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Abstract

We present a comprehensive study of the phonon-limited transport properties in
alkaline earth chalcogenide CaS, using density functional theory based first-principles
calculations integrated with electron-phonon coupling. We calculated thermal and electrical

conductivities at room temperature 1.61 W/mk and 26x10* 2~ tm™1

, respectively. These
properties are sensitive to the electronic band structure dispersion, characterized by the
effective mass. Spin-orbit coupling was found to have negligible influence on the carrier
transport. Our study highlights the significance of electron-phonon coupling in determining
carrier conductivity and scattering mechanisms. We observed that carriers in CaS are confined
within a narrow energy range near the band extrema, with electron-phonon scattering

dominating over phonon-phonon interactions. These findings suggest opportunities for

enhancing carrier dynamics through dimensional confinement and chemical modifications.

1. Introduction

Materials science is pivotal to technological advancements, and the ability to predict

material properties before synthesis has become a cornerstone of modern materials research
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[1,2]. Semiconductors, among various material classes, are indispensable due to their
exceptional adaptability and critical role in optoelectronic and nanoelectronics applications [3-
5]. Carrier transport, a key factor in device performance, can be tailored to meet application-
specific requirements. The effectiveness of artificial intelligence-based systems is profoundly
influenced by the material framework employed, emphasizing the importance of ongoing
research and development in this field [6,7]. Globally, researchers have been striving to unravel
the intricacies of carrier dynamics within materials, as this understanding underpins
advancements in nanoelectronics [8], optoelectronics [9], and spintronics [10]. This
underscores the necessity of designing novel materials with exceptional properties, such as
rapid on-off switching, optimal carrier recombination rates, and high exciton binding energies
[11-13]. These attributes, which are crucial for next-generation device applications, are
intrinsically linked to carrier mobility a property governed by electronic band dispersion and

the material’s mechanical characteristics [14,15].

Density functional theory has become a vital tool for investigating material properties
and the mechanisms underlying them [ 16-18]. Accurate prediction of carrier dynamics requires
addressing interactions between energy carriers, particularly electron-phonon coupling [19,20].
Recent advancements in density functional theory have integrated electron-phonon coupling,
yielding predictions closely aligned with experimental data [21,22]. This interaction is key to
understanding properties such as resistivity [23], conventional superconductivity [24], and
thermoelectric performance [25]. It also explains phenomena like the Kohn anomaly, Peierls
distortions, spectral line broadening in photoemission and vibrational spectroscopy, and the

temperature-dependent band gaps of semiconductors [26-28].

A wide range of chalcogenides has been studied for their carrier transport properties
[29,30]. However, research on these materials incorporating electron-phonon coupling remains

limited. Group II chalcogenides, including CaS, have garnered attention for their stability and
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optoelectronic potential. However, the carrier dynamics of CaS remain largely unexplored.
This study seeks to address this gap by investigating the role of electron-phonon coupling in
modifying carrier transport properties. We performed density functional theory based first-
principles calculations integrated with electron-phonon coupling theories to understand the

thermal and electrical transport properties of CaS at room temperature.

2. Methodology

Density functional theory calculations were conducted using the Quantum ESPRESSO
[31,32] simulation package within the framework of the projector-augmented wave method.
The exchange-correlation energy was described using the generalized gradient approximation
(GGA) functional [33] within the framework of Perdew-Burke-Ernzerhof. A I'-centered 16 x
16 x 16 Monkhorst-Pack k-point grid [34] was employed for structural optimizations, and a
kinetic energy cutoff of 90 Ry. All atomic positions were relaxed until the residual force
components on each atom were below 0.001 eV/A. The phonon dispersion curve was
calculated using density functional perturbation theory and later on it compare with the EPW
approach. The centered 6 x 6 X 6 g-point grid was used for better convergence. Maximally-
localized Wannier functions [35] are constructed to represent electronic and phononic states
with high precision and computational efficiency. The matrix elements are interpolated on
ultra-dense k- and g-point grids using Wannier functions, allowing accurate Brillouin zone
integration. The electronic transport properties of semiconductor are calculated by the ab initio
Boltzmann transport equation. As the EPW code [36] implements the linear Boltzmann

transport equation.
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3. Results and Discussion

3.1 Structural Properties

The optimized crystal structures of CaS is depicted in Fig. 1(a). Similar to III-V materials, CaS
crystallize in the cubic Rocksalt crystal structure in their bulk phase, which is isotropic and
contributes to less complex electronic and phonon band dispersions. The optimized lattice
constants of CaS is 5.71 A, aligning well with reported experimental values and previously

reported theoretical values [37].

Figure 1 The optimized geometry of unit cell of CaS. The Ca and S atoms are shown in red and green colour, respectively.

Accurate structural optimization signifies reliable inter-atomic force calculations, a
prerequisite for predicting ground-state material properties. From the previously reported Bulk
modulus, Young’s modulus and Poisson’s ration, we confirm the mechanical stability of the

CaS compound at zero pressure.

3.2 Electronic Properties

In Fig.2 (a), the electronic band structure of CasS in their rocksalt phase is shown along the high
symmetry path of the Brillouin zone. Electronic structure calculations reveal that CaS exhibit
in-direct bandgaps of 2.02 eV, advantageous for optoelectronic applications and solar cell
applications. The direct bandgap supports efficient optical transitions, and the distinct band
curvature influences the carrier effective mass, making these materials promising candidates

for photocatalytic, photovoltaic, and optoelectronic devices.
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Figure 2 (a) electronic band structure (b) phonon dispersion curve of CaTe at optimized lattice constant value

3.3 Phonon Dispersion and transport properties

We calculate phonon dispersion curves to check dynamical stability of the CaS (as depicted in
Fig.2 (b)). Positive frequencies throughout high symmetric path indicates the dynamical
stability. The cubic unit cell contains two atoms, yielding six phonon modes: three acoustic
(zero frequency at the I'-point) and three optical, classified as one longitudinal (LO) and two
transverse optic (TO) modes. LO-TO splitting, characteristic of non-centrosymmetric crystals,
depends on the material's ionicity and polarization. EPW-based dispersion curves show phonon
softening due to electron-phonon interactions, which reduce vibrational frequencies through
phonon renormalization. Variations in system temperature further enhance anharmonicity,
influencing phonon behaviour. E-p interactions can modulate LO-TO splitting, with weaker
coupling reducing the gap. We also compare phonon frequency incorporate EPW and without

EPW is compared. This clearly suggest that the both are well matched with each other.
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Figure 3 (a) phonon frequency incorporated EPW and without EPW (b) behaviour of thermal conductivity and electrical
conductivity with temperature.

We also analyzed Carrier mobility using e-p scattering rates. CaS compound exhibit strong
phonon scattering near specific energy levels. We computed thermal conductivity and electrical
conductivity as shown in Fig.3 (a,b). At room temperature observed value of thermal

conductivity and electrical conductivity is 1.61 W/mk and 26x10* 2~ tm™!

, respectively,
which is depicted in Fig.3 (b). These values align well with experimental data for similar

chalcogenides [38]. The calculated thermal conductivity reflects the strong phonon-phonon

scattering, which dominates over electron-phonon interactions at room temperature.
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Figure 4 (a) comparison of the electron-phonon scattering rate and phonon-phonon scattering rate (b) the ratio of the

electron-phonon scattering and the total scattering rates as a function of phonon frequency.

The carrier mobility was analyzed by calculating e-p scattering rates. Fig.5 (a) illustrates the
scattering rates for electrons and holes, showing a significant difference between the two. At
room temperature, electron mobility in CaS surpasses hole mobility due to reduced scattering
rates near the Fermi level (Fig.5 (b)). This is consistent with observed trends in other
semiconductors. Comparisons with materials like GaN and Si underscore the competitive
performance of CaS in terms of carrier mobility, highlighting its potential for optoelectronic

applications.

4. Conclusions

This study demonstrates the crucial role of electron-phonon coupling in determining the carrier
dynamics of CaS. The material exhibits strong phonon-limited transport properties, with
thermal and electrical conductivities comparable to those of widely used semiconductors.
Carrier mobility calculations reveal distinct scattering mechanisms for electrons and holes,
influenced by phonon interactions. Our findings suggest that dimensional confinement or

chemical modifications could further enhance carrier mobility, making CaS a promising
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candidate for future optoelectronic devices. Future studies could explore the effects of alloying

on the transport properties of CasS.
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