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This paper reports an in-depth investigation of the electrical and thermoelectric properties of alkaline earth
metal selenide (AEMSe) compounds, such as BeSe, CaSe, SrSe, and BaSe, under various compression and
tensile strain conditions (—5%, 0%, and 5%). The compounds under consideration are in the cubic FCC
phases; BeSe crystallizes into the ZnS phase, and the others crystallize into the NaCl phase. The energy band
structures were calculated using the ONCV pseudopotentials, the HSE hybrid functionals, and the Wannier
interpolation method. Using the Gibbs2 tool, the lattice thermal conductivity of unstrained materials was
computed. Thermoelectric parameters such as the Seebeck coefficient, thermal conductivity, electrical
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conductivity, and figure of merit (Z7) were calculated, revealing that BaSe is a highly promising
thermoelectric material. This comprehensive study sheds light on the compositional dependency of AEMSe
compounds and identifies prospective regions for thermoelectric applications. Specifically, BaSe emerges as
a highly promising thermoelectric material with a peak ZT of 1.51 under unstrained p-type doping at 800 K,
demonstrating its significant potential for energy conversion technologies.
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Introduction

Alkaline earth metal selenide compounds attract significant
interest due to their unique electronic, optical, and thermo-
electric properties, making them ideal for the production of
advanced functional materials. Among these, BeSe, CaSe, SrSe,
and BaSe have been studied extensively regarding their potential
applications in optoelectronics and thermoelectrics.'™

For BaSe, Pourghazi and Dadsetani (2005) explored the
electronic and optical transitions dominated by Ba 5d and
chalcogen p states, providing insights into their structural and
optical relationships.® Kumar et al. (2021) emphasized the ther-
moelectric potential of BaSe, reporting a figure of merit (ZT)
exceeding 0.8 in the rock-salt phase and discussing the strain-
induced tunability of its properties.” In BeSe, Guo et al. (2013) and
Ghebouli et al (2021) highlighted high bulk modulus and
mechanical stability, with pressure-induced phase transitions to
the NiAs structures at ~56 GPa.*” Rai et al. (2014) used the
modified Becke-Johnson (mB]) potential to reveal indirect band
gaps ranging from 2.7 to 5.5 eV, aligning closely with experimental
data.® Kumar et al (2022) noted decreasing band gaps with
increasing chalcogen atomic size and promising thermoelectric
performance, emphasizing the role of strain in improving ZT
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values and enhancing optical properties for flexible electronics.’
For SrSe, Dadsetani et al (2006) identified the dominant con-
tributions of Sr 4d and Se p orbitals in optical transitions, making
them suitable for luminescent devices.'” Rajput et al (2020)
reported enhanced thermoelectric performance in monolayer
forms, with significant improvements in ZT under strain."" These
findings underscore the interplay of compression and tensile
strain in optimizing optical absorption and thermoelectric effi-
ciency. In CaSe, Slimani et al. (2017) utilized FP-LAPW calcula-
tions to reveal indirect band gaps between the I" and X points,
achieving better accuracy using the Engel-Vosko GGA.'* Dadsetani
and Doosti (2009) emphasized the contributions of the Ca 3d and
chalcogen p states in bandgap characteristics, with strain-induced
tunability enhancing dielectric constants and optical responses.*?
These properties were further supported by Kaneko et al.’s experi-
mental findings of pronounced excitonic peaks in reflectivity and
absorption spectra."®'® The heavy atomic masses and high
anharmonicity in the phonon dispersion of AEMSe compounds
contribute to their low lattice thermal conductivity, a desirable
property for thermoelectric materials. Musari et al. (2018) and
Dabhi et al. (2014) highlighted that these properties, combined
with wide bandgaps, make AEMSe compounds promising candi-
dates for thermoelectric applications.’®'” Studies by Debnath
et al. (2018) on doping and alloying in related systems also suggest
avenues to optimize their thermoelectric performance.'® Recent
DFT studies highlight the potential of double Perovskite
for thermoelectrics. Ayyaz et al. recently investigated In,AgSbXe
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(X = Cl, Br, I), detailing their temperature-dependent thermo-
electric properties and dynamic stability up to 700 K.'® Separately,
RDb,TISbXs (X = Cl, Br, I) showed excellent room-temperature
thermoelectric performance (27T values of ~0.78-0.84).>° Ayyaz
et al. also explored A,YCuZ (A = Rb, Cs; Z = Cl, Br), finding band
gaps of 1.2-1.95 eV and favorable thermoelectric responses.”*

The importance of waste heat harvesting technologies has
grown in recent years, as they offer long-term options for energy
recovery. Most studies on these materials have been carried out
under ideal conditions. However, in real-world applications,
sustaining optimal settings is frequently unachievable. These
materials could be used in a variety of extreme settings, ranging
from outer space to deep-sea conditions, where they are sub-
jected to significant temperature and strain variations.?* Such
changes have a profound impact on the materials’ properties;
therefore, it is critical to research their behavior in non-ideal
conditions. By investigating these materials under different
strain and temperature settings, this study aims to forecast
changes in their properties and improve their application in
harsh situations.

We discovered through a literature review that BeSe adopts
the ZnS structure in its cubic FCC phases.**>> In contrast,
CaSe, SrSe, and BaSe crystallize in the NaCl structure, as
illustrated in Fig. 1.>****” This structural variety provides an
ideal opportunity to investigate the effect of external strain on
their characteristics in the development of adjustable thermo-
electric materials. A noteworthy gap in the literature is the
absence of substantial investigation of AEMSe compounds under
applied strain. This motivated us in the current study to explore
the strain-tunable features of these materials by applying com-
pression and tensile levels of —5%, 0%, and 5%.

This strain engineering investigation demonstrates control
over the electronic band structure and thermoelectric efficiency
of materials. To precisely calculate electrical and thermoelectric
transport parameters, the HSE hybrid functional was employed,
allowing for more accurate calculation of band gaps than pure
density functional approximations in computing electronic
structure.” Wannier interpolation was combined with ONCV
pseudopotentials to improve the resolution of electronic states
around the Fermi level.>*° This method permitted the precise
calculation of essential thermoelectric characteristics such as
the Seebeck coefficient, electrical conductivity, thermal con-
ductivity, and figure of merit (27).° Among the compounds
investigated, BaSe was identified as a standout thermoelectric

Fig. 1 Crystal structures of AEMSe compounds: (a) BeSe adopting the ZnS
phase with an FCC structure. (b) CaSe, SrSe, and BaSe naturally adopting
the NaCl phase with an FCC structure.?®
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material due to its higher performance metrics. This study
offers comprehensive insight into how strain influences the
thermoelectric properties of AEMSe compounds. The findings
highlight the potential of such materials for next-generation
thermoelectric systems and their potential for application in
new energy conversion fields.

Computation methodology

Herein, we have focused on the stable cubic crystal structures of
AEMSe compounds, which were identified and obtained from
the Materials Project database.®” These structures were chosen
for their stability and natural occurrence in the cubic phase,
which facilitates computational modeling due to its symmetry.
The validity of these structures was further ensured through
rigorous structural optimization, and their lattice parameters are
consistent with established crystallographic data and previous
theoretical and experimental reports. The Crystallographic
Information Files (CIFs) of the selected structures were fed into
quantum ESPRESSO, a popular suite for electronic-structure
computations and materials modeling based on density func-
tional theory (DFT).**~%°

The systems’ atomic locations and lattice properties were
comprehensively optimized by a variable-cell relaxation (vc-relax)
computation. This approach permits the unit cell to alter size
and shape, and the internal atomic locations are modified,
resulting in zero stress and pressure circumstances. The Broy-
den-Fletcher-Goldfarb-Shanno (BFGS) algorithm was used in
the optimization process, a quasi-Newton approach known for
its efficiency in minimizing total energy.>” Strict convergence
criteria were used to ensure reliable results, including an
energy threshold of 10~ Ry per atom and a force threshold of
10~* Ry bohr™".*® For these initial structural optimizations and
SCF calculations, the Perdew-Burke-Ernzerhof (PBE) generalized
gradient approximation (GGA) functional was employed.**"*°

Following optimization, self-consistent field (SCF) calculations
were performed to establish the materials’ ground state energies
and electronic densities.*' The SCF approach iteratively solved the
Kohn-Sham equations until the charge density became self-
consistent, yielding important information about the system’s
electronic structure. The band structures were computed using
non-self-consistent field (Non-SCF) calculations along high-
symmetry paths within the Brillouin zone, notably the I'-X-W-
K-T-L-U path.***® These calculations shed light on the disper-
sion of electronic states and the material’s energy gaps. ONCV
pseudopotentials were used in these calculations because they are
efficient when used with hybrid functionals and can accelerate
computing processes. Although ONCV pseudopotentials are quite
successful in these areas, they are designed to implicitly treat core
electrons, meaning that projected Density of States (pDOS) calcu-
lations will be limited to valence orbitals and will not include
contributions from the material’s core states.***® To ensure
numerical precision, the wavefunction and charge density cutoffs
were set to 100 and 800 Ry, respectively. A dense Monkhorst-Pack
k-point mesh of 12 x 12 x 12 was employed for SCF calculations,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and for non-SCF calculations, the mesh size was raised to 24 x
24 x 24 to capture the finer details of the electronic states.*?

Fixed electronic occupations were used for these semicon-
ducting materials to ensure precise estimation of the energy
gap. To improve convergence during band structure computa-
tions, Marzari-Vanderbilt smearing was used, with a width of
0.02 Ry.*® This technique effectively manages partial occupa-
tions near the Fermi level while ensuring smooth convergence.
After computing the band structure using PBE-GGA with ONCV
pseudopotentials, the HSE hybrid functional was employed in
conjunction with Wannier interpolation to refine the band
structures and produce more precise band gaps.>>*”*® These
HSE calculations also utilized ONCV pseudopotentials. The
wavefunctions produced from these computations were then
used to evaluate thermoelectric properties.

Prior to performing thermoelectric calculations, the lattice
thermal conductivity of unstrained AEMSe was calculated using
Slack’s model with the necessary inputs (Debye temperature
and Griineisen parameter) obtained from the Gibbs2 tool,
which operates under the quasi-harmonic approximation
(QHA).***° This method provides critical inputs for computing
the figure of merit, an important parameter in evaluating
thermoelectric performance. Boltzmann transport simulations
were performed on the computed thermal conductivity and
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electronic characteristics to evaluate the thermoelectric quali-
ties of the materials.”"*> These simulations were carried out
using the BoltzTraP2 program, which implements the semi-
classical Boltzmann transport theory within the rigid band
approximation (RBA) and the constant relaxation time approxi-
mation (CRTA).>" This comprehensive method resulted in the
exact evaluation of the AEMSe compounds’ electrical and
thermal properties.

Results and discussion
Electronic properties

In this work, the research was extended by utilizing the hybrid
Heyd-Scuseria-Ernzerhof (HSE) functional for band gap com-
putations and ONCV pseudopotentials.>®>® For comparison,
high-resolution band structures were also obtained using Wan-
nier interpolation. The band structures obtained using various
methods are shown in Fig. 2. Red lines represent the band
structure calculated using the HSE functional and Wannier
interpolation, whereas black lines represent the ONCV-
pseudopotential-derived band structure. The variations in the
levels of accuracy and detail of the methodologies are depicted
in the figure.
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Fig. 2 Electronic band structure of AEMSe is depicted using selected high symmetry points. Black band lines were obtained using standard quantum
ESPRESSO (QE) calculations with the ONCV pseudopotential, while red bands were derived using the HSE hybrid functional and Wannier interpolation,

providing enhanced accuracy.?®4748
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Table 1 Energy band gap (eV) for AEMSe using the ONCV PP and HSE
functional, compared with experimental values

Energy band gap (eV)

Materials ONCV PP HSE Experimental
BeSe 2.68 3.78 4.50°
CaSe 2.06 3.14 3.85°
SrSe 2.24 3.20 3.81°
BaSe 2.01 2.87 3.584

@ Ref. 8. ® Ref. 12. ¢ Ref. 54. ¢ Ref. 55.

The computed band gaps were compiled and contrasted
with experimental results in Table 1. The ONCV pseudopoten-
tial is known to underestimate the band gap for conventional
DFT functionals, as shown in the chart. The HSE functional, on
the other hand, provides a better band gap that is closer to the
experimental value.

The results in Table 1 emphasize the importance of using
sophisticated hybrid functionals, such as HSE, for accurate band
gap measurement, especially where quantitative agreement with
experimental data is crucial. Furthermore, Wannier interpolation
enhances the band structure’s resolution, enabling a thorough
investigation of the electrical characteristics under stress. It offers
a strong framework for evaluating how strain and pressure affect a
material’s electrical characteristics.

The band gap behavior trend for the AEMSe compounds
(where AEM = Be, Ca, Sr, and Ba) under compressive (—5%),
unstrained (0%), and tensile (+5%) strain is depicted in Fig. 3.
It can be concluded from Fig. 3 that the band gap increases
linearly with tensile strain in all compounds. This implies that the
band gap is widened by tensile strain, most likely as a result of the
material’s electronic states becoming more localized. Under com-
pressive strain, the band gap narrows, suggesting that strain
results in an increased orbital overlap, which lowers the energy
differential between the valence and conduction bands. Com-
pared to other AEM elements, BeSe has a higher band gap at all
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Fig. 3 Variation of the electronic band gap with strain for AEMSe com-
pounds, calculated using the HSE functional combined with Wannier
interpolation. The band gap is plotted for tensile strain (+5%), unstrained
(0%), and compressive strain (—5%).
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strain conditions, consistent with its lower atomic mass and
greater ionic character. The influence of heavier elements and
weaker ionic bonding strengths is indicated by the fact that BaSe
has the smallest band gap.

This consistent pattern highlights how strain engineering
can be used to modify the electrical characteristics of certain
materials for specific uses. Tensile strain may be used to
increase the band gap, which is advantageous in situations
where great optical transparency is required. On the other
hand, compressive strain may cause the band gap to narrow,
making the materials suitable for optoelectronic uses that need
lower energy transitions.

Beyond the band gap, these strain-induced modifications to
the electronic band structure have profound implications for
other electronic properties. Changes in the band curvature
directly affect the effective mass of charge carriers, while shifts
in band edges and orbital overlap modify the density of states.
These alterations in effective mass and density of states, in turn,
directly influence the thermoelectric transport coefficients. For
instance, a sharper density of states near the Fermi level can
enhance the Seebeck coefficient by promoting energy filtering
effects, while reduced effective mass can lead to higher carrier
mobility and thus increased electrical conductivity. The sensitiv-
ity of electronic transport to subtle electronic structure modifica-
tions is well-documented; for example, in related materials like
SrTe, the inclusion of spin-orbit coupling has been shown to
significantly enhance the electrical conductivity and power
factor.>® This underscores the critical importance of a detailed
band structure analysis under strain, as performed in this study,
for understanding and optimizing thermoelectric performance.

Lattice thermal conductivity

Slack’s formula was used in this investigation to determine the
lattice thermal conductivity in the absence of applied strain.
The Gibbs2 tool was used to determine the required values,
such as the Debye temperature and the Griineisen parameter.
The precise calculation of the lattice thermal conductivity is
necessary for a valid figure of merit.

Slack’s equation can be used to approximate lattice thermal

conductivity,>”>®
MO
KL = W’ (1)
2.43 x 108
A="—"4314 0238 )
-
) Y

where n is the number of atoms per unit cell, T is the
temperature, y is the Gruneisen parameter, 0y is the Debye
temperature, 5° is the volume of the unit cell per atom, and M is
the average atomic mass.”®

hf 3n\'"?
eD—E<4—nVa) - )

M .
where V, = Vo stands for volume per atom, »n is the number
Ap
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Fig. 4 Temperature-dependent properties of the AEMSe compounds: (a) Debye temperature in Kelvin, and (b) Gruneisen parameter.

of atoms per unit cell, and v, is the average wave velocity given
by the following:*®

B

Thermal expansion and heat capacity are connected to the
Griineisen parameter, which quantifies the degree of anharmo-
nicity in lattice vibrations. This is a crucial indicator of the
lattice’s reaction to thermal stress.® The Griineisen parameter
can be defined as follows:

dIn ()[)
TN G)

The Debye temperature (0p) for BeSe, CaSe, SrSe, and BaSe
compounds varies with temperature, as seen in Fig. 4(a). As per
Fig. 4(a), the Debye temperature drops as the temperature rises.
This trend is common since the lattice’s effective stiffness
decreases as thermal vibrations rise with temperature. BeSe
has the strongest bonding and the highest lattice stability,
as evidenced by its highest Debye temperature at all
temperatures.®” BaSe has the lowest Debye temperature among
the materials, indicating the weakest bonding and lowest
lattice stability, while having a higher atomic mass. Higher
(fp) materials should offer stronger resistance to thermal
expansion and better thermal conductivity, both of which are
critical for various applications.

Fig. 4(b) illustrates how temperature affects the Griineisen
parameter (y) in BeSe, CaSe, SrSe, and BaSe compounds. The
Griineisen parameter (y) increases with temperature for all materials.
This is typical behavior since anharmonic effects in lattice vibrations
become more prominent with increasing temperature.*> BeSe has
the lowest Griineisen value across the temperature range, indicating
less anharmonicity and more stable lattice vibrations. BaSe has the
highest Griineisen characteristics, suggesting that BaSe has the most
anharmonic effects and the least stable lattice vibrations under
thermal variations. A lower Griineisen parameter (y) indicates higher
thermal conductivity due to less anharmonic scattering of phonons.
As a result, BeSe is projected to have the best heat transfer
capabilities among these materials. The growing temperature trend

© 2025 The Author(s). Published by the Royal Society of Chemistry

represents increased anharmonicity, which might affect these mate-
rials’ thermal expansion and heat transport capabilities.*’

Fig. 5 demonstrates the temperature-dependent variation in
lattice thermal conductivity K, for AEMSe compounds (BeSe,
CaSe, SrSe, and BaSe). The graph shows that at very low
temperatures, Ky, rises with increasing temperature. This initial
increase is due to the increasing phonon population as the
temperature rises, which improves heat conduction.®® In this
domain, boundary scattering is dominant, while phonon-pho-
non interactions are insignificant. At a specific temperature,
each compound shows a peak in thermal conductivity. This
peak represents the transition point at which the mean free
path of phonons is maximum and phonon scattering mecha-
nisms begin to operate.>”®" The temperature at which the peak
occurs varies slightly between compounds and is determined
by their bonding strength and atomic mass. Beyond the apex,
K, drops as temperature increases for all substances. This
decrease is caused by phonon-phonon scattering, which wor-
sens as thermal energy increases, breaking the coherent trans-
port of heat. The drop in K;, approximates a 1/T dependence, as
is typical of anharmonic phonon interactions.’*
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Fig. 5 Lattice thermal conductivity (K|) as a function of temperature for
the AEMSe (BeSe, CaSe, SrSe, BaSe) compounds.
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Table 2 Bulk modulus, Debye temperature, and Gruneisen parameter for
different compounds (BeSe, BeTe, MgSe, MgTe, CaSe, CaTe, SrSe, SrTe,
BaSe, and BaTe) across the ZnS, NaCl, and CsCl phases at 0 GPa pressure
and 300 K temperature

Lattice thermal

Debye temperature ~ Gruneisen conductivity (Ky)
Compounds  (6p) (K) parameter (y) (Wm 'K ')
BeSe 443.54, 460.00° 1.79 20.01
CaSe 320.61, 336.21° 1.91, 1.39° 11.12, 13.21°
SrSe 255.49, 266.98° 1.98, 1.43° 7.03, 15.8°
BaSe 205.67, 205.71° 2.07 4.98, 9.85”

@ Ref. 7. ” Ref. 64. ° Ref. 16.

As per Table 2, BeSe has the best thermal conductivity over
the temperature range, owing to its low atomic mass, strong
interatomic bonding, and high Debye temperature. These para-
meters diminish phonon scattering while improving heat trans-
port. BaSe, on the other hand, has the lowest thermal conductivity
due to its higher atomic mass and weaker bonds, which increase
phonon scattering effects. CaSe and SrSe are between these
extremes, with thermal conductivities reflecting intermediate
atomic weights and bonding properties. The strong thermal con-
ductivity of BeSe makes it a promising contender for applications
that require effective heat dissipation. BaSe, CaSe, and SrSe
have comparatively low K;, indicating their potential for utility
in thermoelectric applications where lower lattice thermal
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conductivity is needed for optimizing the thermoelectric figure
of merit ZT.%* Materials with low lattice thermal conductivity are
considered critical for creating high-performance energy conver-
sion devices. The low Ky values observed for BaSe (4.98 Wm ' K *
at 300 K) are particularly favorable for achieving high ZT. 1t is
important to note that our calculated lattice thermal conductivities
for SrSe (7.03 W m~ " K™ ') and BaSe (4.98 W m™ " K ') are lower
than some values reported in the literature (e.g;, 158 Wm ' K *
for SrSe and 9.85 W m~' K" for BaSe, as cited in Table 2). This
discrepancy can arise from differences in computational meth-
odologies (e.g., Slack’s model vs. more rigorous phonon Boltzmann
transport equation approaches) or variations in the experimental
conditions and sample characteristics.

Thermoelectric properties

The thermoelectric properties of AEMSe were examined using
semi-classical Boltzmann transport theory in conjunction with
the rigid band method, both of which were implemented using
the BoltzTraP2 computer program.”>>"*? By interpolating the
electrical structure data obtained from the Wannier interpola-
tion method with the hybrid HSE functional, this technique
makes it possible to calculate crucial thermoelectric parameters
efficiently.

The dimensionless figure of merit (27), hot-end temperature
(Ty), and cold-end temperature (7..) determine a thermoelectric
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Fig. 6 Variation of the Seebeck coefficient with temperature for AEMSe compounds under compressive strain (—5%), unstrained (0%), and tensile strain (+5%).

The results are shown for doping concentrations of 10%, 10%°, and 1022 cm™

5782 | Mater. Adv., 2025, 6, 5777-5791

, considering both positive (P-type) and negative (N-type) charge carriers.
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material’s theoretical maximum efficiency fpax.>>">"">>%
To—T. VI+ZT—1
Mmax = X (6)

i
Ty VIFZT 4
h

Here, T stands for the thermoelectric material’s average tem-
perature; ZT is an important metric that shows how well it
performs;>>°152:63
S2q
ZT = 7T. (7)

where ¢ represents electrical conductivity, S is the Seebeck
coefficient, also referred to as thermoelectric power, and T is
total thermal conductivity. Lattice thermal conductivity (ki)
and electronic thermal conductivity (x.) are added to get K.°
In general, a thermoelectric material is considered high-quality
if its ZT value is one or higher. This level is achieved through
the high electrical conductivity and low heat conductivity of the
materials. The extremely sensitive ZT value to temperature and
charge carrier concentration determines how best to optimize

these parameters for maximum efficiency.>>>'>>¢¢

Doping and carrier concentration effects

Under the rigid band model, the chemical potential (x) is adjusted
to simulate variations in carrier concentration. The Fermi level
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(Eg) determines the carrier type, where a positive chemical
potential causes Er to move upward for N-type doping, and a
negative chemical potential results in Er shifting downward for
P-type doping.>>”*> The interaction among the Seebeck coeffi-
cient (), electrical conductivity (¢), and thermal conductivity (K) is
inherently complex as carrier concentration varies.

The Seebeck coefficient (S) is inversely related to the carrier
concentration; as the carrier concentration increases, S
decreases due to the reduction in the imbalance of the density
of states around the Fermi level.®” In contrast, electrical con-
ductivity (o) is directly proportional to carrier concentration, as a
higher concentration provides more charge carriers for conduc-
tion. Similarly, electronic thermal conductivity (k) increases
with carrier concentration, since enhanced charge carrier mobi-
lity facilitates heat transfer. This interplay between the Seebeck
coefficient and carrier concentration highlights that increasing
carrier concentration does not necessarily lead to a higher
thermoelectric figure of merit (Z7). Instead, there exists an
optimal carrier concentration at which the combined effects of
S, o, and K result in the maximum Z7.°® Throughout our
calculations, we have assumed a constant relaxation time
(t = 107" s) for evaluating electrical conductivity (¢) and
electronic thermal conductivity (k). Experimentally, achieving
optimal carrier concentrations, especially the high concentra-
tions predicted in computational studies, involves various
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Fig. 7 Variation of electrical conductivity with temperature for the AEMSe under compressive strain (—5%), unstrained conditions (0%), and tensile strain (+5%).
Results are presented for N-type doping concentrations of 108, 102°, and 10?2 cm™3, showing the influence of strain and doping on electrical conductivity.
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doping techniques. These include substitutional doping, where
specific atoms are introduced into the crystal lattice to act as
electron donors (n-type) or acceptors (p-type), or controlling
intrinsic defects through annealing under specific atmospheres.
While computational predictions often explore a wider range of
carrier concentrations to identify theoretical limits, such high
concentrations are indeed achievable in heavily doped semicon-
ductors, which are common in high-performance thermoelectric
materials.>*>”° The challenge lies in achieving these concentra-
tions while maintaining structural integrity and minimizing
detrimental scattering effects, which would be a focus for future
experimental work.

Seebeck coefficient (thermo-electric power)

The Seebeck coefficient was estimated for AEMSe compounds
with positive and negative doping concentrations (10'%, 10°,
and 10**> cm™?) over a temperature range of 300-800 K. Three
circumstances were considered: compressive strain (—5%),
unstrained (0%), and tensile strain (+5%). The findings show
that for P-type doping, the Seebeck coefficient increases with
temperature but decreases as doping concentration increases
(Fig. 6). This effect is attributable to a shift in the Fermi level,
which minimizes energy asymmetry, while increasing thermal
energy promotes carrier diffusion. In contrast, for N-type doping,
the Seebeck coefficient drops with both temperature and doping
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concentration as a result of reduced band gap and increased
electron scattering.®® Tensile strain (+5%) increases the Seebeck
coefficient through changes in the electronic structure, includ-
ing modifications to the effective mass and density of states.
Specifically, band widening under tensile strain can lead to a
sharper energy dependence of the density of states near the band
edge, enhancing energy filtering effects and thus the Seebeck
coefficient. Conversely, compressive strain (—5%) decreases the
Seebeck coefficient due to reduced band structure asymmetry
and potentially increased scattering. Furthermore, P-type doping
regularly provides larger Seebeck coefficients than N-type dop-
ing, due to the greater density of states near the valence band
edge. In all circumstances, the Seebeck coefficient rises with
temperature due to increased diffusion thermoelectric power,
while inherent carriers may modestly reduce the effect of doping
around 800 K.

These studies show that the Seebeck coefficient may be
tuned by changing the temperature, strain, and doping concen-
tration. Compressive strain and positive charge carrier doping
were found to produce greater Seebeck coefficients, indicating
that these parameters are more suited for maximizing thermo-
electric performance. The findings offer important information
for the development of thermoelectric materials based on
AEMSe compounds for high-temperature energy harvesting
applications.
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Fig. 8 Variation of electrical conductivity with temperature for the AEMSe under compressive strain (—5%), unstrained conditions (0%), and tensile strain (+5%).

Results are presented for P-type doping concentrations of 10'®, 10%°, and 10?2 cm

5784 | Mater. Adv,, 2025, 6, 5777-5791

—3, showing the influence of strain and doping on electrical conductivity.
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Electrical conductivity

For N-type and P-type doping concentrations (10'%, 10°°, and
10*> em™?), the electrical conductivity of AEMSe compounds
was examined under tensile strain (+5%), unstrained condi-
tions (0%), and compressive strain (—5%) over a temperature
range of 300-800 K. The findings show that electrical conduc-
tivity rises dramatically with doping concentration, with the
maximum values obtained at 10°> em™® because of the avail-
ability of more charge carriers; lower conductivity was obtained
at 10"® cm 3 because of the limiting carrier density. Due to the
increased mobility of electrons, which have less scattering and a
lower effective mass than holes, N-type doping continuously exhi-
bits higher conductivity than P-type doping (Fig. 7 and 8). Tensile
strain (+5%) decreases conductivity by widening the band structure
and increasing carrier dispersion, which can reduce carrier mobi-
lity. Conversely, compressive strain (—5%) often increases conduc-
tivity by causing band constriction and enhancing carrier mobility
due to increased orbital overlap.”**> With the exception of BeSe,
which exhibits the reverse trend because of stronger bonding in
selenium-based compounds, AEMSe compounds show increased
conductivity at higher doping concentrations (10*> cm?). While
lower doping concentrations exhibit a stronger temperature depen-
dency as thermally excited carriers contribute to conduction, high
doping concentrations exhibit a modest decrease in conductivity
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with increasing temperature, reflecting metallic behavior driven by
increased phonon scattering.*>®*

These findings underscore the possibility of customizing
electrical conductivity through doping, strain engineering, and
compositional modifications in optimizing the thermoelectric

and electronic applications of AEMSe compounds.

Electronic thermal conductivity

The electronic thermal conductivity (x.) of AEMSe compounds
under N-type and P-type doping is shown in Fig. 9 and 10,
considering temperature, strain, and doping concentrations.
Because of increased carrier mobility and density, k. continu-
ously rises with increasing doping concentrations (10", 10%°,
and 10*> cm®). Additionally, under all circumstances, it
increases as the temperature rises due to thermally activated
carrier mobility and scattering effects. As a result of strain-
induced changes in the electronic band structure that impact
carrier mobility and phonon scattering, compressive strain
(+5%) dramatically increases k., whereas tensile strain (—5%)
decreases it ref. 58. Because electrons are more mobile than
holes due to their lower effective mass and less scattering,
N-type doping has higher . than P-type doping at all tempera-
tures and strain levels.*” Furthermore, the strain sensitivity of
K. indicates that strain engineering may be used to customize
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Fig. 9 Variation of electronic thermal conductivity with temperature for the AEMSe under compressive strain (—5%), unstrained conditions (0%), and
tensile strain (+5%). Results are presented for N-type doping concentrations of 10*¢, 102, and 1022 cm™3, showing the influence of strain and doping on

electronic thermal conductivity.
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Fig. 10 Variation of electronic thermal conductivity with temperature for the AEMSe under compressive strain (—5%), unstrained conditions (0%), and
tensile strain (+5%). Results are presented for P-type doping concentrations of 10*€, 102°, and 102 cm ™3, showing the influence of strain and doping on

electronic thermal conductivity.

thermal properties, and the higher N-type k. further supports
its favoring thermoelectric applications due to its superior
performance.

The trends in Fig. 9 and 10 demonstrate the crucial interplay
of temperature, strain, and doping concentration in regulating
AEMSe’s electronic thermal conductivity. The results improve
the understanding of heat transport properties and offer
important new information for optimizing these materials for
thermoelectric applications.

Figure of merit

The standard of perfection ZT is a crucial factor that affects how
well a thermoelectric material performs. The formula is written
as follows:"®

ZT = ﬂ. (8)
Ke + KL
The Seebeck coefficient is represented by S, the electrical
conductivity by o, the absolute temperature by 7, and the
electronic and lattice thermal conductivities by x. and x,
respectively.*>**
The trends in Fig. 11 and 12 demonstrate that the ZT values

of AEMSe compounds generally increase with temperature

5786 | Mater. Adv, 2025, 6, 5777-5791

since the power factor (S°cT) grows faster than the total thermal
conductivity (K = . + xr).”* This rise is driven by thermally
activated carriers that enhance the Seebeck coefficient (S) and
electrical conductivity (o). The low lattice thermal conductivity
(K1) of AEMSe compounds is attributed to their heavier atomic
masses and softer phonon modes, which reduce heat conduc-
tion through lattice vibrations. While AEMSe compounds exhi-
bit higher electronic thermal conductivity, this is often
counterbalanced by enhanced Seebeck coefficients and power
factors. N-type AEMSe compounds typically achieve higher ZT
values than P-type materials due to the superior mobility and
lower effective mass of electrons compared to holes, although
excessive doping can increase . and reduce ZT.”* Compressive
strain (—5%) increases k. but may enhance ZT by boosting ¢
and the power factor, whereas tensile strain (+5%) reduces both
ke and ¢ but can still improve ZT by lowering overall heat
conductivity. It is important to note that while the effect of
strain on electronic thermal conductivity (x.) was explicitly
calculated, the lattice thermal conductivity (K;) was determined
for unstrained conditions only. Therefore, the discussion on
overall heat conductivity under strain assumes that Kj, remains
constant at its unstrained value.

For P-type doping, unstrained conditions generally yield higher
ZT values compared to strained cases. Moderate doping

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Temperature-dependent figure of merit (ZT) for N-type AEMSe at different strain levels (—5%, 0%, and +5%) and doping concentrations of 10*¢,

10%° and 10%22cm~>.

concentrations optimize ZT by balancing high electrical conduc-
tivity and a sufficiently large Seebeck coefficient, while excessive
doping reduces the material efficiency for thermoelectric
applications.

Table 3 shows the figures of merit (ZT) for AEMSe com-
pounds with N-type and P-type doping under tensile strain
(+5%), unstrained conditions (0%), and compressive strain
(—5%) at 800 K. The doping concentration was +10*° cm™>.
Here, ZT values for N-type doping drop slightly under compres-
sive strain (—5%) relative to unstrained circumstances but
tensile strain (+5%) generally reduces ZT, especially for lighter
compounds like BeSe. Among the AEMSe compounds, BaSe
consistently has higher ZT values across all strain settings, with
a peak of 1.10 under compressive strain for N-type doping.

In the case of P-type doping, ZT values are higher than those
of N-type doping, especially under unstrained settings. The
most significant ZT values are seen in BaSe, with a maximum
of 1.51 under unstrained conditions. However, compressive
strain (—5%) causes a significant drop in ZT for P-type doping
across all compounds, showing strain-sensitive thermoelectric
performance. For tensile strain (+5%), ZT values for P-type
doping are slightly lower than unstrained circumstances but
still higher than compressive conditions. This trend shows that
P-type doping is more suited for thermoelectric applications,
especially in unstrained or moderately stressed situations.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Overall, the study demonstrates that ZT values are influenced
by the type of doping, the nature of the strain, and the material.
BaSe emerges as the most attractive material for thermoelectric
applications, thanks to its high ZT values under both N-type and
P-type doping. The observed strain sensitivity highlights the
potential for strain engineering to improve thermoelectric per-
formance, with compressive strain being especially useful for N-
type doping and unstrained conditions favoring P-type doping.

Comparison with existing thermoelectric materials for practical
applications

The performance of AEMSe compounds, particularly BaSe, can
be better understood by comparing the calculated ZT values
with those of established and high-performance thermoelectric
materials. This comparison is crucial for assessing their practical
viability in energy conversion applications. Established bismuth
telluride (Bi,Tes) alloys, which are widely used in thermoelectric
refrigeration and power generation at moderate temperatures,
typically exhibit Z7T values ranging from approximately 0.5 to
1.2.”%> The more advanced p-type antimony telluride (Sb,Te;) has
achieved ZT values up to 1.56.”° Magnesium-antimony-bismuth
(Mg;(Sb,Bi),) alloys have shown peak ZT values around 1.8.”
Lead selenide (PbSe) systems, engineered for high performance,
can reach a high peak ZT of 1.54 at 773 K and an average ZT of
1.06 over 400-800 K.”* It is important to note that cutting-edge

Mater. Adv., 2025, 6, 5777-5791 | 5787
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Fig. 12 Temperature-dependent figures of merit (ZT) for P-type AEMSe at different strain levels (—5%, 0%, and +5%) and doping concentrations of 108,

10%° and 1022 cm~>.

Table 3  Figures of merit (ZT) for AEMSe compounds with N-type and P-
type doping under strain conditions (+5%, 0%, and —5%) at 800 K with the
doping concentration of +£10%° cm~3

Values of ZT with
P-type doping

Values of ZT with
N-type doping

Materials/

strain 5% 0% —5% 5% 0% —5%
BeSe 0.32 0.31 0.30 0.42 0.44 0.33
CaSe 0.62 0.61 0.59 0.46 0.48 0.30
SrSe 0.67 0.79 0.77 0.67 0.73 0.46
BaSe 1.10 1.05 1.01 1.30 1.51 1.14

materials like tin selenide (SnSe) and copper selenide (Cu,Se)
binary compounds exhibit the highest reported ZT values, reaching
~ 3 and above. Furthermore, monolayer Janus ZnAXTe (A = Ge, Sn;
X =S, Se) compounds have even shown exceptionally high ZT
values of 3.07 and 3.14 at 800 K.

The peak ZT value of 1.51 obtained for BaSe in this study,
particularly for p-type doping under unstrained conditions at
800 K, positions it as a highly competitive material. This value is
comparable to or even exceeds that of n-type Bi,Te; (~1.2) and is
competitive with p-type Sb,Te; (~1.56) and engineered PbSe
(~1.54 at 773 K).”>”7* While BaSe may not reach the absolute
highest ZT values reported for some complex, cutting-edge
systems, its performance is certainly within the range of

5788 | Mater. Adv., 2025, 6, 5777-5791

practically viable materials, especially for high-temperature
applications. This makes BaSe a promising candidate for next-
generation thermoelectric systems, justifying further research
and development towards its practical implementation.

Conclusion

This paper conducts a thorough examination of the electrical
and thermoelectric properties of AEMSe compounds under
various strain circumstances, doping types, and temperatures.
The findings highlight the importance of tensile and compres-
sive strains in determining key thermoelectric parameters such
as the Seebeck coefficient, electrical conductivity, electronic
thermal conductivity, and the figure of merit (Z7). The HSE
hybrid functional was used to determine the electronic band
gap in AEMSe compounds, revealing that it decreases as the
number of component atoms increases. Specifically, the band
gap for BeSe is 3.78 eV, while for BaSe it is 2.87 eV at 0 K under
unstrained conditions, which is consistent with experimental
results. Compression strain reduces the band gap, while tensile
strain increases it. BaSe, with its moderate band gap, has
emerged as a promising thermoelectric material. Lattice ther-
mal conductivity calculations conducted between 0 K and 800 K
showed that BeSe has a value of 20.00 W m * K * at 300 K,
while BaSe has a significantly lower value of 498 Wm ™" K ' at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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300 K. The pattern of decreasing lattice thermal conductivity
with rising atomic number is consistent with this decline from
BeSe to BaSe. Additionally, BaSe demonstrated superior ther-
moelectric efficiency, achieving a ZT value of 1.10 at 800 K and
10*® ecm™® n-type doping under 5% tensile strain. Under
unstrained circumstances, BaSe obtained the greatest ZT value
of 1.51 for p-type doping at 800 K.

Among the compounds investigated, BaSe displayed super-
ior thermoelectric performance, making it a promising candi-
date for various applications. Strain engineering emerges as a
key tool to enhance thermoelectric properties, while balancing
doping concentration and strain optimizes electrical and thermal
transport. For future research, it is recommended to explore
ternary or quaternary alloys based on AEMSe compounds to
further optimize their properties. Investigating nanostructuring
approaches and dynamic strain effects could also yield significant
improvements in thermoelectric performance. Crucially, experi-
mental validation of these computational predictions will be
paramount to advance the potential of AEMSe compounds for
energy conversion and flexible electronics. Furthermore, future
research should also investigate the long-term stability and per-
formance of these materials under real-world operating condi-
tions, including the potential impact of various defects (e.g.,
dislocations, vacancies, secondary phases), which can evolve
and significantly affect thermoelectric performance over time.
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