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ABSTRACT

This study presents a comprehensive comparative analysis of the elastic, electronic, optical, and dynamic properties of lead chalcogenide semi-
conductors, lead sulfide (PbS) and lead selenide (PbSe), using density functional theory calculations. The structural stability and mechanical
behavior were evaluated through elastic constants, revealing contrasting anisotropy and stiffness profiles. Electronic band structures and den-
sity of states highlighted significant differences in bandgap characteristics and carrier mobility potential. Optical investigations, including
photoconductivity, absorption coefficient, reflectivity, and dielectric functions demonstrated PbSe’s superior responsiveness in the ultravi-
olet range, while PbS exhibited more subdued optical activity, making it better suited for infrared applications. Dynamic properties such as
phonon dispersion and density of states provided insights into lattice vibration modes and thermal transport tendencies. These multi-property
comparisons underscore the functional versatility of PbS and PbSe and guide their suitability for optoelectronic, thermoelectric, and photonic
applications.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0293548

I. INTRODUCTION

Lead chalcogenides, especially lead sulfide (PbS) and lead
selenide (PbSe), have emerged as critical materials in thermoelectric,
optoelectronics, and infrared (IR) technologies due to their semi-
conducting properties, narrow bandgaps, and favorable transport
characteristics.' ” These compounds crystallize in a cubic rock salt
(B1) structure and possess direct bandgaps at the L-point of the
Brillouin zone, ~0.29 eV for PbS and 0.27 eV for PbSe at room
temperature.” Their large dielectric constants and high exciton Bohr
radii enable strong quantum confinement effects in nanostructured
systems.’

Pioneering work by Cohen and Chelikowsky laid the
groundwork in 1985, with investigations into band structures,
densities of states, and x-ray photoemission spectra.” More
recently, Wei and Zunger employed the Linearized Augmented
Plane Wave (LAPW) method,”* using both the Local Den-
sity Approximation (LDA)’ and the Generalized Gradient

Approximation (GGA-PBE),'’ to study lead chalcogenides in depth,
capitalizing on modern high-performance computing systems to
achieve accurate predictions.'’

To improve performance and discover novel thermoelec-
tric candidates, numerous studies have explored fundamental lat-
tice dynamics. Experimental results revealed that PbS and PbSe
exhibit strongly anharmonic behavior,” ” thermally induced atomic
distortions,””"* and phonon scattering mechanisms, confirmed
both experimentally and via molecular dynamics simulations.'? Off-
centering of Pb cations has also been observed even at moderate
temperatures,”’ although the precise magnitude remains under
debate.'?

Band convergence, a key factor in improving thermoelectric
efficiency, has been widely studied,'* '® and thermal disorder’s
impact on electronic band structures has also been modeled."”
First-principles Density Functional Theory (DFT) simulations'’
have contributed significantly to understanding the electronic
structure,'®"” lattice dynamics, and thermal conductivity.m  In
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addition, several studies have analyzed the effects of pressure”"*’ and
temperature”’n25 on material properties.

Despite this wealth of work, many DFT studies rely on fixed
lattice constants derived from experiment, which may not reflect
the actual equilibrium geometry at varying temperatures. Since
the lattice constant is sensitive to the choice of the functional,
such approximations can misrepresent thermal states—especially in
high-temperature thermoelectric systems such as PbTe. It is essen-
tial, therefore, to incorporate temperature effects explicitly to more
accurately describe the material behavior.

This study presents a comprehensive comparative analysis of
the elastic, electronic, optical, and dynamic properties of PbS and
PbSe using DFT. By uncovering deeper structure-property relation-
ships, we aim to guide the intelligent design of energy and sensing
materials for next-generation technologies.

Il. METHODOLOGY

Density Functional Theory (DFT) calculations were per-
formed to investigate the elastic, electronic, optical, and dynamic
properties of PbS and PbSe crystals. All simulations were car-
ried out using the CASTEP module within the Materials Stu-
dio suite, employing a plane-wave pseudopotential approach. The
Perdew-Burke-Ernzerhof (PBE) form of the Generalized Gra-
dient Approximation (GGA)!" was selected due to its proven
balance between accuracy and computational efficiency for lead
chalcogenides.”'” Norm-conserving pseudopotentials were used for
Pb, S, and Se atoms. A plane-wave cutoff energy of 244.9 eV
ensured reliable convergence of the total energy and stress ten-
sors. A Monkhorst-Pack grid of 2 x 2 x 2 points was adopted
for the primitive cubic cell of both PbS and PbSe to sample elec-
tronic states.”’ Both compounds were fully relaxed until the forces
on each atom were below 0.01 eV/A, with energy convergence set to
1 x 107° eV per atom. Optimization included both ionic positions
and lattice parameters, calculated using finite-strain theory with
applied deformations followed by stress analysis. The resulting stiff-
ness tensor Cj was used to derive bulk modulus, shear modulus,
Poisson’s ratio, and anisotropy indices. Band structure and density
of states (DOS) were extracted along high-symmetry paths in the
Brillouin zone. The calculated bandgaps and DOS profiles enabled
assessment of carrier mobility and optoelectronic performance.
Real and imaginary parts of the dielectric function, reflectivity,
absorption coefficient, and energy-loss spectra were computed using
the linear response formalism within CASTEP. Dynamic proper-
ties were derived using Density Functional Perturbation Theory
(DFPT), enabling the analysis of lattice vibrations, phonon group
velocity, and Debye temperature.”**

Ill. RESULTS AND DISCUSSION

A. Electronic band structure and density
of states (DOS)

Figure 1 shows the electrical band structures of PbS and PbSe
and Fig. 2 presents the adjusted energy range for band structure
comparison for PbS and PbSe, determined using Density Functional
Theory (DFT). Both materials show semiconducting properties,
with indirect bandgaps. PbS and PbSe are indirect bandgap semi-
conductors. PbS has an indirect bandgap of ~0.45 eV, with the
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FIG. 1. The electrical band structures of PbS and PbSe.
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FIG. 2. Adjusted energy range for band structure comparison for PbS and PbSe.

conduction band minimum (CBM) located at the R-point and the
valence band maximum (VBM) situated between the G and M
points. Similarly, PbSe also exhibits an indirect bandgap, with the
CBM and VBM located at distinct k-points along the Brillouin zone,
resulting in a slightly lower bandgap of around 0.37 eV. These fig-
ures confirm the narrow-bandgap semiconductor properties of these
lead chalcogenides and are in line with earlier theoretical reports.”*”’
The p-orbitals of the chalcogen atoms (S and Se) in both com-
pounds are the main source of the valence bands, while the lead
(Pb) p-orbitals dominate the conduction bands. PbSe exhibits a
somewhat higher carrier mobility than PbSe due to a more promi-
nent dispersion near the Fermi level. These electrical characteristics
demonstrate how PbS and PbSe’s adjustable band topologies and
appropriate bandgaps make them promising for optoelectronic and
thermoelectric applications.

The total density of state (DOS) and partial density of states
(PDOS) of PbS and PbSe are illustrated in Fig. 3, providing detailed
insights into the contributions of various atomic orbitals to the elec-
tronic structure near the Fermi level. The DOS plot for PbS shows a
significant total DOS peak around —20 eV, primarily due to the Pb-
5d orbitals, as indicated in the lower PDOS panel. These deep-lying
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states are well separated from the valence and conduction bands
and do not participate directly in the electronic transitions near the
Fermi level. The S-3p orbitals (middle panel) dominate the valence
band region between —8 and 0 eV, while the Pb-6p states make a
major contribution near the conduction band minimum (CBM).
The S-3s states appear around —15 eV, indicating their deep-core
nature, and the Pb-6s orbitals contribute slightly below the Fermi
level. The Fermi energy is aligned at 0 eV, with no states crossing
it, confirming the semiconducting nature of PbS. The strong overlap
between S-3p and Pb-6p orbitals near the Fermi level reflects a strong
p-p hybridization, which governs the electronic transport behav-
ior of PbS. For PbSe, a similar electronic configuration is observed.
A sharp peak in the total DOS around —15 eV corresponds to the
localized Pb-5d orbitals. The Se-4p orbitals, similar to the sulfur
counterpart in PbS, dominate the valence region just below the
Fermi level, especially from —5 to 0 eV. The conduction band edge

is primarily formed by the Pb-6p states, with minor contributions
from Pb-6s. The DOS analysis confirms that the valence band edges
are mainly derived from the anion p-orbitals (S-3p and Se-4p), while
the conduction band edges originate from the Pb-6p orbitals. The
strong p-p hybridization and semiconducting nature of both PbS
and PbSe make them promising candidates for optoelectronic and
thermoelectric applications.

B. Dynamic properties

For PbS (lead sulfide), the dispersion graph (Fig. 4) shows
acoustic branches that begin at zero frequency at the G point, grad-
ually increasing along the symmetry paths (X-R-M-G-R). The
optical phonon modes reach up to ~7 THz, suggesting strong
interatomic forces and relatively stiff Pb-S bonds. The separation
between acoustic and optical branches is distinct, which typically

FIG. 4. Phonon dispersion curves of PbS
and PbSe.
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FIG. 5. Vibrational density of states (VDOS) of PbS and PbSe.

points to minimized phonon scattering and potential for good ther-
mal conductivity. As shown in Fig. 4, PbSe (lead selenide) exhibits
a more subdued phonon activity. The acoustic modes rise slowly in
frequency, and optical branches reach only about 4.5 THz. Notably,
certain regions of the dispersion curve for PbSe reveal imaginary
frequencies (represented as negative values).

In Fig. 5, PbS presents a prominent peak in DOS around 6 THz,
indicating a high density of optical phonon modes contributing at
that frequency. This confirms the relatively high frequency nature
of its phonon modes and potential for vibrational energy disper-
sion. PbSe, however, has a lower and broader peak at ~2 THz,
signifying a heavier contribution from low-frequency vibrations.
PbS demonstrates stronger lattice vibrations and stiffer bonding
characteristics, with phonon modes concentrated at higher frequen-
cies. PbSe shows signs of instability and softer lattice dynamics,
reflected in its broader and lower DOS profile. These vibrational
properties influence key material characteristics such as thermal
conductivity, specific heat capacity, and electron-phonon interac-
tions, making phonon analysis essential for tailoring these materials
in optoelectronic or thermoelectric applications.

We observed the presence of imaginary frequencies in the
phonon spectrum of PbSe, particularly in certain regions of the
dispersion curve. These imaginary frequencies are indicative of
potential lattice instabilities, suggesting that PbSe may experience
softening of its lattice under certain conditions. Such instabilities
could affect the material’s mechanical stability, which is crucial for
its performance in practical applications. The implications of these
phonon modes on PbSe’s structural integrity and its long-term relia-
bility in optoelectronic devices warrant further investigation. Future
work should focus on understanding the temperature and pressure
dependence of these imaginary frequencies and exploring potential
strategies to mitigate their impact on the material’s stability.

C. Photoconductivity

As shown in Fig. 6, PbSe exhibits significantly stronger pho-
toconductive responses than PbS, especially in the 30-50 eV range,
where its conductivity peaks surpass nine arbitrary units. This
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FIG. 6. Photoconductivity spectra of PbS and PbSe.

indicates that PbSe has a highly efficient mechanism for excit-
ing charge carriers and a favorable band structure for absorbing
high-energy photons. Its strong sensitivity in the extreme ultravi-
olet (EUV) region makes it well suited for advanced applications
such as high-energy photodetectors and x-ray sensing devices. In
contrast, PbS shows a weaker and more diffuse photoconductive
response, suggesting lower charge carrier mobility or shorter car-
rier lifetimes after excitation. This reduced activity implies that PbS
is more appropriate for low-energy applications such as infrared
detection. The stark difference in their photoconductive behavior
highlights the critical role of material selection based on the desired
spectral range and confirms PbSe’s superiority for high-energy
optoelectronic technologies.

D. Refractive index

Figure 7 presents the energy-dependent refractive index and
extinction coefficient of PbS and PbSe. The real part of the refrac-
tive index n(w) and the extinction coefficient k(w) of PbS and
PbSe exhibit contrasting optical behaviors. Initially, PbSe displays
a higher refractive index (~7 at 0 eV) than PbS (~6.5), although
both materials gradually decrease and stabilize around 2.5 beyond
40 eV, suggesting diminished optical dispersion and reduced bound
electronic contributions. The extinction coefficient, which indicates
the degree of light absorption, begins at a high value for both
materials—~3.5 for PbSe and ~2.5 for PbS—but also trends down-
ward with increasing photon energy, stabilizing near 0.5 past 40 eV.
These trends highlight that while PbSe has stronger initial optical
confinement and absorption characteristics, both compounds con-
verge in behavior at high energies, making them suitable for tailored
optoelectronic applications across infrared and ultraviolet regimes.

E. Reflectivity and loss function

As shown in Fig. 8, PbSe exhibits notably stronger reflectiv-
ity, reaching a peak value close to 0.8 around 40 eV, whereas PbS
remains below 0.4 throughout the range, with only subtle features.
This difference suggests that PbSe has a much higher surface reflec-
tivity and potentially stronger light-electron interaction than PbS,
especially in the high-energy region. Complementary to this, the
energy loss function L(w), which represents the energy loss of fast
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electrons traversing the material, shows a sharp and dominant peak
near 40 eV for PbSe, approaching values close to 100. In contrast,
PbS’s loss peak is significantly weaker and remains below 20, indi-
cating lower plasmonic activity. Together, these observations imply
that PbSe has stronger collective electronic oscillations (plasmons)
and is more optically active, making it a more promising candidate
for plasmonic and photonic applications in the extreme ultraviolet
regime. PbS, while still viable, may be less effective in high-energy
light management technologies where strong reflectivity and loss
characteristics are required.

F. Dielectric function

Figure 9 shows the real and imaginary components of the
dielectric function for PbS and PbSe. For the real dielectric constant
(), both materials begin with high values, ~40 for PbS and slightly
higher for PbSe, indicating strong polarization under an electric field
at low energies. As energy increases, &:(w) rapidly decreases, stabiliz-
ing near zero beyond 20 eV, which marks the diminishing ability
of these materials to sustain bound electronic states. This decline
is indicative of the material’s transition from a dispersive medium
to a more absorptive regime. The imaginary part of the dielectric

constant & (w), associated with absorption, similarly shows high ini-
tial values (about 25 for PbS, marginally higher for PbSe), but falls
sharply with increasing energy. This trend suggests that both PbS
and PbSe experience significant optical absorption at lower photon
energies, making them effective in photovoltaic and infrared sensing
applications. PbSe’s slightly greater values in both real and imaginary
components reflect its stronger dielectric response overall, suggest-
ing better suitability for high-performance optoelectronic devices.
Together, the dielectric profiles of PbS and PbSe point to their poten-
tial for energy harvesting and photonic applications. PbSe’s stronger
dielectric behavior could make it the preferred candidate in designs
requiring a high refractive index and absorption efficiency.

G. Absorption coefficient

Figure 10 presents the optical absorption coefficient spectra
of PbS and PbSe. PbSe demonstrates markedly higher absorption,
with pronounced peaks particularly evident around 40 eV, reach-
ing up to ~6 x 10° arbitrary units. In contrast, PbS exhibits more
moderate absorption, with values ranging from about 1 x 10° to
2 x 10%, and a smoother spectral profile. These variations suggest
that PbSe has a stronger capability for photon absorption, likely due
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FIG. 10. Optical absorption coefficient spectra of PbS and PbSe.

to its favorable band structure and higher transition probabilities.
Such enhanced absorption implies PbSe’s suitability for applications
requiring efficient light detection and conversion such as ultraviolet
photodetectors and high-energy optical devices. On the other hand,
the gentler absorption characteristics of PbS may be advantageous
in infrared detection or in systems where reduced photon interac-
tion is desired. This comparative analysis underscores the distinct
optoelectronic potentials of each material.

H. Elastic properties

The strength and compressibility of material are defined by
its elastic properties when submitted to a given amount of external
pressure. In this study, due to their cubic system, the materials have
only three independent elastic parameters (Cy1, C12, and Cyy) for PbS
and PbSe. We have applied the method, and the combinations of

this study, which is predictive, have been compared to other theo-
retical calculations. Our results have been compared with the values
found in the literature. Three separate elastic constants, C;, Ci2, and
Cys, can be calculated by applying appropriate lattice distortions to
a cubic lattice. To calculate the elastic constants, the following three
equations are used:

By = (C11 + 2C12)/3,

1
AEpomy = g(cll +2Cpp + 4C44)Vo52,

AEtetm = (Cll - Clz) V082.

The bulk modulus By is calculated using Murnaghan’s equa-
tion of state. The first equation expresses the relationship between
the elastic constants (Cy; and Ciz) and By. The second equation
compares the strain energy (AEsmomp) With the volume-conserving
rhombohedral strain (§). The third equation relates the fluctuation
of the strain energy (AEiea) vs the volume conserving tetragonal
strain (8). The estimated elastic constants for the PbS and PbSe
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compounds are shown in Table 1 and compared to experimental
results. The computed values are consistent with the existing experi-
mental data. The structural stability in a cubic crystal requires elastic
constants satisfying the conditions Cy; — Ci2 > 0, C4g > 0, Ci1 + 2Cy2
> 0, and Ciz < Bg < Cy1. According to Table I, all these conditions
are satisfied.

IV. CONCLUSION

This study conducted a comprehensive Density Functional
Theory (DFT) analysis of PbS and PbSe, revealing key con-
trasts and complementarities across their elastic, electronic, optical,
and dynamic behaviors. The optimized elastic constants demon-
strated greater stiffness in PbSe, with C;; = 148 GPa compared to
122 GPa for PbS, indicating PbSe’s higher mechanical resilience.
The electronic bandgap values—0.45 eV for PbS and 0.37 eV for
PbSe—confirmed their narrow-gap semiconducting nature, suggest-
ing strong infrared and thermoelectric applicability. Optical prop-
erties further emphasized material differentiation: PbSe exhibited
a superior refractive index (~7 at 0 eV), peak reflectivity nearing
0.8, and an absorption coefficient that reached up to 6 x 10 units
around 40 eV, almost triple that of PbS. The dielectric function
results reaffirm PbSe’s stronger polarization and absorption capa-
bilities, solidifying its role in UV and EUV photonics. Dynamic
properties showed PbS’s stiffer phonon modes (~7 THz), in contrast
to PbSe’s broader and lower frequency range, reflecting softer lattice
dynamics and imaginary frequencies indicative of potential instabili-
ties. Together, these findings establish PbSe as being better suited for
high-energy optoelectronic and plasmonic applications, while PbS’s
stable vibrational properties and moderate optical activity make it
ideal for infrared sensing and thermoelectric systems. These insights
provide valuable guidance for tailoring lead chalcogenide-based
materials in advanced photonic and energy conversion technologies.
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