene, as modeled through phonon-limited scattering. This mo-
bility makes them well-suited for optoelectronics applications. DFT calculations performed by Xu et
al. [10] revealed that GeSe monolayers possess a direct band gap of 1.66 eV, making them highly
suitable for optoelectronic applications. Similarly, Peng et al. [11] conducted first-principles simula-
tions to investigate the electronic properties of SnS and SnSe monolayers, providing insights into
their potential use in advanced electronic devices. Furthermore, Dai et al. [12] utilized ab initio mo-
lecular dynamics (AIMD) to study a series of [V-VI monochalcogenide monolayers, including GeS,
GeSe, GeTe, SnS, and SnTe. Their calculated band gaps were 3.27 eV for GeS, 3.00 eV for GeSe, 2.38 eV
for GeTe, 2.87 eV for SnS, and 2.46 eV for SnTe, demonstrating a broad range of electronic tunability
among these materials. Despite these promising characteristics and their potential for photovoltaic
applications, subsequent studies [13] highlighted that several challenges remain in optimizing their
performance for practical device implementation.These include limitations in efficiency, scalability
in manufacturing, and concerns regarding long-term stability under environmental conditions. Spe-
cifically, Sn-based materials may struggle with low absorption coefficients and poor carrier mobility,
while Ge-based materials issues related to high cost and limited availability.

Lead sulfide (PbS) [14], lead Selenide (PbSe) [15], and lead telluride (PbTe) [16], also part of the
two-dimensional IV-monochalcogenide family, have sparked considerable attention due to their
promising applications in solar energy. Multiple theoretical studies [17-20] have shown the proper-
ties found in PbS, PbSe, and PbTe, making them suitable for solar cells and optoelectronic technology
[20]. Significant research has been devoted to exploring the features of PbS, PbSe, and PbTe. Boukha-
ris et al. [21] investigated the structural properties of PbS, PbSe, and PbTe using the full-potential
linear augmented plane wave (FP-LAPW) method. In an experimental study, Stewart et al. [16] ex-
amined p-type PbTe as an ohmic contact to CdTe, PbS and PbSe in particular, offer excellent perfor-
mance with their adjustable band gaps. Time-resolved photoluminescence measurements indicated
significant improvements in photocarrier lifetime, leading to enhanced power conversion efficiency,
primarily due to an increased fill factor [18]. Haq et al. [22] found that monolayers of lead-chalcogen-
ides (PbX, X =S, Se, T) demonstrated improved thermoelectric performance at room temperature,
especially for PbTe, indicating promise for nanoscale thermoelectric applications. Ye et al. [13] em-
ployed density functional theory (DFT) calculations combined with optical analysis to investigate
few-layer PbSe sheets. Their study revealed a blue-shifted band gap resulting from quantum confine-
ment effects, leading to an enhanced and advantageous optical band gap.

Furthermore, studies [23-26] have highlighted the significant influence of external pressure on
the electronic properties of two-dimensional chalcogenide materials. In [23], the application of ex-
ternal pressure to two-dimensional transition metal chalcogenides enabled precise tuning of their
electronic band gaps, demonstrating pressure as an effective tool for modifying material properties.
Similarly, investigations in references [24,25] on 2D monochalcogenides revealed a pressure-in-
duced transition from semiconducting to metallic behavior, indicating the potential for phase and
property control through external stress. Moreover, Sohrabikia et al. [20] explored PbS and PbSe
monochalcogenides under varying pressure conditions and observed a significant non-linear change
in their band gaps. These findings suggest that pressure modulation can be strategically employed to
optimize material properties for advanced energy and space technology applications.

This research work highlights a clear and robust link between applied stress and the changes
observed in their structural, and electronic properties PbS, PbSe, and PbTe [20]. The impact of vary-
ing pressure on the 2D PbS, PbSe, and PbTe in puckered structure is rarely reported, hence leaving
room for further exploration, particularly for space technology applications.

Building on these compelling discussions for 2D monolayers PbS, PbSe, and PbTe under varying
pressure conditions underscores the importance of conducting further investigations into their be-
havior, particularly in high-pressure environments, to achieve a more comprehensive understanding
of their properties. Therefore, this work aims to examine the electronic and optical properties of two-
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dimensional IV-monochalcogenides PbS, PbSe, and PbTe under increasing pressure, utilizing DFT
calculations to enhance the efficiency for solar cells in space technology.

2 Computational Details

The computational work was performed using the Cambridge Serial Total Energy Package
(CASTEP) [26-28]. First-principles calculations based on Density Functional Theory (DFT) were em-
ployed, utilizing ultra-soft pseudopotentials for accurate electronic structure representation. The rel-
ativistic effects were treated using the Koelling-Harmon approach, while the exchange-correlation
interactions were described by the Generalized Gradient Approximation (GGA) with the Perdew-
Burke-Ernzerhof (PBE) functional [29]. Geometry optimization was carried out to relieve external
stress in the system [30]. The convergence criteria were set such that the Hellmann-Feynman forces
were less than 0.03 eV/A, and the total energy change was below 1 x 10-5 eV. The overall calculation
quality was defined as “medium” in the CASTEP settings, with a plane-wave cut-off energy of 489 eV
and a self-consistent field (SCF) accuracy of 1 x 10-¢ eV

The structural configurations of PbS, PbSe, and PbTe were modeled in three distinct geometries:
puckered, buckled, and planar structures as shown in Figure 1. For the puckered configuration, all
three materials (PbS, PbSe, PbTe) were constructed following methodologies detailed in Refs. [31],
while the buckled structures were developed based on Ref. [31,32]. The planar structures for these
materials were generated using parameters from Ref. [33]. Computational setups included a 22 A
vacuum layer to minimize interlayer interactions and a 4 x 4 x 1 supercell to ensure adequate repre-
sentation of periodic boundary conditions, consistent across all configurations. This systematic ap-
proach facilitates comparative analysis of structural properties across different geometries.

The binding energy (B.E.) for puckered, buckled, and planar phases of PbX (X =S, Se, Te) mono-
layers was uniformly calculated using the formula,

B.E = Epbxep — n[EPb[atom] - EX[atom)] (1)

Eppx2p represents the total energy of the PbX monolayer, n denotes the number of atoms in the
unit cell, and E pp(atom), Ex(atom) cOrrespond to the energies of isolated Pb and X atoms, respectively. The
thermodynamic stability of each phase was determined by comparing binding energies across con-
figurations, with the lowest B.E. identifying the most stable structure. Dynamic stability was rigor-
ously assessed through phonon dispersion analysis, requiring the absence of imaginary frequencies
in the spectra to confirm structural integrity. This dual evaluation, thermodynamic stability via en-
ergy minimization and dynamic stability via vibrational robustness, ensured a comprehensive vali-
dation of the PbX monolayers’ viability. The consistent methodology across all phases enabled sys-
tematic comparisons, highlighting the interplay between structural geometry and stability in these
2D systems.
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Figure 1: Schematics of 2D Pb-monochalcogenides (PbX; X= S, Se, Te), (a) puckered along armchair, (b) buck-
led, and (c) planar forms.

3 Results and Discussion
3.1 Structural Stability

Fig. 2 shows that structural and energetic properties of PbX (X = S, Se, Te) monolayers across
three phases, puckered (Pmna21), buckled (P3m1), and planar (P6m2), revealing notable trends and
are in good agreement with reported values [30,31]. The structural behavior of puckered, buckled,
and planar phases reveals distinct trends in lattice constants, bond lengths, and binding energies, as
illustrated in Fig. 2a, Fig. 2b, and Fig. 2c, respectively.

The puckered phase is characterized by anisotropic lattice parameters (a # b), especially for ligh
ter chalcogens like S and Se, which exhibit a more pronounced rectangular distortion. For instance,
PbS in the puckered form shows a = 3.735 A and b = 4.88 A, whereas PbTe displays nearly square
symmetry with a = b = 4.61 A. This contrasts with the buckled phase, which maintains isotropic lattice
constants (a = b) but with smaller values overall; notably, PbTe in this configuration has a reduced
constant of 3.284 A, deviating from the general increasing trend with chalcogen size. The planar
phase presents the largest isotropic lattice constants across all chalcogenides, reaching up to 5.36 A
for PbTe, indicating substantial in-plane expansion due to its flat geometry.
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Figure 2: Calculted (a) lattice constant a, (b) bond lengths, and (c) binding energies of 2D Pb-monochalcogen-
ides (PbX; X =S, Se, Te) in puckered, buckled, and planar phases.

As depicted in Fig. 2b, the bond lengths further distinguish these phases. The puckered structure
provides the shortest average bond lengths, particularly for PbS (2.54 A) and PbSe (2.688 A), signi-
fying stronger covalent bonding driven by the corrugated atomic arrangement. In contrast, the buck-
led phase shows more variable bond lengths. While PbS (2.53 A) and PbSe (2.66 A) in the buckled
phase are comparable to their puckered counterparts, PbTe exhibits a significantly elongated bond
length of 3.22 A, likely due to the increased separation induced by out-of-plane buckling. The planar
structures consistently show longer bond lengths than the puckered forms; for instance, planar PbS
has a bond length of 2.678 A, implying weaker orbital overlap due to the flattened atomic arrange-
ment.

The binding energy data, shown in Fig. 2c, reflect the relative thermodynamic stability of each
phase. The puckered configuration proves most stable for lighter chalcogens, with PbS and PbSe
showing high negative binding energies of -4.25 eV and -4.20 eV, respectively. This is attributed to
favorable directional bonding and strain relief in their anisotropic geometries. However, the stability
of puckered PbTe decreases to -3.02 eV due to less effective bonding. Interestingly, the buckled phase
is less stable than the puckered phase for PbS and PbSe (with values of -2.68 eV and -2.94 eV), but
it becomes nearly as stable as the puckered form for PbTe (-3.01 eV), indicating that the structural
flexibility of the buckled configuration can better accommodate the larger Te atoms. Planar phases
fall in between, showing intermediate stability (PbS: -3.90 eV; PbSe: -2.90 eV; PbTe: -2.60 eV),
though their flatness may introduce undercoordinated sites or electronic delocalization that slightly
weakens bonding. Overall, these results underscore a clear size and phase-dependent trend, where
puckered phases dominate for small chalcogens, buckled phases adapt better to larger atoms, and



1072 Chalcogenide Lett. 2025;22(12)

planar phases, while least stable, might still hold promise due to their symmetry-driven electronic
properties.

3.2 Electronic Band Structure

The electronic properties of two-dimensional lead chalcogenide monolayers were analyzed us-
ing the GGA (PBE) approach under progressively increasing pressure conditions [34]. The 2D PbS
monolayer exhibited an indirect band gap of 1.01 eV, with the valence band maximum (VBM) located
at the X-point and the conduction band minimum (CBM) at the Y-point. This value was found to be
greater than the 0.23 eV band gap of the three-dimensional PbS-NaCl structure [19], as shown in Fig.
3a. Similarly, the 2D PbSe monolayer showed an indirect band gap of 0.70 eV, where both the VBM
and CBM were situated at the X-point, closely matching previously reported data [19], as illustrated
in Fig. 3b. In contrast, the 2D PbTe monolayer displayed metallic behavior with no observable band
gap, as presented in Fig. 3c. Overall, the applied analysis method effectively characterized the Fermi
surface shape and revealed distinct electronic transitions among the PbS, PbSe, and PbTe monolayers
[20].
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Figure 3: The calculated band structure of 2D-monochalcogenides (a) PbS, (b) PbSe, (c) PbTe.

The band structure of PbS material under increasing pressure is presented in Fig. 4, which shows
that a significant upsurge in electronic band gap occurs as pressure varies from 0 to 50 GPa. The band
gap experiences a sharp increase from 1.188 eV at 5 GPa to 1.904 eV at 50 GPa. The observed increase
in the band gap with pressure is likely due to the heightened effective potential experienced by elec-
trons, caused by closer interlayer spacing and larger atomic constants, which necessitates greater
energy for electrons to move from the valence band to the conduction band. Furthermore, the appli-
cation of pressure compresses the electronic wave functions, resulting in a notable change to electron
density distribution with decrease in state overlap and, consequently increased band gap. Prior DFT
analyses have reported an enhancement in the band gap of KBNO3 with increasing pressure [35].
Additionally, atomic orbital interactions played a crucial role, as pressure directly impacted the s-p
orbital splitting and reduced the p-p orbital overlap. This alteration increased the energy separation
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between the conduction band (CB) and the valence band (VB), resulting in a larger band gap. Sec-
ondly, the exciton binding energy was enhanced under pressure due to stronger Coulomb interac-
tions between ions, which further contributed to the band gap increase. Lastly, pressure reduced the
effective width of the quantum well, thereby intensifying the quantum confinement effect. This en-
hanced confinement led to an additional increase in the band gap, highlighting the combined influ-
ence of orbital interactions, excitonic effects, and confinement on the pressure-dependent electronic
properties of the material.
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Figure 4: The calculated band structure of 2D-monochalcogenides PbS under varying pressure from 0 to 50
GPa. Subfigures (a) through (j) correspond to the band structures at specific pressure points: (a) 0 GPa, (b) 5
GPa, (c) 10 GPa, (d) 15 GPa, (e) 20 GPa, (f) 25 GPa, (g) 30 GPa, (h) 35 GPa, (i) 40 GPa, and (j) 50 GPa. The
progressive changes illustrate the pressure-induced modifications to the band gap and electronic dispersion,
potentially indicating a topological phase transition or a direct-to-indirect band gap crossover. The Fermi level
issetat0eV.

At 0 GPa, PbSe has a band gap of 0.70 eV, as shown in Fig. 5a. As pressure rises, the band gap
increases steadily, reaching 1.325 eV at 50 GPa. An identical inverse behavior between an energy gap
of 2D-WSe; and applied pressure was reported by Shen et al. [25] by using the DFT approach. This
gradual upsurge indicates that higher pressure strengthens bonding interactions, leading to a wider
band gap. The increased band gap with increasing pressure can be attributed to multiple factors. The
applied pressure may shift energy levels within the conduction band, pushing these states higher and
widening the band gap.
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Figure 5: The calculated band structure of 2D-monochalcogenides PbSe under varying pressure from 0 to
50 GPa. Subfigures (a) through (j) correspond to the band structures at specific pressure points: (a) 0 GPa, (b)
5 GPa, (c) 10 GPa, (d) 15 GPa, (e) 20 GPa, (f) 25 GPa, (g) 30 GPa, (h) 35 GPa, (i) 40 GPa, and (j) 50 GPa. The
progressive changes illustrate the pressure-induced modifications to the band gap and electronic dispersion,
potentially indicating a topological phase transition or a direct-to-indirect band gap crossover. The Fermi level
issetat0eV.

Additionally, pressure can weaken interlayer interactions in materials. When pressure weakens
these interlayer interactions, it reduces the overlap of electronic wave function between the layers,
leading to more isolated electronic state. This isolation increases the localization of electrons within
each layer, which makes the energy level in conduction and valance band more distinct and ulti-
mately enhancing the energy difference between the conduction and valence bands [36]. Further-
more, the application of increased pressure can introduce strain within the crystal lattice, disrupting
atomic positions. Such disturbances may distort atomic orbitals and shift the band edge, conse-
quently increasing the band gap as strain alters the electronic environment of the material. Pressure
can also impact various crystallographic directions differently. Anisotropic compression can lead to
non-uniform changes in the band gap, potentially resulting in an overall increase, as some directions
may experience more compression and contribute more significantly to the electronic band structure
than others.
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Figure 6: The calculated band structure of 2D-monochalcogenides PbTe under varying pressure from 0 to
50 GPa. Subfigures (a) through (j) correspond to the band structures at specific pressure points: (a) 0 GPa, (b)
5 GPa, (c) 10 GPa, (d) 15 GPa, (e) 20 GPa, (f) 25 GPa, (g) 30 GPa, (h) 35 GPa, (i) 40 GPa, and (j) 50 GPa. The
progressive changes illustrate the pressure-induced modifications to the band gap and electronic dispersion,
potentially indicating a topological phase transition or a direct-to-indirect band gap crossover. The Fermi level
issetat0eV.

As the applied pressure increased from 0 to 50 GPa, the band gap of the material showed a no-
ticeable rise from 0 eV to 0.374 eV as shown in Figure 6. This behavior is characteristic of semicon-
ductors and semimetals, where the band gap typically increases in the initial stages of compression.
Under higher pressure, the density of defect states within the band gap was significantly reduced,
indicating that the material was driven toward a more ordered and stable configuration. Additionally,
the number of electronic states near the Fermi level decreased, meaning fewer mid-gap states were
available for electronic transitions. Overall, these combined effects, reduced defect density, fewer
available electronic states, and the inherent semiconducting response to pressure, led to an effective
widening of the band gap.

When a pressure of 20 GPa was applied, the band gap of the material decreased to 0.290 eV. This
reduction was primarily attributed to a slight reconfiguration in the electronic structure caused by
lattice compression. The applied pressure led to a decreased distance between Pb and Te atoms,
which enhanced the orbital overlap due to their increased atomic proximity. As a result, the energy
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separation between the conduction band (CB) and valence band (VB) was reduced, lowering the en-
ergy required for electron transitions. Overall, the combined effects of lattice compression and en-
hanced orbital overlap resulted in a noticeable contraction, or narrowing, of the band gap. In addition,
the applied pressure fosters increased electron delocalization throughout the lattice, which dimin-
ishes the differences between energy levels and consequently reduces the band gap. As pressure in-
creases, structural distortions arise that shift atomic positions and modify the bonding environment,
thereby decreasing the band gap. Besides this, the application of pressure had a pronounced effect
on the electronic structure of the material, primarily through its influence on atomic bonding and
orbital interactions. Compression of the Pb-Te bond lengths intensified the interaction between
bonding and anti-bonding states, thereby decreasing the energy difference between them and result-
ing in alower band gap energy. Additionally, pressure-induced lattice distortions caused a downward
shift in the conduction band minimum (CBM) and compressed the energy states near the band edges,
which further reduced the energy separation between the conduction and valence bands. Enhanced
Pb-Te orbital hybridization under pressure strengthened the interaction between the conduction
band (CB) and valence band (VB), contributing to a further narrowing of the band gap. Moreover, the
weakening of Ge-Te covalent bonds directly reduced the energy separation between bonding and
anti-bonding states, reinforcing the overall trend of band gap narrowing with increasing pressure.

After the application of 20 GPa pressure, the band gap exhibited a gradual increase, indicating
that the material began to recover after reaching its minimum value at this pressure, as shown in Fig.
5. Upon further compression, the band gap continued to increase due to structural adjustments
within the material. These adjustments involved modifications in bond lengths and atomic arrange-
ments, which contributed to the widening of the band gap. Overall, the observed trend highlights the
material’s ability to undergo electronic structure recovery through pressure-induced structural re-
configuration, as illustrated in Fig. 5.

So, these pressure-induced transitions arise from orbital hybridization, electron delocalization,
and bond length variation, confirming that controlled compression can tune the semiconducting na-
ture of Pb-chalcogenide monolayers. Among them, PbSe demonstrates an optimal balance between
structural stability and electronic tunability, making it the most promising material for next-genera-
tion optoelectronic and photovoltaic applications under extreme conditions.

4 Conclusions

This study presents a comprehensive first-principles investigation of two-dimensional lead
monochalcogenides PbX (X =S, Se, Te) using the CASTEP code within the GGA-PBE approximation.
The puckered, buckled, and planar configurations were systematically modeled to examine the influ-
ence of atomic geometry and external pressure on stability and electronic properties. The optimized
structures reveal that the puckered phase exhibits the greatest thermodynamic stability, with bind-
ing energies of -4.25 eV (PbS), -4.20 eV (PbSe), and -3.02 eV (PbTe), confirming their energetic fa-
vorability over the buckled and planar phases. The corresponding bond lengths follow the order PbS
(2.54 A) < PbSe (2.688 A) < PbTe (3.22 A), consistent with increasing atomic radius and lattice ex-
pansion. Phonon dispersion confirmed the dynamic stability of all structures through the absence of
imaginary frequencies.Electronic structure analysis indicates indirect band gaps of 1.01 eV for PbS
and 0.70 eV for PbSe, while PbTe exhibits metallic behavior at ambient conditions. Under hydrostatic
compression up to 50 GPa, the band gap of PbS increases from 1.188 eV to 1.904 eV, and that of PbSe
rises from 0.70 eV to 1.325 eV, demonstrating strong pressure-induced semiconducting enhance-
ment. PbTe shows a non-monotonic response, with the gap decreasing to 0.290 eV at 20 GPa and
recovering to 0.374 eV at 50 GPa, reflecting a semiconductor-semimetal transition driven by orbital
hybridization and lattice rearrangement. Overall, the results confirm that structural anisotropy and
external pressure play decisive roles in tuning the optoelectronic properties of 2D PbX systems.
Among all, PbSe demonstrates the most balanced combination of structural stability and band gap
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tunability, making it a promising candidate for high-efficiency optoelectronic and photovoltaic appli-
cations in high-pressure or extraterrestrial environments.
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